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Abstract

To test some predictions of scalar expectancy theory (SET) for the time-left procedure, we performed one experiment with two conditions. In
Condition A, pigeons were exposed to two fixed-interval schedules, a fixed-interval (FI) 30s and an FI 60 s, each associated with a distinct ke
and presented on a separate trial. Subsequently, during test trials, the FI 60-s key was illuminated and et &f®0 or 45 s the FI 30-s key
also was illuminated. The main issue was how choice between the two keys variefl ®itindition B replicated Condition A with different FI
parameters and values. The results showed that (a) contrary to SET’s predictions, preference changed reliably with testing, which suggests thai
learning took place during the test trials; (b) within each test trial, pigeons revealed an almost exclusive preference for one of the keys, and (c) ¢
steady state pigeons behaved in the same way as rats. Because SET could not account for these findings we advanced a new descriptive mod
performance for the time-left task. The model fit the data well.
© 2005 Published by Elsevier B.V.
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1. Introduction jective scale is logarithmic, then the animal should prefer the
Comparison stimulus because the subjective magnitude of the
In an attempt to determine whether the subjective time scaléme-left-to-food on the Comparison stimulus (i.e., the second
is linear or logarithmicGibbon and Church (1988eveloped half of the 60-s interval) would be smaller than the subjective
the time-left procedure. The fundamental idea explored in thenagnitude of the 30-s Standard interval. However, if the subjec-
procedure is as follows: if the scale is logarithmic, then the subtive scale is linear, then the animal should be indifferent between
jective magnitude of the first half of an interval should be largerthe two keys because the subjective magnitudes of the second
than the subjective magnitude of the second half of the interhalf of the 60-s Comparison interval and the 30-s Standard inter-
val. In contrast, if the scale is linear, then the two subjectiveval would be equal.
magnitudes should be equal. Consider then a choice between Using this proceduré&ibbon and Church (1981, Experiment
two stimuli, one, the Standard, previously associated with a 30 §) reported results consistent with a linear subjective time scale.
delay to food, and the other, the Comparison, previously assdrhe authors trained four rats on two separate, fixed-interval (FI)
ciated with a 60 s delay to food. A trial always starts with theschedules. On the Standard (retractable) lever, the Fl was 30-s
Comparison stimulus alone; sometime later, say atnto the  long; on the Comparison (also retractable) lever the FI was 60-s
60 s delay, the Standard stimulus is introduced and from thelong. After the typical scallop developed on each lever separately
on the animal has a choice between the two alternative&sAt (20 sessions), the experimenters introduced combined trials to
into the trial, the Comparison stimulus signals B8-+to food, assess preference. During these trials, the Comparigdaver
whereas the Standard stimulus signals always 30 s to food. Thweas inserted into the box at trial onset and thefiatl5, 30 or
guestion is ‘How does preference vary with’ 45 s, the Standard) lever also was inserted into the box. The
To minimize the delay to food, the animal should choose thdrial ended when reinforcement was received on either lever.
Standard stimulus whefi< 30 s and the Comparison stimulus After 35 sessions of testing, the authors obtained the results
whenT>30s. A critical test occurs whefi=30s: if the sub- displayed inFig. 1
The figure shows that the average preference for Ghe
lever equaled 0.25 wheh=15s, 0.50 wher=30s, and 0.75
* Corresponding author: Tel.: +351 253 678 488; fax: +351 25360 4221. WhenT=45s. That is, the rats were indifferent between the
E-mail address: armandom@iep.uminho.pt (A. Machado). two levers wheri'=30s and their preference was symmetric
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with respect to indifference whefi=15 and 45s. Moreover, the clock, memory, and decision processes that according to the
while the two levers were simultaneously present, preferenceodel generate the animal’s choices during testing are all in
remained roughly constant. The authors also showed that scalplace at the end of the FI training. Or, to put it differently, no
expectancy theory (SET) accounted well for these findings. model ingredient necessary to predict the choice results comes
SET assumes thatanimals have aninternal clock composed fsbm the testing phase of the experiment. But it is also conceiv-
a pacemaker, an accumulator, a memory store and a comparatdsle that the animal needs to experience the two levers together
(Gibbon, 1977, 1991, Gibbon and Church, 1981; Gibbon et al.and the new contingencies of reinforcement in order to learn
1984. The pacemaker emits pulses at a high rate. The accumirow to choose the best option and thus show the preference
lator is reset to zero at the beginning of the to-be-timed intervalfunctions displayed ifFig. 1 The present study attempted to
and then after a short latency(s) adds the pulses emitted by distinguish these two accounts by comparing the data from the
the pacemaker for the remainder of the interval. At the end of thérst sessions of testing with the data from the last sessions of
interval (in the FI schedule, when food is delivered), the num+esting. If SET is correct, then the results displayedrig. 1
ber of pulses in the accumulator is first multiplied by a randonshould be observed already during the first sessions of testing,
variable and then transferred to a memory store. Because of thimit if the other hypothesis is correct then the results displayed in
multiplicative random variable, the number of pulses stored irFig. 1should emerge gradually during testing. In the latter case,
memory will vary across trials even if the interval remains thean alternative model of performance for the time-left procedure
same. To decide whether to respond or not during the intervaimust be found.
the animal compares the number of pulses currently in the accu- Second, how was the constancy of the three preference func-
mulator with a sample extracted from its memory store at theions displayed irFFig. 1 achieved? Consider the caBe 30s:
beginning of the interval. It makes a response when the ratio ovas the 0.5 indifference value obtained because during each
the two numbers exceeds a threshold. test trial the rats switched frequently between the two levers,
In the time-left procedure, SET assumes that the animal hasr because the rats pressed only one lever during a partic-
formed two memory stores, one associated with@Hesy and  ular test trial, but changed the preferred lever across trials?
containing the distribution of pulses that represent the longeMore generally, we do not know whether the three partial
FI schedule, the other associated with $hieey and containing preferences ifrig. 1 stemmed from corresponding within-trial
the distribution of pulses that represent the shorter FI schedulgartial preferences, or from an appropriate mixture of within-
WhentheS key is illuminated attime T, the animal computes two trial exclusive preferences for one or the other lev&ibbon
times-left-to-food, the time-left on th€ key and the time-left and Church (1981)lid not report the data in ways that allow
on theS key and responds on tligkey if the ratio between these us to decide between the two alternatives—hence the present
two times is less than a bias threshold. Given a few additionaéxperiment.
assumptions (discussed below), SET predicts the straight lines Third, will pigeons in the time-left procedure show the same
displayed inFig. 1 preference functions as rats? In their 1981 study, Gibbon and
Several questions remain unanswered though. First, are tighurch reported a second experiment with pigeons (see also
rats’ preferences displayedHiig. 1due to the learning thattook Gibbon et al., 198/ but that experiment used a modified and
place when the two levers were presented separately (the firstore complex testing procedure, a concurrent-chains procedure
20 sessions of the experiment) or to the learning that took placenat other authors have criticized as methodologically inad-
when the two levers were presented together (the last 35 sesquate to address timing issues (for details €eeutti and
sions)? Scalar expectancy theory presumes the former becausaddon, 2004; Preston, 1994; Staddon and Higa, 1999; Staddon
etal., 1999. Therefore, in the present study we extend the orig-
1.0 inal and simpler time-left procedure to pigeons.

Gibbon & Church (1981) In summary, the experiment reported below had three main
5 08 1 . A goals: to determine whether choice performance changes dur-
g TTATTT ing testing and, in the affirmative, to describe how it changes; to
2 06 - determine how aggregate choice proportion relates to within-
© L trial choice performance; and to determine whether pigeons
“72 04 " show the same preference functions as rats. On the theoreti-
5 ' . ° cal side, we show that SET fails to account for the experimental
= 5 Y 8.8 ° findings reported below and for that reason in the final section of
G the paper we propose a new descriptive model for the time-left

o —_— procedure.
0 15 30 45 60
Time Since Trial Began (s) 2. Experiment

Fig. 1. Proportion of responses for four rats on the Comparison lever as a func- The experiment was divided into Conditions A and B. In

tion of time since the trial began. The parameter is the time the Standard Iev% ndition A. pi ns learned t iat ne kev with an FI
is introduced into the trial (circlesf'=15s; squaresT’=30s; and triangles: o 0 » PIgeons learned 1o associate one key a

T=45s). The horizontal lines show the fits of scalar expectancy theory (SET)80-S schedule (the Comparison kéy,and the other key with
Adapted fromGibbon and Church (1981) an F130-s schedule (the Standard gyAfter the birds acquired
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the temporal discrimination on both schedules, testing started.1.3.1. FI Training. Next all birds were trained on the two Fl
Each test trial began with the illumination of tkey and then  schedules, FI 30 and 60 s in Condition A, and FI 45 and 90 s in
at T7=15, 30 or 45s into the trial, th& key also was lit. The Condition B (these final parameter values were reached progres-
test trial ended when the bird collected a reinforcer from eithesively during 3 or 4 sessions). In Condition A, the assignment
key. of the FI schedules to the left and right keys and to the red and

To determine whether the bird’s choices change with expogreen light colors was partially counterbalanced across birds.
sure to the combined trials, we divided testing into three phase®©nce made, the assignment did not change until the condition
In the first phase, test sessions occurred only once a week aedded (e.g., for one bird the left key, illuminated with red light,
only about 15% of all trials during test sessions were combineavas always associated with the FI 30 s schedule, and the right
trials—the remaining were the regular trials with the separatdey, illuminated with green light, was always associated with
Fls. In the second phase, test sessions occurred daily but stihe FI 60 s schedule).
only 15% of all trials were combined trials. In the third phase, In Condition B, the two FI schedules were also associated
test sessions occurred daily and about 47% of all trials werevith different keys, but to reduce potential carryover effects the
combined trials. The low frequency of test sessions (Phase Keys were illuminated with white or yellow lights. In addition,
or the low number of combined trials per test session (Phasdhe left—right assignment of the two schedules was reversed for
1 and 2) enabled us to assess how much transfer occurs fratine five birds that had participated in Condition A (i.e., if a bird
the separate Fl training to the combined trials while minimiz-experienced the schedule on the left key during Condition
ing the effect of learning during the combined trials themselvesA, then it experienced thg schedule on the right key during
the higher frequency of test sessions plus the large number @ondition B).
combined trials (Phase 3) enabled us to determine steady state Each training session comprised 60 trials, 30 of each FlI
choice performance. schedule, presented in random order. We call these tgls

In Condition B, the procedure remained the same except faelar and refer to them individually a$ trials andC trials.
the schedule parameters. The FI values were 45 and 90s fét the beginning of each trial, the houselight was turned on
the Standard and Comparison keys, respectivelyZeagualed and one of the keys was illuminated with the appropriate light

22.5,450r 67.5s. color. The first response after the fixed interval elapsed turned
the keylight and the houselight off and raised the food hop-

2.1. Materials and methods per for 3s. During the first sessions, the hopper duration was
adjusted for each bird to minimize extra-session feeding. After

2.1.1. Subjects food there was a 30-s ITI during which all lights were turned off.

Six experimentally nae pigeons participated in Condition Training with regular trials continued until the FI scallops were
A and seven pigeons participated in Condition B. Five of theclearly established and did not change systematically across
birds in Condition B had participated in Condition A, whereassessions. The number of training sessions ranged across birds
the other two had participated in a number discrimination experfrom 40 to 44 in Condition A, and from 40 to 49 in Condition
iment. Birds were maintained at 80% of their free-feeding bodyB.
weights and were housed in individual home cages with water
and grit continuously available. A 14:10 h light/dark cycle was2.1.3.2. Testing. Test sessions included three types of trials:

in effect in the pigeon colony. regulars trials, regularC trials, and combined’ + S trials. The
combined trials began with the illumination of tiiekey, but
2.1.2. Apparatus afterT=15,300r45sin Condition A, dr=22.5,450r67.5sin

Two standard experimental chambers for pigeons fronmCondition B, theS key also was illuminated. When food became
Lehigh Valley? were used. The front panel of each chamber conavailable on one key, the first peck on that key turned the house-
tained two keys centered on the wall, 2.5 cm in diameter, 23 crlight and the keylights off and delivered food. After food, the
above the floor, and 14 cm apart center to center. The keys couRD-s ITI began. Note that only one reinforcer was delivered on
be illuminated from behind with red, green, white or yellow each trial.
lights. The hopper opening measured 6xBcm and was cen- The proportion of each trial type varied across three test
tered onthe wall, 8.5 cm above the floor grid. The bird had accegshasesTable 1shows the details. During Phase 1, test sessions
to mixed grain when the hopper was raised and illuminated. Ownccurred once per week and included 50 regular trial<{2ad
the opposite wall of the chamber another white light provided25 S) and 9 combined( + S trials, 3 for each value df. After
general illumination. The intelligence panels were enclosed byach test session, the animals were exposed to five training ses-
outer boxes equipped with ventilating fans. Two personal comsions (see above). This phase continued until six test sessions
puters programmed in C++ controlled the experimental eventazere completed, yielding 18 test trials at edttalue. During

and recorded the data. Phase 2, the test sessions had the same trial structure as in Phase
1, but they occurred daily. This phase lasted for 6 days, also
2.1.3. Procedure yielding 18 test trials at eachvalue. Finally, during Phase 3 the

The birds were randomly assigned to the two chambers anist sessions occurred daily and each session included 30 regular
the naive pigeons learned to peck the keys using an autoshapitrials (15C and 15S), and 27 combined’ + S trials, 9 per value
procedure. of T. This phase lasted for 12 sessions.
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Table 1
Trial structure of test sessions

Regular trials Combined trials Periodicity
Phase 1 25 FI 30s; 25x FI160s 3x T=15;3x T=30; 3x T=45 Weekly
Phase 2 25 FI 30s; 25x FI160s 3x T=15;3x T=30; 3x T=45 Daily
Phase 3 1% FI 30s; 15x F160s 9% T=15;9x T=30; 9x T=45 Daily

Data analyses included all six test sessions of Phases 1 atite S key was lit at 45 s, there were no consistent findings across
2, and the last two sessions of Phase 3. We included only twsubjects: two birds preferred tlSekey (s21, s23), one bird was
sessions of Phases 3 to equalize the number of combined testifferent (s20), and four birds preferred th&ey (s8, s15, s19,
trials across phases (18 for eafhvalue). We chose the last and s24). The shape of the curves showed substantial variation
sessions because a preliminary comparison between the resudiross birds: some curves were flat, others decreased, and still
from the first two sessions (capturing the immediate effects obthers were bitonic.
the higher density of test trials introduced in Phase 3) and the The bottomright panel shows averages across birds. The three
results from the last two sessions of testing (capturing steadgreference functions are similar to those obtained in Condition
state choice performance) revealed only small and unreliablAd (compare with the bottom panel Bfg. 2) except that in Con-

differences between them. dition B the average preference f®iat 7=22.5s and folC at
T=67.5s were less extreme than the corresponding preferences
2.2. Results in Condition A.

These results obtained with pigeons reproduce the findings

We divide the experimental findings into three parts. The firspbtained with rats byGibbon and Church (1981put with
includes steady state performance during the combined test trisl¢/0 exceptions. First, and particularly in Condition A, pigeons
of Phase 3 and it allows us to determine whether pigeons sho@howed stronger preferences than rats forsthey at7=15s
preference functions similar to those reportedGipbon and and for theC key at7=45s. And second, whereas rats had
Church (1981jor rats. The second includes the preference datghown roughly constant preference curves, the pigeons showed
from all three test phases and it allows us to determine if and hoRoth constant preference curves and decreasing preference
preference changed with testing. The third includes response raggrves.
data and it allows us to compare schedule performance when the

keys were presented separately and in combination. 2.2.2. Did preference change during testing?

Condition A: The top panel ifig. 4shows how the average
2.2.1. Steady state: did pigeons reproduce the results preference for th& key changed during the three test phases.
obtained by Gibbon and Church (1981) with rats? For all T values, the mean data represent well the individual

Condition A: Preference for th€ key was measured in 5-s data. WherT'=15s, the birds favored thg key strongly, and
bins by the ratio of the total number of pecks on that key to thehat preference remained strong at the steady state. To assess
total number of pecks on both keys, provided the latter numbethe statistical significance of the differences among the three
exceeded five. If the bird pecked less than five times on botlkurves, we performed a two-way, repeated-measures ANOVA
keys, preference was undefined at that filg. 2 shows the with phase and time bin as factors. Because some pigeons did
steady state preference for the C key. not peck a minimum of five times during the first two bins, the

In general, all pigeons favored the key associated with théANOVA included only the last four bins. The results revealed
shortest delay to food, th& key when it was introduced at no significant differences at the 5% level, but the effect of phase
T=15s, and th€ key when thes key was introduced §t=45s.  approached significance—phagé2, 10) =3.67p =0.06; time:
Bothwhenr'= 15 s and whef'= 45 s, decreasing and flat curves F(3, 15) =0.3; phase time: F(6, 30)=0.6.
were obtained. When thg& key was lit at7=30s, pigeons WhenT=30s, the average curves showed a clear preference
showed initially a clear preference for tliskey, but as the trial  for the S key during Phase 1, but this preference was reduced
continued their preference for that key decreased. The meadn Phase 2, and reversed in Phase 3. Within trials, preference
curves show a clear pattern of preference, particularly at the erfdr the C key decreased, most noticeably during Phases 2 and
of the test trials: almost exclusive preferencefat7=15sand 3. A two-way, repeated-measures ANOVA yielded significant
for CatT=45s, and about indifference between the two keys atffects of phaseH(2, 10) =7.9p <0.01], time F(5, 25) =27.5,
T=30s. p<0.001], and their interactiorF[10, 50) =4.4p <0.001].

Condition B:Fig. 3shows preference for th@key during the WhenT =45 s, the average curves showed a slight preference
last two sessions of Phase 3. To measure preference, the trial wias the C key during Phase 1 but a strong preference for that key
divided into six periods, three 7-s long, and three 8-s long. For allluring Phases 2 and 3. Moreover, preference foftkey tended
birds, the average preference fdincreased with the moment to decrease with time into the trial, particularly during Phase 1. A
theS key was introduced. Thus, when thikey was introduced at  two-way, repeated ANOVA yielded significant effects of phase
T=22.5sall birds preferred tt$key on the average, butwhenit [F(2,10)=34.1p <0.001],time F(2,10)=16.9p =0.001], and
was introduced &f'=67.5 s all birds preferred thé key. When  their interaction (4, 20) =7.62p =0.001].
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Fig. 2. Preference for the Comparison key during the last two sessions of Condition A (Phase 3, steady state). The parameter is the time the Stasdard key
illuminated into the trial (filled circlesT'=15s; empty circlesT=30s; and square§:=455s).

Condition B: The bottom panel ifig. 4 shows the three A close analysis of within-trial performance revealed that on
preference functions during each phase of testing. The pattemost trials the pigeons chose one key and stayed on that key
of results was similar to that obtained in Condition A. Thus,till the trial ended. In other words, they rarely switched between
in most cases the preference curves decreased with time inkeys. This fact suggested a second way to measure preference.
the trial; preference fo€ increased significantly from Phase 1 We classified each combined trial as “Standard”, “Comparison”,
to Phase 3 wheff=67.5s f=0.02), tended to increase with or“Mixed” according to the distribution of pecksien both keys
Phase wheff = 45 s although the effect only approached statiswwere illuminated. A trial was classified as “Standard” if at least
tical significance jf=0.065), and did not change reliably with 80% of the total pecks were on tl§ekey; it was classified as
phase whefl=22.5 p=.4). “Comparison” if at least 80% of the total pecks were on ¢he

In summary, when preference was measured by the relatieey; and it was classified as “Mixed” in all other cases. Notice
rate of responding in successive bins, we found that prefetthat the total pecks did not include any pecks on ¢h&ey
ence changed systematically across phases although in differesmhitted before the& key was illuminated. Because most trials
directions depending dh At the largest’, the change was from were either “Comparison” or “Standard” trials, “Mixed” trials
about indifference to a strong preference hmwhereas at the were notfurther analyzed. In Condition A, for five birds “Mixed”
intermediateT, the change was from a strong preferencesSfor trials accounted for less than 5% of all the combined trials of
to indifference; at the smalle&} the preference faf remained  each phase; the exception was bird s14 for which “Mixed” trials
strong through the end of testing. These changes show that tlaecounted for 22, 15, and 7% of all the combined trials in Phases
birds started the test trials with a strong overall bias for§he 1,2 and 3, respectively. In Condition B, for six birds only 7.25%
key, but at the steady state showed no overall bias for either kegf all trials were “Mixed”. Bird s8 was the exception because
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Fig. 3. Preference for the Comparison key during the last two sessions of Condition B (Phase 3, steady state). The parameter is the time the S@sdard ke
illuminated into the trial (filled circlesT=22.5s; empty circlesf=45s; and square$:=67.5s).

57% of its trials were “Mixed”; data from this bird were excluded [F(4, 20] =8.2p < 0.001] because the effect of Phase varied with
from the analysis that follows. T.

The top panelifrig. 5plots the mean preference for thé&ey The bottom panel ifrig. 5 shows the data for Condition B.
(proportion of “Comparison” trials) as a function of testing phaseWhen theS key was introduced &= 22.5 s, the birds preferred
in Condition A. When the§ key was introduced &t=15s into  the S key strongly and their preference remained roughly con-
the trial, very few combined trials were “Comparison”, which stant across phases. When fhkey was introduced at=45s
means that the birds preferred thieey strongly. This preference into the trial, average preference f6rwas below indifference
remained strong across phases. Wherftkey was introduced during Phase 1, but itincreased in Phases 2 and 3. Finally, when
atT=30s, preference for thékey was below indifference dur- theS key was introduced @& =67.5s into the trial, preference
ing Phase 1 (0.21), but it increased during Phases 2 and 3 teas above indifference during Phase 1 and increased in Phases
0.30 and 0.49, respectively. Finally, when th&ey was intro- 2 and 3. A two-way, repeated-measures ANOVA with phase and
duced a'=45s, preference was at indifference during Phase T as factors yielded no effect of phagg?, 10)=1.82p =.21],
(0.53), but it increased to 0.85 and 0.87 during Phases 2 and &,significant effect of’ [F(2, 10)=21.75p <0.001], and a sig-
respectively. nificant interaction (4, 20] = 4.64 p =0.008].

A two-way, repeated-measures ANOVA yielded a significant  In summary, the two measures of preference, one based on the
effect of PhaseH(2, 10)=8.4,,=0.007] because the overall relative rate of responding and one based on the classification of
bias for theS key was reduced across phases, a significant effecombined trials, revealed the same general trend across phases.
of T [F(2, 10)=86.1p <0.001] because overall preference for In Condition A, the birds initially prefer th& key at7=15 and
C increased withr, and a significant effect of their interaction 30s and are indifferent between the two keyg'at45s. This
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testing from non-optimal to optimal. Condition B revealed a
pattern of changes in preference similar to the pattern observed
in Condition A, although with greater between-subjects variabi-

lity.

2.2.3. Did schedule performance change during testing?

The stimulus conditions during combined trials (both keys
on) differ from the stimulus conditions during the regular trials
L7 ) (only one key on). It is therefore conceivable that the response

i rate curves on either th@or S keys—henceforth called schedule
performance—differ between combined and regular trials, and
that these differences change with testing.

Condition A: To determine whether schedule performance
changed during testing, we compared the rate curves from the
two regular trials with the corresponding rate curves from the
choice trials. Specifically, the average curve from the FI 30-s
regular trials was compared with the average curves generated
e e o e menering choice tsls when the bird chose thikey-the el
seFt)s of curves cgrrespond to tEe three moments the Standardpkey Wa)s/ iIIuminat(ﬁelqoassncled above as _Standard - Similarly, _the average curve from
into the trial ("= 15, 30 and 455 in Condition A arfe= 22.5, 45, and 67.5sin  the FI60-sregular trials was compared with the curves generated
Condition B). during choice trials when the bird chose thi&ey. Fig. 6shows
the results.

pattern of preference changes during testing such that at the Consider the top left panel: The empty squares show the aver-

steady state the birds prefer the key associated with the shorté24€ résponse rate curve in Phase 1 during the trials in which only

delay to food and are indifferent between the two keys when the _eS key was iII_uminated. This curve was obtained as follows.
signal the same delay to food. In a word, choices change durin irst, for each bird we averaged the response rate data fragm all
trials. Next, we divided each point along the individual average

curve by the maximum value of that curve. This transformation
Condition A T=4s | forced all curves from regulafttrials to be in the interval from
i 0 to 1 and facilitated the comparison of curves with different
terminal rates. And finally we averaged the individual curves to
obtain the group curve (the average curves represent well the
individual data). As the figure shows, the average curve during
the S trials had the typical sigmoid shape—response rate was
close to zero immediately after the time marker (due to the post-
time-marker pause) and increased monotonically until the end
of the trial.
The remaining three curves in the top left panel show the
0.0 . 1 group averages during the combined trials in which the bird pre-
! ferred theS key. Before averaging across birds, each individual
1.0~ . average curve was divided by the value used to normalize the
Condition B . . .
curve forthe regular trials (i.e., the maximum response rate value
during theregular S trials for each bird). The three curves show
that the main effect of introducing thekey during a test trial
was to elevate response rate. The post-time-marker pause was
greatly reduced (cf. the first data point of each curve) and the
terminal rate increased (cf. the last data point of each curve).
The shape of the three curves was similar to the right half of
the regular trials curve (cf. empty squares curve from 10-15 to
305s), which suggests that these curves may correspond to the
0.0 ; ; regular curve shifted leftwards, perhaps by different amounts.
| 2 3 We return to this suggestion below.
Phase The top right panel shows the response rate data for Phase
3. The post-time-marker pause is again clear duringlthé5

Fig.5. Proportion of trials classified as “Comparison” (mea®.E. of the mean) d 30's trials. H th S dat ints still sh
during the three phases of Condition A (top panel) and Condition B (bottoman S tnals. However, the remaining data points still show

panel). The three curves correspond to the three moments the Standard key v €leévated response rate with respect to the (baseline) regular
illuminated into the trial. curve (compare filled and empty circles with empty squares;
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Fig. 6. Average response rate curves during the regular and combined trials of Condition A. The left and right panels correspond to Phases Ttwel\3 thespe
top and bottom panels correspond to the response rate curves $ant€ keys, respectively.

because all birds preferred strongly th&ey whenT=45s, the  ¢>30s for the empty circles, ane 45 s for the filled squares)
filled squares curve has little reliability). and (b) the curves for=15s in both Phases 1 and 3 (filled
The bottom panels display the corresponding data for theircles) and the curve faf=30s in Phase 1 (empty circles) have
FI 60 s regular trials (empty squares) and for the choice trialdittle reliability because on those trials the birds preferredsthe
in which the birds preferred th€ key (remaining symbols). key strongly. In any event, note that the differences between the
During both Phase 1 (left panel) and Phase 3 (right panel), whelmaseline and the choice curves do not change appreciably from
the C key was presented alone the birds generated the typicfdhase 1 to Phase 3 and are much smaller than in the top panels.
sigmoid response rate curve; when the two keys were presented Condition B.Fig. 7 shows the rate curves for Condition B.
together and the birds preferred to stay onitey, responserate The pattern of results was the same as in Condition A. When
was slightly greater than during baseline (compare remaininthe S andC keys were presented alone during the regular trials,
symbols with empty squares). However, these slight differencethe birds generated the usual sigmoid rate curve. When the two
in rate must be interpreted with caution for the following two keys were presented together and the birds chosgkbeg (top
reasons: (a) to assess the effect of introducingtey onCkey  panels), the rate curves were initially elevated with respect to
performance, the comparison between the baseline curve amdseline (left panel) and the deviation from baseline increased
each one of the other curves must be restricted to the momentgth 7. At the steady state (right panel) the deviations from
inwhich both keys were present (i.e> 15 s for thefilled circles, baseline were reduced, particularly during the first bin, but they
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Fig. 7. Average response rate curves during the regular and combined trials of Condition B. The left and right panels correspond to Phases T3 thespe
top and bottom panels correspond to the response rate curves $antd€ keys, respectively.
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were still noticeable. When the two keys were presented togethéormance during combined trials on the overall reinforcement
and the birds chose thiekey (bottom panels), the rate curves for rate also increases. Sensitivity to changes in overall reinforce-
T=45 and 67.5s did not change appreciably, but the curve foment rate could be the process underlying the changes in prefer-
T=22.5s was slightly above baseline. However, this last resukénce. Both accounts involve some form of learning, but whereas
must be interpreted with caution because the filled circles curvéhe former account stressesthin-trial learning of reinforce-
was based on the fewest number of trialsl{at22.5 s, the birds  ment contingencies and time-markers, the latter account stresses
preferred strongly thé key). across-trials learning of how changes in behavior correlate with
The rate curves oRigs. 6 and feproduce some, but not all, changes in overall reinforcement rate. One account is relatively
major findings reported b§ibbon and Church (1981#jith rats  local, the other is relatively global.
at the steady state. According to these authors, the rat curves on Although both accounts are reasonable, the following anal-
the regular trials (one lever only) had the same shape than thesis suggests that in our experiment the global account is less
curves on the combined trials (two levers), except that the lattgulausible. The overall reinforcement rate during the training ses-
had lower terminal rates. In the present experiment, althoughkions of Condition A was approximately 0.8 rewards per minute,
the rate curves do seem to approach comparable shapes at theumber obtained by dividing 60 rewards by the time required to
steady state, the curves from the combined trials had similasbtain them, 75 min (i.e., 60 trials 30 s of ITI + 30 trialsx 30 s
or higher terminal rates than the curves from the regular trialef FI 30 s+ 30trialsx 60s of FI 60s; we have excluded the
(compare the last data point of each curve) contra@itbon  reward duration). During testing sessions overall reinforcement
and Churcls (1981) results. would be highest if the bird chose always the key that signaled
In summary, in both conditions, when tS@ndC keys were  the shortest delay to food, and lowest if the bird chose always
presented alone, the birds showed the typical FI performancéhe key that signaled the longest delay to food. When combined
When the two keys were presented together, response rate varigils were rare (Phases 1 and 2), the highest and lowest overall
with the pigeon’s choices. When the pigeon remained on theeinforcement rates equaled 0.78 and 0.77 rewards per minute,
C key, response rate increased only slightly with respect to theespectively, and when combined trials were frequent (Phase 3)
baseline rate on that key. When the pigeon switched tS Kegy,  the corresponding numbers equaled 0.75 and 0.71. Although we
response rate increased appreciably with respect to the baselicannot rule out the effect of these differences in overall rein-
rate on that key, but that increase was attenuated during testinigrcement rate, it seems to us that they are too small to account
for the observed changes in preference during testing.
3. Discussion Be that as it may be, our main goal was to investigate if the
preferences displayed during combined trials were due to the
In the time-left procedure pigeons behave at the steady statearning that took place during training (hypothesis A) or to
in the same way as rats: they prefer the key associated with ththe learning that takes place during testing (hypothesis B). Our
shortest delay to food. However, their preference and schedutesults are inconsistent with hypothesis A. Left with hypothe-
performance changes with testing. Concerning preference, whesis B, we can divide it into several sub-hypotheses: within-trial
the combined trials are firstintroduced after separate Fl trainindearning (hypothesis B1), across-trial learning (hypothesis B2),
pigeons show an overall bias for théey, although this bias is or a combination of both (hypothesis B3). Regardless of which
smaller the later th&€key is illuminated. With further testing, the of these sub-hypotheses turns out to be true, our results show
overall bias folSis greatly reduced such that at the steady state nthat it is unlikely that the preferences originally observed by
appreciable bias for either key is visible. Thus, choices becom&ibbon and Church (1981ere due exclusively to the learning
more optimal with testing. Concerning schedule performancethat took place during training.
initially when the birds choose th& key during a combined Our findings have some implications for theories of tim-
trial, they respond at a higher rate than during the regitiaals  ing, in particular for the dominant model in the field, scalar
(assuming the comparison is done at corresponding momenéxpectancy theory (SET). In what follows we show that SET
since the time maker). With more testing, the rate curves duringannot account properly for our findings, perhaps not even for
combined trials approach the rate curve during regular trialshe original findings reported bgibbon and Church (198&8nd
The data also showed that within combined trials, pigeons rarelwhich the authors claimed SET could account for. Given the
switch between the two keys. shortcomings of SET, we then propose a rkweriptive model
The changes in preference observed from Phase 1 to Phasgperformance in the time-left task and fit the model to the data.
3 are correlated with two variables, the absolute number of
combined trials and the relative number of combined trials peB.1. Theoretical analysis I: scalar expectancy theory
session; both variables increased during testing Tsdxe 1)
and in principle either one or both could drive the changes in Accordingto SET, during the combined trials the animal com-
preference. Consider the absolute number of combined trialpares the time-left on th€ key with the time-left on the key
As that number increases, the experience with the contingenciesid chooses th€ key if the ratio between theses two values
of reinforcement and time markers operative during combineds less than a bias threshold,Let x¢ be the sample extracted
trials also increases and this increased experience may explditmm theC store xs the sample extracted from tlestore, and;
the changes in preference. Now consider the relative number die number of pulses currently in the accumulator. SET assumes
combined trials. As this number increases, the influence of pethat the animal comparag—x;, the time-left on the” key, with
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xs—x;_ 1, the time-left on thes key. The probability of choosing On a more conceptual level, SET's assumptions for the time-
“C", P("C"), attimer and when the key is illuminated at time left task seem contradictory. On the one hand, Byand the

T, for T<t, equals reasoning that led to it (see also thppendix Ain Gibbon and
Church, 198) suggest that the animal is sampling its memories
P(C) = P (xc_x’ - b) (1)  as the trial proceeds and choosing according to the results of
XS = Xt-T the sampling. But this interpretation predicts a large proportion

In SET,xc andxs are independent normal variates with constant’ “Mixed” trials, in F:Iea’r contrast with the data. To illustrate,
coefficient of variation (i.ey = o/u). Gibbon and Church (1981) SUPPOse that the animal’s memories are such that sampling from

show that ifx; has no variance, then E€L) is equivalent to them yields always a 0.5 probability of choosing thkey, as in
Fig. 1, T=30s condition. Because overall response rate is rea-

PC)y =@[z(t; T)], t=T> To, (2)  sonably high, often more than one peck per second, one would

. . . . o . expect frequent switching between keys and therefore a high
in which @ is the unit normal distribution function are, 7) frequency of “Mixed” trials (e.g., if a bird chooses tidekey

equals with probability 0.5 and makes 10 choices, the probability of
A-b)(t—T)+T—C+bS no switching is less than 0.002). However, the majority of the
2t T) = (3)  birds rarely switched between keys and most trials were either

V\/(C — To)* + b*(S — To)® “Comparison” or “Standard”. On the other hand, one could con-
Eq. (3) has three key properties. First, it uses three parametersgive of the animal as deciding only once whether to stay on the
the coefficient of variatiop, biash, and the refractory pericth. C key or switch to thes key. Having made its decision accord-
However, when, as in the present stuflyjs small compared to ing to Eq.(3), the animal would then simply stay on the chosen
C ands, it has negligible influence and the model becomes effeckey until the end of the trial. In this view the animal samples
tively a two-parameter model. Second, the denominator in E¢jts memories only once per trial and all trials are either “Stan-
(3) is independent of, the time into the trial. In the absence of dard” or “Comparison”. The problem with this interpretation is
bias (i.e.p = 1), also the numerator of E@) will be independent  twofold. First, when there is bias (.27 1) Eq. (3) predicts
of #. In this caseP(“ C”) will be constant throughout the trial and an increasing{< 1) or decreasingh(> 1) preference function,
symmetric around indifference, &ibbon and Church (1981) which means that to apply the equation to a particular data set
reported—see€ig. 1 And third, when there is bias, E(B) pre-  one would need to know also the time of the bird’s decision,
dicts negative sloping preference curves wherd (favoringC)  for that time will determine the probability of staying @hor
and positive sloping preference curves wienl (favorings). switching toS. The model provides no such information. Sec-
Eq.(3) could not fit the preference functions from conditions ond, and more generally, if E§3) applies only once per trial,
A or B, either Phase 1 or Phase 3. To illustréig, 8shows the then it ceases to define preference functions measured by the
best-fitting curves to the average data from Condition A, Phastatio of pecks on the two keys. Some other equation or equa-
1. To obtain the average theoretical curves we fit the individuations must specify the rates of pecking the two keys and without
data (thus obtaining three curves per bird) and then averaged titlegese equations the preference functions cannot be determined.
individual curves. (The average curves represent well the indiGibbon and Church (1981yere not clear on this issue: They
vidual curves.) The severe misfits stem mainly from the fact thaseemed to have in mind the second alternative when deriving
the birds showed a strong overall bias $pmhich forcesh<1  Eq. (3), but the first alternative when applying E@) to the
in Eq. (3), but also downward sloping curves, which is incom- preference functions illustrated Fig. 1 Given SET's failure
patible withb < 1. The misfit identifies a structural limitation of to account for the data, we propose a new descriptive model of
the model. performance in the time-left task.

1.0 3.2. Theoretical analysis I1: a descriptive model of

B performance
= 0.8 1
g A/ An alternative description of performance in the time-left pro-
E 06 A R cedure starts with the distinction between choice and schedule
@ A performance. When the pigeon sees the two keys illuminated
“3 0.4 C/ simultaneously during the combined trials, it chooses according
g o to some probability valug whether to stay ol or switch tos.
g 024 © o o o Having made its choice, the bird then responds on the chosen key
= — " e according to another process. These two processes, one yielding
00 - p the other yielding response rate, are sensitive to the moment
15 10 s 60 the S key is illuminated, that is, they are influenced by the time
Time since trial began (s) since the onset of the trial. For exampdiffers if the S key is

Fig. 8. Bestfit of scalar expectancy theory (SET). The symbols show the averadgummated close to the beglnnlng or close to the end of the trial

data from Condition A, Phase 1. The lines show the average of SET's best-fittingCf- Fig. 5) and the same happens to response rate immediately
curves (Eq(3)) of the individual data. after the two keys are illuminated (d¢figs. 6 and 7first bin of
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Fig. 9. Structure of the new descriptive model of performance in the time-left procedure. Top left panel: response rate curves Sarndgtregular trials. Top

right panel: when thé key is illuminated a’=30's, the bird switches to thekey with probability 1— p and stays on th€ key with probabilityp. If the bird
switches, then it pecks on ti§ekey according to the original response rate function (dotted line) shifted left by s seconds (solid line starting at 30 s). Bottom left: the
symbols show how the preference function predicted by the model is computed. Preferenaetforer equals relative response rate at that time (i.e., rat€ key

divided by the sum of the rates on tbeandsS keys) but with each rate weighed pyr 1— p. Bottom right: depending on p, the model predicts different preference
functions forC.

response rate curves in top left panel). In addition #igyige had just started with the illumination of tis&key (in which case
with testing such thap in the middle or at the end of the trial it would produce the dotted line in top right panel), the bird
increases with testing (s€ég. 5 Phases 2 and 3) and responseresponds according to the regular curve shifted to the left (the
rate on theS key decreases with testing (¢figs. 6 and 7top  solid curve in the middle of the figure). The equation for the rate
left versus top right panels). curve shifteds seconds to the left when ttsekey is introduced
Fig. 9illustrates the model. Assume that the birds learned t@t T s into the trial is

respond on the two separate FI schedules and that their perfor-
mance is well represented by the curves in the top left paneIR

. . - . "Rs(t —T — )
The two curves in the figure are logistic functions but only their
sigmoid shape matters—they could be cumulative normal distri-
butions or even more complex functions such as those assumerhe reason for the leftward shift may be that the time marker
by Machadds (1997) learning-to-time model. They are charac-for the 30-s interval on the combined trials (i.e., the illumination
terized by three parameters each, the asymptotic response rafithe S key when both the€ keylight and houselight are illumi-
parameterds or Ac, the location parametens or mc, and the  nated) differs from the time marker on the reguarials (ITI

 14-expl-is(t — T —ms—s)]

(6)

scale parameteks or A¢. Their equations are darkness followed by illumination ¢fkey only). Stimulus gen-
Ac eralization decrementis expected to reduce the post-time-marker
Rc(t) = (4) pause or, in other words, to elevate response ratad@don,
1+ expl—ic(t —mc)] 1969. As testing proceeds, the birds learn about the new time
and marker and therefore reduce response rate at the onset of the
Ag interval—the post-time-marker pause returns (compare the left
Rs(t) (5)  and right top panels ifigs. 6 and Y.

1+ expl-as(t —ms)] On the basis of the probability of staying on thekey and

for the C andS keys, respectively.When tifkey is illuminated  the two response rate curves (onedband one, shifted, fas),

at, sayl = 30 s, the bird stays on thigkey with probabilityp, and  the model predicts a specific preference function. Assume the
switches to the& key with probability 1— p (see top right panel). S key is illuminated a’=30s and consider the first time bin,

If the bird stays orC, then it ignores thé key and continues to from 30 to 35s: on a proportignof the trials, the pigeon stays
behave as if the trial were a regul@trial—hence the similarity on C and responds at the rategiven by the first empty circle
between the curve from the regul@trials on the one hand and in the bottom left panel dfig. 9, on a proportion 1- p of those

the curves from the combined trials classified as “Comparisontrials, the pigeon switches tHand responds at the ragajiven

on the other hand (see bottom paneld-@fs. 6 and J. But if by the firstfilled circle. Therefore, the preference function at that
the bird switches t@, then it changes its behavior with respect bin will equalpx/(px + (1 — p)y). More generally, the preference
to the regulas trials. Instead of responding as if a regular trial function at timer given that keys was illuminated af's is given
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Table 2
Equation and parameters used to fit each data set
Data set Equation Parameters
Curve forC regular trials 4 Ac, me, hc
Curve forS regular trials 5 As, mg, As
Curve for “Standard” combined 6 Ag, mg, As, $1
trials,7=15s
Curve for “Standard” combined 6 Ag, mg, As, 52
trials,7=30s
Curve for “Standard” combined 6 Ag, mg, As, 53
trials, 7=45s
Preference curvg;=15s 7 Ac, mc, Ac, As, ms,
As, 51, P1
Preference curve;=30s 7 Ac, mc, Ac, As, ms,
As, 82, p2
Preference curvg;=45s 7 Ac, mc, Ac, Ag, mg,
As, $3, P3
by
P(//CN) _ p x Rc(t) )

~ pxRe(®)+ Q- p)x Rs(t =T —s)

and similarly, the three preference curves must each be fit with
only one extra parametes, Table 2shows the equations and
parameters used to fit each data set.

To test the model, we fit the equations simultaneously. Using
Mathca®, we searched for the set of twelve parameters that
minimized the sum of squared deviations between observed and
predicted values. To give similar weights to the rate and pref-
erence data, the latter were multiplied by 10 to bring them to
approximately the same scale range as the rate curves.

Table 3shows the best-fitting parameters and the variance
accounted for (VAC). From the best-fitting individual curves
we computed the average rate and preference curves and then
compared them with the average dd&tm. 10shows the results
for Condition A, Phase 1 (top) and Phase 3 (bottom). In general
the model fitted the data well (average VAC equaled 0.98 in
Phase 1 and 0.97 in Phase 3). In particular, the curve for the
regulars trials when simply shifted was able to fit the data from
the “Standard” combined trials. In addition, a weighted ratio of
the regulaxC curve and the curve from the “Standard” combined
trials was able to fit the preference data. The Appendix shows
how the model fit the individual data.

The bottom right panel illustrates three preference functions, Fig. 11shows the corresponding results for Condition B (the
each corresponding to a different valuepofNote that if one
ignores the few combined trials classified as “Mixed” in the because they were similar to those for Condition A; the average
experimental data, then the estimated probabilgiesd/ —p
should match the proportions of trials classified as “Comparifitted the data well.
son” and “Standard”, respectively.
In summary, to fit the two response rate curves fromdhe
and S regular trials, we use Eq$4) and (5) to fit the three
rate curves corresponding to the three momentsStkey is
illuminated and the bird switches ) we use Eq(6) but we
allow the shift parameterto vary across curves. Finally, to fit
the three preference curves corresponding to the three values@bndition A.
T, we use Eq(7) but we allow thep parameter to vary across
curves. The model uses twelve parameters to fit eight distinctivehooses one key and then responds on that key until the end of the
curves simultaneously, but note that the three rate curves for thaal. Specifically, the animal stays @hwith probabilityp and
combined trials must each be fit with only one extra paramster, switches taS with probability 1— p. It follows that according

parameter values for each bird during Condition B are not shown
VAC equaled 0.97 both in Phases 1 and 3). Again the model

In summary, the model captured the major properties of the
data: the elevated response rate orstkey during the combined
trials of Phase 1, but its return to baseline during Phase 3; the
overall preference for thgkey during Phase 1, but its reduction
during Phase 3; the within-trial decrease in preferenc€fand
the less extreme preferences in Condition B when compared with

The model assumes that during a combined trial the pigeon

Table 3
Best-fitting parameters and variance accounted for by the model during Condition A
As As mg Ac A mc p1 P2 P3 s1 52 53 VAC

Phase 1
sl4 152.7 0.19 21.7 100.0 0.11 38.0 0.35 0.45 0.35 6.6 20.4 32.0 0.995
s15 127.2 0.48 17.4 113.3 0.16 42.7 0.03 0.12 0.63 6.6 21.8 321 0.994
s19 104.4 0.19 235 105.6 0.13 36.4 0.37 0.27 0.64 3.0 11.9 27.3 0.973
s20 67.2 0.21 15.1 78.0 0.14 27.4 0.01 0.04 0.53 10.9 17.9 31.1 0.979
s23 97.2 0.24 20.8 82.8 0.12 39.1 0.15 0.25 0.39 4.5 17.0 27.3 0.981
s24 84.7 0.34 16.7 157.6 0.07 53.1 0.40 0.57 0.64 7.6 18.0 33.6 0.968
Avg 105.6 0.27 19.2 106.2 0.12 394 0.22 0.28 0.53 6.5 17.8 30.6 0.982

Phase 3
sl4 130.8 0.22 17.8 87.6 0.08 43.2 0.06 0.43 0.75 14.6 23.1 41.7 0.982
s15 223.2 0.23 21.9 97.2 0.14 48.6 0.00 0.73 0.81 15.6 30.1 40.7 0.969
s19 92.8 0.36 20.3 91.8 0.17 34.4 0.19 0.67 0.96 8.6 18.7 32.3 0.888
s20 86.4 0.29 17.0 87.6 0.20 29.8 0.00 0.50 1.00 11.1 21.9 0.986
s23 54.0 0.58 18.3 90.0 0.21 41.1 0.06 0.37 1.00 13.3 26.3 0.981
s24 91.2 0.28 20.4 114.0 0.11 48.0 0.01 0.38 1.00 12.4 27.4 0.987
Avg 113.1 0.33 19.3 94.7 0.15 40.9 0.05 0.51 0.92 12.6 24.6 38.2 0.965

Missing sz values in Phase 3 occur when the animal did not chooseg kieg whenT=45s.
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Figd 1?1' Ave3rage data ar;]d model predictions for Clio]::(i:tior? A, Phase 1d(t°p}:ig. 11. Average data and model predictions for Condition B, Phase 1 (top) and
an hP ase 3 (bottom). Tr(éel(resrijonge rate clurve_s I( et ams)_c?"eSpog Phase 3 (bottom). The response rate curves (left-hand Y axis) correspond to the
to the average rate on e key during regular trials (empty circles) and to average rate on th€ key during regular trials (empty circles) and to the rate

the rtz)a_te Zn thlé k?{;j_qug (see E!Ieddur_clles fr%n_q é%ﬂ © nght) rebgula(; tr_lalls, on theS key during (filled circles from left to right) regular trials and combined
combined trials with’= 155, combined trials with = 30's, and combined trials  ya\q ith 7= 22.5 s, combined trials witlf=45s, and combined trials with

W't?] T:h45 s. The threem;ér(eferenc.e”cur.ves (Ztars, right-fiaads) correspond T=67.5s. The three preference curves (stars, right-hand Y axis) correspond to
tothe three moments tiiekey was illuminated. the three moments thekey was illuminated.

to the model each combined trial will be either a “Comparison”probabilities estimated by fitting the preference functions. Ide-
or a “Standard” trial and that the overall proportion of “Com- ally, these two sets of values should matEig. 12 plots the
parison” trials will equap. This reasoning suggests that we use“observed” against the “estimated’ for Conditions A and B,
the observed proportion of “Comparison” trials to check thePhases 1 and 3.
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Fig. 12. The graphs plot the estimated individpatalues against the obtained individgabalues in Phases 1 and 3 of Conditions A and B. The obtginedues
correspond to the proportion of trials classified as “Comparison”. The three symbols correspond to the three moskayswias introduced into the combined
trials (triangles: early; squares: middle; and circles: late).
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Fig. 13. Top panels: Average horizontal shift of the response rate functions fBk#ye(parametes) plotted against the moment tlfkey was illuminated during
combined trialsT. The shift is expressed as a percentage of the standard FI schedule (30 s in Condition A, 45s in Condition B). The bars show the standard e
of the mean. The lines are best-fitting regression lines. The bottom panel plots the same data against th& keyewhs illuminated relative to the Standard FI
schedule.

In Phase 3, the data sets match reasonably well. With ontlne end of the ITI, during combined trials tieey was illumi-
exception, the deviations were relatively small and unsystematicated when both the houselight and th&eylight were turned
In Phase 1 there is some indication of systematic deviationgn. To put it differently, the rate curve shifts in Phase 1 because
particularly in Condition A (top left panel) because the observedf generalization decrement, but the shift is reduced with test-
p1 values, and to a less extent the obseryedalues, tended ing because the pigeon learns the new time marker. However,
to be smaller than their estimated counterparts. In any event,
this consistency check with paramegeshows that the model

captured the main features of the birds’ performance. Cond. A~ Cond. B Cond. A Cond. B
Phase 1 ® ] Phase3 o© O

3.3. What needs to be explained?

A good descriptive model identifies the features of the data .
that need explaining. In the present case these features are (a) 08
the variation of parametessandp with the moment the§ key
is illuminated,T, and (b) the changes in these parameters from
Phase 1 to Phase 3. Consider the shift parameterFist.13
(top) shows the estimated parameters in Conditions A and B as 0.2
a function ofT. The shifts are expressed as a percentage of the
Fl schedule associated with thi&ey. Clearly, the later thekey 00
was illuminated the greater the mean shift of the rate curve. In
addition, the magnitude of the shift was considerably reduced 10
from Phase 1 to Phase 3, an effect obtained:fbbirds.

Two other features of the shift data are noteworthy. First,
the average data from Conditions A and B superpose when the
shifts are plotted against the time th&ey was illuminated, but
with both variables expressed as a percentage of the Standard FI
schedule (see bottom panel). Second, at least within the exam-
ined range, the average shifts increase linearly with the time the 0.0
S key was illuminated. 05 1.0 L5

What explains the variations in the shift parameter? As sug- Relative Time (T/S)
gested above, the decrease in the shifts from Phase 1 to Phas,@lgiil 14. Average of the observed (top) and estimated (bottorglues as a

may be due largely to the learning of the new time marker, foynction of relative time the key was illuminated during combined trials. The
whereas during the regular trials tiekey was illuminated at parameters are Condition A or B and Phase 1 or 3.

0.6
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something else must influence the shift because the shift variddarn about the new time marker and change their choice from
also with the moment thgkey was illuminated?. We hypothe- indifference to a strong preference f6r A similar reasoning
size that the animal, metaphorically speaking, carries over to thepplied to the cas#/S = 0.5 predicts that, at the steady state, the
Skey a fraction of its ongoing timing of thékey. In other words,  birds will prefer thes key strongly. Perhaps due to generalization
the internal clock may be incompletely reset when the animalfrom both sides of the Relative Time dimension, the preference
switches to keys. This confusion-like effect could explain why at7/S=1.0 approaches 0.5. Hence, the increasing line relating
the shift varies withr. p to TIS at the steady state.

Consider now the other parameterthe probability of stay- The foregoing qualitative account of the effects of testing
ing on keyC. As Fig. 14shows,p also changed across phasesmay explain why changes with Phase and why it varies linearly
and with 7. The top and bottom panels plot, respectively, thewith 7/S at the steady state, but it does not explain wiwaries
observed and the estimate@gainst the relative time thekey  (nonlinearly) with7/S during Phase 1. Why, in other words, do
was illuminated. The two conditions yielded the same generabirds preferS when7/S=0.5 and 1.0 but are indifferent when
trend:p increased with relative time in both phases (effect of7/S=1.5 during Phase 1? We have no principled answer, only
71S), apparently in a nonlinear way during Phase 1 and in a partial hypothesis. Perhaps, @&sddon and Higa (1999, p.
linear way during Phase 3. 221)suggested, the initigd depends on the relativelue of the

The changes ip from Phase 1 to Phase 3, namely, an incretwo stimuli, with value given by the reciprocal of the delay to
mentwher?/S =1.0 and 1.5 and either no change or a decremerfood, 1/(60— T) for C and 1/30 forS. This hypothesis predicts
whenT/S=0.5, suggest a learning effect. Perhaps the learning hyperbolic relation betweemnand 7, which is qualitatively,
of the new time markers not only reduces the shifts in the ratbut not quantitatively, consistent with our findings. It remains
curves mentioned above, but also changep tladues. Consider to be seen whether a more complex hyperbolic-like function
the casd/S = 1.5 (rightmost data point of each curve). Initially, of value explains how and why varies withT during Phase
the birds are approximately indifferent between the two keys1. In any event, one would still be lacking an account of how
which means that on half of the trials they choésand obtain  that hyperbolic-like function changes with testing into a linear
a reward 15s after theew time marker, whereas on the other function.
half of the trials they choosgand obtain a reward 30 s afterthe  In conclusion, the present empirical findings and theoreti-
new time marker. As the pigeons experience the test trials, thegal analyses suggest that in the time-left procedure one must
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Fig. 15. Individual response rate data from Condition A, Phase 1 and the model’s best-fitting curves. The filled symbols represent responsé ke drothe
left to right they correspond to the regulsitrials and thel'= 15, 30 and 45 s “Standard” trials. The empty circles show the rate of Key. The lines show the
model fits.
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Fig. 16. Individual preference data from Condition A, Phase 1 and the model’s best-fitting curves. The parameter is theStkeg thas illuminated during
combined trials (filled circlesI'= 15 s; empty circlesT'= 30 s; and trianglesf = 45 s). The symbols show the average data and the lines show the best-fitting curves.
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