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" . THE DISCRIMINATION OF AUDITORY AND VISUAL NUMBERl

SECTION ONE
INTRODUCTION

Situstions often arise in which a person is asked to
Judge how many objecta there are in a group of objects,
There 18 the familliar case of the contest where the task 1is
to Judge the number of jellybeans in a large jar, If the
beans could be taken out of the Jjar one by one, the exact
numbeyr of beans could be determined by counting them,
However, the rules of the contest prevent this, and theree
fore the number of beans in the jar must be estimated and an
approximate answer given.

If everyone who entered the contest were allowed to
count the jellybeans there would be little or no difference
among the answers given. Counting determines the numerosity
of the beans, KNumerosity has been defined by Stevens? in
the following manner: |

" eseeln order to specify the numerosity of any

group we have merely to palr successively each

object in the group with a numeral from the
numeral-series. This operation we call counting."”

1Tho study was conducted under the guidance of
Doctor Ira J. Hirsh’at Central Institute for the Deaf,

23tovena. 8. 8., On the problem of scales for the
measurement of psychological magnitudes, J. Unifled 8ci.,
9, 1936, p«95.
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When en estimate rather than an exact count of the
number of beans is required the answers of different con~
testants may be quite different and will depend on individual
ability to judge the size of the beans and the capacity of
the jar, Eitimating determines the numerousness of the
besns. Numerousness has been defined by Kaurman‘gg‘gg.a as

"that property of a group of objects which we can

disoriminate, without counting, under instruction

to judge how many objeats the group sontains."

Thus there are two different properties of the group of
bsans thet can be determined when a person is asked to Judge
how many beans are in the jer. He ocan tell how many beans
there are by counting them and determine the numerosity of
the beans. Or he can estimats the number and give the
nnnurausness'ar the beans,

In experimental studles on the discrimination of numbepr
subjects have often been asked to report the number of
objects in & group of cobjecta. Kaufman.gg‘gl.h asked their
subjectas to judge the number of dots when groups of dota
{slike in size but random in distribution) werse exposed on
s sereen for 1/5 second. This exposure was too brief for
subjeets to count and they had to estimate the number of
dots they had seen. They thereby determined the numercusness

. : of the groups of dots. The results gave evidence for two

3keufmen, E. L., M. W. Lord, T. W. Reess, and J. Vollmenn,
The diserimination of visual number, Amer. J. Psychol., 62,

1949, p. 498.

h‘xautman 8t al., Ibid, pp. 498525,
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different ways in which visual number is discriminated under
conditions of simultaneous presentation. Discriminetion of
from one to six dots was faster, more acourate, and socome
panied by more confidence than was the discrimination of
more than six dots. Tavats hed obtained similar results
under similar experimental conditions and proposed that two
different kinds of reportes might exist, one kind for pro=
sented numbers of six and bdelow and another kind for larger
numbers. Kauruan‘gg.53.6 have proposed that the proecess of
determining the numerousness of groups of visual stimult
with six or'fatur stimli be called gubitizing to differen=
tiate this kind of report from ostimntiQ of larger groups.
In other experiments subjects have besn asked to Judge
the number of stimuli in a group when fleshes of light were
presented successively either in the same place eor in
different places along the ssme horisontal plane. In one
such atudx’ some of the presentation rates were as fast as

50 fleshes per second (fps). Chestham and whitoa also used

sfuvos. E., H., Two mechanisms for the perception of
visuel numerousness, Arch. Psychol., 37, 1941, 147.

6Kuufmn3_t_3_§.. op. s8it., p. 520

. 7Psrohophyaioa1 Resoareh Summary Report 1946-1952,
Paychophysical Research Unit, Mount Holyoke College.
NAVEX0S P=1104, Technical report S8PECDEVCEN 131-1e§,

1953, 96-104.

BChoathtm. Pe G. and C. T. White, Temporal numerositys I.
Perceived number as a function of flash number and rate,

J. Exper, Psychol., W, 1952, 447-451,
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flashes of light at fast rates (10, 15, 22.5, and 30 fps).
In sudition Garner? has worked with successive stimuli
(serles of 1000 eps tene pulses) &t different retes in-
oluding rates of 10 and 12 pulses per second (pps). When
stimuld come successively at fast rates, either auditorily
or visually, it 1s difficult to identify the individusl
stimuli of the group. A subject must estimate how many he
sees oé hears and when he does he is sgsin reporting the
nuaarbuunoan gr the stimulus group. This %ime, hewovor.‘it
ia under conditions of aueee:&iv&vgroaontatiqn. |
310w6£‘praaontatian rates were used in the Mount Holyoke
study on successive visual nusberl® (as low as 2 fps) and by
Gurnarllr(ﬁhoAlowout was 4 pps). :Aiso Taubmand@, 13 yged
rates from 1.8 to 5.4 rparih a study on sueccessive visual
number and rates from 5,7 fo B.9 ppe in & similar auditory
study. At slow rates the stimull sre relatively far apart
and there is time available to identify them one by one.
Subjects are adble to count and thereby to determine the

9Garner, W. R., The acouracy of counting repeated short

tones, J. Exper. Psychol., 41, 1951, 310316,

lopsyohephytieal Researoch Summary Report, op. elt., p. 100,
garner, op. sit., p. 310. ‘

lzrnuhman, R. B., 8tudies in judged number: I, The

Judgment of auditory number, J. Gen. Paychol., 43, 1950
167-19)4.. » Jo (H 8Y0N01., ’ ’

13raubman, R. E., Studies in judged number: IX. The
j;gggigs of visual number, J. Gen. Psychol., 43, 1950,
1 - .
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numerosity of successive stimuli. A report of numerosity

is also obtained when a group of stimuli are presented simule
tanoously and exposed for e long enough time for subjects to
count the number in the group. Subjects cen be instructed
for acouraey to sssure that they will count.

When the stimull are presented successively the rates
at which sub jects will g;vo accurate reports of numerosity
depend on the limiting interval betwsen two stimuli. This
interval (A) must be shared by the stimulus reesction time (B)
and the time necessary to emit the verbal response (C), The
meaximum presentstion rate at which counting will ocour
accurately is that rate at whioh A»B + C, At higher rates
errors will cccur,

This discussion has been an attempt to differentiste
numerousness and numerosity. The former 1s determined by
the process of estimating, the latter is determined by the
process of counting. Examples of these two processes have
been talken from experiments on both ‘auditory énd visusl
disorimination of number. There 1is lacking in the literature
on the discrimination of number, however, any direct come

parisons of auditory and visual numerosity and esuditory and

visual numerousness.




¢6¢
SECTION TWO
STATEMENT OF THE PROBLEM

No experiment has compared directly the diserimination
‘of auditory and visual number, Taubman in his experiments
with successive stimulilk'ls ﬁsed the same group of subjects
‘ror'his visual snd his auditory measﬁrementa, but none of
the rates of presentation in the two studies overlapped.

Taubmen's results show that subje ots give reportvs' of
the numarésity of a group of aucéossive stimull at low rates
of presentation in both vision and sudition (subjects will
count). But counting of visual stimull breaks down at a
lower rate thah counting of asuditory stimuli., Subjects were
making leis than 50% correct responses for visual series
containing more than three flaahadrit & stimulus rate of
56 fp#. In ceﬁtvaat all subjects were making 100% correct
responses for all auditory stimulus series at a presentation
rate of 5.7 pps. Garner's auditory datal® and the visual
data from Mount Kolyokel7 agroeiwell with Taubman's data.

This experiment was designed to compare directly the
diserimination of successive visual number and successive
auditory nnmber using the same atimulus duretions and pree

sentation rates for both kinds of stimull,

lhTaubman, R. E., Btudies in Judged number:lI. The judge
ment of auditory number, J. Gen. Psychol., 43, 1950, p.17k.

15Taubman, R. E., Studies in Judged-numbersII. The Jjudg~
ment of visual number, J. Gen. Psychol., 43, 1950, p. 196,

léGarner,‘gg. cit., Pe31l.

17Paychophyaioal Research Summary Report, op. eit., p.10l.
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BECTICN THREE
EXPERIMENTAL CONDITIONS

Stimull. 8quare electrical pulses from a Tektronix pulse
gonerator activated both the auditory and visual eircuits
(see Pigure 1). The duration of the electrissl pulse was
held constant at one millisecond and the interval between
pulses was varied to change the rate at which the pulses wepre
presented,

The number of pulses in a series was sontrolled by a
binary counter=-relay circuit. The counter registered up to
128 counts by a system of neon lights and recorded multiples
of 128 counts on a mechanical counter controlled by relay 2.
In the resting position relay 2 was closed, relay 1 was open,
and switoh 1 was open. To put a predetermined series of
pulses through the cireuit switech 1 was momentarily eclosed
which let enough current through the eirouit from the b volt
battery to close relay 1. With relays 1 and 2 olosed the
eirouit from the generator to the transducer was complete
and pulses went through the oircuit and were recorded by the
counter. Ths countar was firat set to let only the desired
number of pulses through. The lightas of the counter were 14t
80 that the count they registered plus the number of pulses
in the desired series totalled 128. When switch 1 was closed
the counter would continue recording counts from the point

at which 1t was set until the lest pulse in the series

(by this method always the 128th count) opened reley 2 and
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the pulses were stopped.

The peak voltage of the pulse from the gensrator wae
LO volts. In the suditory transducer ¢ireuit the pulses
were led first to an attenuator and then to an impedsnce-
matching ﬁransrarmsr before reaching the PDR;IO sarphone.
Pulses were delivered to the subject nonaurally. The shape
of the electrical pulse as it roached the earphone is ssen
in Pigure 2. The actual peak voltage delivered to the aare
phone was 0.13 volts corresponding to a peak preasurs of
110.7 db re 0.0002 miorobar deliveraed at the entrance to the
ear canal. The shape of the asoustic pulse, which remained
the same for all presentation rates, is shown in Figure 3,
The acoustic pulse retains the essential square charactere
iatica of the slectriosl pulse. In addition the earphone
responds at & resonant frequency after the on and the off
parts of the pulae causing the osclllatory effects seen in
Figure 3,

To produce the flsshes of light the electrical signal
from the pulse gonoraﬁor was fed ﬁe the light cirecuit dia-
grammed in Pigure L. The 1light ouﬁput of the R1131C
(a Sylvania glow modulator tube) was recorded by & photo-
electric cell and iz shown in Pigure 5. The squars charac-
teristics of the pulse are lost in the 11ght output. Howevor,v
the 1ight flash maintains the same shape at all repetition
rates and the light output also drops to zero bstween pulses

at all repstition rates (see Pigure 6).
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Figure 2. Shape of the electrical pulse fed to the earphones

1.0 HERC,

Pigure 3. Acoustic pulse from the earphone (see discussion in text)
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The light flashes were presented at eye level through

& hole 5/8 inoh in diameter drilled in a lsrge plece of
plywood. The hole was covered with s plece of sanded plexi-~
glass to diffuse the light evenly. Indirect, low level room
lighting was obtained by reflecting the 1ight}of e 100 watt
incandescent buld from the ceiling of the room: The plywood
surface facing the subjeet was painted a medium grey and the
oircle of the light flash was actually centered in the middle
of a three inch square plece of ihito.e?édbeurd.

~ The subject sat tdﬁ feet avay and viewed the light
binocularly. The brightness of the light at the position of
the aub;oet was 3.8 apparent foot candles as measured by a
MsoBeth 1lluminometer. At a three foot distance the bright-
ness of the light was 6.5 apparent foot candles, of the
white square was 2.7 foot candles, and of the grey background
was .98 foot candles.
SBubjects. Subjects were five young adults of the Institute
steff, four males and one female. Three had had experience
as subjeots in psycho-sacoustic experiments dbut none had ever
served in an experiment on the diserimination of successive
number.
Procedure. Auditory and visusl stimull were presented at
seven different rates, 4.0, 5.0, 6.25, 7.69, 10.0, 12.5, and
15.87 pulses per second. Series vearying in length from
2 to 32 stimull were used at each of the seven rates. A

preliminary study had shown that accuracy was 100 per cent

at rates lower than 4.0 pps end for any series which
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contained only one pulse. The series increased by ones from
2 to 20, then by twos from 20 to 28, and the longest series
contained 32 pulses. All series and all rates were random-
1z0d, euch series at each rats appearing three times in the
experimental program,

Sud jects came for six one-hour sessions, all ocourring
within a period of two weeks. At each session both auditory
and visual stimulus series were given. If & subject was
given the auditory stimuli first at the firat session then
he was given the visusl stimulil first at the second session,
and 80 on. Different randemizations wers used for each
sub ject,

4 reat period was given between the two different kinds
of stimulus series. An auditory warning signal was used to
signal the presentation of a visual series while a red.lighe
esignaled the presentation of an auditory series.
Instructions. Sudjects were simply asked to report how meny
auditory pulses or flashes of light there were in each series
presented to them. No instructions were given as to grouping
of counts or as to the top nnaboé of stimuli in the experi-
ment. They were told that some series would be very short
and others much longers that some series would be slow enough
to count easily, and others would come so fast they oould

not be counted.
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BECTION FOUR
RESULTS

Reported number has been plotted as a funotion of pre~
sented number for each presentation rate (see Figures 7 to 13).
Aﬁditary’and visual results for a given rate have been pre-
sented together to compare the two kinds of responses. Each
point is a mesan of 15 responses, five subjects giving three .
responases each. The so0lid line with a slope of 1 indicates
where all the points would fall if subjects were accurate
all of the time,

Figure 7 shows the results for the slowest rate. At
this rate subjects give very scourate suditory reports for
all stimulus series. Visual reports are not quite so
accurate. Serles of two or three flsshes are reported withe
out error but reports for longer series are in error by one
or two counts. Error ineresses as the length of the series
inocreases,

Pigure 8 shows results when the rate is inecressed to
5 pps. Audieéry'roparta are still very accurate, but ocos~-
sional errors by some subjects give some means slightly less
than the presented numboi. At a rate of 5 fps visual
acouracy is definitely impaired. Subjeots report two and
three flash series aoccurately, miss one or two flashes for
other serles up to ten, and miss as many as five or six in
the longer series.

At stimulus rates of 6.25, 7.69, and 10.0 pps suditory
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acouracy 1s atill good for series containing less than ten

- stimull, but agsin there is increased error ss the length of
the stimulus series 1s inoreased and as the rate of presen~
| tation 1s incressed., Visual reports at ell three of these
ratea are in greater error than are the suditory reports
slthough they are, like the suditory reports, more accurste
for serles below ten. The effect on visual reports of
inereasing the stimulus rate is not as striking as it is for
the suditory reports. Error inersases slighéiy. but very
similar_reports are given at all three rates when the series
are presented visually,

For rates below 10.0 pps the suditory and visusl report
functions are essentially linear below a presented number of
‘ ten and linear but with a different slope, for presented
~uumbers above ten. At 10.0 pps both funotions lose their
linear charscteristies above ten and become stepeshaped. The
change 1is ¢learest in the visual funoéion. Step~-shaped
Tunetions for both kinds of reports sre found at the two
highest rates, 12.5 end 15.87 pps. At these high rates
changing the rate does not change in any consistent manner
the relation between reported number and pressnted number
for series containing more than ten stimull.

Acourasy for series below ten continues to be good as
1t was at lower rates., Visual sccuracy has even improved
slightly. At 15.87 pps the shorter series, both auditory

and visual, are reported as containing more stimull than

they actually do.
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Although no measures of variability have been caleulated
for the present deata-=they are inadequate for such measures
as calculated by Garneri®--1t 1s evident that the five subjects
differ as muoh from each other both visuelly and auéztorily
&8s Garner's calocuations would predict. For series and rates
where socurasy is high variability is low. Individual
reports of pumber are within + 1.0 of the mean. Where
fccuracy has decreased there is a rise in both the inter-
and intrae-subject varinﬁility. At rates of 12.5 and 15.87 PDS
two subjects overestimate end the other three still undere
oeztimate with the exception of the short seriaes at 15,87 ppa
where all subdbjects ovorlatimatq. _

The range of reports increases as the lohgth of the
iarzos and/hr_tha retes is iabroaiod. At 10.0 pps for an
auditory stimulus series of 15 the range extends from a re-
ported number of 8 to one of 17 with a meen of 13.2. Por a
corresponding visual series the range of reports is 6 to 16
and the mean 1s 11.3. At 15.87 PP8s an auditory series of
" 15 has & mean of 14.7 and s range from 8 to 26; a visual
series has a mean of 12.3 and a range from 7 to 25, Por
longer series at thess rates the range is larger. At 10.0 Pps
en auditory series of 26 stimul! has a mean of 19.9 and the
range 1s 15 to 26. At 15.87 pps a series of 26 hes a moan
of 20,0 and the range 1s 12 to 45,

There is & correlation between &couracy and the way a

1eaarnor,‘2g.‘2;£., PPs 313315,




subjeet saild h§ evaluated the number of stimull in a geriles.
Those subjects who grouped the stimuli by threes, fours, or
fives at rates where they ocould not count were less accurate
than those who tried to give only one evaluation of the -
number of stimuli presented. The attempt to group supere
imposed upon the series caused a greater loss of information
- than the process of not grouping.

In summary, the agcuracy of reporting either auditory
or visusl successive number is a funetion of both the
presentation rate and the number ;n the stimulus series.
Inoreasing either the rete op the length of the series de-
eresses the aceurasy of both auditory and visual reports. In
general the auditory sense is a better discriminator of
successive number than the visual -sense. All auditory reports
are more ucourato than eorro:ponéins visual reports at low
rates of stimulus presentation., At 111 presentation rates
for norioa containing ten or fcuur stimull euditory accuracy
1s slightly better then visusl hoccuracy. However, at fastep
rates for longer stimulus seriss there 1s 1ittle difference
in the two kinds of reports. '

When errors ars made in the ditarimination of nuecoséivc’
number they are mede in the samcyairaetian; series not re-
portod‘aceuratoly are reported ai baviﬁg fewer stimulil than
they ﬁotuully do-=with one exception. At the fastest rate
both auditory ard visual series which contein lese than ten

stimul! are reported as econtaining more stimull than there

actually are in the presented seriles,
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SECTION FIVE
DISCUSSION

Like other published data>’’20?21s22 these data show
that the accuracy of disorimination of both visual and
auditory successive number is a function of the length of
the stimulus series and the rete of presentation, Mesgn re=
sponses obtained by others and thé responses obtained in
this study differ very little for comparable series and
rates,

It 1s interesting to look at the present data in terms
of the discussion of numerosity and numerousness glven in
Seoction One.

The numerosity of e stimulus group 1s determined by the
process of counting. An acecurate determination of numerosity
requires that every stimulus, in this case every light flash
or auditory pulse, be raired with a nmumeral, Plgures 7
through 13 show that accurate determinations of numerosity
can be made at faster rates and for longer series when the
stimull are auditory than when they are visual. It is only
for series of two or three at rates of [ or 5 fps that the

means for reported visusl number correspond to the presented

19Paychophysica1 Resear ch Summary Report, op. cit., p.101.
2°aarner,.gg. cite., pp.311=312,

2lraubmen, R. E., Studies in Judged number:I. The judg-
ment of auditory number, J. Gen. Psychol., 43, 1950, pp.181~-183,

azraubman, R. E., 8tudies in judged number:;II. The judge
ment of visusl number, J, Gen, Psychol., 43, 1950, pp.200=~206,
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number. Many individusl visual reports for faster rates and
longer series are still aceurate, but errors are made and
are reflscted in the mean sscorse.

Subjeets count after they cesse to give acourate reports
of numerosity, Bewav§r, if subjects are counting at s scone
stant rate, the relation between reported number and elapsed
time of a series should be linear no matter whether the
subject is scocurate or 1in error in his final report (see
Figures 1, and 15). |

In Plgures 1 and 15 reported number is plotted as a
function of time in milliseconds. The first point on each
funetion 1s the mean reported number for a series conteining
two stlimull, such a series oeeurring'in & shorter élapsed
time as the stimulue presentattion rate is incressed., The

next point is for & serias of three stimull, and so en.

Linear functions are obtained for rates up to and inecluding
7+.69 pps when the stimuli are auditory (Pigure 1) although.
reports for the 1ong§r series do not fit the funstion at
7.69 pps. . For longer series the counting rate is probably
not held constant. Visual functions become non=linear at
7.69 fps (Pigure 15). Apparently subjects will sount
asuditory serles st 8lightly higher rates then they will
visual series.

It has been pointed out in Section One that subjects
estimate when they sre unable to count. This kind of report
determines the numerousness of a group of stimuldl., Sub Jects

are probably estimeting both auditory and visusl seriss at
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rates of 12.5 and 15.87 pps. The step functions obtained at
these rates indicate at least that something different from
counting is £aking place. The step characteristics of these
functions become clearer in Figures 1 and 15 where reported
number is plotted as a function of time in milliseconds,
Differences of one stimulus between series which can be
reported when subjlects can count are not discriminated at
these higher presentation rates. Series differing in time
by as much as 150 milliseconde and by as many as four stimuli
are in the same report category.

A sefies of successive stimulil bresentea at a fast rate
has two main cheracteristics by which an estimate of number
can be made. First there 1s a specific elapsed time from
the beginning of the first stimulus to the end of the last
one. Second, this time is "fi1lled" with stimul!l whiech cannot
be separated from sach other but ihich have flutter or
flicker characteristics as the stimuli go off and on. Two
series of varying length can then be diffsrentiated by
differences in elepsed time and/or differences in the amount
of flicker or flutter, Time and flutter cues are undoubtedly
used at 12.5 and 15.87 pph in estimeting the number of
stimuli in the group.

The visual date of Cheathem and WhiteZ> and auditory

236heatham and White, op. cit., p.4li9,
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date of theirs to be published®™ 1ndicate that the presen-
tation rate of successive stimuld can be so fast that
estimates are made on the basis of elapsed time alone, They
have date obtained.at several rates above 15.0 pps (their
highest was 30.0 pps) that have the same slopé énd almoat
the same intercept, regard{eas of rate, whnnmreported number
is plottedvas 8 funetion of t;me; :

The better accuracy obtained for the diserimination of
seriés ol teh or less stimuli is easy to explain at rates
where subjects are counting. Probably an optimum counting
rate is maintained for ten or so stimuli. Then the countihg
rate changes to a slower but sti1ll constant rate which maine
tains the linearity of the response curve but flattsnsyita
slope. The slower counting rate would necessarily mean'more
cumulated errors. The elapsed time of series below ten is
iery short at rates where subjecti-eatimato. 'The effqét
may be salmost one of aimultaneity-of presentation, At least
it 18 interesting to note that high accuracy for up to five
dots, overestimation from five to ten dots, and underestimae
tion of larger groups was found by Kaufman et 11,25 in their

s

experiments with simultaneous visual number,

o 2hcheatham. Po G. and C, T. White, Temporal numerosity:
IIT. Auditory perception of number (to be published)

zsxaufman'gg 8le, op. cit., pp.507=508,
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SECTION SIX
CONCLUSTONS

A oomparison of the disériminstion of successive auditory
and visual number at several presentation rates and for
stirmulus series of varying length has been made. An attempt
has been made to show the kinds of response differences
obtained when subjeets eount (ut'nloV’raton) and when they
eatimate (at fast rates).

The accuracy of the discrimination of suecessive number
decresses as the presentation rate is inoreased sni the
number in a series is increased. In general the auditory
diiérimiudtien of successive number is more acourste thsn tﬁo
corresponding visual diserimination. However, at rates
whororiubjoeta §stimato both auditory and visual meries the
two kinds of reports are very similar,

Subjeots attempt to count auditory stimuli at faster
rates and for longer series than they do visual stimull.

When subjects start to estimate they use diserimination of
elapsed series time and/or the amount of flicker or rluttor'
to determine the number of stimull in a series of successive

stimull.
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