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Six homing pigeons were trained on a variety of concurrent-chains schedules in which the
initial links were equal variable-interval schedules and the terminal links were fixed-
interval schedules. Both terminal-link and initial-link schedules were systematically varied.
The results showed that preferenlce for a particular terminal-link schedulle combination
was greater, the shorter the initial-link schedules. The data closely matched predictiolns
from the model of choice suiggested by Davison and Temple (1973), but did not match
predictions from two other models. An alternative method for analyzing coictirrent-chains
performance by assuming that the schedItle consists of both chained schedlules and suicces-
sive, discriminated components that comprise multiple schedules, was suggested.

In concurrent-chains sclhedules (Autor, 1960),
tile preference for two mutually exclusive ter-
minal-link sclhedlules is measured by the rela-
tive number of responses (the number of re-
sponses on one key divided by tlhe sum of the
number of responses on both keys) emitted on
concurrently available variable-interval (VI)
scliedules that constitute the initial links. The
muttlally exclusive terminal links are pro-
(ltlced by respondingy in the initial links when
tile appropriate VI timer has completed oper-
ating. When a terminal link is entered, both
initial-link timers stop operating, and the
other key is blacked out and becomes inopera-
tive. Research in this area lhas suggested that
initial-link responses are related to terminal-
link reinforcement rates in various ways
(Herrnstein, 1964; Duncan and Fantino, 1970;
Squires and Fantino, 1971; Davison and Tem-
ple, 1973), but no account consistent with data
from all terminal-link sclhedules has emerged.
Most experiments lhave used initial-link VI
schedules with a mean interval of 60 sec, and
only one major experirnent has been reported
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sightful criticisms. Reprints may be obtained from
either author, Department of Psychology, University
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This research was supported by grants AG 140 PSY 14
and AG 141 PSY 8 from the University Grants Com-
mittee to the second author. A part of this research
was submitted by the first author as a thesis towards
the degree of Master of Arts at the University of Auck-
land.

that systematically varied initial-link parame-
ters (Fanitino, 1969). This experiment showed
that preference for VI schedules, as measured
by the ratio of the ntlml)ers of initial-link re-
sponses, was more extreme with shorter and
equial initial-link sclheduLles. However, recent
work (e.g., MacEwen, 1972) has shown that
Fantino's (1969) model of clioice generally un-
derestimates preference ratios in the choice
between fixed-interval (FI) schedules. An alter-
native model, suggested by Davison and Tem-
ple (1973), appears to have more generality
than tile Fantino modlel. The present experi-
ment examined preference for several pairs of
terminal-link Fl schedules, and also investi-
g-ated tlhe effect of varying the size of the equal
initial-link schedules.

METHOD

Stubjects
Six lhoming pigeons, which had previously

been trained on multiple schedules, were
maintained at 80% +15% of their free-feeding
body weights, and were numbered 131 to 136.

Apparatus
Solid-state sclheduling equipment, situated

remote from the experimental chamber, con-
trolled all experimental events. All data were
recorded on impulse counters.
The sound-attenuated experimental cham-

ber was fitted witi an exhaust fan, which
helped mask external noise, and contained
three response keys 2 cm in diameter, 9.5 cm

331

1974, 21, 331-340 NUMNBER 2 ( NIARCH)



G. R. WARDLAW and M. C. DA VISON

apart, and 22.5 cm from the gridl floor. The
center key was not useci anta was dark and in-
operative at all times. The left key was trans-
illtuminate(i witli eitlher wlhite or r-edl liglht,
and the riglit key by eitlher wlhite or green
liglht. Two sources of feedback for pecks ex-
ceeding approximately 0.1 N were arranged:
a 30-msec offset of the keyliglht and the click
of a relay situated insi(le the experimental
clhamber. A grain lhopper was situate(l directly
below the center key an(d 10 cm from the floor.
During reinforcement, the keylights were ex-
tingtuislhed and the magazine illuminated.
Apart from the key an(d magazine liglhts, there
was no illumination in tlhe chamber. In all
parts of the experiment, pecks on darkene(d
keys were ineffective. The reinforcer consisted
of 3-sec access to wlheat, and sessions endted in
blackotut after a fixedl ntumber of l-einforce-
ments (50 or 30) ha(l )een obtained. Supple-
mentary feeding of mixe(d grain was given, if
required, immedliately after the (laily experi-
mental sessions.

Procedure
Since the animals lhadl )reviously b)een

trainedl to respond, no key-peck or schedutle
training was necessary, anti they were placedl
directly on the standard concui-renit-clhains
proceduire (Atutor, 1960). Dturing the initial
links, the animal was presesntedl witli two
wlhite keys, eaclh associatedl witlh indepen(dent
VI sclhe(dules of the same mean interval. Wlhen
the left-key timer lhadl time(1 an appropriate
interval, the next response to that key turned
the left key red and, simtultaneouLsly, the riglht
key blacked otut anti l)ecame inoperative for
the duration of the terminal link on the left
key. Responses on the red key were followe(d
by a single reinforcement accordling to an Fl
schedule, and following reinforcement both
keys reverted to the wlhite (initial-link) condi-
tions. Similarly, wlhen the riglht-key timer lhad
timed an appropriate interval, a response to
this key turned it green and, simtultaneously,
the left key blacked out and i)ecame inopera-
tive for the duration of the terminal link on
the riglht key. Responses on the green key were
followed by a single reinforcement according
to an Fl sclhedule, and following' reinforce-
ment both keys reverted to the white (initial-
link) conditions.
The timing of an interval by one initial-

link timer had no effect on the operation of

the otlher timer. For example, if botlh initial-
link timers lhad timed intervals before the ani-
mal entered one terminal link, only the timer
associated witlh the initial link preceding the
terminal link just entered was restartedl wlhen
the initial links again commencedl.
Performance was asstumedl stable wlhen each

animal lhad reaclhed a (lefined criterion five
(not necessarily consecutive) times. Specifically,
the criterion requiredl that the median of the
relative numbers of responses on one key (in
the initial links) over five (lays be not more
than 0.05 tlifferent from the medlian of the pre-
cecling five days. Tlhus, a minimtum of 14 ses-
sions was reqtuired to achiieve stability. Wlhen
all aniinals had met this criterion five times,
the experimental parameters were chanigedl for
all animals as a group.

In the present experiment, both the initial-
and terminal-link sclhe(dtiles were varied over
the experimental condlitions. The initial-link
VI sclhedtule intervals were all randomised
from the arithmetic progression a, a + d, a +
2d, etc. The respective valtLies of a andl d for
the sclhedlules used were: VI 27-sec, 5 and 4;
VI 38-sec, 5 and 6; VI 49-sec, 5 andl 8; VI 115-
sec, 5 andl 20. The initial-link sclhedlules were
always equial, and one terminal-link sclhedule
was always Fl 5-sec. The otlher terminal-link
sclheduile was eitlher Fl 5-sec, Fl 7.5-sec, Fl 10-
sec, Fl 15-sec, or Fl 30-sec. All combinations
of initial- and terminal-link comparisons were
carrie(i otut, except for the choice between Fl
5-sec andl Fl 30-sec witlh VI 27-sec initial links.
In this case, preference woul(kldave been al-
most exclusive to the Fl 5-sec terminal link.
The sequence of cond(litions was tiesigned to
reverse preference between the keys in each
stuccessive condition wlhen possible.

In all conditions of the experiment, the
number of responses on the two keys in the
initial and terminal links, and the number of
entries into eaclh terminal link, were recorded.

RESULTS

All measuLres of performance for the indi-
vidual animals used in data calculation were
the stum of the various measures over the last
five sessions of eaclh condition.2 Response ra-

2The complete data for all individual animals are
available uponI request from either author.
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tios were calculated from these sums, and the
group ratio data used were the geometric
means of the response ratios of the individual
bir(ds. Table 1 shows the sequence of experi-
mental conditions, number of sessions, aver-
age r-esponse and reinforcement rates, group
initial-link response ratios, and the response
ratios predicted by various models of choice.
The restults (Figure 1) are similar to those

reported by Fantino (1969), wlho studied the
clhoice between VI terminal-link schedules
wlhen the initial-link VI schedules were varied.
Fantino found that clhoice for a particular
pair of terminal-link schedules became more
extreme wlhen the size of the equal initial-link
sclhedtules was reduced. This also describes the
results of the present experiment, which used
Fl terminal-link sclhedules. The trend is evi-
dent in botlh the individual and the grouped
data, but is less clear in the former due to the
occtirrencz of some reversals from the trend,
especially wlhen the experimental conditions
produced small clhoice ratios.
As Davison and Temple (1973) reported,

entries into the two terminal links were not
always equal, especially wlhen clhoice ratios
were large.

Figure 2 shows, on logaritlhmic coordinates,
the initial-link response ratios from eaclh con-
(lition for the grouped data as a function of
the predlicted choice ratios from Davison and
Temple's model. This model is:

GROUP 0 VI 27-sec )INITIAL-
040 x VI 38-sec) LINKS

0 VI 49-sec
A V I 11 5 -sec

w 30-
LI)
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Fig. 1. Initial-link response ratios in the various ex-

perimental conditions as a function of the ratio of re-

inforcement rates in the terminal links. The data are

geometric means of response ratios for the individual
birds.

P1 _ R, E - t2
pT2 K2 tl

.... (1)

where subscripts 1 and 2 refer to Keys 1 and 2.
P is the number of responses emitted in the
initial links, R is the mean overall rate of re-
inforcement on a key (initial and terminal
links), and t is the scheduled time in the ter-
minal link. E is a factor that describes the
number of times the animal entered each ter-
minal link as a ratio of the number of times
entries were arranged by the schedules in the
initial links. In the present case, withi equal
initial-link sclhedutles, this factor is simply the
ratio of the ntumber of terminal-link entries
on the two keys.

Davison and Temple's model accounts for
85% of the variance of the grouped data and
for between 58% and 90% of the variance for
each individuial (Table 2). The variance-ac-
counted-for statistic is the difference between
the variance of the data around the predictions
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Fig. 2. Initial-link response ratios in the various ex-

perimental conditions as a function of the initial-link
response ratios predicted from the model suggested by
Davison and Temple (1973). Both coordinates are loga-
rithmic. The data are geometric means of response ra-
tios for the individual birds. See the legend on Fig-
ure 1.
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Table 1

Sequence of experimental conditions, number of sessions, initial- and terminal-link re-
sponse rates, and average number of terminal-link reinforcements per session in the final
five sessions of each experimental condition. All data are group averages. This table also
shows the group initial-link response ratios and the ratios predicted by various models of
choice, each in terms of the initial-link key that leads to the shorter terminal-link schedule.

Terminal-link
No. of Initial-link Terminal-link Reinforcements

Terminal Links Sessions Response Rates Response Rates Per Session

Red Green Red Green Red Green Red Green

VI 27-sec Initial Links
Fl 5 Fl 15 18 36.30 0.65 145.30 68.20 40.80 9.20
Fl 7.5 Fl 5 32 15.16 13.19 81.60 106.60 24.70 25.30
FI 5 FI 10 31 32.61 2.64 116.80 62.80 31.17 18.83
FI 5 FI 5 47 20.75 8.98 116.60 81.80 25.67 24.33

VI 115-sec Initial Links
FI 30 FI 5 24 5.01 22.37 56.00 121.20 14.67 15.33
Fl 5 Fl 10 42 15.70 7.89 136.80 73.40 14.60 15.40
Fl 7.5 FI 5 24 12.37 13.85 105.60 88.60 14.50 15.50
Fl 5 FI 15 23 18.99 6.62 107.20 66.70 14.80 15-20
Fl 5 Fl 5 19 13.98 11.43 93.10 99.80 15.37 14.63

VI 49-sec Initial Links
Fl 10 Fl 5 19 10.81 13.48 85.60 84.24 24.87 25.13
FI 5 Fl 30 24 40.03 2.47 100.30 59.70 33.53 16.47
Fl 7.5 Fl 5 24 11.93 14.09 95.80 97.70 25.10 24.90
Fl 5 Fl 5 21 14.66 14.63 105.70 88.10 25.30 24.70
Fl 15 Fl 5 31 5.39 22.87 64.70 100.20 23.93 26.07
FI 5 FI 10 28 21.86 6.37 108.40 77.10 27.57 22.43

VI 38-sec Initial Links
FI 30 FI 5 30 2.31 40.97 61.80 105.60 15.77 34.23
FI 5 Fl 7.5 34 20.34 8.16 111.40 82.70 27.40 22.60
FI 15 Fl 5 33 4.04 32.10 76.40 116.20 20.87 29.13
Fl 5 Fl 5 24 12.95 15.74 115.20 101.50 24.87 25.13
Fl 10 FI 5 28 6.55 25.04 77.50 95.60 23.40 26.60

Predicted Initial-Link Response Ratios
Terminal Links Initial-link Squires and Davison and Equation
Red Green Response Ratios Killeen (1968) Fantino (1971) Temple (1973) 6a

VI 27-sec Initial Links
Fl 7.5 Fl 5 82.04 3.00 2.77 17.26 25.12
Fl 5 FIl 10 1.17 1.50 1.26 1.45 2.82
FI 5 Fl 5 14.55 2.00 1.63 3.20 8.30
Fl 5 FI 15 2.33 1.00 1.00 1.05 1.14

VI 115-sec Initial Links
FI 30 Fl 5 5.09 6.00 1.88 5.21 2.77
FI 5 FI 10 2.05 2.00 1.14 1.61 1.77
FI 7.5 Fl 5 1.09 1.50 1.07 1.43 1.14
FI 5 FI 15 3.01 3.00 1.29 2.37 2.29
FI 5 Fl 5 1.29 1.00 1.00 1.05 1.14

VI 49-sec Initial Links
FI 10 FI 5 1.21 2.00 1.34 1.80 2.60
Fl 5 Fl 30 26.60 6.00 4.51 13.37 18.58
Fl 7.5 FI 5 1.08 1.50 1.16 1.37 1.66
FI 5 Fl 5 1.40 1.00 1.00 1.02 1.14
FI 15 FI 5 4.12 3.00 1.80 2.90 5.90
Fl 5 Fl 10 4.52 2.00 1.34 2.18 3.35

VI 38-sec Initial Links
FI 30 FI 5 32.73 6.00 7.66 15.49 33.19
FT 5 FI 7.5 3.79 1.50 1.21 1.69 2.58
FI 15 Fl 5 8.93 3.00 2.11 3.93 8.15
Fl 5 Fl 5 1.05 1.00 1.00 1.01 1.14
FIl 10 Fl 5 3.55 2.00 1.46 2.07 3.59
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Table 2

The percentage of data variance accounted for by vari-
ous models according to whether bias was present in
the data or removed from the data (the latter are in
parentheses). The statistic is the difference between the
variance of the data around the data mean and the
variance of the data around the prediction as a per-
centage of the variance of the data around the data
mean.

Killeen Squires and Davison and
Bird (1968) Fantino (1971) Temple (1973)

131 37(41) 45(46) 58(62)
132 32(48) 31(38) 80(83)
133 57(57) 48(47) 82(82)
134 36(75) 39(74) 60(69)
135 65(72) 58(63) 90(87)
136 57(56) 45(46) 76(76)
Group 64(67) 55(57) 85(88)

and the variance of the data around the data
mean as a percentage of the variance of the
data around the data mean. Thus, if x is the
variance of the data around the data mean and
y is the variance of the data around the predic-
tion (both expressed in logarithmic terms),
then the per cent of the variance accounted for
is given by

100 (X-y)
x

All such calculations were carried out in loga-
rithmic terms to prevent variance being spuri-
ously inflated by large choice ratios and large
predictions.

Figure 2 also shows the line of best-fit, by
the method of least squares in logarithmic
terms, of the group data to the predictions
from Equation 1. The slopes of the best-fit
lines for the group and for individual animals
are shown in Table 3. The slopes of the lines
are mostly somewhat larger than the predic-

Table 3

The values of the slopes and, in brackets, the inter-
cepts, of the lines fitted by the method of least squares
to the present data according to the presence or ab-
sence of bias.

Bird Biased Unbiased

131 0.95(+0.04) 0.95(-0.01)
132 1.49(+0.19) 1.49(-0.07)
133 1.50(+0.12) 1.50(-0.13)
134 1.06(+0.28) 1.06(+0.02)
135 1.35(+0.15) 1.35(+0.03)
136 1.74(-0.02) 1.74(+0.04)

Group 1.39(+0.13) 1.39(-0.02)

tion of unit slope, and some of the lines have
large intercepts. For example, the best-fitting
line for Bird 134 has an intercept of +0.28.
This suggests that when the terminal-link
schedules were equal, the animal would have
a choice ratio of about 1.9 to the initial link
leading to the red terminal link. Such a result
implies that the animal has a reasonably con-
stant bias to one key, and the individual data
show that when equal terminal-link schedules
were arranged for this animal, it emitted
many more responses on the initial link lead-
ing to the red terminal link than on that lead-
ing to the green terminal link.

If bias is present in these data, comparisons
with predictions from models of concurrent-
chains choice may give misleading results.
Based on results reported by Baum and Rach-
lin (1969), Davison and Temple (1973) sug-
gested a method for removing bias. The same
method was used here. An overall measure of
bias was obtained from the geometric mean
of the group response ratios in the four equal
terminal-link schedule conditions, and this es-
timate of bias was removed from the data in
all conditions by dividing the data by the bias
estimate. This procedure increased the vari-
ance accounted for to 88% for the group, and
similar calculations carried out for individual
birds gave a range of accounted variances
from 62% to 89%. Removing bias improved
the fit for three individuals (including Bird
134) and worsened it for two.
Removing bias from the data for each indi-

vidual bird, and for the group, should make
the intercepts of the fitted lines closer to zero.
Table 3 shows that the logarithmic intercepts
of lines fitted by the least-squares method af-
ter bias was removed were closer to zero in
four of the six birds. For the grouped data,
the intercept was decreased from 0.13 to
-0.02. The slopes of the fitted lines are, of
course, unaffected by the removal of bias from
the data.
A further analysis of the data in Table 1

shows that there is a strong relation between
the choice ratio in the initial links and the
ratio of response rates in the terminal links.
A line fitted to the logarithms of both these
measures gives a slope of about 3.63 and an
intercept of +0.03, the dependent variable
being the initial-link response ratio. The fitted
line accounts for 80% of the variance in the
initial-link choice ratios.
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DISCUSSION
The present results are similar to those re-

ported by Fantino (1969) for the choice be-
tween VI terminal links in concurrent chains
when the size of the initial links was changed.
These data also appear to be described very
well by the model of choice given by Davison
and Temple (1973) based on data obtained
from the choice between Fl terminal-link
schedules with constant and equal initial-link
schedules. The adequacy of the fit is shown
by comparing the fit of the present data to
Davison and Temple's model with the fit of
Squires and Fantino's (1971) data to the model
proposed by them. The model accounts for
about 59% of the group data variance when
the equal initial-link schedules were arranged.
The variance accounted for falls to 310% when
unequal initial-link data are included. When
uised to predict the present data, Squires and
Fantino's model accounts for 57% of the un-

biased group data variance (Table 2), and for
between 38% and 74% of the variance of in-
dividual data. We conclude that Squires and
Fantino's model is le3s effective in predicting
the present data than Davison and Temple's
model.
A second model for choice in concurrent-

chains schedules (Killeen, 1968) may be used
to give predictions for the present experimen-
tal conditions. In this model, choice equals
the ratio of terminal-link reinforcement rates,
and there is no specific provision for dealing
with effects of changes in initial-link length.
Despite tlhis, Killeen's model accounts for 67%
of the unbiased group data variance (Table 2),
and for between 41% and 75% of the variance
of individual data. However, it should be
noted that the fact that Killeen's model pre-
dicts these data relatively well may be due to
the rather restricted range of initial-link val-
ues employed in this study.

In summarizing the effectiveness of the
three models, we agree with the assessment
of Davison and Temple (1973) that both Kil-
leen's and Squires and Fantino's models do
not accurately predict choice between Fl ter-
minal links in concurrent-chains schedules. Of
the available models, Davison and Temple's
appears to be the best, the major drawback
being that the lines fitted to the data as a func-
tion of predictions from this model generally
have a slope somewhat greater than expected

from the model. This may be shown in an-
other way. The best-fitting straight line for
the grouped unbiased data, which is y = 1.39x
- 0.21, accounts for 96% of the data variance,
while predictions from Davison and Temple's
model accounts for only 88%. If the variance
of the data around the model was the same as
the variance of the data around the fitted line,
the fit of the model to thie data would be op-
timal, and the variance accounted for could
not be increased. Thus, in the present case,
some 8% of the variance is likely to be system-
atic and may be accountable with some varia-
tions in the model used for prediction.
A problem with the present analysis is that

the predictions from the Davison and Temple
model decrease in accuracy as the size of the
initial links decreases. For unbiased data, the
percentages of variance accounted for were,
for the various initial-link schedules; VI 27-
sec, 72%; VI 38-sec, 88%; VI 49-sec, 94%; and
VI 115-sec, 97%. Generally, for the shorter
initial-link schedules, the model predicted a
choice ratio that was smaller than that ob-
tained. The same general trend was evident
in the analysis of the predictions from the
models given by Killeen (1968) and Squires
and Fantino (1971). A similar finding was ob-
tained when data were analyzed according to
the combination of terminal-link schedules,
that is, all conditions in which the longer ter-
minal link was Fl 7.5-sec, all conditions in
which it was Fl 10-sec, etc. The variances ac-
counted for in the data from each terminal-
link. combination were: Fl 5-sec, 11%; Fl 7.5-
sec, 81%; Fl 10-sec, 75%; Fl 15-sec, 87%; and
Fl 30-sec, 94%. Unbiased data were used in
this analysis. The poor predictions made when
both terminal-link schedules were Fl 5-sec are
best explained by the extremely small vari-
ance in the data. As would be expected, the
group choice ratio was close to one.

Concurrent-chains performance may be ana-
lyzed in other ways by assuming that the
schedule is made up of both chained sched-
ules and successive, discriminated components
that comprise multiple schedules. We may
first analyze the present data in terms of two
chains in the manner used by Davison (1974)
to investigate chained Fl Fl schedule perform-
ance. Davison used a variant of the matching
law (Lander and Irwin, 1968; White and Davi-
son, 1973) to show a relation between the ratio
of response rates in the two links of a chain
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(P1/P2) and the ratio of reinforcement rates in
the two links (R1/R2). The relation takes the
general form

P1 (Rl a (2)-

For chained Fl Fl schedule performance, both
c andl a were constant (0.21 and 0.19) for vari-
ous combinations of initial- and terminal-link
schedules. This general equiation may be ap-
plied to the present data, viewed as two
chains, by fitting a straight line to the func-
tion relating the logarithm of the response-
rate ratio to the logarithm of the reinforce-
ment-rate ratio. The slope of the straight line
gives a, and the antilog of the constant gives c.
For this analysis, each initial-link schedule
valuLe was taken separately and, for each ini-
tial link, the chains on both keys were taken
together. Thus, for example, there were eight
chained schedules witlh VI 27-sec initial links.
The obtained values of a and c, respectively,
were found to be: for VI 27-sec initial links,
-2.46 and -2.51; for VI 38-sec initial links,
-1.62 and -2.02; for VI 49-sec initial links,
-1.15 and -1.75; and for VI 115-sec initial
links, -0.23 and -1.22. The values of a and c
are clearly dependent on the initial-link val-
ues, and appear to be well predicted as
straight-line functions of the reinforcement
rate (reciprocal of the average time) in the
initial link of the chain. Specifically,

a = -1.31 R1 + 0.46
c = -0.76 R1- 0.83 .... (3a, b).

Davison (1974) found the values of both a
and c were specific to the type of schedules
comprising a chain (chain Fl Fl, chain VI VI,
and chain VI FI), but were constant for each
chain when the parameters of the schedules
were varied. Therefore we suspect that the
variation of a and c in the present data is due
to the interactions between the chains when
their initial links are arranged concurrently
and their terminal links occur successively,
and separated by periods of initial-link re-
sponding.

Since Equation 2, with appropriate values
of a and c, is appropriate for both chains, an
equation may be derived for the ratio of re-
sponse rates in the initial links.

P1 P2 (R2 a

~,Pi/ (4)

In the derivation, primed variables refer to
responses and reinforcements on the second
chain. Since, in the present experiment, the
initial-link schedules were identical, R1 = Rl'
and both these variables, and the constant c,
divide out.
Equation 4 predicts the choice ratio in the

initial links in terms of both the reinforce-
ment rates and the response rates in the ter-
minal links. Such an expression is not useful
to predict choice if the terminal-link response
rates are unknown. But this problem may be
overcome by an analysis of responding in the
terminal links as a function of reinforcement
rates in the terminal links. The analysis is
similar to that used by Barron and Davison
(1972) for multiple fixed-interval schedule per-
formance, and again requires a fit to the weak
matching law, Equation 2. In this analysis,
which was carried out exactly as above, it was
found unnecessary to deal with the various
initial-link schedule combinations separately.
The best-fitting relation is,

P2 (R2 )
.... (5)

whiclh accounts for 80% of the variance in the
data.
Given Equations 4 and 5, an expression can

be derived for the ratio of response rates in
the initial links of the concurrent-chains sched-
ule in terms of the reinforcement rates in the
terminal links

P1 0.41-a
p 1.14 12 ... (6)

Finally, Equation 3a shows how the value of a
changes with the initial-link reinforcement
rates, allowing Equation 6 to be rewritten:

P1 (R9 I31R -0.06
- 1.14 2-.. 6)Pif R9J ...(6)

Equation 6a was used to give predictions of
initial-link choice ratios for the present experi-
ment and the adequacy of the predictions was
assessed in logarithmic terms by the variance
accounted for in the data. The variance ac-
counted for was 92%. Figure 3 shows, on log-
arithmic coordinates, the initial-link response
ratios from each condition for the group data
as a function of the predicted choice ratios
from Equation 6a. The slope of the fitted line
to the relation between the predictions of
Equation 6a and the present data is very close
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to one (0.99), and the logarithmic intercept
is small (0.09). Comparing these results with
those from Davison and Temple's model, in
whiclh the slope of the relation was somewhat
different from one, suggests that the analysis
in terms of chained and multiple schedules
may be preferable.
Equation 6a was also used to make predic-

tions for individual birds in the present ex-
periment, and the adequacy of these predic-
tions was assessed in logarithmic terms by the
variance accounted for in tlhe data. For the in-
dividuals, tlhe variances accounted for ranged
between 34% and 88%. The slopes of the
fitted lines to the relation between the indi-
vidual predictions of Equation 6a and the
present data ranged between 1.69 and 0.88.
It should be noted that for this analysis, the
individual data were calculated as a function
of the group prediction. However, each bird
could require different individual parameters
(cf. Davison, 1974) which may give much im-
proved individual predictions. The variation
here suggests that, within limits, choice could
be idiosyncratic for each bird. If this variation
is confirmed by further research, the analysis
in terms of Equation 6 could allow for such
individual parameters, but it is not clear lhow
previous models of choice would be able to
incorporate such factors.
Hursh and Fantino (1973) reported inter-

actions between responding in the terminal
links of concurrent-chains schedules, which
they sliowed were consistent with results from
previous concurrent-cliains experiments. The
results showed that when one terminal link
was lengthened, response rate in the other
terminal link increased, an effect that has
been demonstrated in multiple schedules
(Reynolds, 1961a, b; Lander and Irwin, 1968).
These types of effect were investigated in the
present data by fitting a straight line to a
double logarithmic plot of the sums of re-
sponse and reinforcement rates. An analysis
of the total response rates in the initial links
(P1 + P1') as a function of the total reinforce-
ment rates in these links (R1 + R1') showed:

(P1 + P1i) = 26(R1 + R1')0 18 .... (7).
This relation was found to be significant when
tested by a Friedman two-way analysis of var-
iance (Siegel, 1956). This equation is similar
to that given by Catania (1963) for the total
response output on concurrent variable-inter-
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Fig. 3. Initial-link response ratios in the various ex-
perimental conditions as a function of the initial-link
response ratios predicted by the chain/multiple analy-
sis. Both coordinates are logarithmic. The data are geo-
metric means of response ratios for the individual birds.
See the legend on Figure 1.

val schedules, based on tile analysis of four
experiments and including data from single
VI schedule performance. It is also similar
to the equation for total response output on
multiple variable-interval schedules given by
Lander and Irwin (1968), though their data
were tile numbers, rather thlan the rates, of
responses and reinforcements. However, since
thleir multiple-schedule components were
equal, the equation can be interpreted in
terms of either rates or numbers. The values
of the constant multipliers, which represent
an individual animal parameter, would not
be expected to be similar. Given equations
6a and 7, the absolute response rates on each
key in tile initial links may be calculated. In
summary, total performance on the concur-
rent aspects of tile present concurrent-chains
schedule, which comprised VI schedules, was
similar to the total output equations for sin-
gle, concurrent, and multiple VI schedule per-
formance.

Further analyses of the same type were car-
ried out on the other possible relations. The
Friedman test showed that there was no sig-
nificant relation between the sum of the re-
sponse rates in the initial links and the sum
of the reinforcement rates in the terminal
links. The same was found to be the case for

338



INITIAL-LINK LENGTH AND Fl PREFERENCE 339

the relation between the terminal-link re-
sponse rates and the initial-link intervals.
Finally, there was no significant relation be-
tween the sum of response rates and the sum
of the reinforcement rates in the terminal
links.
These analyses lhave slhown that the varied

relations between response and reinforcement
rates (clhained, multiple, and total output) oc-
curring in concurrent-chains schedules may be
investigated separately and be combined to
produce predictions of clhoice performance. If
this type of analysis is to be successful for
concurrent-clhains performances generally, it
must first be slhown that such analyses can be
carried out for otlher types of concurrent
chains, and, second, that the values of the
constants and powers are predictable before
experimentation. Wlhile a full analysis of all
extant concturrent-clhains data must await a
fututre review, we lhave carried out a prelimi-
nary analysis of some other available data on
the clhoice between terminal-link Fl schedules
in the standard concurrent-chains procedure.
The data reported by Davison and Temple
(1973) show that in the cliain analysis, the
value of a may be dependent also on the
lengtlh of the slhorter terminal-link interval
to reinforcement (cf. Duncan and Fantino,
1970). Specifically, the value of a appears to
be a linear function of the square root of the
slhorter interval (S) in seconds.

a = -0.38 S° -0.03 .... (8).

In the clhain analysis, Killeen's (1970) data
slhow a larger negative mtultiplier of the
square root of the slhorter interval, and Dun-
can and Fantino's data a multiplier that is
larger still. The only consistent difference be-
tween these experiments is the use of 3-sec re-
iinforcement by Davison and Temple, 3.5-sec
in Killeen's experiment, and 4-sec in Duncan
and Fantino's sttudy.

Analysis of the terminal-link response and
reinforcement rates in terms of Equation 5
gives a power of 0.29 (Davison and Temple,
1973), 0.36 (Killeen, 1970), and 0.43 (Duncan
and Fantino, 1970). All these are reasonably
close to the value of 0.41 found in the present
experiment.
A complete analysis of the parametric data

reported by Davison and Temple (0-, 10-, and
20-sec slhorter terminal-link intervals), using
the clhained and multiple parameters as given

above, showed that 95% of the data variance
was accounted for by this model.
The analysis of concurrent-chains schedule

performance in terms of chiained and multiple
schedules seems promising. It has various ad-
vantages over the model given by Davison and
Temple (1973). It lhas a strong empirical base
and the type of analysis is consistent with that
which lhas proved effective with a number of
other sclhedule types. Its disadvantages, at least
at present, are that the parameters of the
model are not predictable. Furtlher research on
chained sclhedule performance, and the analy-
sis of more available concurrent-chains data,
may solve these problems.

REFERENCES
Autor, S. M. Strength of conditioned reinforcers as a

function of the frequency and probability of rein-
forcement. Unpublished doctoral dissertation, Har-
vard University, 1960. Reprinted in D. P. Hendry
(Ed.), Conditioned reinforcement. Homewood, Ill.:
The Dorsey Press, 1969. Pp. 127-162.

Baum, W. M. and Rachlin, H. C. Choice as time allo-
cation. Joturnal of the Experimental Analysis of Be-
havior, 1969, 12, 861-874.

Barron, B. and Davison, M. C. Performance in multi-
ple fixed-interval schedules. Journal of the Experi-
mlental Analysis of Behavior, 1972, 17, 375-379.

Catania, A. C. Concurrent performances: reinforce-
ment interaction and response independence. Jour-
nal of the Experimental Analysis of Behavior, 1963,
6, 253-263.

Davison, M. C. A functional analysis of chained fixed-
interval schedule performance. Jouirnal of the Ex-
perimnental Analysis of Behavior, 1974, 21, 323-330.

Davison, M. C. and Temple, W. Preference for fixed-
interval schedules: an alternative model. Journal of
the Experimental Analysis of Behavior, 1973, 20,
393-403.

Duncan, B. and Fantino, E. Choice for periodic sched-
ules of reinforcement. Journal of the Experimnental
Analysis of Behavior, 1970, 14, 73-86.

Fantino, E. Choice and rate of reinforcement. Journal
of the Experimental Analysis of Behavior, 1969, 12,
723-730.

Herrnstein, R. J. Secondary reinforcement and the
rate of primary reinforcement. Journal of the Ex-
perimental Analysis of Behavior, 1964, 7, 27-36.

Hursh, S. R. and Fantino, E. Relative delay of rein-
forcement and choice. Journal of the Experimental
Analysis of Behavior, 1973, 19, 437-450.

Killeen, P. On the measurement of reinforcement fre-
quency in the study of preference. Journal of the
Experimental Analysis of Behavior, 1968, 11, 263-
269.

Killeen, P. Preference for fixed-interval schedules of
reinforcement. Journal of the Experimental Analysis
of Behavior, 1970, 14, 127-131.

Lander, D. G. and Irwin, R. J. Multiple schedules: ef-
fects of the distribution of reinforcements between
components on the distribution of responses be-



340 G. R. WARDLAW and M. C. DAVISON

tween components. Journal of the Experimental
Analysis of Behavior, 1968, 11, 517-524.

MacEwen, D. The effects of terminal-link fixed-inter-
val and variable-interval schedules on responding
under concurrent chained schedules. Journal of the
Experimental Analysis of Behavior, 1972, 18, 253-
261.

Reynolds, G. Behavioral contrast. Journal of the Ex-
perimental Analysis of Behavior, 1961, 4, 57-71. (a)

Reynolds, G. Relativity of response rate and rein-
forcement frequency in a multiple schedule. Jour-
nal of the Experimental Analysis of Behavior, 1961,
4, 179-184. (b)

Siegel, S. Nonparametric statistics for the behavioral
sciences. New York: McGraw-Hill, 1956.

Squires, N. and Fantino, E. A model for choice in
simple concurrent and concurrent-chains schedules.
Journal of the Experimental Analysis of Behavior,
1971, 15, 27-38.

White, A. J. and Davison, M. C. Performance in con-
current fixed-interval schedules. Journal of the Ex-
perimental Analysis of Behavior, 1973, 19, 147-153.

Received 10 July 1973.
(Final Acceptance 5 November 1973.)


