Visual word-form area (VWFA)

Visual: Words < Pseudowords

(Kanwisher et al., 1997; Ludersdorfer et al., 2013)

@ Cortical region in left ventral occipito-
temporal cortex that responds more
strongly to words (MAKE) than to
pseudowords (MAVE), and more strongly
to either than to non-orthographic
stimuli (e.g., objects, faces)
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Hierarchical response to orthographic structure (Vinckier et al., 2007)

Percent activation relative to words in the occipitotemporal cortex

False fonts Infrequenl letters  Frequent letters Bugrams

Average of non-word stimuli



Hierarchical
orthographic
representations

(Dehaene et al., 2005)

Putative area Coded units RF size and structure Examples of preferred stimuli

Small words and
recurring substrings
(e.g. morphemes)

TE EN
EN NT
TN ET

Left OTS?
(y~—48)

extent
TENT CONTENT

BN N

?
Left OTS? Local bigrams

. /XY\ ml\Nl
. Bank of
?
Bll(atzrix)s ) abstract letter
vy detectors
"‘-‘-vé——

Letter shapes Y c.

(case-specific) M -

Bilateral V4?

Bilateral Local contours
V2 (letter fragments)

Bilaicra Oriented bars
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Dual-route theory of word reading

@ Applying GPC rules produces correct
pronunciations for regular words
(GAVE) and nonwords (MAVE), but
incorrect pronunciations for exception
words (HAVE)

Lexical lookup
@ Systematic spelling-sound knowledge R
takes the form of grapheme-phoneme PINT => /pInt/
correspondence (GPC) rules Ol‘thograph)/ : \Phonology
(eg., G=/g/, A_E=/A)) MINT /mint/
N \ GPC rules /pIne/ [

/rint/
=> /m/
= /p/

M

P

R => /r/
I => /i/
N ,
T

=> /t/

@ Exception words therefore require a
separate lexical look-up procedure
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A neural-network framework for word reading

Triangle model (Seidenberg & McClelland, 1989; Plaut et al., 1996; Harm & Seidenberg, 2004)

)
o

X input, = > output. x weight ..
\\Ewywﬁ( P J g Ut & ij
RIRON 1
NN Lo
<) K
oo
=
g
©
GAVE /gAv/
HAVE /h@v/ 0.0 Vi m—
MAVE /mAv/ input;
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Seidenberg and McClelland (1989)

Method

o Feedforward network trained with back-propagation
to pronounce 2897 monosyllabic words, sampled
according to log frequency

@ Representations of orthography and phonology

based on context-sensitive triples of letters or '
phonemic features Orthography Phonology
(same as Rumelhart & McClelland past-tense model) Implemented model

T Y
HAVE /h@v/

Results
e After 250 training epochs, network correctly pronounces 97.3% of words, including most
exception words

@ Error pattern accounts for many empirical effects of frequency and spelling-sound
regularity on naming latencies

o Failed to read pronounceable nonwords as accurately as skilled readers
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Frequency and regularity effects on

Mesn Naming Latency (msec)

&

v
~

Mean Squﬁrod Error

L

¢ %8 8

—o— Exception
|—a— Regular
B-
High Frequency Low
8
74 ——0— Exception
——ar—  Reguiar
s-
54
re
a4
2 T y
High Low

Frequency

naming latencies (and model error)

3 60
-
E 650+

——0—  Exception

|—a— Regular

Mean Squared Error
-]
1

High Lo
9 Frequency ™
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Frequency-by-consistency interaction (SM89)

Regular Consistent
Many friends and no enemies
LATE, DUST

Regular Inconsistent
Many friends but at least one enemy
GAVE (cf. HAVE), MINT (cf. PINT)

Ambiguous
About equal friends and enemies
DOWN, KNOWN; POUR, SOUR

Exception
Few if any friends and many enemies
HAVE (cf. GAVE), PINT (cf. MINT)

7

[=))

Sum Squared Error
wn

N

O—OException

1 Ambiguous
<O——=< Regular Inconsistent
/\—7/\ Regular Consistent

High Low
Frequency
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Nonword reading (Seidenberg & McClelland, 1989)

Percent correct

100

90+
80
70
60
50

40

204

104

93.8

60.5

78.3

53:5

88.6

51.0

Il Human subjects
SM89 network

Regular nonwords Exception nonwords Control nonwords

(Glushko, Expt. 1)  (Glushko, Expt. 1)

HEAN

(DEAN)

HEAF

(DEAF)

(McCann—Besner)

FRANE
(BRANE)
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Representation and generalization: Condensing regularities

The “dispersion” problem LOG Lo 1Og
@ LOG, GLAD, and SPLIT have GLAD +GL cla 1Ap
no triples in common (no SPLIT .Sp sPL pli wlr

similarity despite sharing “L")

Capturing orthographic and phonological structure

OG*
AD*
IT*

@ Phonotactic constraints: Possible phoneme sequences are strongly constrained by the

structure of the articulatory system and by language-specific learning.

o Alphabetic principle: Parts of written words (graphemes) correspond to parts of

pronunciations (phonemes).

Onset Vowel Coda
Can rely on phonotactic S P G L 0 A 1 D T
constraints to order phonemes LOG TG =
ithi P GLAD G L A 5
within consonant/vowel clusters SPLIT S P ] I .
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Representations
Phonol
Onset ono ogy

GEE0 EEEHOOOEEEO@WEEE® OEO®®

Vowel

@@EDEHAEDOUWO®

Coda

®©O® OO COE® O EEOHROM

Orthography
Onset

OEEEEEEXSEOE MR EEEEEIE RIEENE)

Vowel

B OB DRI EIEEEEDE)ENEIERRCECDOCYERONEEOEY

Coda
0000000000000 0000COC LS
6 D D IS e I616 60 5 6D e (T D e ED
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Simulation: Feedforward network (Plaut et al., 1996)

Training

( 61 phoneme units )

o Used grapheme- and phoneme-based

A
representations that condense T
spelling-sound regularities 0 Tidden oS )
@ Trained with on 2998 monosyllabic words A
(SM89 corpus plus additional 101 words)
using actual word frequencies to scale C 105 grapheme units )

weight changes
o Error measured by cross-entropy: C = — 3, tjlog(a;) + (1 — t;) log(1 — aj)
@ Adaptation of connection-specific learning rates (delta-bar-delta; Jacobs, 1988)

o After 300 epochs, network is pronounces entire training corpus correctly (100% correct)
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Nonword reading (Plaut et al.,

100

1996)

93.8
90 H

97.7 95.9 §7 97.7

80 - 78.3

70 67.4
60 —
50

40

Percent correct

30

20 —

886 895

B Human subjects (GPCs)
|:| FF w/ actual frequencies (GPCs)

Matches some word in corpus
(e.g., GROOK as in BOOK)

Regular nonwords
(Glushko, Expt. 1)

HEAN
(DEAN)

(Glushko, Expt. 1)

HEAF
(DEAF)

Exception nonwords Control nonwords

(McCann-Besner)

FRANE
(BRANE)
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Frequency-by-consistency interaction

Cross Entropy

0.20

0.15

e
—_
o

0.05

0.00

O——0O Exception
O~ Ambiguous

{O——< Regular Inconsistent
/x—7/\ Regular Consistent

High

Frequency

Low
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Frequency-by-consistency interaction

HF Reg

HF Exc

LF Reg

Output

LF Exc

Input

Enemies

Friends

R EEE—

Low Frequency

Enemies Friends

High Frequency

Friends: similiar trained
patterns with same target

Enemies: similiar trained
patterns with different
target

Increases of either frequency
or regularity/consistency
provides diminishing
returns due to asymptotic
nature of sigmoid function
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Simulation: Attractor network

61 phoneme units @

U 1l S

100 hidden units

G 1

l T tren ()

C 105 grapheme units )

@ Trained with a continuous version of back-propagation through time (Pearlmutter, 1989)
using actual word frequencies, cross-entropy, and delta-bar-delta

@ Run for 2.0 units of time, receiving no error before time 1.0; discretization 7 = 0.2
reduced to 0.01 at end of training

@ During testing, network responds when phoneme states stop changing

o After 1900 epochs, the network pronounces all but 25 words correctly (99.2% correct)
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Frequency-by-consistency interaction (attractor network)

Time to Settle

1.95

1.90

1.85

1.80

1.75

1.70

1.65

O—-C0O Exception
0 Ambiguous

O——=< Regular Inconsistent
/x—7\ Regular Consistent

-~

High

Frequency

Low
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Nonword reading (attractor network)

Percent correct

100

90

80

70

60 -

50

40 -

30

20

93.8 93.0

95.9 S%

783

97.7
gs.e 895

62.8

Il Human subjects (GPCs)
[ Attractor network (GPCs)

V7777 Matches some word in corpus
(e.g., GROOK as in BOOK)

Regular nonwords
(Glushko, Expt. 1)

HEAN

(DEAN)

HEAF

(DEAF)

Exception nonwords Control nonwords
(Glushko, Expt. 1)

(McCann-Besner)

FRANE
(BRANE)
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Generalization with componential attractors

e — / N N
// onset " vowel )( coda @ Phonemes

IIIL@

J,@O hidden umtg,

Q W
// TT :l/ ﬁ \\} T r \\\
(( onset ),’l vowel ll‘( Y

s e e e i i

———

!\} Graphemes

e Very strong orthography-phonology systematicity within consonant clusters (less for
vowels); relative independence between clusters (except for vowels in exception words)

e Connectionist learning is sensitive to which parts of the input reliably predict (e.g., are
correlated with) each part of the output

@ Network develops componential attractors for words that can recombine to support
nonword reading
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How do outputs (phonemes) depend on inputs (graphemes)?

Orthographic Activity Boundary ~Orthographic Activity Boundary Orthographic Activity Boundary

T a4
o = b L R Lo

Il =
[N

oS o
[N

02

e e
o =

R a4
(SRR VAN

0.1

=4
o

i

Regular Consistent (n=46)

Orthographic Vowel

Orthographic Onset
- Orthographic Coda

Onget

Vowel

Coda

Ambiguous (n=38)

-

——

Omget

Vowel

Coda

+ Exception (n=42)

Onset

Vowel
Phonological Cluster

Coda

@ Regulars words are fully
componential (each output
cluster depend only on
corresponding input cluster)

@ Vowels in ambiguous and
exception words depend on
context (surrounding
consonant clusters)

@ Exception vowels are
de-emphasized (misleading)
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Acquired “surface” dyslexia

@ Brain damage to left temporal lobe (stroke, head injury, or
degenerative disease) in premorbidly literate adult

@ Severe impairment to semantics, or to semantics-phonology
mapping

o

)7 n.:,,ff
%///“73.
@ Nonword reading is generally intact

e Word reading accuracy influenced by frequency and regularity/consistency
Correct Performance (%)

Patient HF Reg LF Reg HF Exc LF Exc %Reg's NW

MP 95 98 93 73 90 95.5

KT 100 89 47 26 85 100

@ Exception words produce regularization errors

DEAF = “deef” FLOOD = “flude” SAID = “sayed”
GONE = “goan” BROAD =- “brode” STEAK = “steek”
SHOE = “show” SEW = “sue” ONE = “own”
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Division of labor between pathways

@ Phonological and semantic pathways
combine to support oral reading

@ As semantic pathway develops,
demands on phonological pathway
diminish

@ Impairment of semantic pathway by
brain damage reveals latent limitations
of intact phonological pathway

Y
‘/"»‘)W

Al

Semantic pathway

M)

,vé‘

YY)
0

s

44

Phonological pathway

= Reading (low-frequency) exception words should rely on semantic support
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Simulation of surface dyslexia

o Feedforward network with weight decay

@ Contribution of semantics approximated by external correct input to phoneme units that
increases gradually and is frequency-sensitive

Orthography

DEAF

Phonology

"deef"

5.0
4.0
3.0
2.0
1.0

External Input

V4
/

— High Frequency |
——= Low Frequency

0
0

500 1000 1500 2000
Training Epoch



Overt reading performance

100
90 -
- 80 ||
8 70
: 60 |
Q h ]
g 50 O—OLF Reg ]
g 40 A—A HF Exc 1
&30 N—ALF Exc ]
20 i —+1 Nonwords 1
10 §f .
O
0 500 1000 1500 2000

Training Epoch
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Effect of progressive semantic deterioration

Percent Correct

100
90
80
70
60
50
40
30
20
10

1.6

Strength of Semantics (Epoch 2000)

14 12 10 08 06 04 02 00

®—@ HF Regular
O——-OLF Regular
A—A HF Excecption
X~—2A LF Exception
*——* Nonword
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Surface dyslexia: Individual patients (MP and KT)

Percent Correct

100 |
90 |
80 |
70 |
60 |
50 |
40 |
30 |
20 |
10 |

HF Reg LFReg HF Exc LF Exc

Reg’s Nonwords

T T

®—® Patient MP
A—A Patient KT
O—0Sem=0.9
N—A Sem = 0.0

R

®A

¢
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Semantic impairment without surface dyslexia?

DRN (Cipolotti & Warrington, 1995); scientist with semantic dementia
@ LF exceptions: 95% reading, 29% generating definitions

DC (Lambon Ralph et al., 1995); left school at 14, Alzheimer's dementia
@ LF exceptions: 95% reading, 31% generating definitions

EM (Blazely, Coltheart, & Casey, 2005); secretary with semantic dementia
@ 98% reading; 34% picture naming

Not due simply to severity of semantic impairment
@ Other equally anomic semantic dementia patients exhibit surface dyslexia

GC (Patterson et al., 1994) 45% picture naming  38% LF Exc reading
PC (Blazely et al., 2005) 29% picture naming  49% LF Exc reading
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Distribution of surface dyslexia among semantically impaired patients
(Woollams, Lambon Ralph, Plaut, & Patterson, 2007)

Patients
@ 51 semantic dementia patients; 100 total testing sessions
e Word reading on Patterson and Hodges (1992) “surface” list
o Composite semantic score derived from performance on picture naming and spoken
word-picture matching s

[ g3 - g4——g5----96 —07]

45

Models .

@ Trained replications of Plaut et al. (1996) simulation
varying only semantic strength (g = 3 to 7; original
simulation used g = 5)

w
@«

w

~

External Input to Phonemes
a N
@«

@ Semantic “lesions” make semantic support for
phonology weaker and more noisy

0 500 1000 1500 2000
Training Epoch
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Reading accuracy as a function of semantic impairment

A 100

Accuracy (%)

90

80

70

60

50

40

30

20

HR LR
¢ HE A LE
Linear (HR) Linear (LR)
= = = Linear (HE) ——Linear (LE)
3 275 25 225 2 175 15 125 1 075 05 025 0

Strength of Semantic Activation (S)

Patients
B 100 -
90
80
70
;\? 60
7
s 50
3
o
Q
< 40
30 4
HR LR
=0 e HE A LE
45 Linear (HR) Linear (LR)
- - - Linear (HE) ——Linear (LE) |
0 . : - . v . v
100 90 80 70 60 50 40 30

Composite Semantic Score (%)

20

10
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Low-frequency exception words

Models Patients

100 100 & x*
AA X

90 1 90

80 4 80

70 A 70 4
s 9
< 60 S 604
z z
g g
2 50 4 § 50
< <
w B 4
w40 w40

30 4 30 4

20 4 A 20 -

X
10 10 4
04— . . : v v . v v v T v o : : : : . - . v v
3 275 25 225 2 175 1.5 125 1 075 05 025 0 100 9 80 70 60 50 40 30 20 10 0
Strength of Semantic Activation (S) Composite Semantic Score (%)
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Outliers (PatientsPatients; longitudinal observations connected by lines)

A 100 & & B 100
BC MA1 EB1
AAGCT A MG1

90 90

80 A 80 -

70 A 70
S <
& 60 S 60
Fry )
e g
5 50 5 50
8 8
< <
w40 1 w404
- |

30 A 30 4

20 A 20 A

=0.613x + 26.792 =
0] |P=08 A a 10 [y=06115x + 27784
R" =0.50 A R? = 0.48 MG3
0 T T T T v . . T T 0 : . | . . . T T T
00 9 80 70 60 50 40 30 20 10 0 100 9 80 70 60 50 40 30 20 10
Composite Semantic Score (%) Composite Semantic Score (%)



Concomitant
deficits

(Patterson et al., 2006)

Semantic dementia
patients are impaired
on ‘“exceptions” in
wide range of tasks

Proportion correct

Proportion correct

Reading (r=.81)

Past Tense (r=.48/.72)

Spelling (r=.73/.80)

o
o
o
o
A A o

o JTh LS
= o

o

o
(=}
1.5 1.0 05 0 -05 -1.0 -1.5 1.5 10 05 0 -05 -1.0 -1.5 1.5 1.0 05 0 -05 -1.0 -1.5

Object Decision (r=.36)

Lexical Decision (r=.63/.7)

Drawing (r=.41/.80)




Triangle model of word reading

@ Distributed representations for orthography, phonology,
and semantics interact in processing words and nonwords

@ Separate semantic and phonological pathways, but entire
system participates in processing all types of items

Surface dyslexia Phonological /deep dyslexia

@ Normal pseudoword reading @ Relatively intact word reading

@ Regularize exception words @ Very poor pseudoword reading
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