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16 genes by positional approaches was reported
(20). Retrospective analysis shows that 44% (7
out of 16) of these genes had already been
isolated as ESTs and mapped at the time of their
cloning. This fraction increases to 69% (11 out
of 16) when the data from the current map are
considered.

Comparative analysis has a long and fruitful
history in biology, and detailed comparative
maps of mammalian genomes have shed light
on chromosome evolution. The identification
and cross-referencing of genes allow insights
into similarities and differences of physiology
and development as well as candidates for
transgenesis and gene knockout experiments.
Thus, it was of interest to determine the extent
to which genes on the current human map could
be related to orthologous genes in other mam-
mals. Makalowski and Boguski (27) have as-
sembled a set of 1880 human genes along with
their rat or mouse (or both) orthologs. When
these genes were analyzed for overlap with the
30,181 mapped human genes in the current
study, we found that 70% of these human genes
with rodent counterparts are present. This data
set therefore provides an excellent index for
cross-referencing the human map with emerg-
ing gene-based physical maps of the mouse and
rat genomes (22).

Genome-scale expression monitoring or
profiling (23), a rapidly expanding area of func-
tional genomics, relies on the availability of
large catalogs of cDNA sequences or arrays of
clones (or both). The problems posed by se-
quence redundancy and inaccuracy are as crit-
ical for gene expression applications as they
have been for transcript mapping. Furthermore,
additional problems in these catalogs have be-
come apparent, necessitating the authentication
of sequences and clone reagents. Our collection
of nearly 42,000 successfully mapped, gene-
based STSs, representing ~30,000 unique hu-
man transcripts, provides a large, validated set
of human sequences that can be used to design
gene-specific oligonucleotides or select cDNA-
derived polymerase chain reaction products for
populating gene expression arrays (or both).
Use of this set could lead to a very useful
confluence of mapping and expression informa-
tion for human genes.

We have produced a map containing per-
haps half of all human genes. In the future,
this map and subsequent versions will ulti-
mately be replaced by the complete sequence
of the human genome. Until then, this refer-
ence resource should contribute substantially
to the advancement of structural and func-
tional genomics, to comparative biology, and
to the isolation of human disease genes, par-
ticularly those underlying complex traits.
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Ordering of the Numerosities
1 to 9 by Monkeys

Elizabeth M. Brannon and Herbert S. Terrace

A fundamental question in cognitive science is whether animals can represent
numerosity (a property of a stimulus that is defined by the number of dis-
criminable elements it contains) and use numerical representations computa-
tionally. Here, it was shown that rhesus monkeys represent the numerosity of
visual stimuli and detect their ordinal disparity. Two monkeys were first trained
to respond to exemplars of the numerosities 1 to 4 in an ascending numerical
order (1 — 2 — 3 — 4). As a control for non-numerical cues, exemplars were
varied with respect to size, shape, and color. The monkeys were later tested,
without reward, on their ability to order stimulus pairs composed of the novel
numerosities 5 to 9. Both monkeys responded in an ascending order to the novel
numerosities. These results show that rhesus monkeys represent the numer-

osities 1 to 9 on an ordinal scale.

Many animal taxa can discriminate stimuli dif-
fering in numerosity (/). The importance of this
capacity has evoked considerable controversy.
Some have argued that animals have a natural
ability to discriminate numerosity (2, 3); others

maintain that animals attend to numerosity as a

“last resort,” that is, only if all other bases for
discrimination are eliminated (for example, the
shape, color, brightness, size, frequency, or du-
ration of a stimulus) (4).
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To defend either position, it is necessary
to show that an animal’s behavior is con-
trolled by numerosity rather than by one or

E. M. Brannon, Department of Psychology, Columbia
University, New York, NY 10027, USA. H. S. Terrace,
Departments of Psychology and Psychiatry, Columbia
University, New York, NY 10027, USA. E-mail:
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more non-numerical features of a test stimu-
lus, such as density, surface area, or duration.
This is best accomplished by analyzing the
first-trial accuracy of responses to exemplars
of the numerosity in question (5). Here, we
show that monkeys can discriminate exem-
plars of the numerosities 1 to 4 when non-
numerical cues are controlled.

Fig. 2. (A) Percentage of

Another important question about the nu-
merical ability of animals is whether they rep-
resent ordinal relations among numerosities or,
instead, represent each numerosity as a nominal
category (6). To evaluate knowledge of numer-
ical ordinal relations, we tested monkeys who
learned to discriminate the numerosities 1 to 4
on their ability to order pairs of the novel
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completed trials on the 150 test sets. Performance exceeded chance levels [Rosencrantz, t(4) =
12.7, P < 0.001; Macduff, t(4) = 12.8, P < 0.001]. There was no decrement in performance from
the last five training blocks to the five transfer sessions [Rosencrantz, t(4) = -0.69, P > 0.5;
Macduff, t(4) = —1.0, P > 0.36]. The percentage of correctly ‘completed trials varied across stimulus
types (equal size, 60%; equal surface area, 57%; random size, 36%; clip art, 42%; clip art mixed,
42%; random size and shape, 32%; random size, shape, and color, 24%.).
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numerosities S to 9.

The subjects were two rhesus monkeys,
Rosencrantz and Macduff. They were first
trained to order exemplars of the numerosities |
to 4 (7). Four exemplars, one of each numeros-
ity, were displayed simultaneously on a touch-
sensitive video monitor. The configuration of
the exemplars was varied randomly between
trials (§). The subjects” task was to respond to
each exemplar in an ascending numerical order.
Subjects had to learn the required sequence by
trial and error by remembering the consequenc-
es of their responses to each stimulus. Any error
ended the trial. correct responses produced brief
auditory and visual feedback, and food rein-
forcement was given only after a correct re-
sponse to the last stimulus. The same stimulus
set was presented on each trial for at least 60
consecutive trials. During the initial phase of
training, subjects were trained on 35 different
stimulus sets of exemplars of the numerosities 1
to 4. Examiples are shown in Fig. 1A.

The percentage of trials on which subjects
responded to each numerosity in the correct
order was well above the chance level of accu-
racy for each of the 35 training sets. As shown
in Fig. 2A, performance also increased with
each new set. This increase could reflect either
or both of the following factors: (i) Subjects
learned the order in which to respond to each
stimulus more rapidly, and (i) subjects learned
to use the ielative numerosity of each stimulus
to predict the required response order for each
new stimulus set. The first explanation is plau-
sible because subjects were trained for at least
60 trials on each stimulus set. Repeated expo-
sure to each set provided ample opportunity to
associate some non-numerical feature of each
stimulus (for example, the configuration of the
elements) with its ordinal position (9).

The opportunity to learn the correct order in
which to respond to a new set of stimuli was
eliminated during test sessions in which 150
new stimulus sets were presented only once (30
sets per session for five consecutive sessions)
(10). Figure 2B shows the percentage of cor-
rectly completed trials on the 150 test sets.
Numerosity was the only basis for ordering
items on the test sets. Accuracy substantially

Table 1. Percent correct for the three types of
numerical pairs. Both subjects’ accuracy exceeded
the chance-level accuracy on familiar-familiar
pairs [Rosencrantz, t(19) = 70.0, P < 0.0001;
Macduff, £(19) = 40.9, P < 0.0001], familiar-novel
pairs [Rosencrantz, t(19) = 25.7, P < 0.00071;
Macduff, t(19) = 32.3, P < 0.0001], and novel-
novel pairs [Rosencrantz, £(19) = 9.1, P < 0.00071;
Macduff, t(19) = 7.3, P < 0.0001].

Percent correct

FF FN NN
Rosencrantz 94 93 73
Macduff 92 93 75
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exceeded the level predicted by chance and did
not differ from subjects’ accuracy during the
last five blocks of the 35 training sets (in which
subjects could have used non-numerical fea-
tures of the stimuli to leam the correct order)
(/7). Rosencrantz’s and Macduff’s perfor-
mance on the test sets shows that they learned
to discriminate numerosity during training even
when a non-numerical strategy would have suf-
ficed. It should also be clear that their perfor-
mance cannot be attributed to a “last resort”
strategy.

In addition to providing unequivocal first-
trial evidence that monkeys can discriminate
the numerosities 1 to 4 categorically, Rosen-
crantz’s and Macduff’s ability to order new
exemplars of numerosity suggests that they
learned an ordinal rule. An alternative expla-
nation of their performance on the 150 test
sets is that they discriminated each numeros-
ity as a nominal category (/2) and that they
then applied an arbitrary rule to order four
unrelated categories (/3). To rule out this
alternative explanation. we evaluated our
subjects’ ability to respond correctly to stim-
ulus pairs of novel numerosities in an ascend-
ing numerical order (/4).

Both monkeys were tested on each of the 36
numerosity pairs that could be generated from
the numerosities 1 to 9 (Fig. 3) (/5). The nu-
merosities 1 to 4 were familiar by virtue of the
subjects” previous training; the numerosities 5
to 9 were novel. Subjects were reinforced for
responding in an ascending order on trials on
which the six familiar-familiar pairs were pre-
sented (Fig. 3, red symibols). but no reinforce-
ment was provided for the familiar-novel or
novel-novel pairs (Fig. 3, black symbols). The
restriction of reinforcement to familiar-familiar
pairs prevented subjects from learning the ordi-
nal relations among the novel numerosities. To
control for non-numerical cues. we used new
exemplars of each numerosity on each trial. The

100-| /,/E, .
. .
g <
£
o
[&]
ot
g
o —s— Rosencrantz
(3]
= Macduff
70 T T i T T T T 1
1 2 3 4 5 6 7 8

Numerical Distance

Fig. 4. Effect of numerical distance on accuracy
in the pairwise test (76). A numerical distance
of 1 includes all pairs of adjacent numerosities
(1 versus 2, 2 versus 3, and so forth), whereas
a numerical distance of 8 includes only the pair
1 versus 9. The dashed lines represent the
best-fit linear models. The linear fits were sig-
nificant for both monkeys [(Rosencrantz, r?2 =
0.84, P < 0.05; Macduff, r2 = 0.51, P < 0.05)].

size of the elements within each stinwlus was
also varied to eliminate size or surface area as a
non-numerical cue (Fig. 1B).

Rosencrantz’s and Macduff’s performance
on familiar-familiar, familiar-novel, and novel-
novel pairs is shown in Table 1. Both subjects
responded in an ascending order on each type
of numerical pair (/6). Their use of an ascend-
ing rule on the 26 pairs that contained a familiar
numerosity can, to some extent, be attributed to
prior training on sequences of the numerosities
1 to 4. However, experience with familiar nu-
merosities cannot explain Rosencrantz’s and
Macduff’s ability to respond to novel-novel
pairs in an ascending order. Nor can transitive
inference explain this ability. Although nonhu-
man primates are capable of transitive inference
(17), the absence of any overlap between the
famitiar-familiar and novel-novel pairs pre-
cludes the possibility that subjects could logi-
cally deduce the order of novel-novel pairs (for
example, if A>Band B > C, then A > (). To
respond to novel-novel pairs, subjects must be
proficient in detecting ordinal disparities among
novel numerosities and must be able to apply
the ascending numerosity rule— learned previ-
ously with respect to the numerosities 1 to
4—to the numerosities 5 to 9 (/8).

Further evidence that monkeys represent the
ordinal relations among the numerosities 1 to 9
was obtained by analyzing accuracy as a func-
tion of the numerical distance between the two
test stinwli (Fig. 4). The positive relation be-
tween accuracy and numerical distance is sim-
ilar to that obtained from experiments with
human subjects (20). This relation has been
interpreted as evidence that numerosities are
represented in an analog manner.

Our results demonstrate that rhesus mon-
keys can spontancously represent the nunieros-
ity of novel visual stimuli and that they can
extrapolate an ordinal rule to novel numerosi-
ties. The process or processes that a monkey
uses to detect the direction of ordinal disparities
remain to be determined. Our subjects could
have used a counting algorithm (/9) to judge
the relative magnitude of numerosities (20).
Alternatively, they could have used a one-to-
one correspondence matching algorithm where-
by the elements of each stimulus were com-
pared (27). Extensions of the nonverbal numer-
ical tasks used in our experiment should pro-
vide a basis for assessing the extent to which a
monkey’s performance satisfies an operational
definition of counting and may also clarify the
nature of basic mumerical abilities in animals
and preverbal human infants.

References and Notes

1. Among the taxa that can discriminate such stimuli
are pigeons [W. K. Honig and K. E. Stewart, Animal
Learn. Behav, 17, 134 (1989)], parrots [l. Pepperberg,
Ethology 75, 137 (1987)], rats [E. . Capaldi and D. ).
Miller, J. Exp. Psychol. Anim. Behav. Processes 14, 3
(1988); H. Davis and M. Albert, Animal Learn. Behav.
14, 57 (1986)], dolphins [R. W. Mitchell et al.,
J. Comp. Psychol. 99, 218 (1985)], monkeys [M. D.

23 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org



Hauser, P. MacNeilage, K. E. Ware, Proc. Natl. Acad.
Sci. U.S.A. 93, 1514 (1996)], and chimpanzees [S. T.
Boysen and G. G. Berntson, /. Comp. Psychol. 103, 23
(1989); T. Matsuzawa, Nature 315, 57 (1985)].

. C.R. Gallistel and R. Gelman, Cognition 44, 43 (1992);

S. Dehaene, G. Dehaene-Lambertz, L. Cohen, Trends
Neurosci. 21, 355 (1998).

. W. H. Meck and R. M. Church, J. Exp. Psychol. Anim.

Behav. Processes 9, 320 (1983).

. H. Davis and R. Perusse, Behav. Brain Sci. 11, 602

(1988).

. R. K. Thomas and R. B. Lorden, in The Development of

Numerical Competence: Animal and Human Models,
S. T. Boysen and E. J. Capaldi, Eds. (Erlbaum, Hillsdale,
NJ, 1993), pp. 127-147.

. Previous studies (3) [J. L Emmerton and J. Niemann,

Animal Learn. Behav. 25, 234 (1997); J. W. C. Breukelaar
and ). C. Dalrymple-Alford, /. Exp. Psychol. Anim. Behav.
Processes 24, 84 (1998)] assessed an animal’s ability to
represent ordinal relations among numerosities. Qur
experiment differs from those studies in that we ob-
tained first-trial data. More important, these studies
were not designed to assess an animal's ability to
differentiate adjacent numerosities reliably or an ani-
mal’s ability to extrapolate an ordinal relation to nu-
merosities outside the training range.

. Before this experiment began, both subjects were

trained to order 11 four-item lists of photographs
using a simultaneous chaining paradigm [H. S. Ter-
race, in Quantitative Analyses of Behavior: Discrimi-
nation Processes, M. L. Commons, R. ). Herrnstein,
A. R. Wagner, Eds. (Ballinger, Cambridge, MA, 1984),
pp- 115-138; K. S. Swartz, S. Chen, H. S. Terrace, /.
Exp. Psychol. Anim. Behav. Processes 17, 396 (1991)].
Animals were maintained in accordance with NIH
guidelines.

. There were 16 stimulus locations on the video mon-

itor (arrayed in a 4 X 4 matrix). The configuration of
the exemplars was selected randomly on each trial
from a set of 43,680 spatial configurations. This
ensured that subjects could not learn the correct
sequence as a series of rote motor movements. Re-
inforcers were 190-mg banana-flavored Noyes pel-
lets. Errors terminated the trial without reinforce-
ment and resulted in an 8-s blackout of the video
monitor. Subjects were trained to a low criterion on
successive stimulus sets: correct completion of 20%
of trials within a single session (under the conserva-
tive assumption of no backward errors, the expected
chance level is 4% = 25% > 33% X 50% X 100%)
or until three sessions on a particular stimulus set
were completed. A low criterion was used to empha-
size rule learning (as opposed to memorization of the
correct order for a specific set of stimuli) and to
establish a "learning set” for mastering new lists
[H. F. Harlow, Psychol. Rev. 56, 51 (1949)].

. Rhesus monkeys learned the ordinal position of list

items during training by the simultaneous chaining
paradigm [S. Chen, K. B. Swartz, H. S. Terrace, Psychol.
Sci. 8, 80 (1997)].

. Before the test sessions, multi-set training sessions

were conducted. During multi-set training, the 35 train-
ing sets were presented randomly within each session
to prepare subjects for the test sessions in which a
different stimulus set was presented on each trial.

. The decrease in the accuracy of both subjects on the

second day of testing was not significant [t(1) = 3, P
> 0.2].

. Categorical discrimination of numerosity is defined

as behavioral control by the number of elements
contained by a particular stimulus that is indepen-
dent of other discriminable dimensions such as size,
color, shape, and total area.

. Other studies of serial learning [B. McGonigle and M.

Chalmers, in Reasoning and Discourse Processes, T.
Myers, K. Brown, B. McGonigle, Eds. (Academic Press,
London, 1986), pp. 141-164; N. Ohshiba, jpn. Psy-
chol. Res. 39, 236 (1997); S. H. Hulse and N. P.
Dorsky, Learn. Motiv. 8, 488 (1977)] suggest that
children, monkeys, and rats learn monotonic se-
quences more easily than nonmonotonic sequences.

. D. Washburn and D. Rumbaugh [Psychol. Sci. 2, 190

(1991)] trained rhesus monkeys on a forced-choice task
on which they were required to select one of two arabic
numerals, each associated with a number of discrete

REPORTS

food items. Subjects reliably chose the symbol associ-
ated with the larger number of food pellets, but hedonic
value was confounded with numerosity [see also A.
Olthof, C. M. Iden, W. A. Roberts, J. Exp. Psychol. Anim.
Behav. Processes 23, 325 (1997); L. Hiestand and H.
Davis, Math. Cognit. 2, 171 (1996)]. Another study [R. K.
Thomas, D. Fowlkes, D. Vickery, Am. J. Psychol. 93, 247
(1980)] showed that squirrel monkeys can discriminate
random dot displays of adjacent numerosities; however,
this study did not obtain first-trial data. Also, because
the numerosity pairs were trained successively, in sep-
arate blocks, it could not be determined whether the
subjects learned a series of pairwise numerical discrim-
inations (that is, numerical categorization) or whether
they used an ordinal rule.

. We used a two-item rather than a four-item test to

isolate the difficulty of particular numerosity com-
parisons. As in the four-item test, the two stimuli
were presented in random spatial locations on each
trial. Familiar-familiar pairs were presented twice as
frequently (60 trials per session) as the unreinforced
familiar-novel and novel-novel pairs (30 trials per
session) to maintain a high level of responding
throughout the 20 test sessions. On unreinforced
trials, subjects were allowed to respond in any order
and received neither positive nor negative feedback.

. The binomial probability of obtaining the observed

number of correct responses on each of the 10 novel-
novel numerosity combinations was below 0.05 for all
pairs, with the exception of 6:8, 7:8, and 8:9. There was

20.

familiar-familiar pairs because the novel-novel pairs
tend to have smaller Weber fractions and numerical
distances than the pairs that contain familiar numerosi-
ties (Fig. 4).

. B. O. McGonigle and M. Chalmers, Nature 267, 694

(1977).

. To apply an ordinal rule to novel numerosities, mon-

keys must be able to use a mechanism that can
perform relative magnitude operations on sets of
discrete items. The accumulator model (3) of the
numerical ability of animals posits that each discrete
(to be counted) event results in the closing of a
neural gate, allowing a constant amount of flow into
an accumulator. A similarity ratio is then computed
to determine which value in reference memory is
closer to the test stimulus. The resulting analog
representation is well suited for judgments of relative
magnitude. However, the accumulator model does
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Smart Engineering in the
Mid-Carboniferous:
How Well Could Palaeozoic
Dragonflies Fly?

R. J. Wootton,* |. Kukalova-Peck, D. J. S. Newman, J. Muzén

The wings of archaic Odonatoidea from the mid-Carboniferous of Argentina
show features analogous to “smart” mechanisms in modern dragonflies that
are associated with the agile, versatile flight necessary to catch prey in flight.
These mechanisms act automatically in flight to depress the trailing edge
and to facilitate wing twisting, in response to aerodynamic loading. The
presence of similar features suggests that the earliest known odonatoids
were already becoming adapted for high-performance flight in association

with a predatory habit.

ternal musculature, and their three-dimen-
sional shape during the flapping cycle is
largely determined by their elastic response
to aerodynamic and inertial forces, moderat-
ed by thoracic muscles inserted at or near the
base (7).

The dragonflies (order Odonata) are su-
premely versatile, maneuverable fliers, and
this is reflected in their wing morphology.
High-speed cinefilm, videotape, and still pho-
tographs show that the wings twist extensive-
ly along their span, allowing the insects to

Insect wings are the principal adult locomo-
tory structures of the largest group of ani-
mals. They are proving to be spectacular
examples of microengineering. They lack in-
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