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16 genes by positional appioaches n a s  ieported 
(20) Retrospective analysls s h o ~  s that 41% (7 
out of 16) of these genes had alieady been 
Isolated as ESTs and mapped at the time of their 
cloning This fiactlon incieases to 69% ( 1  1 out 
of 16) \\hen the data fioin the cuilent map ale 
considered. 

Comparative analysis has a long and hitfi l l  
histoly in biology, and detailed coinparative 
maps of lnamnallan 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 inap could 
be related to orthologous genes in other mam- 
mals. Makalonrski and Boguslu (21) have as- 
sembled a set of 1880 human genes along with 
their rat or mouse (or both) orthologs. \511en 
these genes were analyzed for overlap with the 
30,181 mapped human genes in the culrent 
study. we found that 70% of these human genes 
\ ~ ~ i t h  rodent counterparts are present. This data 
set therefore provides an excellent index for 
cross-referencing the human map with emerg- 
ing gene-based physical inaps of the mouse and 
rat genomes (22). 

Genome-scale expression inonitoring or 
profiling (23); a rapidly expanding area of f k c -  
tlonal genomics. relles on the availability of 
large catalogs of cDNA sequences 01 anays of 
clones (01 both) The piobleins posed by se- 
quence redundancy and nlacculacy are as cnt- 
ical foi gene explesslon appllcatlons as the! 
have been for transcript mapping. Furthermore, 
additional problen~s in these catalogs have be- 
come apparent. necessitating the autl~entication 
of sequences and clone reagents. Our collection 
of nearly 42,000 successf~~lly mapped, gene- 
based STSs, representing -30,000 uniq~le hu- 
man transcripts. provides a large, validated set 
of human sequences that can be used to design 
gene-speclfic oligonucleotides or select cDNA- 
dern ed polymerase chain reaction products for 
populating gene expresslon anays (or both) 
Use of this set could lead to a ~ e r y  usefill 
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 inap and subsequent versions ~vill  ulti- 
inately 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 fi~nc- 
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 i 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 stinluli dif- maintain that animals attend to numerosity as a 
fering in nun~erosity (I). The illlportance of this "last resort," that is, only if all other bases for 
capacity has evoked considerable controversy. discrimination are eliminated (for example, the 
Some have argued that animals have a nahlral shape, color, brightness, size, frequency, or du- 
ability to discriminate numerosity (2, 3); others 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 

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. 

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 

E. M. Brannon, Department of Psychology, Columbia 
University, New York, NY 10027, USA. H. 5. Terrace, 
Departments of Psychology and Psychiatry, Columbia 
University, New York, NY 10027, USA. E-mail: 
liz@psych.columbia.edu; terrace@columbia.edu 

Fig. 2. (A) Percentage of 
correctly completed tri- 
als during the first ses- 35 Training Sets aB i s ~ ~ e s t s * .  
sion fo; each of 35 
training stimulus sets in 
blocks of five sessions. 
Performance was above 
chance on the training 
sets [Rosencrantz, t(34) 
= 11.9, P < 0.001; Mac- 
duff, t(34) = 8.8, P < 
0.001] and improved d' I +- Macduff ( - - - - - - - - - , - - - - -  
across blocks (Rosen- 0 ' , I I I I I , 0 1 , ,  , , , 
crantz, r 2  = 0.425, P < 1-5 510 11-1s 16-20 21-25 2 ~ 0  51-36 1 2 3 4 s 
0.01; Macduff, r 2  = Stimulus Sets Session 
0.63, P < 0.01). (B) Per- 
centage of correctly 
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 > 0.361. 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%.). 

Clip Art 

Familiar (F) I 
a Novel (N) 

Random S ~ z e  r - ~ p e  

B Smaller Numcwodty Has: 
Larger A m  w 1. (4 

of the sewn d i i  
types of stimulus 
sets equal size (& - - - ments were of the 

Smaller Arm same size and shape); 
equal surface area 
(cumulative area of 
elements was equal); 
randomsize(elernent 
size varied andomly 

acra*i sumuu); dip art (identical 
ebnents selected from dip att *T 
mixed (dip art dements of variable shape); ran- 
dom size and shape (awnents within a stimulus 
were varied h l y  in size and shape); and 
random size, shape, and ah (same as random 
size and shape, but with backgmnd and for+ 
grwnd cdors varied between stimuli). AU 
were used with equal f q u q  in both four-item 
training and four-item testing (B) Examples of 
stimulus sets used in  the pairwke numerosity 
test The smaller numerosity had a L#ger cumu- 1 
lative surface area than the larger numerosity on Fig. 3. The 36 pairs of the numerosities 1 to  9 used in the pairwise test. These are segregated into 
50% of all trials, and elements within each stim- three types that were defined with respect to  the subjects' prior experience with the constituent 
ulus were identical in size, shape, and cdor. numerosities: familiar-familiar (FF), familiar-novel (FN), or novel-novel (NN). 

www.sciencemag.org SCIENCE VOL 282 23 OCTOBER 1998 



numerosiries 5 to 9. exceeded the le\ el predicted by chance and did size of the eleme~lts within each stimulus ~ v a s  
The subjects n.zre tivo rl~esus monl~eys. not differ from subjzcts' accurac) during the also I aried to elimiaare size or surface area as a 

Rosencrantz and RIacduff. The) \\ere first last fi\ e blocks of the 35 tlaining sets (in \ \ l ~ i c l ~  non-n~unerical cue (Fig. 1Bj. 
trained to order exeinplars of the n~uil~erosities 1 subjects could ha\-c used non-n~umerical fea- Rosencrantz's and blacduff s performance 
to 4 ( 7). Four exemplars, one of each numeros- tures of the stimuli to learn the c o ~ ~ e c t  order) on familiar-familiar. familiar-no~el, and novel- 
ity. were displa~ ed simultaneously on a to~lch- ( 11 ). Rosencrantz's and Macdilff s perfor- no\ el pairs is sl~o\\ln in Table I .  Both subjects 
sensiril-e lideo monitor. The configuration of mance on the rest sets shows that the) learned responded in an ascending order on each b p e  
the exe~nplars \?.as \ aried randomly b e n t e n  to discriminate nu~i~erosity dusing training el en of n~umerical pair ( I  h ). Their use of an ascend- 
hials (8). The subjects' task n-as to respond to ~vhen a non-nume~ical strateg!. \i.ould ha\ e suf- ing 1~11e on the 26 pairs that contained a fanliliar 
each exenlplar in an ascending numerical order, ficed. It should also he clear that their perfor- numerosity can. to some extent. be attributed to 
Subjects had to learn the required sequence hq mance cannot be attributed to a .'last reso~t" prior training on sequences of the numerosiries 
trial and error by remembering the conseqnenc- strategy. I to 4. How21 er. experience with fanliliar nu- 
es of their responses to each sti~nulus. . h y  enor In addition to pro\.iding unequivocal first- merosities calmot explain Rosencrantz's and 
ended the trial. colsect responses produced brief trial ex-idence that monlteys can discri~ninare \.lacdufi's ability to respond to no\ el-nolel 
audi to i~  and \.isual feedback, and food rein- the nu~nerosities 1 to 1 categoricall~ . Rosen- pairs in an ascending order, Nor can transiri~ e 
forcement \%,as gi\.en only after a cowect re- crantz's and AIacduff 5 ability to order ne\i inference explain this ability .Although no~lhu- 
sponse to the last stimulus. The saille stimulus exemplars of numerosit~ suggests that the! man primates are capable of transithe inference 
set mas presented on each trial for at least 60 lea~lled an ordinal rule. An alternatix-e expla- ( 1  7 ) .  the absence of a19 01 erlap hetn.een the 
consecutive trials. Ilurino the initial uhase of nation of their ~xrformance on the 150 tesr familiar-fa~nilix and novel-novel uairs me- - 
haining. subjects \\-ere trained on 35 different sets is that they discrinlinatzd each numeros- cludes the possibility that subjects could logi- 
stimulus sets of exemplars of the ~mmerosities I ity as a nominal caregor), ( 1 3  I and that they call! deduce the order of n o l e l - n o ~ d  pairs (for 
to 4. Examples are shon-n in Fig. 1.A. then applied an arbitrar~- rule to order four example, if A > B and B > C, then A > C).  To 

The percentage of trials on \vhich subjects imrelared categories ( 1 3 ) .  To ~ u l e  out this respond to novel-novel pairs. subjects mnst be 
responded to each numerosity in the co~sect altemati\.e explanation. we e\.aluated our proficient in detecting ordinal disparities among 
order n a s  ~vell  ahox-e the chance 121-el of accu- suL?jzcts' abilit>- to respond correctly to btim- novel numerosities and must be able to apply 
racy for each of the 35 training sets. As shonn ulus pairs ofno\'el numerosit~es in an ascznd- the ascending numerosity m l e -  lea1ned preli- 
in Fig. 2A, perfoimance also increased \r it11 in? n~~merica l  order ( I  4). ously nirh respect to the nunnerosiries 1 to 
each nen  set. This increase could reflect either Both mo~dceys \I-cre tested on each of the 36 4-to the numerosities 5 to 9 (18). 
or both of the follon~ing factors: ( i )  Subjects numeros i~ ,  pairs that could be generated from Further e\,iclence that monke~  s lepresent the 
lea~ued the order in n-hich to respond to each the mumerosities I to I) (Fig. 3 )  (15) .  The nu- ordinal relations among the n~mlerosities I to 9 
stimulus more rapidly, and (i i)  subjects lealued merosiries 1 to 4 were familiar b ~ ,  l- i~tue of the was obtained by analyzing accuracy as a fimc- 
to use tl1.e ielatil-e mumerosity of each s t imul~~s  subjects' 11revious training: the numerosities 5 tion of the n~unerical distance benveen the h5.o 
to predict the required response order for each to 9 \\.ere no\el. Sul?iects \\ere reinforced for test stinluli (Fig. 1 ) .  The positi1.e relation be- 
nen stimulus set. 7112 first explanation is plau- responding in an ascending order 011 trials on hl-een accurac). and numelical distance is sim- 
sible because subjects IT ere Rained for at least xi-hich the six familiar-familiar pairs xere pre- ilar to that obtained from experi~nents \v-it11 
60 trials on each stimulus set. Repeated expo- sented (Fig, 3. red symbols). but no reinforce- hmnan silbjects (30). This relation has been 
sure to each set pro\ided ample oppo~-run it^ to ment Ivas provided i'or the familiar-no\,el or intelpreted as e~idence  that numerosities are 
associate so~ne non-nume~ical feahlre of each novel-no\-el pairs (Fig. 3. black sJ~mbols). The represented in an analog manner. 
stimulus (for example, the configuration of the restrict~on of reinforcement to familiar-familiar Our results demonstrate that rhesus mon- 
elements) n-it11 its ordinal positio~l (9).  pairs pre\.ented subjects from learning the ordi- keys can spontaneously represent the numeros- 

The oppo~nmity to learn the correct order in nal relations among the no\ el numerosities. To i t ,  of 1101 el 1 isual stimuli and that they can 
nhich to respond to a nzn- set of stimuli was control for non-numerical cues. n-e used new extrapolate an ordinal rule to no\.el nu~nerosi- 
eliminated during rest sessions in n-hich 150 exenll2lars of each munerosity on each trial. The ties. The process or processes that a monkey 
nen. stimulus sets n ere presented only once (30 uses to detect the direction of ordinal disparities 
sets per session for five consecutive sessions) 
(10).  Figure 9B shows the percentage of cor- 
rectly completed trials on the 150 test sets. 
Numerosity \\as the only basis for ordering 
ite~ns on the tesr sets. ..\cc~~racy substantially 

Table 1. Percent correct fo r  t h e  three types o f  
numerical  pairs. Both  subjects' accuracy exceeded 
t h e  chance-level accuracy o n  fami l iar- fami l iar  
pairs [Rosencrantz, t ( 19 )  = 70.0, P < 0.0001; 
Macduff ,  t ( 19 )  = 40.9, P < 0.0001] ,  fami l iar-novel  
pairs [Rosencrantz, t ( 19 )  = 25.7, P < 0.0001; 
Macduff, t ( 19 )  = 32.3, P < 0.0001],  and novel-  
novel  pairs [Rosencrantz, t ( 19 )  = 9.1, P < 0.0001; 
Ivlacduff, t ( 19 )  = 7.3, P < 0.0001].  

Percent correct 

F F FN N N 

Rosencrantz 9 4  93  73 
Macduff  92 9 3 7 5 

70- 
1 2 3 4 5 6 7 8  

Numerical Distance 

Fig. 4. Effect  o f  n u m e r i c a l  d is tance o n  accuracy  
i n  t h e  pa i rw ise  t e s t  (76). A n u m e r i c a l  d is tance 
o f  1 inc ludes a l l  pairs o f  ad jacent  numeros i t ies  
(1 versus 2, 2 versus 3 ,  a n d  so  fo r th ) ,  whereas  
a n u m e r i c a l  d is tance o f  8 includes o n l y  t h e  pa i r  
1 versus 9. The dashed l ines represent  t h e  
b e s t - f i t  l inear mode ls .  T h e  l inear f i t s  w e r e  sig- 
n i f i can t  f o r  b o t h  m o n k e y s  [(Rosencrantz, r2  = 
0.84, P ,< 0.05; M a c d u f f ,  r Z  = 0.51, P ,< 0.05)] .  

remain to be deremlined. Our subjects could 
ha\.? used a co~mting algorithm (1  9) to judge 
the relati!,? magnihlde of numerosities (301. 
Alternari~ ely. they could 11a1.e used a one-to- 
one co~sespondence matching algorithm where- 
hj. the elements of each stimulus ~vere com- 
pared (-71 ). Extensions of the nonlerbal numer- 
ical tasks used in our experiment should pro- 
~ i d e  a basis for assessing the extent to which a 
mollkey's perfo~u~ance satisfies an operational 
definition of counting and ma!- also clarify the 
natule of basic numerical abilities in animals 
and preverbal I l~~man  infants. 
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Insect wings are the principal adult locomo-
tory structures of the largest group of ani­
mals. They are proving to be spectacular 
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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 (1). 

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 

Smart Engineering In the 
Mid-Carboniferous; 

How Wel l Could Palaeozoic 
Dragonflies Fly? 

R. J. W o o t t o n , * J. Kukalova-Peck, D. J. S. N e w m a n , J. H u z o n 

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. 
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