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Two Distinct Number Systems? 23

Small # system: 1, 2, 3!
e Subitizing, Parallel individuation 2
e Object Tracking System (OTS)

Large # system: 4...1

e \Weberian numerical magnitude
estimation

e Approximate Number System (ANS)




Previous Research in Numerical Cognition

Behavioral oddball paradigms: Change detection studies
have traditionally relied on participants, performance recorded
as response time (RT) & accuracy.

EEG studies: Brain’s electrocortical activity recorded during
change detection tasks & analyzed as Event-Related-
Potentials (ERP).

Current issues: Much of numerical change detection research
uses large numbers (10~100). 3 >

Also, most ERP studies focused on the magnitude (size) of
change, but few have studied the direction of change. > ©



Hyde & Spelke (2012) 3 Current Study: Tang et al. (2022) 8
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* Continuous #: Small (1, 2, 3)<*> Large (4, 5, 6)
» Active detection of numerical change (key press)
» See next slides for animations of what participants saw.

» Discontinuous #: Small (1, 2, 3)// Large (8, 12, 16)
» Passive observation of change during EEG.



2-3: Increase Small-Small




3-2: Decrease Small-Small




5-6: Increase Large-Large




6-4: Decrease Large-Large




3-5: Increase Small-Large




5-3: Decrease Large-Small




P r O C e d u r e (contact for more info)

15 RH participants
128-channel EGI GSN system ERPs recorded over:
e POT (Parietal Occipital Temporal): Green
® Pz area: Yellow
Recorded variables:
o N1 (POT area) to cardinal values 1~6
o Behavioral change detection: RT & Accuracy
o N1 (POT area) and P3b (Pz area) to change detection.
Predictor variables:
o Direction: Increasing (e.g., 1—2; 5—6) or Decreasing (e.g., 5—4; 3—2)
o Size: Small-Small; Large-Large; Crossover (Small-to-Large; Large-to-Small)




Amplitude of N1 (125 - 200ms) over POT: Cardinal Value
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N1 (125 - 200ms): Cardinal Value

Yet, N1 ERPs are not distinct
for larger numbers (4, 5, 6).
This justifies our categorization
of 1~3 as “Small” and 4~6 as
“‘Large”.

Proposed: As more objects are
loaded into early working
memory, N1 amplitudes
become stronger.

Important: Diff. cardinal values
did not have significantly
different N1 latencies = No
indication of a serial process.

Amplitude (microvolts)

5,

4_

One
Two
Three
Four
Five
Six

100

200
Time (ms)

300




Accuracy by Numerical Change: Size & Direction

® Size: Accuracy decreases with
larger numbers, as numerical
change detection gets harder (p
< 0.000).

® Direction: Accuracy is higher
for Decreasing change

compared to Increasing change.

(p < 0.001).

® This contrasts previous studies
that found better accuracy for
Increasing (but they used
numbers 10~70). > 6

EM Means of Accuracy
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Reaction Time

Size*Direction: Sig. int. effect (p < 0.000), where RT was longest for Increasing-Large
number change (p < 0.05), followed by Decreasing-Large.

Size: RT increases with larger
numbers, as numerical change
detection gets harder (p < 0.000).

Direction: There were trends that
Decreasing conditions have shorter
RTs, except in the Small-Small
condition (p < 0.01).

This contrasts previous studies that
found shorter RTs for Increasing
(but they used numbers 10~70). > 6

E. M. Means of Reaction Time (ms)
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Context Updating Theory of P3b

e Related to updating one’s WORKING MEMORY NEURAL

. . COMPARISON REPRESENTATION
working memory in change

detection paradigms. P300
Incoming sensory input - ‘s
Evaluated as being the same — —
or different from the previous

NO 1

context 7.

If different - Elicits an

updating of the given neural

representation at P300. P200

J\/\,\’ Figure of the Context
N200 Updating Model from

N100 Polich (2003)7



Proposed Model of Early & Later/Higher-order
Working Memory in Context-Updating

. Neural Representation
Higher-order

icizrilcx:l ;i:;?)l;y working memory P3b Easier to
update context

Eg;:folgg:g:: . Different - Stronger P3b
|:> objects |:> Stimulus? ES> P1 amp.
(at 125-200 (post-435 ms) P2
ms)

N170
P1
More items in working memory
- Stronger N1 amp.
N170

Neural Representation
Adapted from Polich (2003) 7



N1 (125-200ms) over the POT area: Change Detection

For the|“No Change” |condition, the
measured N1 amplitude was weaker
than all other change conditions

Early ERP: POT is “off-loading”
objects from early working memory
with Decreasing Small numbers (in
the subitizing range), but not for large
numbers.

More objects are loaded into working
memory = N1 Amp. increases.

Off-loading objects = N1 Amp.
Decreases.

N1 Latency: “Direction” mattered.
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Amplitude of P3b (435-535ms) over mid-Parietal (Pz)
area: Later cognitive ERP of Change Detection
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P3b Latency over Pz: Later cognitive ERP of Numerical
Change Detection

Change Conditions Pz
T T

e Latency was highest in Large-Large .
conditions, followed by the Small-
Small conditions, and least for the ek
crossovers (p < 0.0001).

e Direction*Size: Significant
(p<0.001); in the small condition,
Decreasing trials had higher latency
than Increasing trials.

— Increase Large-Large
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E. M. Means of Reaction Time (ms)
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Linking Brain & Behavior: RT and P3b Latency

Estimated Marginal (EM) Means of Reaction Time by Numerical Change: Direction & Size
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E.M. Means of P3b Latency by Numerical Change over Pz Area (435 - 535 ms)
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Change
Direction

=== Decreasing
Increasing



Conclusions

Our findings mirror previous research®: 4: Scaling of N1 ERP amplitudes to small
numbers (1~3), but not large numbers — even when both categories are continuous on
the number line (1~6).

Previous studies > ¢ on change direction found consistent superiority of Increasing
changes in set size for larger numbers over a wide range (10~100).

Our study uses a narrower range (1~6) and found better performance for Decreasing
set sizes that interact with set sizes.

ERP distinctions reflect a categorical break in Direction and Size, reflecting working
memory loads (N1) and ease of context-updating (P3b).

Aligns with Polich’s context-updating model 7, where working memory representations
differ between small and large numbers, as well as increasing and decreasing
numerical change.

Suggests a neural basis for the differentiation of small vs. large number perception at
early stages of processing, and a later stage that involves more complex numerical
processing that is employed in our numerical change detection task.



References

Feigenson, L., Dehaene, S., & Spelke, E. (2004). Core systems of number. Trends in Cognitive Sciences, 8(7), 307—
314.

Hyde, D. C., & Spelke, E. S. (2012). Spatiotemporal dynamics of processing nonsymbolic number: An event-related
potential source localization study. Human Brain Mapping, 33(9), 2189-2203.

Gordon, P. (1994, July). Innumerate Amazonians and Kronecker’s Theism: One-two-many Systems and the
Artificialism of Number. European Society for Philosophy and Psychology, Paris, France.

Temple, E., & Posner, M. . (1998). Brain mechanisms of quantity are similar in 5-year-old children and adults.
Proceedings of the National Academy of Sciences, U.S.A., 95(13), 7836—7841.

Kaan, E. (2005). Direction effects in number word comparison: An event-related potential study. NeuroReport,
16(16), 1853-1856. https://doi.org/10.1097/01.wnr.0000185016.21692.50

Paulsen, D. J., Woldorff, M. G., & Brannon, E. M. (2010). Individual differences in nonverbal number discrimination
correlate with event-related potentials and measures of probabilistic reasoning. Neuropsychologia, 48(13), 3687—
3695.

Polich, J. (2007). Updating P300: An integrative theory of P3a and P3b. Clinical Neurophysiology, 118(10), 2128—
2148. https://doi.org/10.1016/].clinph.2007.04.019

Tang-Lonardo, J., Bisbee, N., Jain, M., Kirby, E., Kim, S. B., Abdelrahim, S., Gerami, S., Sezcon-Cepeda, D.,
Coffel, M., & Gordon, P. (May 26 - 29, 2022). The Neural Mechanisms of Parallel Individuation and Numerical
Approximation. [Conference Poster] Association for Psychological Science (APS) 2022 Annual Convention, Chicago,
IL, USA.



https://doi.org/10.1097/01.wnr.0000185016.21692.50
https://doi.org/10.1016/j.clinph.2007.04.019

Thank youl!

For questions, please
email me at
j12615@tc.columbia.edu



The Neural Mechanisms of Parallel Individuation and Numerical Approximation

Jean Tang-Lonardo’, Nick Bisbee?, Maitri Jain', Erin Kirby', Sadra Gerami', Melissa Coffel!, Daniela Sezcon-Cepeda’,

Kai Gilchrist!, Samah Abdelrahim?, Sungbong Kim', and Peter Gordon'
(1) Teachers College, Columbia University, (2) Johns Hopkins University, Contact: pgordon@tc.edu

heoretical Overview

Resesrch on rmercal ol ing betoral,neuromagig, ceveipeial and crosecuurl methacs, convrges
o the concluslon that thers are fw distinct systems for the perception of umerical quanty”
1 Asmal system | “paraliel ndliduation” {Gordon, 1984)
2 Alamenumber system (4+) Bt s based on Weberian anaiog magritude sstimatiannumencal approximation
mﬁalmnmwﬂhﬂn
founa ERF N1 PefEpton of RUMENC3l WS In e postencr
Parieta Docipis-Tempcral (FOT) reglon (Temple & Poansr, 183).

» Hyde & Speke 2012) ampioyed s umercl viewng Sk o axamine £ Sssoclted i changes wn
e smal numser g UMBer (B-16-24) FaNE. PArScipants VIewsd 4 0t QISDIIYS WHn the 53me numoer
um\s‘aﬂ:p‘anm_w M\Mﬂhyaimaﬁymmammnmwaasﬂrﬂ\vshgemmge Ho changes
Cro55e0 DECNERn SMall 3N argE NUMber C2ganes.

Procedure

« 15 nignt-handed aduls (4 males), aged 23 - 43 years mesn = 27.7) parieipatad Toid Io press 3 key whensver ey
anumesncal

EEG £33 Was SXAMINSq 1 Sxtrat Event Reiated Potentals (ERSE) 3550031S0 Wiih HADIMSNON 1 smal (1.2, 3)

andlarge (4, 5. €) cardinal vahues.

« Reacion times, accuracy and ERFs were examined.

« Mumenical Change conditions: WItin Smail, Wiihin Large, Crossover Smali-ii-Large: Crossover Large-to-Smal

» Change Direction Variable: Increasing (eg.. 12 5-+6) or Decreasing (2. 5-+4: 32

« Mumenical Change dstance: Differnce of 1, 2,3 (see Fig. 2 for all numerical pairs)

EEG Acq on and Processing

« Apparails: 125-channel EGI Geodesk Sensor Netwin High = Time windows and ERF components:

sisctooe anayss, lupon the tengency 1
maumammpm.mu;pane 2012 Polkch, 2011),

» Hyde ana Speke forno e

WWITIN he S NUMDER FNGE (13, Me N1 o
« Ater post 2o ange ; Fator (23 « E26 REcomIng
« Ration3= or croices Was basea upan Ssere iamger P30 aTpINGES In e

= Time Sikce 1 (N170 125-200 ms.

= Time Sikoe 2 (P3o) 435~535 me

o REOMS M 3 SNisien S0UNT STENUSE Chamber

© AMpiNen anaing VORIges were stored gty

= The Eignals were r20ored 3 0.1- 100 HZ Banapass fiteren

© Samgieq and mighized 3t 250 HZ USING Net-Staton EEG
‘acqusiion software and EGI ampifer

o et Delow S0 KD

3 lsm...m..-l 23 Jiesosnber 4 5 6|

+ i oy (g 1) mcerea 3 =
presentztion of dot amays In “Smalr 1, 2, 3)
ana “Lamge” [4 5. 6) numenostes

s

paricipants.
‘Smulus Guration: 250 M5
IntsrEtimuIua IntBIVaL: 750 - 1250 M
ngachiral iopmeTabLats the bran o3
TUMEca Ve, ME 53me val
Vo o e s Ao s

+ Followed 0y a Target 6lide Tom stmer of

mes conditons:

..

2} No Changa (Same numter)

o) Small or Large numbers
(2g. 13 2-1:6-45)

o} Cross-ovar Detan Small and Largs.
UMD (9. 304 245 643)

e W3t 3 seriot
when replicating the
7om Hyde & Speike (2012).
.mmmywmmummmummmmmmmma e andto
pressa befween 3 30 5 5035 10 b8

poceawre  FIG. 7 CUTENE Sy Design & EXGmpes of Numencal Samul

. mmmwmmmrnumu between At e end of e
expenment, esen| W35 gIven 3 Jotary Sarat O SarT Tor ensry S0 ame Ty ot comect
‘» D2t3 7om Dot Enange 13iS and No CANGE: SISE Wefe LS IN the ERP analyse.

Tarpat £
s

.mmamue{mlz)mym ined 1

Sl (1+3) 30 large 2
(8~24) et sizes at were perceotually dstnct s
[
s

Mmamnegamenmmlaglage

number.

« Our sty examined the smal-ame disthction
WITTIN 3 N3TOwer GONDNUCUS
5o If here was 3 ciear

ooun:
responses to smal and large:

range of 11061

rasponse patiem when changss
nemeensmanm.mumegmgwams
38 Comparen to responses

ohanges.

Fig. 2
appears 51, flowed! by e Targe! numer.

- Il votages wers refersnced o e average across 3l
eR0Ies

« EEG Data Processing
40 Hz Iow-pass agtal fier appied
© S2gMentaten of SD0ME IEngi Epochs, GLarng 100 ms before
nset of stmull
o Avttact refecticn
o ted with e same ., o changs,
et within fargs, muwmmrll\:rmﬂ 7

were auersged

© EEG recorings wers re-efersnced tn average and e baseline
comecion was performed o 100ms Interval praceding e

Behavioral Results

Accuracy va. Numarical Changs Reaction Tims va. Numsrical Changs

I. Il : "
' I
i I 8ot #izs (xawislegendal .. l
b !
el I
gty

EL: Smarlane

as LamL m s lmmL
B0t 2128 of Numancal Change 2ot 5 of Numeroal Grange
Fig. §: Numerisal Change congitions vs. Acouracy (Left plof) and Reaotion Time (Right piof)
* The effects of Size (p<0.0001) and Direction (p=0.001)  , Tre emects of Size (p<0 0001} and Dirscton (p<0.01) on
RE3Ction TIme were signincant. EHZEGMDHEGIH’HIHB
‘significant Imeraction effact on (p<0 0001
— Mmmmmmnwzﬂmmm

+ ABOUF3CY WAt IDWES: Tor Large-Large condnons. . mhbmlnml\mPMGMwmﬁ;W}

Linking Behavior to ERP Data

Rox |
n“WD,QQ 077
5 AT

3 e
ANDQQ
5 fond

04z | om

s onset - s tor av
© RESPONSES WaTS SET30EN WIN PArTCIDaNS. a0 analydls Pz area (yslon’ and POT (gras)

ERPs to Cardin: Numerical Values

ot Vs g PO + NI (126 200 me) wae mezeurea over ne
aneta-Dccipita-

ERPs within the subitizing numenical range
{1~3). but ot beyond {4-6).

= Az carinal valus Increases, more objscts
are encodza i memary,
eading to stranger N170 ERP ampifudes

. { 3N M [ater CaNINGl VaLES (3l PE =
\ £00s).

= In e larg= rumber range (Four and sbous).
‘the ampifudes were nof dscermibée from
e

O W o w wm
Fig. 4: N1TD ampitude (micvols) messured at 125 - 200ms Fgnt Pamisphers (congistent wih Hyds &
for cardinal magnitudes (1~0) In primedMiantiiacion bials wehout Speita, 2012), DU Tere are simiar N170
cnange I NUMERGal vaue Over e right POT reglan. partems on the lef

of 17D defizctions
mge mlmxwllnnme 59 numDer Fange.

. memmmﬂwmnwm

& Speme (2012}
. seamglmeamnwr a3, 30 T CIIEGORCA Dr2ak DAWES *1” and Z", TooWed by 3" 300 4-6 15 apparent.
» Fig. 415 03520 0N ERP 0313 TOM only "53Me NUMbEr 33ptE10N TTafS, N0k DM NUMEnoal cange 1.

AT * - =P [ m
LED 41 om 1 0,76 | 0s2
A3 a peoos A a g
ogiginde|  wu e
. gﬂ 066 [1  penoor =
= P ’ i Y
S i+ L O . 1 |

Fig. 8: N1T0 ampitues for ciferent numerical Change
‘candiions over e rignt POT area, with Tecrease

Smal-Smal” having the weakest ampitLOE,

[resp—

Fig. 8: Accurecy vs. Reacion Time vs. N17D Ampitude vs.

N7 Latency Guer mpnt FOT, Sveraged SCmss ugects

+ Accursey and RT are very strongly postvely comslated
ciher

Fag. 7- Accuracy \a. Reachon Time ¥3. P30 Ampiude
Ve P3b Latency, sveraged acrosd subjects:
« Aosuracy and AT are strangy oorelaied wiin

W each Ampitude and Latency of P30 ERF slgral
» Accuracy and RT are moderately comelated with 170 * Accuracy ars negatively
rmlmne mummanrplmmlammyna.e- lnenzy and positively comeiated w amplituge, and
0 g postve areiation. B and atency have 3 moderate
cor
Context-Updating & Working Memory Model
—_— Sewitumeriiss s The context-updating eary of he Fb s related
" - 1o updating one's working memory In changs:
f— ceteciion paradigs, where an Incoming s=nsory
— L] - \ nput s evallaied 3 being the same of dferent
e AR 1o the previous cantext (Pollch, 2007).

th '\ » Ithis Inpu s different,, ff elcis an updating of 3

- given neural tion which | reflected In 3
P3p gefection at ~400ms.

' We proposa at at an earlier sensory stage
{~125ms}in nnmmmpﬂaﬂ»g‘ objects

sronger
COPAMNS SoWEd T S3MEST WesKest S

. Our 3 meural basis for

 vatmin s

of sl vE. [3rge number peroepiion ai eary stages of
processing, and 3 later stage that voives more compiex numenical procsssing that is smpioyped In our numerical
change aeisclion ek

+ In Gonizastto Hyce & Spelke (2012, who exmined dstant smal {1 2, 3) vs. lrge (£, 15, 24) rambers, we examined s
sl rumercal ange (1.5, 0 hal amak {13) . e ) coniass were aong

170 over the Parletal-Ocoipital Tamporal (POT)
arsa: Earty ssnaory ERP of Numerical Changs
Datection

+ Inihe FOT area, Fig. §shows inat ine weakest
NIT0 amplfiude was measured In e Decrsace
‘Smalk-Small condition, compared to “No Changs",
while e rest of the change condions shawed

from:
ol s i e ublicng rage).

bt ot for farge ra

» When coanisve m are arges v more bects

mmnlmmmmmmwum?b

ampituse Is stronger

F3b ovsr ths mid-Parstal [Pz) arsa: Latsr
cognitive ERP of Numerical Change Datection
 Pg. 10Shows 513t over the Pz area 2t 435-535

» P30 Iatency was the highest In Large-Large
conatione Tolowed oy he Smalk STl conarons.
204 |=ast for the eroasouers (p<0. 000
. mkmmmummmammm
WEToUNd SKINTICant INteracton eTects

i

‘anumerizal Gontinuum.

mmmmlagemms 6 wher
ampliiude sirength, suggesting

e ToUND N170 ampaudes
the process of encodingiotoading cbjscts in
3t numbers In the subilzing range are Individuated In working|
« Distnesons In P30 waveforms aiso reflect 3 cear caiegorical break
Large numibers, whers easierismall nUTGer change condlions have stranger ampitudes than harder Large rur
condiians, suggesting more diMicully Wi Updating the comiexd In the ats,
« Cwerall incings allgn with the conexi-updating mods! (Follch, 2007; se= Fag. ), where working memory representations
&ma and targe 3 wel I geceasnyg change

V=S 1 the smal range (1.2.3)
In memory detemings the

Getween Ingrasing vs. decrsasing, and sl vs.

=

which rmmalesnumm before Integrating s
Infomaticn 3t iater cognizve stages.

Pamropeycmigy o 10 1o £ & Kagparvrn & & 1 10 (), The st b of mark e st corysmets 5. 50188 et
i e gl e BT 253741 201
=

(oventy
g, £ & P b L
oy, T T




Current Study: Specific Number Pairs

Target #

1

Primed #

2

dec.LS

dec.LS

dec.LS

dec.LS

dec.LL

Pairs of
numerical
change (e.g.,
“122" = the
Primed #is “1”,
followed by the
Target # as “2”)

No change
(Same
number)

121;222;
3-23;4>4;
5-25; 626

N/A

dec.LS

dec.LL

inc.SL N/A
inc.SL inc.SL
inc.LL

Cross-over

SSr;naa::l(;) Ll:rg:(z) Small-to-Large (SL) &

g Large-to-Small (LS)
inc. dec. inc. dec. increase decrease
122; | 2-51; | 4-5; | 524; | 124,254, | 4-1;4-52;
1-23; | 321, | 4-6; | 624; | 2-55;3>4; | 4-3;5>2;
2->3 | 322 | 556 | 65 | 3-5;3->6; | 5>3;6->3




Variables

RT
Accuracy
POT N1 Amp
POT N1 Lat
Pz P3 Amp
Pz P3 Lat

Overall Results:

Direction Size

p = 0.006 (0.03) p < 0.000 (0.37)
p =0.013 (0.03) p < 0.000 (0.35)
p < 0.000 (0.12) p < 0.000 (0.17)
p = 0.003 (0.04) p = 0.602 (0.0)
p =0.218 (0.0) p = 0.002 (0.06)
p =0.59 (0.0) p < 0.000 (0.21)

» p-values for significance

Effect sizes in parentheses

Direction * Size

p < 0.000 (0.13)
p < 0.000 (0.12)
p < 0.000 (0.10)
p = 0.076 (0.02)
p = 0.234 (0.01)
p =0.014 (0.12)



