CHAPTER &

Timing

organisms must learn and store information about space and time in
to survive. The preceding chapter dealt with spatial cognition, and this
discusses temporal cognition. Most people have made observations

ihat animals have a sense of time. Cats howl at feeding time each
dogs seem to wait expectantly at the deor at about the time the mail-
arrives. Wild animals are often reparted to hunt at the time of day when
prey is most likely to make an appearance, Bevond casual ohservation,
there is extensive experimental evidence to support the impression
Is are indeed sensitive to time of day.

TIME-PLACE LEARNING

of Day
animals seek food in different places at different times of day, it should
ible to fest this ability in the laboratory. Biebach, Gordijn, and Krebs
carried out just such an experiment with garden warblers. M bird was
In an experimental chamber that consisted of a central living room and
feeding rooms, any one of which could be entered from the living room
Figure 8 1), Although all four feeding rocms contained feeders, only one
could be opened at a given time. If a warbler went to the correct room,
allowed to open the feeder and eat fram it for 20 seconds. After visiting
g room, a bird always had to return to the living room amnd stay there
seconds before it could enter another feeding room., Access to food was
in different ronms at different times of day. Food was avallable in
1 from 0600 o 0900 hours, in Room 2 fram 0900 to 1200 hours, in Room
1200 1o 1500 hours, and in Room 4 from 1500 1o 1800 hours.
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FIGURE 8.1, The experimental chamber used to study time-place learning in garden
warblers, Hrds could fly back and forh between a central living room and any one of
four fepding rooms.

Within 10 days. all five birds trained  learmed to po w the rewarded room
during the 3-hour period when food could be obtained in that room. These find-
ings alone, however, do not prove that warblers associated food in a particular
place with a particular time, Perbaps the birds indtially sampled all four rooms
until they found one that yielded food, They then stuck with this room until it
failed to provide reward, at which time they sampled the other rooms until they
found another one that comtained food, and so on. Therelore, a critical test of
time-plare learning was carried out on two days on which all four rooms con-
tained open feeders throughout the 12-hour period. As shown in Figure 8.2,
birds made the majority of visits 1© each room during the time when that room
had been rewarded during training. These data constitute an impressive demon-
stration of the elfects of time place raining because the subjects could have
obrained equal amounts of rewanrd by poing to the same room throughout the
day or by visiting rooms randomly. Tnstead, the warblers regularty shifted from
rocm (o reom al the timee each rosm bad been scheduled to vield food.

Crreadian Time Cues

Changes in the environment provide salient circadian time cues both for people
and animals, The change in illumination tells us when it is day and nighe, and
the position of the sun in the sky acts as a clock during the day. In addition,
internal or endogenous circadian cyveles provide cues for time of day. For exam-
ple, one’s state of hunger may actas a rough indicator of time of day. It was sug-
gested in Chapter § that the state of a circadian oscillator at the time of learning
may act as a retrieval cue for memory of that leaming. Endogenous oscillators
mefer to internal states of an organism that cycle through high and low states
throughout the day. Examples are changes in rate of firing of neurons in the ner-
vious system or changes in the concentrations of harmaones in the blood stream.
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FIGURE B.2. From top to bottom, the panels show the number of chaices of feeding
Booms 1, 2, 3. and 4 over suecessive 3-hour perlods from 0600 howrs to 1800 hours.
The vertical line above each bar is the standard deviation of five birds.

Ohscillators affect behavior, such as changes in actbvity level, and state of con-
seiousness, such as sleep and wakefulness, External circadian cues, particularly
changes in illumination, act to enfrain or maintain a regular escillation of inter-
nal states. Such external modulators are called zeitgehers or “time ghvers.”
Endogenous circadian cues would seem to be a prime candidate for
explaining the time-place leaming found in the Biebach et al. (19849) study. Birds
may have learned 1o assoclate different internal states with the different loca-
tions of food. However, we cannot Immediately rule out exopenous cues.
Although the experiment was performed within an enclased chamber. it is pos-
sibyle that warblers had access to environmental cues that might have controlled
responding. A recent study by Saksida and Wilkle (1994) suggests such cues are
not necessary. Saksida and Wilkie trained pigeons In an operant chamber that
contained a pecking key on each of four walls. Birds were placed In this cham-
ber for 17 minutes in the merning {abeut 0830 hours) and for 17 minutes in the
alternoon {about 1600 hours). For the first minute of each session, no reward
was deliversd for key pecking. Thereafter, reward was delivered for key peck-
ing, bul Key 1 had to be pecked for reward in the moming, and Key 3 had to
be pecked for reward in the afternoon. As warblers did in the Bichach et al.
stucly, pigeons learned to peck Key 1in the morming and Key 3 in the afternoan,
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Of particular importance, these preferences appeared during the st minute of
testing, when differential reward could not influence birds’ choice of keys,

Saksida and Wilkie [1994) then carrled out sorme control experiments o
determine the basis for the pigeon's time-place learning. One possibility was
that pigeens might have learned to alternate keys between sessions, In this
case, a pigeon would remember only which key was mewarded during the pre
vious session and then choose the alternate key; tme of day would not be rel-
evant. To test this hypothesis, pigeons were tested for blocks of days in which
only the morning or the afternoon trial was given. I pigeens had leamed o
alternate, they should choose the correct key one day and the incorrect key the
next day when tested anly in the momings or afterncons. Instead, birds con
timued to choose the correct key indicated by the time of day,

In another experiment, pigeons were dock shified. The light in the room
where the pigeons wers housed normally came on at 0600 hours, On tesd days,
It was shifted back & howrs to 2400 hours. Although such a shift in daily light
onset eventually entrains new endogenous rhythms, it should have Bitle inoe
diate cffect on endogenous oscillators, I the state of these endogenous oscilla
tors s providing time-of-day cues that control choice behavior, pigeons should
cominue o make cortect chioices on morning and aftermoon tests, On fhe other
hand, if pigeons were somehow timing the interval sinoe daily light onset to
determine which key was correct, errors should appear since the morning trial
occurred at an interval after light onset that was equivalent to the interval that
normally preceded the afternoon test In tralning. The results weie very clear,
plgeons continued o peck correct keys on both moming and aftemoon tests,
These findings sugpest quite clearly that pigeons” place selection was controlled
by the time of day as indicated by the state of endogenous circadian cues.

Interval Timing

Clrcadian timing is & mechanism by which an organism keeps track of the time
of day. At specific temporal points within & 24-hour day. an animal may be
affected by endopenous cues that establish a motivational state or retrieve a
memory that prompts a particular hehavioral act. In addition (o this time-of
day timing, animals often need to keep track of short Intervals of oo Uhat may
elapse at any tme of day. For example. foraging animals may pause in one oca-
tion to search for prey for a fised [nterval of time before moving to o new loci
tion. Each interval is timed to give the animal time to adequately search for
potential food but also to keep it from becoming the target of a predator, Since
the animal may forage at nurmerous times throughout the day, it must be able
to time short intervals at any time. Some mechanism other than circadian cues
is necessary 10 accomplish this interval timing

To illustrate the phenomenon of interval tming, we examine some fur
ther experiments from Wilkle's laboratory that appear to be highly similar 1o
the Saksida and Wilkie (13%4) studies just discussed but that sugpest a differ-
ent timing process, In these experiments, all four of the keys mounted on dif-
ferent walls were used. Pigeons were placed in the apparatus for 60 minutes.
Cruring the first 13 minutes, pecking on Koy 1 delivered reward; pecks on Key
¢ produced reward during the next 15 minutes, and so on for Keys 3 and 4

(Wilkie & Will
it yielded rew
utes, During 4
preceding  am
switched from
the next al ap
In other &
the effects of
completed 15
turned off for
any key pecks
EiVEN & N0
pigenns used
key would de
periods had e
at Key 2. In|
minute timsaa
i the appars
Key 3, the ke
When pl
noorn, the om
afternoon bha
the omission
was shifted ¢
key thal was
that was con
phenomena |
ods during ¥
for periods
moming ves
determine t
changes ave
niot sufficlen
were able to
minutes. To
irpferval Hma
that has elag
or 2 session
(1994) studi
and switche
(v the
of inlervals
that the inf
Thus, it ma
restarted at
new Intena
Wilkle et al
ratus afters



Wilkie & Willson, 1992). Pigeons learned to peck at each key during the time
it ylelded reward and then to switch to the next key near the end of 15 min-
utes. During test sessions, reward was omitted during the S-minufe prriods
preceding and following the points in time at which reward had been
switched [rom one key to the next. Subjects continued to shift from one kew o
the mext at approximately 15-minute intervals, showing time-place leaming.

In other experiments, Wilkie, Saksida, Samson, and Lee (1994) examined
the efferts of introducing a timeout on time-place behavior.  After pigeons
completed 15 minutes of pecking on Key 1. the lights on all four keys were
turned off for 2 15-minute period during which no reward was delivered lor
any key pecks. The key lights then were turned back an, and the pigeons were
given a nonrewarded 5-minute test during which they rould peck any key If
plgeons used erdogenous circadian cues to lkeep track of the time at which each
key would deliver reward, they should have pecked Key 3 since twa 15-minute
periods had elapsed since the beglnning of the session. Instead, pigeons pecked
at Key 2. In another experiment, the same procedure was used, but the 15-
minute timeout was spent in the pigeons’ home cage. When they were rerurned
to the apparatus, they pecked Key 1. In neither experiment did pigeons peck
Key %, the key that should have been indicated by endogenous cues.

When pigeons were trained to peck different keys in the moming and after-
noan, the omission of opportunity to peck a key in either the morning or the
afternoon had no effect on contral of behavior by tme-of-day cues. However,
the omission of a 15-minute opportunity to peck a key when the rewarded key
was shifted every 15 minutes led to very different behavior—either pecking the
key that was appropriate at the beginning, of the imeout or retuming to the key
that was correct at the beginning of the session. The difference beiween these
phenomena is explained by the large difference in the lengths of the time peri-
ods during which keys deliver reward. When the location of reward stays fixed
for periods of 3 hours, as In the Biebach et al. (1983) experiment, or during
morning versus afterncon sessions, animals use endogenous circadian cues to
determine time and the correct location of food. When the location of reward
changes every 15 minutes, however, changes in endogenous circadian cues are
not sufficient to allow such fine termporal discriminations. Yet, pigeons clearly
were able to learn the different locations of correct keys that changed every 15
minutes. To do this, it appears that animals use a quite different timing system:
dntermal timing. Tn interval tming, the sulject keeps track of the amount of time
that has elapsed since the beglnning of an event, such as the beginning of a trial
or a session. Thus, pigeons in the Wilkie and Willson {1992) and Wilkie et al.
{1994) studies timed successive 15-minute intervals from the start of a session
and switched keys at the appropriate times.

One theory of interval timing suggests that animals accomplish the timing
imtervals by the use of an ftered dack (Church, 1978), The theory suggests
the Internal clock has many of the properties of a common stopwatch.
. It may be stopped al & particular value for a period of time and then
ed at that value, or it may he stopped and reset back Lo zero for timing a
interval. These properties may help us understand the effects found in the
et al. (1994} experiment. Pigeons given a 15-minute timeout in the appa-
after completing 15 minutes of pecking on Key 1 then pecked Key £ when
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the kevs were relit. If the internal clock was stopped Tor the 15-minute perind

and began to run again when the keys were relit, the time an the internal clock
would indicate that the subject was in the seeond 15-minute perivd and should

peck Key 2. On the other hand, removing the pigeon from the apparatus may E
have signaled that the session was completed and thar the internal clock showld 3 0t
be resel to zero, When the subject was returned 1o the apparatus 13 minutes 4
Jater, it woulel begin timing the first 15-minute interval again, and Key | should = M
he the appropriate key to peck. 3 usf
Considerable data and theory on interval timing in animals has accwmu- E 14k
lated cver the past 20 years, and a number of tming phencmena can b uirpcler- =
stond by theorles of the internal clock. In the remainder of this chapier. these E_ b ¢
issues are discussed in some detail. £ 02F
1
11—

PROCEDURES FOR THE STUDY

OF TIMING IN ANIMALS
FIGUREE3. A

Metheds for studying interval timing In animals usually consist of discrimmmns- Eoporion of
tion procedures or production procedures. Discriminabion procedures require a sub- Sm'_'d"‘ b .
ject to respand differentially Lo signals that vary in their length of presentation. Eecpoint.
In the case of production procedures, the subject actually tells the experimenter s

pstimate of a time interval through lis behavior, As we shall see, the develop As an el
ment of the peak procedure provided a particularky powerful production tool fe gwo white nol
determining behavioral estimates of time in animals urations of o

kever iz roquis
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Discrimination Procedures

In some early studies of dme diserimination in rats, an animal was trained i
an apparatus in which it could enter a left or right chamber after first belag
delayed lor some period of time in a delay chamber, Cowles and Finan (1988
rewarded rats for choosing ene door of a discrimination apparastus after a delas subject's respo
of 10 seconds and rewarded cholce of another door after a delay of 30 secomss. Between 2 and
Six oul of nine rats were able to learn this problem to above a chance level = signal dural
accuracy, In a similar experiment, Heron (1949) trained rats to diser

between intervals of 5 and 45 seconds and then gradually redueed the long lever
the langer interval. The number of animals that could maintain this ey
nation dropped progressively untll only 1 of the 11 rats that learned the Banction of
discrimination could diseriminate between intervals of 5 and 10 seconds.  fuanction, an

I & more modern version of this type of experiment, an opsrant
is used, and rats are presented with a signal—a housalight or a notse—thes
for a “short” period of time or a “long” period of time (Meck, 1883 5.
Church, 1974). When the signal ends, twao retractable levers emerge
wall of the charnber. One Jever Is correct after the short signal, and the

lever Is cormect after the long signal. It should be realized that “shos™ test dlim
“long” are defined on a relative hasis by the experimenter. Thus, 10 or the ri
the long stimulus if 2 seconds is the short stimubus, but 10 seconds is long: traink

stimulus IF 50 seconds is the long stimulus,
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FIGUEE 8.3, A psychophysical curve based on hypothetical data showing the
proportion of choices of the “long™ mesponse following test stimuli varyimg from 2 to
B seramnds in duration. The broken lines skow determination of the subjective

micpoint.
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As an example of such an experiment, suppose that rats ane presented with
two white noise signals that last for gither 2 seconds or 8 seconds. The two
durations of nolse occur in a random order, and a response (o the right or left
lever is required afier each noise signal. After the Z-second signal, the left
fshart) lever must be pressed for the rat to earn a food pellet. After the 8-second
sipnal, food Is delivered for a press on the right (lang) lever. Rals acquire this
discrimination readily and respond at 90 percent or greater accuracy after
ahout 10 sessions of training. A typical psychophysical procedure followed
ance a discrimination between extreme durations has boen formed is to test the
subjject's respense to intermediate durations, While the original discrimination
between 2 and 8 seconds is maintalred, probe test trials are occasionally glven
at signal durations of 2. 3, 4. 5, 6. 7, and 8 seconds. No rewand is given fior
response to elther lever on these test trials, but the subject’s choice of the short
or long lever is recorded, After sufficient test trials have been carried out, a
curve can be plotted that shows the propertion of responses (o the long lever as
a function of signal duration (see Fipure 8.3), This curve is called a psuchopiiys-
scal fiuction, and its shape is an ngive; it starts out with a flat portion, over which
subjects usually choose the short lever, then rises rapidly, over durations in
which judgments change from short to long responses, and flattens out al
Jenger durations, in which subjects regularly choose the long lever.

An important property of the ogive shown in Figure 8.3 is that we can esti-
mate the subjective widgoist of the curve. The subjective midpoint is that value
on the test dimension at which the subject is equally likely to press the left
fshort) or the right (long) kever, thus indicating it is midway between the short
andd long training stimuli. We ealeulate the subjective midpoint as the Lest stim-
wlus at which the subject shows indifference between the short and leng keys.
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A line is drawn parallel to the abscissa [rom the 30 peroent point on the ordi
nate to the psychophysical curve, A vertical line is drawn from this point to the
abscissa. and the point at which the curve hits the abscissa indicates the sub-
Jective midpodnt. Motice that such an estimation of the subjective midpoint in
Figure 8.1 yields a value of about 4 seconds. The subjective midpoint does not
ocour at the arithmetic mean between 2 and & seconds, which would be 5 sec-
onds. In fact, rats judged that the duration of the nolse signal was equidistant
in time between 2 and 8 seconds when it had been on for abouwt 4 seconds.

This finding has considerable penerality. Church and Delasy (1977) trained
rats in a lighted operant chamber and darkened the chambser to provide shon
and long signals. Rars were trained with short and long signals of | and 4 see-
onds, ? and & seconds, 3 and 12 seconds, and 4 and 16 seconds. When accurate
discrimination betwesn (hese durations was achisved, signals of intermediate
length were presented during nonrewarded probe test trials. The psychophys-
ical curves produced by test trials vielded subjective midpeints of abour 2 sec-
pnds betwesn 1 and 4 seconds, 4 seconds between 2 and B seconds, § seconds
beefweeen 3 ard 12 seconda, and 8 seconds between 4 and 16 soconds. MNaoties that
a pattern appears in these data that allows us 1o predict the subjective mid-
point. The subjective midpoint bas the same ratio 1o the short duration as the
long duration has to the subjective midpoint, Thus the ratio of 472 is the same
s the ratio 874, The subjective midpoint is the geometric mesn of the sheet and
long stimuli, as calculated by the square root of their prodeet, Thus the square
root of 2= 8 = 16 iz 4. Comparable data from pigeons similarly suggest thar the
subjective midpoint falls at the geometric mean of training durations (Gilbon,
1986; Mlatt & Diavis, 1983: Stabbs, 1976).

Production Procedures

Fixed-Interval Responding

Some well-known conditioning experiments originally performed by Paviow
(1927) invoelves] delay conditioning and temporal conditioning. In delay condi-
tioning, the C5 precedes the feod by a constant interval of time; in temporal con-
ditioning. no O3 is presented, and the food U3 s delivered (o the dog al regulas
time intervals, With both precedures, degs typically inhibit salivating during the
interval preceding the TS but salivate coplously just before food dellvery. This
result is a form of inhibition of delay. as discussed in Chapter 3. One interpreta
tion of this finding is (hat the dog learned (o time the interval batween the C3 and
U5 in delay cenditioning or herween food deliveries in temporal conditioning,

In operant conditioning, a similar example is found in the behavior genes-
ateed by a fixed-interval (FT) schedule of reinforcement. In this schedule,
response vields roward enly after a fived interval of time has passed sinee the
preceding reward, An apnimal well trained on an Fl schedule shows (he scal
loped cumulative response curve found In Figure BA. Bate of responss is very
loww during the initial part of the interval but accelerates during the latter par of
the intereal. This behavior maximizes the rate of reward callection but tends e
minirmize effort: an ahility to time the Fl should lead o lile response ar e
bepinning of the interval, when it is clearly oo early to obtain food, and Mequess
response o the end of the interval so that the reward may be olitained as soom
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FIGURE 8.4. The increase in cate of responding over an F1A0-second period, The
scallop Is shwavn b the low rate of responding over the fiest 15 seeonds and the rapid
acceleration of responding over the last 15 seconds,

as It becomes avallable. The smooth curve shown in Figure B4 is produced by
averaging data from a number of trials in which animals begin responding at
different times around the midpoins of the FIL. The importance of averaping data
firom trinls with different start times s emphasized further in the theoretical sec-
tion at the end of this chapter.

Sirmilar behavior is sesn when a form of temporal aversive conditdoning is
wsed, Free-operant avoidance conditloning involves schedules In which shock
follows cach response by a fixed interval of time, and shock can be delayed
only by another response, If the response-shock interval is 20 seconds, rats
learn to respond very little during the frst 10 seconds after a response. but the
probability of a response increases progressively as the Jast 10 seconds of the
Interval elapse (Glbbon, 1972; Libby & Church, 1874). In this way, both punish-
ment and effort are mindmized.

In a number of different interval timing situations involving production,
the proportionality result has been found (Dews, 1970 Church. 1978; Gibbon,
BET7). IT animals are trained under different F1 schedules for food reward, a
ily of scalloped curves can be plotted, with the perlod of low responding
ing further into the interval the longer the FL The proportionality prin-

tells us that curves obtainsd under different Fls can be transformed to
icave ome another by plotting response rate as a proportion of the terminal
and time as a propoction of the length of the FL An Impressive example of
rlicnality is seen in Figure 8.5, taken from Dews (1970). Three curves are
hased on pigeons” behavior under FI schedules involving intervals
een reinforcements of 30, AW, and 3,000 seconds. When a relative time
i waed, and when rate of response [ based on proportion of terminal rate,
curves for the three Fls are virtually identical. Similar instances of propor-
ity are found ioesperiments in which aversive stimulation is delivered at
intervals [LaBarbera & Church, 1974; Libby & Church, 1974),
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FIGURE 25 Rate of response throughout Fls of 30, 300, and 3,000 seconds. The abscissa 2wt
plots time as o proportion of te total FL, and the ordinate plots rate of respons: s a =
proportion of the terminal rate of nesponse under each FL
o
An important theoretical implication that has been drawn from thess

repeated demonstrations of proportionality is that animal timing is hased ona
scalar process (Church & Gibbon, 1982; Gibhon, 1a72: 197T7; 1991; Gibbon &
Chuerch, 1981). Scalar timing suggests that anlmals use the fixed interval &=
effect during a particular phase of training as a base time or unit of measuss
ment. A ratio Is computed between the ahsolute time elapsing within an intes
val and the base time, and response decisions are determined by the ratio of
times, Thus, after 20 seconds have elapsed in a 40-second FI. an animsl
responds at about the same rate as it would after 10 seconds have elapsed ima
)-second Fl because the ratio between the base time and the time elapsed 28
inn hoth instances,

Tha Peak I'rocedure
Based on a procedure originally used by Catania (1970, Seth Koberts (1960

introduced an Important new technigue for studying timing in anlmals: S Some
peak procedure, Rats were trained to time light and noise signals by rewandimg WOpET Erap
respanding according to different FI schedules in the presence of the two s = Fis of 20
nals. During training of performance under FI schedules. orcasional prole n sigraled
trials called errphy trials were inserted among the FI trials. Either the light o =war] W
the noise sipnal was presented, no reward was given, and the rrial extendes s acfrating ¢
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FECLUIRE B4, Data gathered with the peak procedure from rats (bop graph) and pigeons
Bottom graphl. Rate of response is plotted as a function of time on empty irlals for
Bght and sound slgnals that correspond o Fls of different length.

corsiderable time beyond the length of the FL. Rate of response was observed
throughout the empty trial. It peaked at a point very close to the value of the FI
and then declined as the trial continued beyond this interval.

some typical data from the peak procedure are shown in Figure 8.6, The
upper graph shows data from rats trained with two signals that corresponded
o Fls of 20 and 40 seconds (5. Roberts, 1981). Whenever a houselight camie on,
it signaled a 20-second FL the first lever press afler 20 seconds would yield
reward. When a white nofse signal was sounded. it signaled a 40-sccomd Fl,
inclicating that reward could be ohiained [or the frst response alter 40 seconds,
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O empty trials. the houselight or white noise signals were presented for at
least B0 seconds without rewand, The curves show rate of lever pressing as a
function of time over the first 80 seconds of emply irials. In the lower graph in
Figure 8.6, data taken from pigeons using similar procedures are shown
[W. Roberts, Cheng & Cohen, 1988). Pigeons were trained to respond to an FL
15 second schedule signaled by a howselight and to an FI 30-second schedule
signaled by a tene. The curves show rate of pecking throughout B0-second light
and tone empty trials,

Note that the curves for both rals and pigeons look like normal or Gauss-
jan curves, All of the curves bave an ascending limb rising from a low initial
level of response to the peak and a descending limb that drops frorm the peak
to a low bevel of response. These limbs are approximately symmetrical. How-
ever, in the plgeon data. the curves descend somewhat more slowly than they
ascend, and there s a tail of continued response after the curves have reached
the bottom of the descending Himb, These data from rat and plgeon peak pro-
ceclure experiments are remarkably similar and contzin two iImportant features:
(1) The times at which the peak rates of these curves were reached (peak times)
are very close o the Fls under which subjects were trained. In the case of rats,
the peak times were calculated to be 22.0 seconds for the FI 20 second signal
and 41.1 seconds for the FT 40 second slgnal. The peak times caloulated for
plgeons were 15.2 seconds for the FI 15-second signal and 30.3 seconds for the
F1 30-second signal, Both rats and pigeans then wers very accurate at estimat-
ing the length of the interval to reward on the basis of peak responding. (2) The
spread of the curves is considerably greater for the signal rorresponding to the
longer FI than te the shorter FL In fact, a caloulation of the standard deviation
of these curves shows that the varlabllity of the higher FI curve is about bwice
as high as that of the lower FI curve for both rats and pigeons.

This same principle can be seen visually by observing the horizontal spoed
of the curves or the distance hetween the ascending and descending limbs of
each curve at a rale of response midway between zere and the peak rate. The
width of the line berwesn the twa limbs is about taice as long Tor the higher B
than for the lower FT, The general principle Is that the spread or variability of
the curves is proportional to the length of the interval to be timed. The prims-
ple of proportionality then extends to the variability of peak tme curves, This
ohservation may he recopnized as an Instance of Weber's o, When making
estimates of the size of points along a dimension that increases in magnitude
isuch as time), the variability of estimation increases proportionally o he s
nitude of the point estimated (Cheng & W, Roberts, 1991; Gibbon, 1977).

PROPERTIES OF THE INTERNAL CLOCK

Various fundamental questions about timing in animals have been addnessss
experimentally, and the answers generally supgest thal the inlernal clesi
used for interval timing has many of the properties of & common STopREEE
(5. Roberts & Church, 1578). Some of the well-known properties of a saags
watch are that It usually times up from zero to some finile amount of e .
can be stupped aned either reset to zero or restarted at the time it was sinpgess
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wod it can time the lenpths of many different events. We examine research on
e imternal clock to see to what extent it possesses these properties.

tion of Timing

gh a stopawatch times up, many other timers Ume down. The countdown
a mi=sile launch is down-timing, Turning over an hourglass and riming an
by the less of its contents is down-timing, and an oven clock that may
s at 50 minutes and then times down 1o zero Is a down-timer, Although we
that the Internal clock accurately times fixed intervals, this could be
plished by either up- or down-timing. Some process in the NErVous sys-
could prow over time until 8 magnitude criterion is reached {up-timing), or
process of a fixed magnitude established by reinforcement could dwindle
tirne te zero [down-timing).

The direction of timing was examined in experiments that involved shift-
rats midway through a trial from one FI schedule to another (5. Roberts,
I: 5. Roberts & Church, 1978). In 5. Roberts' study, rats were trained to
d tn two Fls, with one signal (light or noise) indicating FT 20 seconds and
e other signal Indicating FI 40 seconds. When clear patterns of Fl scalloping
sppeared, empty trial tests were carried out, and peaks near the Fls were found.
Pt trials then were performed that always began with the 20-second signal;
Bowever, after 5. 10, or 15 seconds of the Z0-second signal, an animal was
shifted to the 40-second signal. Peak curves obtained under these shift condi-
mons indlcated when the animal expected to receive reinforcement.

Lot us take the case in which 15 seconeds have elapsed in the 20-second sig
mal. at which time a rat is shifted to the 40-second signal. When the animal is
shifted from the 20-second signal to the 40-second signal, It s presumed that
e time accumulated during the 20-second signal is transferred o timing the
#0-second signal. However, a new criterion dictated by the 40-second signal is
mow in effect. If a down timer was used, only 5 seconds should be left on the
gmer when the switch to 40 seconds cocurs., It should seem to the animal that
# has anly 5 seconds left to reach the 4D-second criterion, and it should respend
appropriately. The peak of response then should appear 5 seconds after the 40-
seconid signal started or 20 seconds from the start of the 20-second signal.

The use of an up timer leads to quite a different prediction. When switched
tn the 40-second signal, the internal clock should indicate that 15 seconds have
gone by and that 25 seconds are left to reach the 40-second criterion. In this
case, peak response should nor appear until 23 seconds have gone by on the 40-
second signal or until 40 seconds have elapsed since the beginning of the 20
second signal.

lir Figure 8.7, respense rate s plotted as a function of time both for the
#-second and 40-second signals. Mote that response rate dropped when rats
were shifted from the 20-second signal to the 40-second signal after 10 and 13
seconds, indicating that animals were adjusting their response rate downward
for that amount of time into the 40-second signal. Of primary importance, peak
respanse occurred at about 40 seconds regardless of whether the shift ocourred
al 5. 10, or 15 seconds. These findings suggest that rats timed up to 3, 10, or
15 seconds during the 20-second signal and then continued to tdme up when
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FICURE 8.7. Mean rates of response over time on the 20-second signal before the shift BGURESS- 3
arvd o the A0-secord signal alter the shift. Rats showed peak response ab around 40 T!l!"bmh:'l
sespands alter each shift, indicating that they were using an up timer, without
shifted to the 40-second signal, having shifted the criterion time for reinforee- ot whet
ment from 20 seconds to 40 seconds when the signals changed. A ques

Mote that the results of this experiment indicate that mats added time thae
passed in the presence of the second signal (o time that had acoumulated in the
presence of the first signal, There are two impartant properties of the internsl
clock shown by this outeome, First, the continuity of timing indicates thar the
timer added the time from these (wo signals together. This was not the neces.

sary outcome of the experiment; rats could have reset the internal clock back g—
zera when a signal in a new sensory modality was presented, Second, the fam Miacking o
that time continued to accumulate acrass & switch from naoise to light or vies o for 104
versa suggests that the internal clock is centrally Tocated inothe nervous systess ortie
and is readily accessed by different sensory modalities. It also indicates tha —II -
time is an abstract property that animals represent independently of othes shoud
propertles of a slgnal, such as whether the signal is a light or a noise (Meck & -'-
Church, 1982).

Amoher |

et
Timing Hirough a Gap ey i
Suppose you were asked to use a stopwatch to measure how much time & -‘I 3 .!l
friend of yours took to run a mile. However, during the run, your friemss awer agal
stopped for several seconds to have a drink of water, You are faced with a dece p—
sion: Should you keep the watch running during the water break and count dhes -?!
time as part of the run, or should you stop the stopwatch during the drink = e sig
restart it when your friend begins to run again, thus counting only the tme The
your friend s actually running? Fortunately, most modern stopwatches g The cun

wou the option between these two possibilities. It is possible either (o keep e




Haseline

Hate {resg/min)
]

HF Rlackon

o an 10 il A
T (5er]

FICURE B8, The mean response cabe of bar pressing e rats over time on emptly trizls,

The haseline curve comes from trials in which the houselight signal was presented

meithout interruption, The Ll-secand blackoul curve shows the effect of a 10-second
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watch running or to stop the watch for a timeout and then to restart it at the
point where It was stopped.

A question very similar to this one bhos been asked of the rat's intermal
ehock. Onee an animal beging e time a signal, what happens if a timeout is
Etrocluced in the middle of the signal? 5. Reberts (1981) carried out an experi-
mend in which the onset of a houselight initianed a trial, with food prineed o be
whelivered at the first mesponse made aller 40 seconds {an Fl 40-second sched-
wle), On empty test trials, the houselight staved on for at least 30 seconds, and
mo reward was delivered, On selected emipty trials, gaps were introduced by
Bhcking out the experimental chamber for 10 seconds after the light had been
o for 10 or 15 seconds. The question of interest is how a rat responds to this
Eap or timeout in the light signal to be tmed. One possibility is that it wAdll con
gimue toman the internal elock during the gap; in this case, (1S e of respond
Ing should peak at 40 seconds after the signal began, and there should be no
difference between response curves on empty trials with and without gaps,
Another possibility is that a rat will stop the internal clock during the gap and
mestart it when the light comes back on; if it does this, the response curve for
empty triaks wirth a rimeout should be shifted to the right of one for empty tri-
&k without a timeout, Sl a third possibility is that the rat might reset the inter-
mal clock back to zero when the gap is introduced and start timing the signal all
ever again when the light is relic. IF it reset the internal clock, the peak response
gaie should e shifted far bevond 40 seconds since the Inltlal houselight time of
oor 15 seconds and the timeowur time of 10 seconds would be added to the reg-
plar signal time of 40 seconds before the peak would be reached.

The result of the experiment was quite clear, as can be seen in Figure 8.5
The curve for baseline or empty trials without a gap peaked at slightly over
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40 seconds, and e curve Tor the 10-second gap was shified to the right of the that it can
baseline curve by abowt 13 seconds. It appears that rats were able to stop and anel that @
restart the internal elock during a gap, Just &5 one might stop and restart a stop- continue §
walch during a timeout period. 5. Roberts (1981) suggested that the extra 3 sec- fiset bo e
onds the gap curve was shifted to the right might arise because it ook longer Ii sh
tex restart the internal elock than it did o stog i lier can be

et al. foisn
Resetting the Internal Clock "NE ApPEy

milnuite g
Bosth of the experiments just described suggest that the internal clock maintains where it
time arcumulated and continues to add time to it when either the modality of more drag
the signal is changed or & gap in the signal is introduced. Nevertheless, it must o reset th
be possible to stop and reseq the internal clock. The obvious piece of evidence Althoe
that suppons this conclusion is that animals can tme accurately over multiple nal clock
trials plven within a daily session, The fact that animals time accurately trial needed &
after trial suggests that the clock is reset at the end of each trial. Presumably deseribed
zallent signals for the end of 8 tral provide a resetting instroction. The most are preses

ohvious signals are the delivery of reward and the introduction of the intertrial
interval. If one of these signals is omitied, it should adversely affect timing on

the next trial.
In fact, a phenomenon known as the omission ¢ffect suggests just such an

outcome. If animals are trained to respond 1o an Fl schedule over a series of We usuall
trials, omission of reinforcement at the end of one irial leads 1o acceleration The numék
of responding on the next trial (Staddon & Innis, 1968). The omission effect tell us the
may be explained as a failure to completely reset the internal clock between ments, the
trials (5. Hoberts, 1981 Staddon, 1974). If feod delivery and the intertrial a sundial
interval act as signals for resetting the internal clock. omission of food ing expes
means the signal is incomplete, and the clock may be only partially reses ocillators
Rince some Hme is then already on the clock at the beginning of the ness fEils to
trial, the FI seems to have timed out to the animal at a point that is short of some dym
the interval for fond delivery on the experimenter’s clock. The effect of this for time d
milsmatch between internal and external clocks should be a shift of the venbyan
response rate function to the left and an increased rate of responding eariy of animal
in the Interval. the scalar |
In an experiment carried out by 5. Roberts (1981), the peak procedure wes
used to examine the omission effect. Reward was omitted on trizls in which rees {
had to time an FI 40-second signal, and the effect of reward omission wes Hﬂq
ohserved during an empty test trial that followed the trial onwhich reward was Acrorting
amitted. It was found that ras respardaed soones and reached a peak fhme sse a1
lier on empty trials following the omission of reward than on baseline empes mgwal
contigl trials in which the reward was given on the preceding trial. Remossesg weveral p

the rewared ar the end of an FI then appears (o present the intecnal clock froes
completely resetting. [t appears that reward, along with the intertrial intervsl
acts as a strong signal that normally resets the internal clock o zero and alloss
accurate timing trial after trial,

The modality switch experiment, the gap experiment, and the omissas
effect taken together suggest that the internal clock s quite flexible and e
many of the properties of a common stepwatch. We have seen that it thmes s




St It can continuously time events signaled to different sensory modalities,
amcd that it can hold a time setting over a timeout or gap in a signal and then
sstinue timing after the signal resumes. Furthermore, it can be stopped and
==&t (o zero by end-of-trial cues.
It should be noticed that the findings of Wilkie et al. (1994) discussed ear-

Ser can be understood in terms of these properties of the internal clock, Wilkie
= al. found that pigeons reset the Internal clock when removed from the test-
g apparatus for 15 minutes. However, when left in the apparatus for a 15-
mEnule Umeout, pigeons appeared to stop and restart the internal clock from
wlere it left of, Although a fimeout may only temporarily stop the clock, the

dramatic change in cues provided by a return to the home cage appears
reset the internal clock.
Although we have casually ascribed a number of properties (o the inter-
clock, more formal theometical development of the internal clock is
to understand how it can accomplish the timing feats thus far
ibed. [n the following section, theoretical models of the inlernal clock
presenied,

THEORIES OF INTERVAL TIMING

usually keep track of time by noting changes in some physical indicator.
numbers on a digital clock or the positions of the hands on an analog clock
us the time of day or measure elapsed time, Without these modern instru-
.« the position of the sun in the sky or the position its shadow casts Faliy
ial may be used to measure time. In our discussion of tme-place learn-
experiments, it was held that changes In the states of internal circadian

rs are used to determine rime of day. Theories about the ability of ani-
to time intervals precisely are based on an Internal clock. These appeal to
dynamic or changing process within the arganism that may form a hasis
time detection. A popular conceptualization is that the internal clock is dri-
fy a neuiral pecentaker that regularly emits pulses, Two well-known theories
amimal riming are based on this premise: the befagioral theory af Himirg and
saalar tining theory,

toral Theory of Timing

ing to the behavioral theory of timing advanced by Killeen and Fetter-
(1988: 1993), a pacemaker ermits pulses at successive points In Hme accond-
o 2 Poisson distribution with a fixed mean probability, The cumulation of
pulses then drives behavioral states of the organism, which give rise to
t classes of overt behavior. These classes of behavior are referred 1o as
e belupiors—common forms of behavior performed by an animal that
mot result in reinforcement. For example, a plgeon might be driven by the
lation of pulses first to enter a state in which it pecks a wall, then to

e a state in which it bobs its head, and Hnali:,r ta advance to a state in
it flaps its wings. If key pecking is reinforced with food during any of
states, that state comes to control or act as a discriminative stimulus for
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key pecking. Suppose the plgeon Is reinforced for key pecking while wing flap-
ping, Tt leamns to peck the key whenever the wing fapping class of response is
made. Un subsequent tests, the beginning of a timing signal initiates the pace-
maker, and its successive pulses drive the subject through different behavioral
states until it reaches wing flapping and the peck response is made, Becauss it
takes the subject approximately the same amount of time to eyele through dif-
ferent behavioral states each trial, the subject's own behavioral staie can act as
an interval timing device.

Scalar Timing Theory

Scalar timing theory is also based on the activity of a pacemaker but suggests
that timing is contralled by more central, computational processes, Because
this theory is somewhat more developed and related to a number of empir-
cal studies, it Is presented and discussed in some detail. An information pro-
cossing model of scalar timing is presented in Figure 89, Three different
slages of the hehaviaral act of timing involve successively a clock Process, i
memory process, @nd a decision process. The clock process consists of a
pacemaker that emits pulses at a constant average rate and an accumulator
in which those pulses sceumulate. OF critical importance, the How of pulses
from the pacemaker o the accumulator 1s controlled by an intermediate
switch. Only when the switch is closed are pulses transmitted to the aceu-
mulator, and pulses cease to enter the accumulator when the switch is
opened, Through learning, an external signal to be (imed comes to control
the switch, theseby elasing the switch when it comes on and opening it when
it goes off. The tolal pulses in the accumulator at the end of presentation of
a signal are then correlated with the length of the signal and can be used 10
timi the signal.

[nformation from the accumulator in the form of total pulses is then trans
mitted to warking memaory. Information In working memory may be transmir-
ted 1o reference memory. The pulse total present in woerking memery when a
response is rewarded is stored in reference memory. Finally, at the decision
level, the current pulse count in working memary is transmitted to a compara-
tor, a5 Is a sampled value lrom the distribution of pulse totals in reference mem-
ory. The comparator process compares the working memory and reference
memory totals. If the values match or are close o a maich, a yes decision e
respond is macde: a ral beging 1o press a lever, or a pigeon starts to peck a kew
If the values do not approach a match, a no decision is made, and responding
i5 withteeld.

The comparator process is carried out by calculating a ratio between the
absolute value of the difference between the pulse total sampled from refies
ence memory (RM) and the pulse iotal in working memory (WM) divided bs
the EM total. The decision ratio (DE) then s caleolated as DR = |RM -
Wh | /RM. Note two things about this formula. First, by taking the absoless
value of EM - WM. it makes no difference whether RM = WM or WM > EME
only the absolute difference Between thern is used. Second, the numerator of
the ratio, and henee the ratlo, equals zer when RM = WM. Therefore, a ded
sion that KM matches W should ocour as the DR approaches zero. The
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LE8. A information processing model for thiving behavior that contains three
sa clock process, a memory process. and a decision process,

1 handles this decision by assuming that there is a threshold, b, above
no response ooturs and below which the subject responds. Thus, when
drops to b or less, the subject should begin to emit the operant response
indicates it is at or near the reinforced time interval.
The scalar timing model s now shown using & numerical example to help
better understand how it works, Two examples of timing on empty trials
shown in Table B.1—aone for timing after a subject has been trained with a
| that wields reward on an FI 20-second schedule and the other for tlm-
a signal that indicates resward on an FI A0-zecomnd schedule. Let us assume
the pacemaker emits pulses at the rate of 5 per second. The successive
ds that accumulate on an empty trial are shown in the first row, The sec-
row shows the pulse count that is transferred to working memory after
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TABLE 8.1 Hypothetical Pulse Counts in Working Memory (WM) Shown at
Successive Points in Emply Trials Based on the Assumption That Pulses

Are Emitled from the Pacemaker at the Rate of Sfsec,
(Decisdon rebies (DR} are showen af each point based om e assamption Bt reference memony
(RM oaleues of 100 aid 200 pralses were sampled i the 20-aecond apd 40-gecond conditions,

respectiveliy )

Fl = 20 SECanDs

Aszume pulse count sumplad frem RM = 100 pulses

Secramdls 0 ] 1] 15 20 23 an 15 4n

Wasd0 25 a0 T 1 0ep 15 150 1735 200

DR 1.0 Q.74 0.5 0.25 .00 L a0 s L.
FI = 4] SECORMDS

Assume puise cound sampled freey R4 = 20 el

Secomids () 1n 2l an 40 an i [l Rl
Wi ] an L Ol LD 200 25 ann En ann
Dk L.0o 075 0,50 0.25 .00 25 (.50 I L0

each number of seconds, and the third row shows the DR calculated by the
comparator at each point, Observe that the DR is zero when the time interval
reaches the length of the FI, shewing a perfect match between counts in W
and EM; the DR then rises symmetrically toward lower and higher pulse
courts from the point where Whi = RM. Thus, decisions about responding
should be symmetrical about the FT,

Let us assume that the threshold, b, 15 equal to 050, The sublect should
begin respomnding when 10 seconds have elapsed on the 20-second signal and
when 20 seconds have elapsed on the d0-second signal. Similarly, the subject
should cease responding when 3 seconds have gone by on the 20-second sig-
nal and when 80 seconds have gone by on the 40-second signal. Notice that this
exarnple leads to the proportionality result. That is, response should begin
when half of the lengrth of the FI has elapsed in both signals, even though that
tiene is 10 seconds in the 20-second signal and 20 seconds in the 40-second sig-
mal. In the cases of both signals. response hegins prior to the FI and ends after
the FI. However, the difference hetween the times of the start and the end of
response are twice as greal when F1 = 40 seconds as when FI = 20 seconds
Thus, the model shows that the spread of time judgments should obey Weber's
faw and increase in proportion to the length of time estimated.

It should be pointed out that there are several sources of variance in the
scalar timing theory (Gibbon & Church, 1984). Although a single criterion time
retrieved from reference memony was used in the examples shown in Table 8.1
the theory holds that a distribution of criterion times are stored in reference
memaory; the peak time obtained from peak procedure curves is an estimate of
the mean of that theoretical distribution. Variation in the times stored in refes
ence memory arises from two sources of variation, variation in the rate of the
pacemaker, and variation in the transmission of pulse torals from working
memory to reference memory, Thus, the number of pulses in the accumulates
when the reinforcer occurs may differ from one trial 1o another because the raee
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of the pacemaker (L) changes between trials, The second source of memory
variation is caused by variation in storage of working memory times in mefor-
ence memaory. A multiplicative constant, k*, vields an exact transmission of the
number of pulses in working memery to reference memory if k* = 1.0, How-
ever, the value stored In reference memory may underestimate the value in
waorking memory IF E* < 1.0 or may overestimate the value stored in warking
memaory if k= = 1.0,

A third source of variation in scalar timing theory is variation in the
response threshold, b, Although a single constant threshold was assumed In
Tahle 8.1, the theory actually assumes that mamentary fluctuations in b cause a
subject 1o begin responding early and to stop responding late [ b is high or to
begin responding late and stop responding early if b is low. The average limes
at which response begins and ends reflect the means of a distribution of b, frem
which trial (o trial thresholds are sampled.

Break-Run-Break Response and Gaussian Curves

Altheugh the numbers shown in Table 8.1 predict symmetry and propaor-
tionality, It is not clear how they could generate the Gaussian distributions of
nesponding seen in Figure 8.6, Instead of gradually rising and deseending
aurves, this numerical example suggests that an animal should fail 1o respond
during the initial part of an empry trial, suddenly begin responding whan DR
drops below threshold, and continue responding until the threshold is
exceedled, at which point response would stop aliogether. In fact, exactly this
pattern of response has been abserved in both rats and pigeons (Cheng & West-
wood, 1995 Cheng, Westwood & Crystal, 1993; Church, Meck & Gibban, 1994
Gibban & Church, 1990). Typically, & break-run-break pattern is seen in which
the sublect breaks into a high constant rate of response for an extended run ane
then breaks off response and returns to little or no response.

This pattern of response Is shown in Fipure 810, taken from Cheng and
Westwood (1993). Cheng and Westwood trained pigeons to time a 12 5-sec-
ond Fl and then tested them on empty trials of several lengths. Performance
was examined on incividual trials; numbers of key pecks were counted in
successlve Hime bins of 1.25 seconds. Breaks from no response to response
were identifled when a bin with no responses was followed by responses in
#ach of two successive hins, The zero point on the abscissa of the curve on the
kel side of Figure B.1D represents the last bin before the break. Relative
mspanse frequency is plotted backward and forward from this point by aver-
aging the number of responses in time bins before and after the break. The
gala were obialned over many trials given to three subjects. Similarly, the
eurve on the right side of Figure 8.10 Is anchored at a zero point that repre-
sents the first of two Bins in which no responses were made after a run of bins
comtaining responses, The drop in the curve represents the break from the rumn
phase to a no-response phase. O particular importance, note that birds con-
Sinued to respond at a high constant rate for a number of bins after the initial
Sreak and before the final break. These data look very much like what one
waould expect to se¢ if the DR dropped below or rose above a threshold and
ehanged the comparator's decision from no response to response or from
PESOnSE Lo N response,
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FIGLIRE 8.10. Break-run-break curves found in plgeons by averaging data fram
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eliher preceded a run or ended a mun,

Glven that animals produce break-run-break patterns of response on
individual trials, how are the smooth Gaussian eurves seen in Figure 3.6 pro-
duced? Two lacters explain this apparent inconsistency. First. variability in
criterlon times retrieved from reference memory and variation in response
threshold occur between trials. As a consequence of varlabllity in these trial
parameters, break-run-break sequences do not show breaks at the same
points In time on every trial. This point is shown in Figure B.11. Considering
Just variability in the response threshold (B), the different rectangular break-
run-break curves would be produced. IF the threshold sampled on a given
trial is low, the result is a narrow hreak-run-hreak function, as seen in Exam-
ple bin Figure 8.11, because the accumulated pulses In WM have to be close
o the total sampled from BEM before the DR dips below threshold and trig-
gers a response. By the same token, the animal stops responding at a high
rate quickly because o relatively small increase in the WM total beyond the
RM value takes the DR above threshald. On another trial, however, the
threshold sampled is high, and a wide break-run-break corve, like that in
Example ¢, ocours,

The second Factor 1o conslder is that the curves seen in Fipure 3.6 repre-
sent averaged data from & number of trials and subjects. IF a number of
break-run-break curves varying in width are averaged together, the result is
the smooth Gaussian curve shown ar the top of Figure 8.11. Thus, average
curvies obtained on empty trials with the peak procedure are not inconsistent
with the assumption that response to a signal is an all-or-none hehavior, with
the start of response tripgered by the DR dropping below threshold and the
end of maponse signaled by the DR rising above the threshold,
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&.11. Varlabllity in Break-run-break functions is shown by the reclangular
varying In width, These funcrions would arise on different trials If the

d for response, b, In the scalar timing model varies fromn irial 1o trial, The
Gaussian curve at the top arkses from averaging the separate break-run-bivak

of Bisection
Becall the time discrimination experiment presented earlier In this chapler.
and pigeons are able to learn to make different responses to short and long
Intervals, When then tested with times Intermediate between the extreme
animals produce a psychophysical curve with the subjective miidpoing
point of bisection of the curve lying at the geometric mean between short
times,
One way in which this finding ¢an be explained within the framework of the
timing theory is to assume that two distributions of reinforced or criterion
are stored in reference memory as pulse totals. ene for the short signal and
sther for the long slgnal. Whenever a test duration |s presented, its similar-
o both short and long eriterion values is computed as a ratio between the
toral and the longer tatal; cholee of the manipulandum indicating short
long duration then is based on which ratio indicates closer stmilarity of its
to the test duration (Gibban, 1981; 1986; Allan & Gibbon, 1991),
Assume again that pulses are emitted from the pacemaker at a rate of 3
second and that an animal must discriminate berwean signals lasting 2 and
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B seconds. Following the 2-second signal, 10 pulses reside In working memaory,
and, following the B-second signal, 40 pulses reside in working memaory. Fur-
ther, assume that the criterion totals sampled from reference memory also ame
10 fram the short-signal distribution and 40 from the long-signal distribution.
When the shart signal has been presented, a ratio of 10/10 = 10U is computed
for the short-signal criterion, and a ratio of 10/40 = 0.25 arises for comparison
with the long-signal criterion. The ratio nearest 1.00 indicates greater similarity
to the eriterion, and the short-signal response will b2 made. If the long signal
has been presented, the corresponding ratios for the short and long criterion
values are reversed, 1.00 for the long duration and 0,25 for the short duration,
and the long-signal response is performed.

These ratios become closer and more similar as intermediate values aone
tested, making diseriminations of relative similarity more difficult and yielding
the agive seen in Figure 8.3. When the peometric mean of 4 seconds is presented,
20) pulses should accumilate and be transmitted (o working memory; the ratio
of similarity to the short-slgnal criterion is 10720 = 0.50, and the ratio of simi-
larity to the long-signal criterion is 2040 = 0.50. The 4-second duration should
seem equally similar to the short and long durations, and the subject should
make the short and long responses equally often, Thus, the assumprion that sub-
Jects make similarity judgiments based on ratios between pulse totals inworking
and reference memory accounts for the fact that the subjective midpoint usually
falls at the geomelric mean between short and long training durarions.

Scalar timing theory provides an elegant and powerful model of the timing
process that incorporates a number of empirical features of timing, By assum-
ing that Interval timing is accomplished by ratio comparisons between work-
ing and reference memory pulse tatals, it accounts for the high degree of acou-
racy in animal timing and for phennmena such as proportionality, Weber's law,

and bisection at the peometric mean.

SUMMARY

Like space, rime is a fundamental dimension of animal and human experience,
and it is therefore no surprise that animals are highly sensitive to time and able
to judge it with considerable accuracy. Furthermore, it appears that animals
judge time in two different ways. They are able to make gross discriminations
between time of day, and they are able to make much finer judgments of short
imtervals of time. Experiments carried out with birds suggest that they cam
assoclate time of day with different spatial leeations where food may be
obtained. Time-place assoclations may be hased on circadian cues, or daily
cycles in an animal’s endogenous state. When birds have learned stable time-
place assoclations between widely separated times of day, control procedures
that Involve omission of test sessions or clock shifting show that birds depend
an endogenous cues to determine the location of food.
Varlous experiments have shown that animals ean also precisely time inter-
vals in the range of seconds. Discrimination procedures are used o study fire
discriminations between short and long signals that differ in length by only a few
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