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Abstract	
	

The	ability	to	read	words	aloud	requires	the	coordination	of	the	cognitive	system	

responsible	for	visual	word	recognition	and	that	responsible	for	speech	production.	The	

most	prominent	theory	of	reading	–	the	dual-route	cascaded	(DRC)	model	(Coltheart	et	al.,	

2001)	–	proposes	that	this	is	accomplished	by	series	of	processes	that	start	with	initial	

orthographic	analysis	of	the	letter	identities	which	are	then	processed	by	both	the	lexical	

and	sublexical	route	to	generate	associated	pronunciations	which	then	converge	on	a	level	

of	representation	that	has	been	argued	to	correspond	to	the	post-lexical	phonology	in	

theories	of	spoken	production	(Goldrick	&	Rapp,	2007).		For	most	words,	the	lexical	and	

the	sublexical	routes	converge	a	common	phonological	representation,	but	for	words	with	

irregular	spelling	to	sound	correspondence,	the	lexical	and	sublexical	routes	activate	

competing	phonological	representations.	For	example,	according	to	this	theory,	when	the	

word	BREAD	is	read,	lexical	processing	activates	the	sequence	of	phonemes	/brɛd/	

because	lexical	processing	is	the	process	of	retrieving	whole	word	level	phonological	

representations,	while	sublexical	processing	activates	the	sequence	of	phonemes	/brid/	

because	sublexical	processing	requires	orthographic	mapping	where	individual	graphemes	

are	mapped	onto	their	most	frequent	phonemic	representation.		Competition	at	this	level	

between	the	phonological	representations	generated	by	the	lexical	and	sublexical	routes	

can	explain	why	readers	are	slower	and	more	error	prone	with	these	irregular	inconsistent	

forms.		

A	further	assumption	of	this	theory	is	that	activation	cascades	through	the	system,	

meaning	that	processing	at	each	level	is	not	fully	complete	before	activation	is	passed	from	

one	level	of	representation	to	the	next.	As	a	result	of	this	assumption,	this	theory	predicts	
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that	the	competition	between	the	lexical	and	sublexical	routes	at	the	phonological	level	

should	cascade	down	to	the	articulatory	level.	This	Master’s	thesis	examines	this	prediction	

in	a	series	of	reading	experiments	with	both	individuals	with	acquired	dyslexia	and	

neurotypical	readers.	Previous	speech	production	studies	have	shown	that	there	are	

phonetic	traces	of	the	phonemes	activated,	but	not	selected,	during	production	(Goldrick	&	

Blumstein,	2006).	Using	this	logic,	we	investigated	whether	there	are	phonetic	traces	of	the	

phonological	representations	generated	by	the	sublexical	route,	even	when	participants	

correctly	read	words	aloud	using	the	pronunciation	generated	by	the	lexical	route.	

However,	in	all	three	experiments	there	is	no	evidence	that	irregular	words	generate	

multiple	phonological	plans	that	cascade	to	the	articulatory	planning	level.		The	

consequence	of	this	null	result	on	the	DRC	model	is	discussed.	
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Literature	Review	

Reading	words	aloud	clearly	engages	the	systems	for	both	visual	word	recognition	

and	speaking,	but	theories	of	reading	aloud	and	theories	of	speech	production	are	often	

developed	in	isolation	(Sulpizio	&	Kinoshita,	2016).	The	present	work	borrows	a	method	

from	speech	production	research	–	careful	measurement	of	the	acoustic-phonetics	of	

speech	–	to	test	predictions	about	the	processes	involved	in	reading	aloud.	

	 The	ability	to	read	involves	mapping	visual	input	onto	spoken	output	and	meaning.	

Theories	of	reading	specify	the	levels	of	representation	and	processes	involved	in	these	

mappings,	including	the	dynamics	of	interaction	between	levels.	The	current	work	

investigates	questions	of	dynamics	in	the	context	of	one	prominent	theory	of	reading,	the	

Dual	Route	Cascaded	model	(DRC;	Coltheart	et	al.,	1993,	Coltheart	et	al.,	2001).	According	

to	this	theory,	there	are	two	distinct	routes	for	generating	a	pronunciation	from	a	printed	

word	–	the	lexical	and	sublexical	route–	and	both	are	used	in	parallel	every	time	a	

pronounceable	sequence	of	letters	is	presented.		Consider,	for	example,	the	heterographic	

homophone	pair	BRED	and	BREAD.		After	initial	visual	and	orthographic	processing	of	

these	letter	strings,	phonological	plans	are	generated	in	parallel	by	the	reading	two	routes.	

When	BRED	is	processed	via	the	lexical	route,	the	letter	representations	B,	R,	E,	and	D	are	

mapped	onto	the	word	representation	BRED	in	the	orthographic	input	lexicon.	The	whole	

word	pronunciation,	/brɛd/,	is	then	retrieved	and	activated	in	the	phonological	output	

lexicon,	which	in	turn	leads	the	constituent	phonemes	in	the	word	to	be	activated	at	a	level	

of	the	phonological	plan.	When	BRED	is	processed	via	the	sublexical	route,	the	phonological	

plan	is	derived	by	way	of	grapheme-phoneme-mapping	mapping.	The	long-term	knowledge	

about	which	graphemes	correspond	to	which	phonemes,	means	that	the	letters	B,	R,	E	and	
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D	are	mapped	onto	the	corresponding	phonemes,	/b/,	/r/,	/ɛ/	and	/d/	respectively.	

Because	the	lexical	and	sublexical	processes	converge	on	a	phonological	single	plan,	BRED	

is	considered	a	regular	word.		This	phonological	plan	in	turn	activates	an	articulatory	plan,	

or	the	motor	speech	plan	necessary	to	produce	the	sequence	of	phonemes.	For	example,	

producing	a	voiced,	bilabial	/b/	requires	pressing	the	lips	together	and	vibrating	the	vocal	

cords.	Typically,	descriptions	of	theories	of	reading	aloud	underspecify	what	these	

processes	of	mapping	from	phonology	to	articulation	are	and	how	they	operate.	

Now	consider	reading	BREAD.	Exactly	like	reading	BRED,	letter	representations	are	

processed	by	both	the	lexical	and	the	sublexical	processes.	When	BREAD	is	processed	via	

the	lexical	route,	the	letter	representations	B,	R,	E,	A	and	D	are	associated	with	the	

orthographic	representation	BREAD	in	the	orthographic	input	lexicon.	The	pronunciation	

/brɛd/	is	then	retrieved	holistically	for	the	word	from	the	phonological	output	lexicon.	

When	BREAD	is	processed	via	the	sublexical	route,	and	the	grapheme	to	phoneme	rule	

system	is	used	to	derive	the	phonological	plan.	As	in	BRED,	B	maps	onto	/b/,	R	maps	onto	

/r/	and	D	maps	onto	/d/.	However,	EA	maps	onto	/i/,	because	this	letter-sound	

correspondence	is	twice	as	frequent	as	the	letter-sound	correspondence	EA	to	/ɛ/	(Berndt,	

Reggia	&	Mitchum,	1987).	Because	the	lexical	and	sublexical	processes	diverge	and	result	

in	distinct	phonological	plans,	/brɛd/	and	/brid/respectively,	BREAD	is	considered	an	

irregular	word.		

Despite	generating	two	phonological	plans,	one	from	each	route,	the	DRC	model	

posits	that	the	correct	pronunciation	of	words	is	derived	from	a	lateral	inhibition	process	

(Coltheart	et	al.,	1993).	All	phonemes	in	the	DRC	model	are	interconnected	with	inhibitory	

connections	(Coltheart	et	al.,	1993;	Coltheart	et	al.,	2001).	When	reading	BREAD,	the	
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sublexical	phonological	activation	of/i/	actively	inhibits	the	lexical	phonological	activation	

of	/ɛ/	(and	vice	versa).	Because	this	process	of	inhibition,	it	takes	longer	for	a	single	

phoneme	to	reach	the	critical	activation	required	for	production.	Therefore,	the	DRC	model	

predicts	a	time-cost	for	irregular	words	(Coltheart	et	al.,	1993;	Coltheart	et	al.,	2001).	

	The	need	for	two	reading	routes	is	motivated,	in	part,	by	the	observation	that	we	

can	generate	correct	pronunciations	for	irregular	words	and	plausible	pronunciations	for	

nonwords.	When	letter	sequences	are	unfamiliar	(e.g.,	BRUD),	there	is	no	long-term	

memory	representation	to	access	in	either	the	orthographic	input	lexicon	or	the	

phonological	output	lexicon	and	therefore	only	the	kinds	of	knowledge	thought	to	be	

contained	in	the	sublexical	route	can	be	used	to	generate	a	phonological	plan.	However,	it	

cannot	be	the	case	that	we	only	use	the	sublexical	route	when	we	read.	When	a	word	has	an	

irregular	pronunciation	(e.g.,	BREAD),	only	the	lexical	route	will	be	able	to	get	to	the	

correct	pronunciation,	as	the	sublexical	route	will	generate	a	plausible,	but	incorrect	

pronunciation	(e.g.	/brid/).	Therefore,	the	fact	that	we	can	read	both	nonwords	and	

irregular	words	supports	the	assumptions	of	the	DRC.	

Beyond	this	simple	observation,	support	for	a	dual	route	cognitive	architecture	is	

also	drawn	from	both	the	neuropsychological	case	studies	and	chronometric	experiments	

with	neurotypical	adults.	Cases	of	acquired	surface	dyslexia,	a	condition	in	which	patients	

have	spared	ability	to	read	regular	words,	but	impaired	ability	to	read	irregular	words	

(Coltheart,	1983),	have	been	interpreted	as	damage	to	the	lexical	route,	with	spared	ability	

to	read	nonwords.	For	example,	patient	C.D.,	made	regularization	errors	in	reading	

irregular	words,	for	example	reading	BEAR	as	/bir/	and	PINT	as	/pɪnt/,	yet	performed	

within	the	control	range	on	regular	word	reading	(Coltheart,	1983).	Patients	with	acquired	
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phonological	dyslexia	can	read	both	regular	and	irregular	words	but	have	difficulties	

reading	nonwords	(Funnell,	1983).	For	example,	patient	W.B.	read	the	nonword	TUGANT	

as	/tɔnt/	and	ATTYPE	as	/eɪp/	but	is	able	to	read	words	without	difficulty	(Funnell,	1983).	

The	opposite	patterns	of	spared	and	impaired	function	observed	between	surface	and	

phonological	dyslexia	present	a	neuropsychological	double	dissociation.	C.D.’s	

regularization	errors	cannot	be	accounted	for	without	a	sublexical	route,	but	lexicalization	

errors	such	as	those	produced	by	W.B.	require	a	lexical	process.	As	such,	a	reading	model	

with	two	routes	is	able	to	fully	explain	the	observed	patterns	of	deficits	observed	in	patient	

reading.		

	 Behavioral	evidence	from	neurotypical	adults,	consistent	with	neuropsychological	

evidence,	further	suggests	a	dual	route	cognitive	architecture.	One	hallmark	finding	in	

reading	aloud	is	a	regularity	effect	in	reaction	time	(Coltheart	et	al.,	1994;	Paap	&	Noel,	

1991;	Rastle,	&	Coltheart,	1999;	Seidenberg,	Waters,	Barnes,	&	Tanenhaus,	1984;	Taraban	

&	McClelland,	1987).	Regular	words	are	read	with	faster	response	latencies	than	irregular	

words.	The	regularity	effect	in	latency	data	is	often	explained	as	the	time	required	to	

resolve	the	conflict	between	competing	lexical	and	sublexical	phonological	representations	

of	words	(Coltheart	et	al.,	1994;	Rastle,	&	Coltheart,	1999).	

Regularity	effects	alone	do	not	mean	the	DRC	model	is	the	correct	model	of	reading.	

There	are	other	reading	models	without	a	dual	route	cognitive	architecture	that	can	also	

account	for	both	the	behavioral	and	neuropsychological	evidence.	Some	connectionist	

models	of	reading	aloud	(Plaut,	1999)	use	gradual	statistical	learning	of	the	relationships	

between	phonology	and	orthography,	to	account	for	the	regularity	effects	in	reaction	time.	

In	this	model,	the	regularity	effect	is	not	the	product	of	an	online	resolution	of	conflict	
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between	lexical	and	sublexical	phonological	plans	but	rather	because	of	learned	mappings	

between	phonology	and	orthography	(Plaut,	1999;	Seidenberg	&	McClelland,	1989;	

Taraban	&	McClelland,	1987).	Because	more	exemplars	of	regular	spelling	to	sound	

mappings	are	observed	than	irregular	spelling	to	sound	mappings,	words	with	regular	

spelling	to	sound	mappings	will	have	more	robust	connection	weights.	This	difference	in	

connection	weights	gives	rise	to	a	regularity	effect	in	naming	latency	because	reaching	the	

activation	level	required	to	make	a	selection	takes	longer	when	the	connection	weights	are	

noisier.		

	Evidence	for	a	dual	route	model	of	reading	is	made	stronger	by	work	suggesting	

that	the	lexical	or	sublexical	process	can	be	selectively	engaged,	modulating	the	regularity	

effect	in	reaction	time	(Paap	&	Noel,	1991;	Zevin	&	Balota,	2000).	Paap	&	Noel	(1991)	

found	that	under	high	cognitive	load	conditions,	participants	were	faster	at	reading	low	

frequency	irregular	words.	Their	logic	was	that	increasing	cognitive	load	reduces	the	

cognitive	resources	that	can	be	allocated	to	the	demanding	sublexical	process,	and	

therefore	decreases	the	sublexical	contribution	to	reading	aloud.	As	a	result,	irregular	word	

which	are	thought	to	be	produced	slower	because	of	competition	between	the	phonological	

plans	produced	by	the	lexical	and	the	sublexical	routes	are	actually	read	faster,	because	the	

sublexical	route	is	no	has	the	resources	to	generate	a	competing	pronunciation.		Zevin	and	

Balota	(2000)	used	irregular	word	and	nonword	primes	to	bias	attention	toward	either	the	

lexical	or	sublexical	process	respectively.	When	participants	read	items	following	nonword	

primes	rather	than	irregular	word	primes,	the	regularity	effect	in	reaction	time	was	larger.	

The	logic	here	was	that	since	nonwords	can	only	be	read	correctly	by	the	sublexical	route,	

having	participants	read	a	sequence	of	nonwords	biases	the	system	towards	increasing	
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attention	to	the	sublexical	route.	Once	that	happens,	if	an	irregular	word	is	presented	there	

is	now	more	competition	between	the	phonological	plans	produced	by	the	lexical	and	the	

sublexical	routes,	and	irregular	words	are	read	even	slower,	thus	the	greater	regularity	

effect.	Critically,	for	both	of	these	experiments,	the	explanation	for	the	results	involved	

independently	impact	the	contribution	of	the	sublexical	route	without	impacting	the	

contribution	of	the	lexical	route,	which	could	not	happen	if	reading	involved	a	single	route.	

Taken	together,	the	neuropsychological	and	behavioral	data	from	neurotypical	individuals	

has	been	used	to	support	a	reading	model	with	two	routes	that	are	engaged	simultaneously	

and	in	parallel.		

In	addition	to	assuming	these	levels	of	representations	and	processes,	the	DRC	

makes	clear	assumptions	about	the	dynamics	of	interaction	between	these	levels,	

specifically	that	information	cascades	through	levels	of	representation.	The	model	has	

feedforward	dynamics	where	all	partially	activated	representations	at	one	level	pass	

activation	forward	to	the	next	level	prior	to	selection,	in	contrast	to	a	serial	feedforward	

model	in	which	information	moves	from	one	stage	to	the	next	only	when	processing	is	

complete	(Rapp	&	Goldrick,	2000).	Evidence	for	a	cascade	in	reading	models	is	more	

limited	than	the	evidence	for	dual	route,	and	primarily	comes	from	observation	in	nonword	

reading.	The	logic	is	as	follows:	if	nonwords	were	read	aloud	in	a	serial	feedforward	model,	

lexical	route	processes	would	not	have	any	impact	on	how	nonwords	are	read,	since	no	

representations	would	be	selected	along	the	lexical	route.	However,	there	is	clear	evidence	

for	lexical	influences	on	how	nonwords	are	read.	For	example,	Rossum	(1983)	found	that	

the	pronunciation	of	the	nonword	LOUCH	was	biased	toward	one	that	rhymed	with	COUCH	

when	preceding	items	were	semantically	related	to	couch,	and	the	pronunciation	bias	
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switched	when	the	preceding	items	were	semantically	related	to	the	word	touch.	This	

semantic	priming	must	occur	because	of	a	lexical-route	activation	of	either	COUCH	or	

TOUCH.		A	serial	feedforward	model	would	not	predict	any	impact	of	this	lexical-route	

activation	on	the	reading	of	nonwords,	because	activation	in	the	lexical	route	would	only	be	

able	to	be	passed	onto	the	next	level	if	an	item	reaches	an	appropriate	threshold	for	

selection,	and	that	should	not	happen	during	nonword	reading	(Glushko,	1979;	Kay	&	

Marcel,	1981;	Rossum,	1983).	In	contrast,	in	a	cascading	model,	small	amounts	of	activation	

in	the	lexical	route	can	cascade	down	to	a	level	of	phonological	plan	and	bias	the	

production	of	the	vowel	sound	when	the	nonword	is	read.	

Two	assumptions	are	built	into	the	DRC	model,	first	the	dual	route	assumption,	that	

the	lexical	and	the	sublexical	routes	both	generate	competing	phonological	plans	and	

second	the	cascading	assumption,	that	activated	representations	cascade	into	the	next	level	

of	processing	as	soon	as	representations	are	activated	and	before	processing	is	completed	

at	each	level.	Because	of	these	two	assumptions,	DRC	model	predicts	that	the	competing	

forms	activated	by	irregular	words	at	the	level	of	phonological	plan	should	cascade	into	the	

next	level	of	processing,	or	the	level	of	articulatory	planning.	This	cascading	activation	of	

multiple	phonological	plans	should	be	revealed	in	the	acoustics	of	what	is	actually	

produced,	and	therefore,	careful	measurement	of	the	acoustics	of	what	is	actually	produced	

when	reading	aloud	irregular	words	should	reveal	the	competition	between	the	plans	

generated	by	lexical	and	the	sublexical	route	at	the	phonological	level.		

Typically,	descriptions	of	theories	of	reading	aloud	underspecify	the	mapping	from	

phonological	to	articulatory	levels	of	representation.	However,	these	processes	are	more	

completely	described	in	theories	of	speech	production.	Furthermore,	previous	studies	have	
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looked	at	how	competition	between	phonological	plans	can	impact	articulation	from	the	

perspective	of	speech	production	rather	than	reading	(e.g.	Goldrick	&	Blumstein,	2006).	As	

such,	we	can	draw	on	contributions	from	speech	production	research	to	inform	a	

methodology	suitable	to	answer	these	open	questions	in	reading	aloud.	

As	in	reading,	most	models	of	speech	production	assume	that	there	is	some	

cascading	activation.	This	means	that	mapping	semantics	(“yeasty	baked	good”	)	onto	

lexical	items	generates	multiple	lexical	representations,	BREAD	and	PASTRY.	During	

phonological	planning,	the	phonemes	for	the	intended	production	BREAD,	/b/,	/r/,	/ɛ/,	

and	/d/	are	activated,	along	with	partial	activation	of	phonemes	for	competitor	words,	

such	as	/p/,	/eɪ/,	/s/,	/t/,	/r/,	/i/	in	PASTRY.	Effects	of	the	number	of	semantic	neighbors	

on	both	the	quantity	of	phonological	errors	and	response	latencies	have	been	taken	as	

evidence	for	lexical	selection	activating	multiple	phonological	representations	with	

cascading	activation	between	lexical	and	phonological	levels	of	representation	(Costa,	

Caramazza,	&	Sebastian-Galles,	2000;	Dell	et.	al,	1997,	Morsella	&	Miozzo,	2002;	Rapp	&	

Goldrick,	2000).			

Phonetic	measurement,	which	informs	the	physiology	of	speech	production	through	

the	study	of	the	acoustic	properties	of	speech,	has	shown	promise	as	a	tool	for	evaluating	

the	interactivity	between	phonology	and	articulation,	though	evidence	of	this	cascade	is	

fairly	limited	(Goldrick	&	Blumstein,	2006).	The	logic	of	these	analyses	is	as	follows:	If	

phonological	planning	cascades	to	articulatory	implementation	it	should	be	the	case	that	

partially	activated	phonemes	will	have	measurable	consequences	for	the	motor	plan,	

leading	to	a	predictable	deviation	in	how	the	word	or	phoneme	is	produced	relative	to	its	



 11 

canonical	pronunciation.	We	will	refer	to	these	measurable	acoustic	traces	of	the	activated	

but	unselected	phonemes	from	the	phonological	plan	as	phonetic	distortions.			

Using	this	phonetic	distortion	approach,	Goldrick	and	Blumstein	(2006)	had	

participants	read	tongue	twisters,	a	paradigm	used	frequently	to	elicit	phonological	

planning	errors	(e.g.	Dell	&	Repka,	1992).	Their	tongue	twisters	were	comprised	of	

nonwords	that	differed	from	each	other	on	only	one	phonetic	feature,	Voice	Onset	Time	

(VOT),	or	the	duration	between	the	release	of	the	stop	consonant	and	the	onset	of	vocal	

cord	vibration	(Lisker	&	Abramson,	1964).	Consider	the	example	tongue	twister	“KEFF,	

GEFF,	KEFF,	GEFF”.	The	phoneme	/k/	is	a	voiceless	stop	consonant,	with	a	relatively	long	

VOT,	while	the	phoneme	/g/	is	a	voiced	stop	consonant,	with	a	shorter	VOT.	Goldrick	and	

Blumstein	(2006)	analyzed	the	VOT	in	four	kinds	of	productions:	canonical	voiceless	

productions,	in	which	the	target	KEFF	was	produced	correctly,	canonical	voiced	

productions	when	the	target	GEFF	was	produced	correctly,	voiceless	errors	when	the	

target	word	GEFF	was	produced	with	a	/k/	onset,	and	voiced	errors	when	the	target	word	

KEFF	was	produced	with	a	/g/	onset.		The	logic	of	the	study	was	as	follows:	If	activation	

cascades	from	phonological	planning	to	articulatory	implementation,	VOT	for	canonically	

produced	tokens	and	the	errorful	production	of	the	same	token	should	be	different,	

reflecting	the	conflicting	phonological	plan.	This	is	exactly	what	the	researchers	found.		

Voiceless	errors	had	a	longer	VOT	than	canonical	voiceless	responses,	reflecting	a	phonetic	

distortion	from	the	phonological	plan	for	/g/,	from	the	target	word	GEFF.	Phonetic	traces	

of	the	phonological	plan	/k/,	from	the	target	word	KEFF,	were	also	present	in	voiced	error	

GEFF	because	the	VOT	was	shorter	than	the	VOT	for	canonically	produced	GEFF.	This	

pattern	demonstrates	that	activated	but	unselected	phonemes	from	earlier	levels	of	
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representation	have	implications	for	the	motor	speech	plan.	Phonetic	distortions	resulting	

from	speech	errors	are	taken	as	evidence	for	cascading	activation	from	phonological	

planning	to	articulatory	implementation	in	speech	production.		

	 The	current	study	uses	the	same	logic	of	analyzing	phonetic	distortions,	but	now	in	

the	context	of	reading	aloud.	As	discussed	above,	the	DRC	model	of	reading	assumes	that	

reading	irregular	words	results	in	competing	phonological	plans	generated	by	the	lexical	

and	sublexical	routes.	Consider	again	reading	aloud	the	irregular	word	BREAD,	with	the	

lexical	route	generating	the	phonological	plan	/brɛd/	and	the	sublexical	route	generating	

the	phonological	plan	/brid/.	As	a	result,	both	the	/ɛ/	and	/i/	should	be	activated	at	a	

phonological	level	prior	to	production.	While	readers	are	likely	to	produce	the	correct	

vowel	/ɛ/,	because	the	DRC	model	assumes	cascading	activation,	the	activation	of	the	/i/	at	

the	phonological	level	should	cascade	into	articulation,	creating	phonetic	distortions.	This	

will	hereafter	be	referred	to	as	the	cascading	activation	account.	By	contrast,	if	there	is	no	

cascading	activation	from	the	phonological	to	articulatory	level,	or	if	there	is	not	

competition	at	the	phonological	level	generated	by	the	lexical	and	the	sublexical	route,	then	

we	would	predict	no	evidence	of	phonetic	distortion.	This	will	hereafter	be	referred	to	as	

the	serial	activation	account.	

	 In	the	example	of	above	BREAD,	the	conflicting	phonological	plans	are	not	in	the	

onset	consonant	sound	like	in	the	work	from	speech	production,	but	rather	the	vowel	

sounds	/ɛ/	and	/i/.		As	such,	VOT	is	not	the	appropriate	phonetic	measure	to	examine	for	

traces	of	phonetic	distortion.	Other	phonetic	measurements,	specifically,	analysis	of	

formant	frequencies	can	be	used	to	describe	vowel	sounds.	A	formant	is	defined	as	the	

peak	of	a	harmonic	of	a	complex	sound,	amplified	by	resonance	(Jeans,	2009).	Human	vocal	
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resonances	are	altered	by	the	articulation	system	(composed	of	the	soft	palate,	the	tongue,	

the	jaw	and	the	mouth)	in	order	to	produce	different	vowel	sounds.	For	example,	

producing	/ɛ/	requires	the	tongue	to	be	pushed	forward	in	the	oral	cavity,	with	the	tongue	

body	midway	up	in	the	mouth.	The	/i/	sound	is	also	produced	with	the	tongue	in	the	front	

of	the	oral	cavity;	however,	the	tongue	body	is	positioned	on	the	roof	of	the	mouth.	As	the	

/ɛ/	and	/i/	exemplars	suggest,	each	vowel	in	American	English	can	be	classified	in	terms	

two	place	of	articulation	features,	how	high	or	low	the	tongue	body	is	in	the	mouth	

(high/low)	and	the	forward	or	backward	displacement	of	the	tongue	body	(front/back).	

These	two	dimensions,	high/low	and	front/	back	correspond	to	measurable	phonetic	

features	of	speech,	the	first	and	second	formants	(F1	and	F2)	respectively.	The	height	of	the	

tongue	in	the	mouth	is	inversely	related	to	F1	and	the	forward	displacement	of	the	tongue	

in	the	mouth	is	directly	related	to	F2.	First	and	second	formant	frequencies	are	powerful	

enough	measures	to	distinguish	American	English	vowels.	

Because	productions	of	/ɛ/	and	/i/	are	both	characterizable	and	distinguishable	in	

F1/F2	space,	formant	frequencies	are	an	appropriate	phonetic	measurement	to	examine	for	

phonetic	distortion,	and	traces	of	the	unselected	sublexical	phonological	plan.	/ɛ/,	an	open-

mid	front	vowel,	is	characterized	by	moderate	F1	values	(approximately	610	Hz;	Catford,	

1988)	and	relatively	high	F2	values	(approximately	1900	Hz;	Catford,	1988).	/i/,	a	close	

front	vowel	is	characterized	by	the	lowest	F1	values	(approximately	240	Hz;	Catford,	1988)	

and	the	highest	F2	values	in	formant	space	(approximately	2400	Hz;	Catford,	1988).	

Evidence	for	a	cascading	activation	account	would	require	phonetic	distortion	in	formant	

measurements	such	that	the	/ɛ/	in	BREAD,	and	other	irregular	words	with	the	same	

graphemic	representation,	are	produced	more	/i/-like,	or	lower	in	F1	and	higher	in	F2	than	
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canonical	productions	of	/ɛ/	from	regular	words	such	as	BRED.	Evidence	for	a	serial	

activation	account	would	be	evidenced	by	finding	no	evidence	of	phonetic	distortion;	the	

/ɛ/	in	BREAD,	would	be	acoustically	indistinguishable	from	canonical	productions	of	/ɛ/	in	

regular	words.	

	 The	present	study	is	limited	by	the	fact	that	the	serial	activation	account	predicts	no	

phonetic	distortion	or	a	null	effect.	As	such,	positive	controls	have	been	included	in	the	

design	to	replicate	documented	effects	in	reading,	phonetics,	and	perception	in	order	to	

ensure	that	this	experimental	design	could	detect	an	effect	if	it	were	present.		We	will	

discuss	these	positive	controls	in	turn.	The	first	positive	control	is	to	replicate	the	key	

behavioral	effects	in	reading.	If	a	phonetic	distortion	effect	is	not	found,	one	plausible	

explanation	would	be	that	readers	fail	to	generate	conflicting	lexical	and	sublexical	

phonological	plans.	For	example,	when	words	are	high	enough	in	frequency,	it	is	assumed	

that	they	are	processed	so	quickly	by	the	lexical	process,	that	the	sublexical	route	does	not	

have	an	opportunity	to	generate	a	competing	pronunciation	(Coltheart	&	Rastle,	1994).	If	

so,	the	articulatory	plan	would	only	be	generated	on	the	basis	of	the	phonological	plan	

generated	by	the	lexical	route,	and	no	phonetic	distortion	would	be	predicted.	Evidence	

that	high	frequency	words	rely	on	the	lexical,	but	not	sublexical	route	comes	from	the	fact	

that	reaction	time	differences	between	regular	and	irregular	words	–	the	regularity	effect	–	

disappear	when	the	words	are	high	frequency	in	neurotypical	adults	and	the	regularity	

effect	on	errors	is	not	observed	for	high	frequency	words	in	patients	with	acquired	surface	

dyslexia.	Therefore,	we	will	analyze	the	regularity	effect	on	latency	in	experiments	with	

neurotypical	adults	and	on	errors	in	the	experiment	with	patients	with	acquired	dyslexia.	If	
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regularity	effects	are	observed,	we	can	rule	out	the	alternative	hypothesis	that	the	

sublexical	route	is	not	engaged	in	the	current	task.	

The	second	positive	control	is	to	ensure	that	we	are	able	to	make	meaningful	

phonetic	measurements	using	the	formants	of	these	vowels	from	these	participants.		

Although	analyzing	phonetic	distortion	in	formant	space	is	a	novel	feature	of	the	current	

study,	there	are	well	documented	phenomena	in	formant	frequency	measurement	that	can	

be	replicated	in	order	to	validate	measurements	in	the	present	work.	One	such	

phenomenon	is	that	within	an	experiment,	if	a	given	word	is	produced	more	than	once,	the	

vowels	in	later	productions	of	a	word	becomes	more	central	or	schwa-like	with	repeated	

production	(Fowler	&	Housum,	1987;	Liu,	Lei,	&	Hansen,	2010;	Potter	&	Peterson,	1948).	

Each	experiment	includes	multiple	repetitions	of	the	same	tokens	in	the	same	session,	and	

data	will	be	analyzed	to	determine	if	we	can	replicate	the	finding	that	formant	space	

reduces	with	repetition.	Replicating	this	finding	will	alleviate	concerns	about	the	quality	of	

the	phonetic	measurement	in	this	set	of	experiments.		

The	third	positive	control	investigates	whether	participants	can	perceive	

differences	in	the	production	of	heterographic	homophones.		Because	phonetic	distortion	

has	never	been	explored	in	formant	space,	a	possible	concern	is	that	listeners	will	be	able	

to	perceive	differences	between	heterographic	homophone	tokens	(e.g.	BREAD	and	BRED)	

despite	failure	to	find	meaningful	phonetic	differences	between	the	word	pairs	in	F1/	F2	

space.		If	listeners	can	discriminate	between	BREAD	and	BRED,	it	would	imply	that	this	set	

of	experiments	is	measuring	the	wrong	phonetic	feature	because	some	other	critical	

phonetic	trace	of	the	sublexical	phonological	plan	is	cascading	to	impact	articulation.	In	

order	to	address	this	concern,	a	perception	experiment	will	be	conducted	to	determine	if	
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listeners	are	able	to	reliably	determine	the	spelling	of	a	heterographic	homophone.	If	there	

is	no	phonetic	distortion,	listeners	should	not	be	able	to	discriminate	between	the	regular	

and	irregular	forms	of	homophones.	If	there	is	phonetic	distortion,	listeners	may	use	some	

other	unconsidered	phonetic	feature	as	a	cue	in	discourse	to	aid	in	speech	perception.	

Experiment	1a:	Reading	Aloud	of	Familiar	Words	

Method	

Participants	

	 Participants	were	24	Rice	University	undergraduate	students	(17	females	and	7	

males).	All	participants	were	18	years	of	age	or	older,	reported	being	native	speakers	of	

American	English	and	reported	no	history	of	speech,	language	or	hearing	disorders.	

Participants	received	partial	credit	in	an	introductory	level	psychology	class	in	exchange	

for	participation.	

Materials	

	 The	critical	stimuli	were	7	pairs	of	monosyllabic	words,	in	which	one	of	the	words	

had	the	vowel	sound	/ɛ/	spelled	with	the	grapheme	EA	(irregular	/ɛ/condition),	one	had	

the	vowel	sound	/ɛ/	spelled	with	the	grapheme	E	(regular	/ɛ/	condition).	Because	of	

concerns	about	the	onset	and	the	coda	consonants	coloring	the	production	of	the	vowel,	

efforts	were	taken	to	ensure	match	the	local	context	within	a	pair.	For	2	pairs,	the	regular	

and	irregular	/ɛ/	conditions	were	composed	of	heterographic	homophones	(e.g.,	BRED	and	

BREAD).	When	that	was	not	possible,	and	for	the	remaining	5	pairs,	stimuli	were	selected	

to	ensure	that	the	immediately	surrounding	consonants	were	identical	(e.g.	SLEPT	and	

LEAPT).	An	additional	13	critical	items	had	the	vowel	sound	/i/	spelled	with	the		-		-	
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grapheme	EE	(regular	/i/	condition).	In	addition	to	these	critical	stimuli,	27items	were	

included	as	fillers	that	had	different	vowel	sounds	and	spellings.	

	 Lexical	characteristics	for	the	critical	stimuli	are	included	in	Appendix	A.	Across	the	

experiment,	the	regular	(M	=	2.71,	SD	=	1.24)		and	irregular	words	(M	=	2.82,	SD	=	0.72)did	

not	differ	in	terms	of	subtitle	word	frequency	(t(33)	=	0.35,	p	=	.73).	Regular	(M=	4.04,	SD	=	

)	and	irregular	words	(M	=	5.31,	SD	=	0.63)	did	however	differ	in	length	(t(19.7)	=	4.65,	p	<	

.001).	This	is	unsurprising	because	the	irregular	grapheme	of	interest	is	one	letter	longer	

than	the	regular	grapheme	of	interest.	

See	Appendix	A	for	the	complete	list	of	stimuli.		

Recording	Apparatus		

	 Recording	took	place	in	a	soundproof	room.	In	order	to	reduce	the	impact	of	

ambient	computer	sounds	on	the	recording,	the	hard	drive	was	2	meters	away	from	

participants	and	the	microphone	(The	construction	of	the	soundproof	room	prevented	

placement	of	the	computer	outside	of	the	space).		Speech	was	recorded	using	Rover	Beats	

Bravo	stereo	headset	microphone	and	Audacity	version	2.1.2.0	at	a	sampling	rate	of	44,100	

Hz.	Following	recording,	the	sound	file	for	each	participant	was	converted	from	stereo	to	

mono.		

Procedure	

	 Stimuli	were	presented	on	a	computer	monitor	positioned	on	a	table	in	front	of	

participants	approximately	two	feet	from	the	screen	and	instructed	to	read	each	word	

aloud	as	it	appeared	on	the	screen	at	a	conversational	volume.	The	experiment	consisted	of	

two	blocks	of	54	trials	each.	Each	block	contained	all	of	the	crucial	word	stimuli	and	all	of	

the	filler	words.	Each	trial	was	the	presentation	of	a	single	word	stimulus.	The	word	
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appeared	in	the	center	of	the	monitor	in	uppercase	Consolas	font	in	size	18	for	2500	ms.	

The	onset	of	each	word	was	presented	synchronously	with	a	beep	sound	so	that	response	

latency	data	could	be	gathered	from	the	presentation	of	the	word	to	the	onset	of	speech.	

The	two	-block	design	meant	that	participants	were	presented	with	each	critical	stimulus	

two	times,	producing	each	token	one	time	in	the	first	block	before	producing	them	again	in	

the	second	block.	The	entire	experiment	took	approximately	30	minutes.	

Temporal	and	Phonetic	Analyses		

Response	Latency.	Each	participant	recorded	speech	was	processed	using	the	Mark	

Pauses	Praat	script.	While	this	script	is	designed	to	measure	the	duration	of	pauses	in	

sentence	length	utterances,	the	script	can	also	be	used	to	measure	the	length	of	silence	

between	any	two	sounds.	The	script	works	by	adding	intervals	to	a	tier	in	Praat,	denoting	

the	offset	of	the	first	sound	(in	this	experiment,	the	beep)	and	the	onset	of	a	second	sound	

(in	this	experiment,	the	participants’	speech).	The	script	is	not	perfect,	so	each	interval	was	

checked	and	adjusted	manually	to	ensure	that	the	tier	accurately	reflected	the	duration	

between	the	offset	of	the	beep	and	the	onset	of	the	speech.	The	durations	from	the	intervals	

were	then	added	to	the	beep	duration	to	yield	the	reaction	time	for	each	word,	for	each	

participant.	

Formant	Frequencies.	Formant	information	was	obtained	using	Praat	verision	6.0.19	

(Boersma	&	Weenink,	2018).	For	each	token,	the	vowel	was	isolated	from	the	onset	and	

coda	sounds.	Formant	frequency	information	was	obtained	from	each	vowel	at	midpoint.	

Formant	information	was	obtained	for	each	word	by	two	raters.	The	raters	were	not	blind	

to	the	predictions	of	the	experiment.	The	average	of	the	two	raters’	measurements	was	the	

measurement	used	in	the	study.	
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Results	

Response	Latency.	

	Response	latency	data	was	obtained	for	only	17	of	the	24	participants	because	a	

participant	adjusted	the	equipment	volume	without	the	researcher’s	knowledge,	

preventing	accurate	collection	of	latency	data	for	that	participant,	and	other	participants	

recorded	on	that	same	day.	The	data	were	analyzed	with	a	linear	mixed	effects	model,	with	

fixed	effects	for	frequency	and	regularity	and	random	effects	for	speaker	and	item.	

Table	1.1	

Experiment	1	Reaction	Time	Mixed	Effects	Model	Output	

Fixed	Effects	 β	 SE	 df	 t	
Intercept	 478.2	 78.3	 25.5	 6.11***	
Regularity	 -79.8	 28.5	 23.8	 2.80*	
Frequency	 -181.3	 78.9	 23.5	 2.30*	
Frequency	*	Regularity	 60.0	 29.2	 23.9	 2.06†	
Random	Effects	 Variance	 SD	 	 	
Speaker	 4189.0	 64.7	 	 	
Item	 859.7	 29.3	 	 	
Residual	 12020.7	 109.6	 		 		
	

Regular	critical	items,	containing	/ɛ/	and	/i/	(M	=	537.9	ms	,	SD	=	66.6	ms)	were	

read	with	reliably	lower	response	latencies	than	irregular	critical	/ɛ/	words,	M	=	561.3	ms,	

SD	=	80.0	ms,	β=	-79.8,		t(23.8)	=	2.80,	p	<	.025.	This	analysis	replicates	effect	of	regularity,	

and	indeed	a	marginal	frequency	by	regularity	interaction	(β=	60.0,	t(23.9)	=	2.06,	p	=	.06.		

on	reading	aloud,	the	primary	empirical	finding	that	has	been	taken	to	indicate	that	readers	

are	engaging	both	their	lexical	and	their	sublexical	route,	now	shown	in	the	context	of	this	

experiment,	with	these	participants.	

Phonetic	Distortion	
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	 Table	1.2	reports	the	mean	F1	and	F2	values	for	participants	in	these	experiments	for	

the	three	critical	type	of	stimuli.	Participants	in	Experiment	1	produced	/i/	and	/ɛ/	

phonemes	with	typical	F1	and	F2	values.		

Table	1.2	

Formant	Measurements	by	Phoneme	

Formant	 F1	 F2	
		 M	 SD	 M	 SD	
Regular	/ɛ/	 656.7	 148.3	 1811.5	 219.2	
Irregular	/ɛ/	 644.2	 135.3	 1784.6	 214.3	
/i/	 324.3	 45.9	 2591.3	 235.5	
	

The	formant	frequency	data	were	used	to	calculate	Euclidean	distances	to	allow	for	

the	detection	of	phonetic	distortion.	The	logic	of	this	approach	is	as	follows:	If	the	/ɛ/	in	

BREAD	is	more	/i/-like	than	the	/ɛ/	in	the	canonical	token,	BRED,	then	the	Euclidean	

distance	between	irregular	/ɛ/	phonemes	(spelled	EA)	and	/i/	should	be	shorter	than	the	

Euclidean	distance	between	regular	/ɛ/	phonemes	(spelled	E)	and	/i/	in	formant	space.	To	

make	this	comparison	we	calculated	the	Euclidean	distance	between	each	regular	/ɛ/	and	

irregular	/ɛ/	item		

The	Euclidean	distance	data	were	analyzed	using	a	linear	mixed	effects	model,	with	

fixed	effects	for	regularity	(whether	/ɛ/	was	spelled	with	E	or	EA)	and	block	(whether	the	

word	was	produced	in	the	first	or	second	block),	and	random	effects	for	speaker	and	item.		

Table	1.3	

Experiment	1	Phonetics	Mixed	Effects	Model	Output	

Fixed	Effects	 β	 SE	 df	 t	
Intercept	 965.5	 53.2	 28	 18.2***	
Regularity	 8.3	 55.1	 9.9	 0.15	
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Block	 -67.2	 9.91	 749	 6.7***	
Random	Effects	 Variance	 SD	 	 	
Speaker	 25962	 161.1	 	 	
Item	 8765	 93.6	 	 	
Residual	 19573	 139.9	 		 		
	

	 There	was	a	not	a	reliable	effect	of	regularity	in	/ɛ/	pronounced	vowels,	β=	8.3,	

t(9.92)	=	0.15,	p	=	.88.	There	was	no	difference	in	the	Euclidean	distance	between	regular	

and	irregular	/ɛ/	graphemic	representations	and	regular	forms	of	/i/	words.	This	null	

effect	is	predicted	by	is	the	serial	activation	account,	but	not	the	cascading	activation	

account.	Figure	1.1.	below	graphically	depicts	this	finding.	

Figure	1.1.	The	above	figure	represents	the	Front	dimension	of	the	vowel	space	

quadrilateral.	The	top	left	cluster	of	dots	is	the	Close,	Front	/i/	sound.	The	bottom	right	

cluster	of	arrows	is	the	Open-mid,	Front	/ɛ/	sound.	In	the	arrow	cluster,	the	“EA”	
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represents	the	mean	F1/F2	coordinate	for	all	subjects,	and	all	tokens	with	that	irregular	

vowel	sound	(/ɛ/).		The	“E”	represents	the	mean	F1/F2	coordinate	for	all	subjects,	and	all	

tokens	with	the	regular	graphemic	representation	of	/ɛ/	sound.		In	both	the	dot	and	arrow	

clusters	the	“EE”	represents	the	mean	F1/F2	coordinate	for	all	subjects,	and	all	tokens	with	

the	regular	graphemic	representation	of	/i/	sound.	Each	arrow	represents	a	single	subject.	

The	tail	of	the	arrow	is	the	mean	F1/F2	coordinate	for	regular	all	tokens	with	that	vowel	

sound	(/i/	or	/ɛ/),	and	the	head	of	the	arrow	is	the	mean	F1/F2	coordinate	for	irregular	all	

tokens	with	that	same	vowel	sound	for	a	given	subject.	

	 Although	the	vector	plot	in	Figure	1.1.	is	useful	for	displaying	individual	participant	

data	and	the	means	of	the	raw	formant	information,	the	statistic	of	interest,	Euclidean	

distance	is	somewhat	hard	to	estimate	from	this	method	of	visualization.	As	such,	the	bar	

graph	in	Figure	1.2.	below	has	been	provided	to	make	Euclidean	distance	values	clearer.	
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Figure	1.2.	Bar	graph	of	the	mean	Euclidean	distances	between	irregular	or	regular	/ɛ/	and	

/i/.	Error	bars	represent	standard	error	of	the	mean.	

Vowel	Reduction.		

There	was	a	reliable	effect	of	Block,	β=	-67.2,	t(749.0)	=	6.72,	p	<	.001.	The	Euclidean	

distance	between	the	two	phonological	forms,	/i/	and	/ɛ/,	was	smaller	in	Block	2	than	

Block	1.	This	implies	that	the	vowel	space	becomes	more	schwa-like	and	confirms	a	

successful	replication	of	past	linguistic	studies	(e.g.	Fowler	and	Housum,	1987).	Thus,	the	

measurements	of	formant	frequencies	collected	in	this	study	represent	meaningful	

phonetic	measurements.	The	reduction	in	formant	space	is	depicted	in	Figure	1.3.	below.	
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Figure	1.3.	The	above	figure	represents	the	Front	dimension	of	the	vowel	space	

quadrilateral.	The	top	left	cluster	of	arrows	is	the	Close,	Front	/i/	sound.	The	bottom	right	

cluster	of	arrows	is	the	Open-mid,	Front	/ɛ/	sound.	In	each	arrow	cluster,	the	“1”	represents	

the	mean	F1/F2	coordinate	for	all	subjects,	and	all	tokens	with	that	vowel	sound	(/i/	or	/ɛ/)	

in	the	first	production.	The	“2”	represents	the	mean	F1/F2	coordinate	for	all	subjects,	and	

all	tokens	with	that	vowel	sound	(/i/	or	/ɛ/)	in	the	second	production.	Each	arrow	

represents	a	single	subject.	The	tail	of	the	arrow	is	the	mean	F1/F2	coordinate	for	all	first	
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productions	of	that	vowel	sound	(/ɛ/),	and	the	head	of	the	arrow	is	the	mean	F1/F2	

coordinate	for	all	second	productions	of	the	same	vowel	sound	for	a	given	subject.		

As	with	the	phonetic	distortion	analysis,	the	vector	plot	in	Figure	1.4.	is	useful	for	

displaying	individual	participant	data	and	the	means	of	each	block	in	terms	of	the	raw	

formant	information,	the	Euclidean	distance	is	somewhat	hard	to	estimate	from	this	

method	of	visualization.	The	bar	graph	in	Figure	1.5.	below	has	been	provided	to	make	

Euclidean	distance	values	clearer.	

	

Figure	1.4.	Bar	graph	of	the	mean	Euclidean	distances	between	Block	1	/ɛ/	and	/i/	vowel	

productions	and	Block	2	/ɛ/	and	/i/	vowel	productions.	Error	bars	represent	standard	

error	of	the	mean.	

Experiment	1b.	Perception	of	Read	Aloud	Heterographic	Homophones	
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Because	we	found	no	phonetic	traces	of	the	sublexical	phonological	plan	using	

formant	space	measures	of	articulation,	it	is	important	to	ensure	that	listeners	are	unable	

to	perceive	differences	between	heterographic	homophone	tokens	(e.g.	BREAD	and	BRED)	

because	it	could	imply	that	some	other	phonetic	feature	may	cascade	to	impact	articulation.	

To	further	corroborate	our	null	effect,	listeners	should	not	be	able	to	discriminate	between	

the	regular	and	irregular	forms	of	homophones	because	there	should	be	no	trace	of	some	

other	unmeasured	phonetic	distortion.	In	order	to	eliminate	the	possibility	of	other	

unforeseen	but	meaningful	sublexical	effects	that	impact	articulation,	we	had	participants	

complete	a	homophone	discrimination	task.	

Methods	

Participants.	Participants	were	32	undergraduate	students	from	Rice	University.	All	

participants	were	18	years	of	age	or	older,	reported	being	native	speakers	of	American	

English	and	reported	no	history	of	speech,	language	or	hearing	disorders.		

Materials	and	Items.	Recorded	tokens	were	presented	to	participants	one	at	a	time	

in	a	random	order.	Only	tokens	recorded	in	the	first	block	were	used	as	they	contain	the	

most	acoustically	informative	productions	of	a	given	vowel	sound.	Because	not	all	of	the	

items	included	in	the	study	were	heterographic	homophones,	we	were	only	able	to	include	

a	subset	of	the	recorded	tokens.	

Procedures.	In	order	to	keep	participants	engaged	during	the	discrimination	task,	

they	were	told	that	there	are	many	aspects	of	cognition,	such	as	blindsight	that	allow	

humans	to	detect	asked	to	detect	differences	or	changes	in	the	environment	without	

conscious	perception.	They	were	told	they	would	be	presented	with	a	set	of	words	and	

would	be	required	to	judge	the	spelling	based	of	the	sound.	For	example,	if	the	participant	
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heard	the	token	/brɛd/,	they	were	asked	to	decide	whether	the	word	they	heard	was	

spelled	BREAD	or	BRED.	The	decision	was	binary	and	forced	choice	in	order	to	prevent	

participants	from	using	spellings	that	were	not	produced	by	the	speakers.	

Results.	A	one-sample	t-test	was	conducted	to	determine	if	participant	performance	

differed	from	chance,	.50,	at	deriving	the	graphemic	representation	of	an	irregular	token	

from	the	spoken	production.	Participants	performed	no	better	than	chance	on	this	task,	M	=	

.50,	SD	=	.03,	t(31)	=	0.02,	p	=	.99.	As	this	result	co-occurs	with	no	evidence	of	phonetic	

distortion,	it	mitigates	concerns	that	listeners	may	use	cues	other	than	formant	frequencies	

that	have	been	distorted	from	activation	of	phonemes	from	sublexical	processing,	because	

there	is	no	evidence	of	phonetic	distortion	from	the	measured	phonetic	feature	and	

listeners	cannot	determine	the	spelling	of	the	homophone	from	the	sound.	With	this	

finding,	it	can	be	assumed	that	formant	frequency	analysis	is	a	valid	measure	as	the	

perceptual	experience	of	listeners	is	congruent	with	the	phonetic	findings.	

Discussion	of	Experiment	1	

In	Experiment	1a,	participants	were	asked	to	read	aloud	regular	and	irregular	

words	and	had	both	their	reaction	times	and	the	phonetics	of	their	productions	measured.	

In	terms	of	reaction	time,	regular	words	were	read	more	quickly	than	irregular	words.		In	

terms	of	phonetic	measurement,	no	evidence	of	phonetic	distortion	was	observed,	with	the	

vowels	produced	during	reading	words	with	an	irregularly	pronounced	EA	grapheme	being	

produced	in	the	same	portion	of	/ɛ/-vowel	space	as	matched	words	with	the	regular	E	

grapheme	pronounced	as	/ɛ/.	In	the	DRC	framework,	the	regularity	effect	on	response	

latency	has	been	taken	as	evidence	that	the	lexical	and	the	sublexical	routes	are	activated	

simultaneously	and	in	parallel	when	reading	aloud.	The	fact	that	a	regularity	effect	was	
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observed	in	Experiment	1a	means	that	the	lack	of	phonetic	distortion	cannot	be	

attributable	to	the	disengagement	of	the	sublexical	process	in	the	context	of	the	DRC	model.	

One	additional	concern	might	be	that	the	phonetic	measurements	from	this	study	are	noisy	

or	not	sufficiently	powered	to	detect	differences.	The	fact	that	this	study	replicates	a	

reduction	of	vowel	space	with	repetition	addresses	this	concern.	Finally,	Experiment	1b	

provides	confirmation	that	the	perceptual	experience	of	listeners	is	consistent	with	the	

phonetic	feature	of	speech	measured.	There	is	no	evidence	of	phonetic	distortion	in	

formant	space	and	participants	were	unable	to	determine	the	spelling	of	the	homophone	

from	the	sound,	implying	that	there	is	not	some,	unknown	distorted	phonetic	cue	that	

could	have	yielded	an	alternative	finding.	

Therefore,	Experiment	1a	demonstrates	an	absence	of	phonetic	distortion	on	the	

production	of	the	vowels	in	irregularly	spelled	words.		As	discussed	in	the	introduction,	a	

failure	to	find	these	kinds	of	phonetic	distortions	is	evidence	for	a	serial	activation	account	

of	information	flow	between	the	phoneme	system	and	articulation	levels	of	representation	

in	the	DRC	model	of	reading.	A	single	phonological	plan,	reflecting	pronunciation	from	the	

lexical	route,	is	selected	and	implemented	by	the	articulatory	processes.		

Before	fully	committing	to	this	interpretation,	however,	Experiments	2	and	3	will	

further	test	for	this	phonetic	distortion	effect	in	contexts	that	should	amplify	the	

contributions	of	the	sublexical	route	in	reading.	The	lexical	route	is	assumed	to	operate	

faster	and	more	efficiently	than	the	sublexical	reading	route,	meaning	that	the	

contributions	of	the	phonological	plan	generated	by	the	sublexical	may	be	relatively	small	

under	normal	single	word	reading	conditions.	The	small	amount	of	activation	of	the	

phonological	plan	from	the	sublexical	reading	route	could	still	be	being	passed	from	the	
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phonological	to	articulatory	level	in	a	cascading	fashion	but	have	an	effect	smaller	than	the	

measurement	sensitivity.	Experiments	2	and	3	will	each	employ	a	different	technique	to	

reduce	the	disparity	in	contribution	size	between	the	lexical	and	sublexical	processes,	

through	manipulations	that	either	enhance	the	contribution	of	the	lexical	route	or	enhance	

the	contribution	of	the	sublexical	route.	Experiment	2	focuses	on	a	priming	method,	in	

which	regular	and	irregular	words	are	read	aloud	in	lists	that	include	many	nonwords	–	

thus	biasing	the	system	towards	the	sublexical	route	–	or	many	irregular	words	–	thus	

biasing	the	system	towards	the	lexical	route.	This	method	has	previously	been	

demonstrated	to	have	an	impact	on	reaction	time	effects	in	reading	aloud	(Zevin	&	Balota,	

2000).	Experiment	3	focuses	the	analysis	on	two	patients	with	acquired	reading	disorders,	

one	whose	deficit	leads	to	a	great	dependence	on	sublexical	route	reading	and	the	other	

whose	deficit	leads	to	a	greater	dependence	on	lexical	route	reading.	If	there	continues	to	

be	no	evidence	of	phonetic	distortion	in	these	two	experiments,	then	we	can	be	more	

confident	that	articulations	of	irregular	words	that	are	read	aloud	do	not	show	traces	of	

phonological	plans	activated,	but	unselected,	by	the	sublexical	read	route.	

Experiment	2:	Primed	Reading	of	Familiar	Words	

	 One	way	to	reduce	the	disparity	in	contribution	size	between	the	lexical	and	

sublexical	processes	is	have	participants	alter	the	amount	of	attention	they	attribute	to	

each	of	the	routes	(Zevin	&	Balota,	2000).	Intuitively,	it	seems	reasonable	that	humans	

would	be	able	to	control	which	aspects	of	the	cognitive	architecture	of	reading	they	attend	

to	as	not	all	reading	tasks	emphasize	the	same	levels	of	representation.	For	example,	

reading	the	word	BREAD	as	it	appears	on	the	computer	monitor	during	Experiment	1	may	

require	less	engagement	of	semantic	levels	of	representation	than	reading	a	recipe	for	how	
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to	bake	a	loaf	of	bread.	Attentional	control	of	the	cognitive	system	for	reading	however	is	

not	limited	to	semantics.	The	Zevin	and	Balota	(2000)	experiment	discussed	above	

suggests	that	attentional	control	can	facilitate	increased	utilization	of	the	sublexical	

process.	In	their	study,	participants	saw	either	five	nonword	primes	or	five	irregular	word	

primes	before	naming	a	target	word.	The	regularity	effect	in	reaction	time	was	larger	when	

naming	words	following	nonword	primes	rather	than	irregular	word	primes,	which	implies	

that	the	nonword	primes	increased	sublexical	involvement.	As	such,	this	method	of	priming	

can	be	used	to	bias	participants’	attention	toward	either	the	sublexical	or	lexical	process.	

Experiment	2	addresses	the	issue	of	limited	sublexical	involvement,	outlined	in	the	

discussion	in	Experiment	1,	by	more	greatly	engaging	the	sublexical	process	by	using	the	

priming	methodology	of	Zevin	and	Balota	(2000).	

Method	

Participants	

	 Participants	were	48	Rice	University	undergraduate	students.	All	participants	were	

native	speakers	of	American	English	and	had	no	history	of	speech	or	language	disorders.	

Participants	received	course	credit	in	exchange	for	participation.		

Materials	

	 Materials	for	the	target	word	trials	were	the	same	list	of	words	from	Experiment	1,	

with	the	addition	of	11	items	(See	starred	items	in	Appendix	A).	The	nonword	prime	trials	

were	obtained	from	the	ARC	nonword	database	and	were	selected	such	that	they	are	one	

syllable	CVC	or	CV	words,	none	of	the	vowel	sounds	were	contained	in	the	target	words	

(neither	/i/	nor	/ɛ/),	and	they	are	not	pseudohomophones	(e.g.	BRANE;	Rastle,	Harrington,	

&	Coltheart,	2002).	Like	the	nonwords,	irregular	words	were	selected	such	that	none	of	the	
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vowel	sounds	were	contained	in	the	target	words	(neither	/i/	nor	/ɛ/),	but	the	irregular	

words	could	be	either	one	or	two	syllable	word.	Irregular	words	were	defined	as	words	

containing	spelling	to	sound	correspondences	that	were	not	the	most	frequent	as	

calculated	by	Berndt	et	al	(1987;	See	Appendix	B	for	the	list	of	nonwords	considered	and	

Appendix	C	for	the	list	of	irregular	words).		

Because	this	is	a	between	subjects	experiment,	and	because	there	is	extensive	

intersubject	variability	in	the	vowel	productions,	it	is	critical	to	get	some	measure	of	a	

participant’s	vowel	space	prior	to	the	experimental	manipulation,	so	that	this	source	of	

individual	variability	can	be	regressed	out	of	the	final	result.	Prior	to	the	critical	

manipulation	of	the	experiment,	subjects	were	recorded	reading	a	list	of	10	monosyllabic	

words	aloud,	each	of	which	contained	one	of	5	monothong	vowels	from	the	perimeter	of	

F1/F2	space	(See	Appendix	D	for	the	list	of	tokens	used	to	calculate	vowel	space	area).	

Using	the	package	phon.r,	the	polygon	area	for	each	participant’s	vowel	space	was	

calculated.		

Recording	Apparatus	

Recording	took	place	in	a	soundproof	room.	The	construction	of	the	soundproof	

room	prevented	placement	of	the	computer	outside	of	the	space,	but	the	hard	drive	of	the	

computer	was	at	least	1	meter	away	from	participants	and	the	microphone	in	order	to	

reduce	the	impact	of	ambient	computer	sounds	on	the	recording.	Speech	was	recorded	

using	a	Shure	SM10A	microphone	and	Audacity	version	2.1.2.0	at	a	sampling	rate	of	44,100	

Hz.	Following	recording,	the	sound	file	for	each	participant	will	be	converted	from	stereo	to	

mono.		

Procedure	
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As	in	Experiment	1,	stimuli	were	presented	on	a	computer	monitor	positioned	on	a	

table	in	front	of	participants.	Each	stimulus	word	was	presented	one	at	a	time	in	a	

randomized	order.	The	same	27	words	from	Experiment	1,	plus	the	additional	11	words	

were	considered	target	trials	in	Experiment	2.	Participants	were	randomly	assigned	to	the	

lexical	or	sublexical	prime	condition.	In	the	lexical	prime	condition,	as	in	Zevin	and	Balota	

(2000),	every	sixth	item	was	one	of	the	target	words,	and	the	interleaving	five	trials	were	

irregular	words.	In	the	sublexical	prime	condition,	every	sixth	item	was	one	of	the	target	

words,	and	the	interleaving	five	trials	were	nonwords.	

In	both	conditions,	as	in	Experiment	1,	the	onset	of	each	word	was	presented	

synchronously	with	a	beep	sound	so	that	response	latency	data	could	gathered	from	the	

presentation	of	the	word	to	the	onset	of	speech.	Participants	read	all	words	aloud	twice,	

producing	each	target	item	one	time	in	the	first	block	before	producing	them	again	in	the	

second	block.	

Temporal	and	Phonetic	Analyses		

Response	Latency.	The	same	procedure	for	measuring	reaction	time	from	

Experiment	1	was	used	in	Experiment	2.	

Formant	Frequencies.	Formant	frequency	measures	and	transformation	of	this	data	

to	Euclidean	distances	was	the	same	in	Experiment	2	as	in	Experiment	1.		

Results	

Response	Latency.	

The	response	latency	data	were	analyzed	using	a	linear	mixed	effects	model,	with	

fixed	effects	for	regularity	(whether	/ɛ/	was	spelled	with	E	or	EA)	and	condition	(randomly	
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assigned	irregular	or	nonword	priming	condition),	and	random	effects	for	speaker	and	

item.		

Table	2.1	

Experiment	2	Reaction	Time	Mixed	Effects	Model	Output	

Fixed	Effects	 β	 SE	 df	 t	
Intercept	 770.271	 51.3	 62.6	 15.0***	
Regularity	 -45.4	 50.8	 43.9	 0.89	
Condition	 66.1	 43.9	 180.3	 1.51	
Frequency	 -23.8	 16.0	 44.2	 1.49	
Regularity*Condition	 -68.8	 34.2	 3402.0	 2.01*	
Frequency*Regularity	 1.9	 17.4	 43.9	 0.11	
Frequency*Condition	 -29.6	 10.7	 3402.0	 2.75**	
Frequency*Regularity*Condition	 28.6	 11.7	 3402.0	 2.45*	
Random	Effects	 Variance	 SD	 	 	
Speaker	 11368	 106.6	 	 	
Item	 1273	 35.7	 	 	
Residual	 17090	 130.7	 		 		
	

As	in	Experiment	1,	a	regularity	effect	in	reaction	time	was	used	as	a	positive	control	

to	ensure	that	our	participants	engaged	their	sublexical	process	in	our	experiment.	Regular	

words	(M	=	661.1	ms	,	SD	=	171.	02	ms)	were	read	with	faster	response	latencies	than	

irregular	words,	M	=	693.2	ms,	SD	=	176.7	ms.	This	effect	however	was	not	significant	in	

light	of	higher	order	interactions	(β	=-45.4,	t(43.9)	=	0.89,	p	>	.05).	The	response	latency	

data	were	also	used	to	determine	whether	we	successfully	replicated	the	Zevin	and	Balota	

(2000)	effect,	where	the	regularity	effect	in	reaction	time	increases	for	participants	in	the	

nonword	priming	condition.	We	did	find	a	significant	regularity	by	condition	interaction,	β	

=-68.8,	t(3402)	=	2.01,	p	<.05,	however	the	results	went	in	the	opposite	direction	than	the	

previously	published	work.	The	difference	in	response	latency	was	greater	in	our	irregular	
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word	priming	condition	than	in	our	nonword	priming	condition.	Figure	2.1	plots	the	

reaction	time	data	for	the	regular	and	irregular	words	split	by	priming	condition.	

	

Figure	2.1.	Bar	graph	of	the	mean	reading	latencies	for	irregular	and	regular	words	by	

condition.	Error	bars	represent	standard	error	of	the	mean.	

	

Failure	to	replicate	Zevin	and	Balota	(2000)	is	concerning	for	our	understanding	of	

the	cognitive	architecture	of	reading.	While	we	do	successfully	replicate	the	hallmark	

regularity	effect	in	reaction	time,	this	can	be	accounted	for	by	both	the	DRC	model	and	

connectionist	models	of	reading	(e.g.	Plaut,	1999).	Findings	such	as	Zevin	and	Balota	

(2000)	require	a	dual	route	cognitive	architecture	to	account	for	the	attentional	control	

priming	effects.	Failure	to	replicate	strong	evidence	for	a	dual	route	cognitive	architecture	

weakens	the	body	of	evidence	supporting	a	dual	route	cognitive	architecture	of	reading.		
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Despite	failing	to	replicate	the	finding	of	Zevin	and	Balota,	a	significant	priming	

effect	was	observed,	albeit	in	the	opposite	direction.	We	can	therefore,	cautiously,	proceed	

interpreting	the	phonetics	results	with	a	slightly	different	set	of	predictions.	Following	the	

logic	of	the	Zevin	and	Balota	study,	the	size	of	the	regularity	effect	in	reaction	time	is	used	

as	an	index	of	the	extent	to	which	the	sublexical	route	is	engaged	in	reading	aloud	these	

words.		Because	the	size	of	the	regularity	effect	in	reaction	time	is	greater	in	our	irregular	

word	priming	condition	than	our	nonword	priming	condition,	we	can	interpret	that	to	

mean	that	there	is	a	greater	activation	of	the	phonological	plan	from	the	sublexical	route	in	

the	irregular	word	priming	condition.	Therefore,	these	reaction	time	effects	suggest	the	

prediction	that	we	should	observe	more	evidence	of	phonetic	traces	from	the	regular	

pronunciation	of	the	vowel	in	the	irregular	word	priming	condition	than	the	nonword	

priming	condition.	

Phonetic	Distortion	

The	Euclidean	distance	data	were	analyzed	using	a	linear	mixed	effects	model,	with	

fixed	effects	for	regularity	(whether	/ɛ/	was	spelled	with	E	or	EA),	block	(first	production	

or	second	production	of	a	word	within	a	session)	and	condition	(randomly	assigned	lexical	

and	sublexical	biasing	condition)	and	random	effects	for	speaker	and	item.	Additionally,	

because	this	analysis	is	between	subjects	and	deals	directly	with	distance	between	two	

points	in	formant	space,	we	added	a	fixed	effect	for	the	convex	polygon	area	of	each	

participants	formant	space	to	control	for	any	variability	in	Euclidean	distance	attributable	

to	participants	natural	vowel	productions.		

Table	2.2	

Experiment	2	Phonetics	Mixed	Effects	Model	Output	
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Fixed	Effects	 β	 SE	 df	 t	
Intercept	 703.8	 62.8	 80.7	 11.2***	
Regularity	 -3.9	 36.8	 21.8	 0.1	
Condition	 -25.0	 33.7	 48.8	 0.7	
Vowel	Space	Area	 0.0004	 0.0001	 68.6	 3.6***	
Regularity*Condition	 11.1	 10.1	 2085	 1.1	
Random	Effects	 Variance	 SD	 	 	
Speaker	 11370	 106.6	 	 	
Item	 1269	 35.6	 	 	
Residual	 17118	 130.8	 		 		

	

Unlike	in	Experiment	1,	where	cascading	activation	predicts	an	effect	of	regularity,	

(irregular	/ɛ/	vowels	are	closer	to	/i/	in	formant	space	than	regular	/ɛ/	vowels)	in	

Experiment	2,	cascading	activation	could	be	reflected	in	a	condition	by	regularity	

interaction,	with	a	smaller	distance	between	irregular	/ɛ/	and	/i/	relative	to	regular	/ɛ/	

and	/i/,	or	a	main	effect	of	regularity.	However,	given	the	response	latency	results,	we	

might	expect	a	larger	effect	in	the	irregular	word	prime	condition.	Both	the	interaction	(β=	

11.1,	t(2085)	=	1.10,	p	>	.05)	and	the	main	effect	(β=	-3.9,	t(21.8)	=	0.1,	p	>	.05)	were	not	

significant.	We	found	no	evidence	that	even	under	attentional	control	biasing	conditions	

that	the	presence	of	multiple	phonological	plans	cascades	to	impact	articulation.	
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Figure	2.2.		The	above	figure	represents	the	Front	dimension	of	the	vowel	space	

quadrilateral.	The	top	left	cluster	of	dots	is	the	Close,	Front	/i/	sound.	The	bottom	right	

cluster	of	arrows	is	the	Open-mid,	Front	/ɛ/	sound.	The	dark	arrows	and	dots	are	the	

irregular	word	prime	condition,	and	the	light	arrows	and	dots	represent	the	nonword	

prime	condition.	In	the	arrow	cluster,	the	“EA”	represents	the	mean	F1/F2	coordinate	for	all	

subjects,	and	all	tokens	with	that	irregular	vowel	sound	(/ɛ/).		The	“E”	represents	the	mean	

F1/F2	coordinate	for	all	subjects,	and	all	tokens	with	the	regular	graphemic	representation	

of	/ɛ/	sound.		In	both	the	dot	clusters	the	“EE”	represents	the	mean	F1/F2	coordinate	for	all	

subjects,	and	all	tokens	with	the	regular	graphemic	representation	of	/i/	sound.	Each	
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arrow	represents	a	single	subject.	The	tail	of	the	arrow	is	the	mean	F1/F2	coordinate	for	

regular	all	tokens	with	that	vowel	sound	(/ɛ/),	and	the	head	of	the	arrow	is	the	mean	F1/F2	

coordinate	for	irregular	all	tokens	with	that	same	vowel	sound	for	a	given	subject.	

	

	 Although	the	vector	plot	in	Figure	2.2.	is	useful	for	displaying	individual	participant	

data	and	the	means	of	the	raw	formant	information,	the	statistic	of	interest,	Euclidean	

distance	is	somewhat	hard	to	estimate	from	this	method	of	visualization.	As	such,	the	bar	

graph	in	Figure	2.3.	below	has	been	provided	to	make	Euclidean	distance	values	clearer.	

	

Figure	2.3.	Bar	graph	of	the	mean	Euclidean	distances	between	irregular	or	regular	/ɛ/	and	

/i/.	Error	bars	represent	standard	error	of	the	mean.	

	

	 From	the	bar	graph	above,	it	appears	that	participants	in	the	nonword	priming	

condition	had	a	smaller	Euclidean	distance	between	their	/i/	and	/ɛ/	phoneme	
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productions	than	participants	in	the	irregular	word	priming	condition.	This	effect	however	

was	not	significant,	β=	-25.0	t(48.8)	=	0.74,	p	=	.46.	There	was	however	a	significant	effect	

of	vowel	space	area,	β=	.0004,	t(68.6)=	3.66,	p	<	.001.	What	this	means	is	that	participants	

who	were	assigned	to	the	irregular	word	priming	condition	came	into	the	experiment	with	

a	more	expanded	vowel	spaces,	as	the	vowel	space	measure	was	taken	prior	to	the	critical	

experimental	manipulation,	and	that	it	is	this	preexisting	difference	between	the	groups,	

rather	than	the	experimental	manipulation,	that	explains	the	difference	in	Euclidean	

distance,	as	individuals	with	more	expanded	vowel	spaces	will	also	show	a	greater	

Euclidean	distance	between	/i/	and	/ɛ/.			

	

Vowel	Reduction	

	 In	Experiment	1,	a	decrease	in	Euclidean	distance	between	/i/	and	/ɛ/	phoneme	

between	blocks	1	and	2	was	used	as	a	measure	of	formants	becoming	more	central.	In	

Experiment	2,	because	we	recorded	tokens	to	construct	participants	vowel	spaces,	we	

included	items	with	the	schwa	phoneme	(See	Appendix	D	for	the	items).	The	distance	

between	the	vowel	in	each	target	item	and	the	participants	schwa	production	was	

calculated	and	compared	between	blocks	as	a	better	measure	of	formant	reduction.	A	

successful	replication	of	the	classic	phonetic	result	would	be	if	productions	in	Block	1	had	a	

larger	Euclidean	distance	to	schwa	as	compared	to	Block	2.	This	effect	however	was	not	

significant	t(2086.1)	=	0.64,	p	=	.52.	Vowels	in	Block	1	(M=	858.6,	SD	=	188.4)	were	not	

closer	to	schwa	in	formant	space	than	vowels	in	Block	2	(M	=	868.7,	SD	=	188.1).	While	

failure	to	replicate	formant	space	reduction	is	concerning,	the	number	of	items	presented	



 40 

in	this	experiment	was	over	4	times	greater	than	the	number	of	items	presented	in	

Experiment	1.	The	effect	of	repetition	may	decay	over	large	numbers	of	interleaving	items.		

Discussion	of	Experiment	2	

In	Experiment	2,	we	adopted	the	priming	method	used	in	Zevin	and	Balota	(2000).	

Participants	were	asked	assigned	to	either	an	irregular	or	nonword	priming	condition	and	

were	asked	to	read	aloud	these	primes	as	well	as	regular	and	irregular	words.	While	

completing	this	task,	both	their	reaction	times	and	the	phonetics	of	their	productions	

measured.	In	terms	of	reaction	time,	while	we	did	find	that	regular	words	were	read	more	

quickly	than	irregular	words,	we	also	failed	to	replicate	the	Zevin	and	Balota	(2000)	

attentional	control	effects	on	the	regularity	effect	in	reaction	time	and	found	an	effect	in	the	

opposite	direction.		In	terms	of	phonetic	measurement,	no	evidence	of	phonetic	distortion	

was	observed,	with	the	vowels	produced	during	reading	words	with	an	irregularly	

pronounced	EA	grapheme	being	produced	in	the	same	portion	of	/ɛ/-vowel	space	as	

matched	words	with	the	regular	E	grapheme	pronounced	as	/ɛ/.	Given	the	failure	of	

manipulation	as	indexed	by	the	reaction	time	data,	it	is	unsurprising	that	the	results	of	

Experiment	2	are	consistent	with	those	of	Experiment	1,	no	evidence	for	cascading	

activation	from	phonological	planning	to	articulation.	Because	the	prime	manipulation	was	

not	as	clean	of	a	method	as	intended,	it	is	increasingly	important	to	find	other	methods	to	

bias	the	cognitive	architecture	toward	the	sublexical	process.	Experiment	3	uses	

neuropsychology	as	tool	to	increase	sublexical	involvement.	

Experiment	3:	Patient	Reading	

Experiment	3	addresses	the	issue	of	limited	sublexical	involvement,	outlined	in	the	

discussion	in	Experiment	1	by	reducing	competition	from	the	lexical	process	by	changing	
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the	participant	population	to	participants	with	different	impairments	to	their	reading	

system.	As	discussed	above,	a	patient	with	surface	dyslexia	has	no	difficulties	reading	

pseudowords	or	regular	words	but	has	difficulty	in	reading	irregular	words.	According	to	

the	DRC,	this	patient	has	an	impaired	lexical	route	but	an	intact	sublexical	reading	route.	In	

contrast,	a	patient	with	phonological	dyslexia	has	no	difficulties	reading	irregular	or	

regular	words	but	has	difficulty	in	reading	pseudoword	stimuli.	According	to	the	DRC,	this	

patient	has	an	impaired	sublexical	route	but	an	intact	lexical	reading	route.	Even	when	they	

read	irregular	words	correctly,	individuals	with	surface	dyslexia	should	show	a	greater	

influence	of	the	sublexical	route	than	individuals	with	phonological	dyslexia.	With	a	greater	

influence	of	the	sublexical	route,	we	would	predict	that	individuals	with	surface	dyslexia	

should	show	a	larger	effect	of	phonological	distortion	when	reading	irregular	words	aloud	

than	individuals	with	phonological	dyslexia.	Here	we	report	phonetic	data	from	two	

patients,	S.H.	and	M.K.	who	show	the	hallmark	characteristics	of	acquired	phonological	and	

surface	dyslexia	respectively.	

Cascading	activation	predicts	that	our	patient	with	surface	dyslexia,	M.K.	would	

show	an	effect	of	regularity,	with	irregular	/ɛ/	productions	being	closer	to	/i/	productions	

in	formant	space	than	regular	/i/	productions.	Even	if	cascading	is	reflected	in	M.K.’s	

productions,	we	do	not	anticipate	a	phonetic	distortion	effect	in	our	patient	with	

phonological	dyslexia,	S.H.	because	we	failed	to	observe	the	effect	in	the	lexical	biasing	

condition	in	Experiment	2,	and	the	undergraduates	in	Experiment	1.	

Serial	activation	predicts	that	neither	patient	should	show	a	reliable	effect	of	

regularity	in	/ɛ/	pronounced	vowels.	This	null	effect,	and	therefore	absence	of	evidence	of	

phonetic	distortion,	will	provide	converging	evidence	with	Experiments	1	and	2,	endorsing	
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a	serial	activation	account	of	information	flow	from	the	conflicting	lexical	and	sublexical	

phonological	plans	to	articulatory	processing.	

Method	

Participants	

Participants	were	two	patients	selected	specifically	for	their	opposite	patterns	of	

spared	and	impaired	cognitive	function,	reflecting	selective	damage	to	either	the	lexical	or	

sublexical	process.	The	first	patient	considered,	S.H.,	formerly	an	ESL	professor,	had	a	left	

posterior	cerebral	artery	stroke	that	that	damaged	posterior	occipitotemporal	cortex	in	

July	of	2016	at	the	age	of	64.	S.H.	showed	a	selective	impairment	to	her	sublexical	process	

as	reflected	in	her	performance	on	Psycholinguistic	Assessments	of	Language	Processing	in	

Aphasia	(PALPA)	35	and	PALPA	36.	On	PALPA	35,	she	read	56	out	of	60	words	correctly,	

with	29	out	of	30	regular	words	correct,	and	27	out	of	30	irregular	words	correct.	However,	

on	PALPA	36,	she	only	read	5	out	of	24	nonwords	correctly.	Typically,	when	reading	

nonwords	aloud,	S.H.	either	lexicalizes	the	nonword	items	(e.g.	reading	BRUD	as	/brɛd/)	or	

she	fails	to	generate	a	pronunciation.	S.H.’s	successful	reading	of	words	but,	impaired	

nonword	reading	is	consistent	with	other	patients	with	acquired	phonological	dyslexia	

observed	in	the	literature	(e.g.	Funnell,	1983).	It	has	however	been	argued	that	

phonological	dyslexia	may	actually	reflect	a	more	general	phonological	processing	deficit	

rather	than	a	loss	specific	to	the	sublexical	reading	route	(Woollams,	2014).		Contrary	to	

this	alternative	explanation,	apart	from	her	nonoword	reading	deficit,	S.H.’s	phonological	

processing	remains	generally	intact,	as	she	named	94%	of	items	correctly	on	the	

Philadelphia	Naming	Test	(PNT),	was	96%	accurate	at	vowel	and	consonant	discrimination,	

and	92%	accurate	at	repeating	nonwords	on	the	Philadelphia	Nonword	Repetition	task.	
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The	second	patient	considered,	M.K,	formerly	a	truck	driver,	had	a	left	middle	

cerebral	artery	stroke	that	damaged	the	supramarginal	gyrus,	the	left	inferior	lobule	of	the	

parietal	lobe,	the	angular	gyrus,	with	some	damage	to	the	superior	temporal	and	middle	

temporal	lobe	in	February	of	2014	at	age	44.	M.K.	showed	a	selective	impairment	to	his	

lexical	process,	as	indicated	by	his	performance	on	PALPA	35	and	PALPA	36.	On	PALPA	35,	

he	read	49	out	of	60	words	correct,	with	29	out	of	30	regular	words	correct,	but	only	20	out	

of	30	irregular	words	correct.	When	reading	irregular	words	aloud,	M.K.’s	typical	errors	are	

lexicalization	errors	(e.g.	reading	BREAD	as	/brid/).	On	PALPA	36,	he	read	21	out	of	24	

nonwords	correctly.	M.K.’s	regularity	effect	in	error	rates	on	word	reading,	combined	with	

his	ability	to	read	nonwords	reflects	other	cases	of	surface	dyslexia	as	reported	in	the	

literature.	Like,	S.H.,	M.K.	was	not	impaired	in	naming	on	the	Philadelphia	Naming	Test	was	

reasonably	high	(94%)	or	on	the	vowel	and	consonant	discrimination	task	(96%),	but	he	

did	have	significant	difficulties	in	repeating	nonwords	(33%	accurate).	However,	this	

repetition	difficulty	appears	unrelated	to	his	reading	problems,	as	his	sublexical	reading	

route	appears	to	be	largely	intact.		

Both	S.H.	and	M.K.	were	native	speakers	of	American	English.	S.H.	and	M.K.	were	

compensated	$10	per	hour	in	exchange	for	their	participation	in	this	experiment.		

Materials	

	 The	target	word	stimuli	used	in	Experiment	3	were	the	same	target	word	list	used	in	

Experiment	2.		Target	words	were	presented	alternating	with	filler	words,	which	were	

selected	such	that	they	are	one	syllable	CVC	or	CV	words,	none	of	the	vowel	sounds	were	

contained	in	the	target	words	(neither	/i/	nor	/ɛ/).		

Recording	Apparatus	
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Experiment	3	used	the	same	recording	apparatus	as	Experiment	2.	

Procedure	

As	in	Experiments	1	and	2	stimuli	were	presented	on	a	computer	monitor	

positioned	on	a	table	in	front	of	participants.	Each	stimulus	word	was	presented	one	at	a	

time	alternating	with	a	regular	word	filler.	Participants	saw	the	same	set	of	target	items	in	

Experiment	3	as	in	Experiment	2.	Participants	read	all	words	aloud	twice,	producing	each	

target	item	one	time	in	the	first	block	before	producing	them	again	in	the	second	block.	

Both	S.H.	and	M.K.	completed	the	task	12	time	across	12	testing	sessions.	

Error	Rate	and	Phonetic	Analyses		

Error	Rate.	Unlike	in	Experiments	1	and	2	with	undergraduate	participants,	in	

Experiment	3	we	looked	for	a	regularity	effect	in	error	rate	was	used	to	index	sublexical	

route	involvement	in	reading	aloud.	

Formant	Frequencies.	Formant	frequency	measures	and	transformation	of	this	data	

to	Euclidean	distances	is	the	same	in	Experiment	3	as	in	Experiments	1	and	2.		

Results	

Error	Rate	

	 Both	patients	had	significant	regularity	effects	in	their	error	rates,	χ2’s	>	33.9,	p’s	<	

.001.	M.K.	had	a	5%	error	rate	on	regular	word	trials	as	compared	to	a	19%	error	rate	on	

irregular	word	trials.	S.H.	had	a	3%	error	rate	on	regular	word	trials	as	compared	to	a	16%	

error	rate	on	irregular	word	trials.	Because	this	regularity	effect	signifies	sublexical	route	

involvement,	it	would	appear	in	our	data	that	S.H.	and	M.K.	have	comparable	difficulties	in	

reading	irregular	words.	However,	M.K.	made	errors	across	all	irregular	words,	while	most	
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of	S.H.’s	irregular	word	errors	were	on	a	single	item.	When	that	item	is	removed,	S.H.’s	

error	rate	on	irregular	words	is	reduced	to	7%.	

Phonetic	Distortion	

The	productions	of	each	participant	were	independently	analyzed	with	a	linear	

mixed	effects	model,	with	fixed	effects	for	regularity	(whether	/ɛ/	was	spelled	with	E	or	

EA)	and	block	(first	production	or	second	production	of	a	word	within	a	session)	and	

random	effects	for	item.		

Table	3.1	

Experiment	3	Phonetics	Mixed	Effects	Model	Output	

Patient	 M.K.	 S.H.	
		 β	 SE	 df	 t	 β	 SE	 df	 t	
Intercept	 300.5	 49.3	 25.4	 6.09***	 820.7	 26.6	 61.5	 30.8***	
Regularity	 -24.8	 62.6	 21.1	 0.7	 -31.5	 29.3	 18.7	 1.1	
Block	 2.3	 10	 462.3	 0.82	 11.49	 12	 408.1	 0.96	
Random	Effects	 Variance	 SD	 	 	 Variance	 SD	 	 	
Items	 21569	 146.9	 	 	 3463	 59.9	 	 	
Residual	 12119	 110.1	 	 	 15437	 124.3	 	 	

	

There	was	not	a	reliable	effect	of	regularity	in	M.K.’s	productions	(β	=	-24.8,	t(21.1)=	

.7,	p	>	.05),	nor	in	S.H.’s	productions,	β	=	-31.5,	t(18.7)=	1.1,	p	>	.05.	Both	patient’s	regular	

and	irregular	/ɛ/	productions	were	indistinguishable	in	formant	space,	providing	no	

evidence	for	cascading	activation	to	articulation.	The	participants	formant	spaces	are	

plotted	in	Figures	3.1a	and	3.1b	below.	

Figure	3.1a	
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Figure	3.1b	
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Figures	3.1a	and	3.1b.	The	above	figures	represent	the	Front	dimension	of	the	vowel	space	

quadrilateral,	3.1a	for	M.K.	and	3.1	b	for	S.H.	The	top	left	cluster	of	arrows	is	the	Close,	Front	

/i/	sound.	The	bottom	right	cluster	of	arrows	is	the	Open-mid,	Front	/ɛ/	sound.	In	the	

arrow	cluster,	the	“EA”	represents	the	mean	F1/F2	coordinate	for	all	tokens	with	that	across	

all	sessions	of	the	irregular	vowel	sound	(/ɛ/).		The	“E”	represents	the	mean	F1/F2	

coordinate	for	all	sessions	and	all	tokens	with	the	regular	graphemic	representation	of	/ɛ/	

sound.		In	the	dot	cluster	the	“EE”	represents	the	mean	F1/F2	coordinate	for	all	sessions	and	
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all	tokens	with	the	regular	graphemic	representation	of	/i/	sound.	Each	arrow	represents	

and	dot	represents	a	single	token.	The	tail	of	the	arrow	is	the	mean	F1/F2	coordinate	for	

regular	productions	of	a	token	across	all	sessions	and	the	head	of	the	arrow	is	the	mean	

F1/F2	coordinate	for	irregular	productions	of	a	token	across	all	sessions.	

	

Vowel	Reduction.	As	in	Experiments	1	and	2,	a	smaller	Euclidean	distance	between	

/i/	and	/ɛ/	productions	in	Block	1	as	compared	to	Block	2	would	imply	that	the	vowel	

space	becomes	more	schwa-like	across	repetitions	of	the	same	word.	Neither	M.K.	

(t(461.2)=	0.06,	p	=	.95)	nor	S.H.	(t(407.0)=	0.46,	p	=	.65)	had	reliable	effects	of	block.	This	

implies	a	failure	to	replicate	past	linguistic	studies	(e.g.	Fowler	and	Housum,	1987).	While	

concerning,	our	patients	took	longer	than	the	undergraduates	to	complete	the	task	because	

each	word	was	not	presented	for	a	finite	amount	of	time.	Further,	the	patients	often	

requested	a	break	between	experimental	blocks.	It	could	be	the	case	that	the	increased	

duration	between	repetitions	may	cause	the	formant	reduction	effect	to	disappear.		

Discussion	of	Experiment	3	

In	Experiment	3,	we	used	neuropsychological	methods,	working	with	patients	with	

acquired	dyslexias	selectively	biasing	their	reading	system	toward	either	lexical	or	

sublexical	processing.	Participants	read	regular	and	irregular	words	aloud,	their	

production	errors	were	counted,	and	the	phonetics	of	their	productions	measured.	In	terms	

of	error	rate,	we	found	the	hallmark	finding	of	reading	aloud,	a	regularity	effect	in	error	

rate.		In	terms	of	phonetic	measurement,	no	evidence	of	phonetic	distortion	was	observed,	

with	the	vowels	produced	during	reading	words	with	an	irregularly	pronounced	EA	

grapheme	being	produced	in	the	same	portion	of	/ɛ/-vowel	space	as	matched	words	with	
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the	regular	E	grapheme	pronounced	as	/ɛ/.	This	finding	is	consistent	with	what	was	

observed	in	both	Experiments	1	and	2.	

General	Discussion	

	 Three	experiments	were	carried	out	to	find	evidence	of	competition	between	the	

lexical	and	sublexical	phonological	plan	cascade	on	articulation,	as	is	predicted	by	the	Dual-

Route	Cascaded	(DRC)	model	of	reading.	Across	all	three	experiments,	no	effect	of	this	

competition	was	observed	in	the	phonetics	of	how	the	words	were	produced,	including	in	

experiments	with	conditions	designed	to	increase	this	competition.	In	all	three	

experiments,	regularity	effects	in	reading	aloud	were	observed	in	reaction	time	and	error	

rate.	Given	that	the	DRC	model	accounts	for	these	regularity	effects	on	reading	by	assuming	

competition	between	the	lexical	and	sublexical	plans	at	a	phonological	level,	these	null	

effects	at	the	level	of	phonetic	measurement	cannot	be	attributed	to	the	fact,	for	whatever	

reason,	the	sublexical	route	was	not	engaged.	Therefore,	this	study	provides	evidence	

against	the	DRC	model,	at	least	as	it	is	currently	constructed.	Below,	we	discuss	various	

ways	to	account	for	the	null	effects	that	were	observed	in	the	current	project.		

One	possible	explanation	would	be	that	while	there	is	a	cascade	between	levels	in	

other	parts	of	the	reading	system,	there	is	no	cascading	activation	between	the	

phonological	level	and	the	articulatory	level	that	can	be	measured	in	terms	of	phonetic	

distortions.	However,	Goldrick	and	Blumstein	(2006)	previously	report	evidence	of	a	

phonology	to	articulatory	cascade,	in	the	context	of	a	tongue-twister	task,	in	terms	of	the	

VOT	of	initial	consonants	in	the	errors	produced.	In	the	section	below,	we	consider	the	

differences,	between	the	current	set	of	experiments	and	the	experiment	in	Goldrick	and	
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Blumstein,	in	order	to	reconcile	the	conflict	why	that	study	may	have	found	evidence	of	

phonetic	distortions	while	this	study	did	not.		

One	important	difference	between	this	work	and	the	Goldrick	and	Blumstein	is	that	

this	study	looks	for	phonetic	distortion	in	correct	productions	of	irregular	words,	while	

Goldrick	and	Blumstein	(2006)	found	evidence	of	phonetic	distortion	in	error	trials.	

Patterns	of	activation	may	be	different	for	error	trials	than	correct	trials.	For	example,	in	

the	tongue	twister	paradigm,	when	GEFF	is	produced	in	error	for	the	target	item	KEFF,	the	

phonemes	for	both	/k/	and	/g/	are	activated.	It	could	be	the	case	that	the	competing	

correct	target	phonological	plan	/k/	is	more	active	than	the	phonological	plan	generated	by	

the	sublexical	route	considered	in	our	study.	

In	future	work,	we	intend	to	further	explore	the	nature	of	competition	at	the	

articulatory	level	in	error	trials	during	reading.	When	participants	read	words	aloud	

quickly,	they	are	more	prone	to	error.	We	will	use	this	method	to	elicit	errors	in	our	set	of	

target	stimuli.	Returning	to	the	example,	BREAD,	rather	than	looking	for	phonetic	

distortion	in	correct	productions,	/brɛd/,	where	the	/ɛ/	is	no	more	/i/-like	than	the	/ɛ/	

from	canonical	BRED,	this	new	method	would	analyze	instances	where	participants	

produced	BREAD	as	/brid/.	In	this	experiment,	we	would	predict	that	if	error	trials	in	

reading	aloud	reflects	established	work	in	speech	production,	/i/	produced	in	error	/brid/	

is	more	/ɛ/-like	than	the	/i/	in	canonical	BREED,	due	to	competition	from	the	correct	

lexical	phonological	plan,	/brɛd/.		

	 We	could	also	apply	the	same	logic	of	error	analysis	in	neuropsychological	work	as	

well.	Patients	with	surface	dyslexia,	such	as	patient	M.K.	often	make	regularization	errors	

when	reading	words	aloud.	If	competition	from	the	correct	phonological	plan	cascades	to	
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impact	articulation,	we	would	anticipate	finding	phonetic	traces	of	the	target	item	in	the	

articulated	regularization	error.	It	is	possible,	however,	that	even	in	error	trials,	we	will	

find	no	evidence	for	cascading	activation	at	the	level	of	articulation	even	when	analyzing	

error	productions.		

	 A	second	difference	between	the	Goldrick	and	Blumstein	(2006)	study	and	the	

present	work	in	reading	aloud	is	the	phonetic	measurement,	and	therefore	also	position	in	

the	word	that	is	considered.	Goldrick	and	Blumstien	(2006)	used	VOT,	looking	for	phonetic	

distortions	in	the	onset	position	of	their	words.	In	our	work	in	reading,	we	analyzed	

formant	frequencies,	looking	for	phonetic	distortions	in	the	middle	of	irregular	words.	

There	are	several	reasons	why	this	difference	could	be	critical	for	the	lack	of	phonetic	

distortions	observed	in	the	current	study.	

One	possibility	has	to	do	with	the	position	of	the	irregularity	in	the	word	in	the	

context	of	the	reading	architecture.	Positional	regularity	effects	have	been	previously	

reported	in	reaction	times.	Words	with	irregular	first	letter	sounds	(e.g.	AISLE)	have	a	

larger	regularity	effects	in	reaction	time	than	words	with	irregularities	in	later	positions	

(Coltheart	&	Rastle,	1994;	Rastle	&	Coltheart,	1999).	Both	behavioral	studies	and	

simulations	of	the	DRC	model	show	regularity	effects	in	reaction	time	when	words	contain	

irregular	vowels	(tokens	such	as	BREAD),	implying	the	presence	of	competition	even	in	

words	with	regularities	at	later	positions.	Because	sublexical	involvement	is	indexed	by	the	

size	of	the	regularity	effect	in	reaction	time	(Coltheart	&	Rastle,	1994;	Rastle	&	Coltheart,	

1999;	Zevin	&	Balota,	2000)	and	work	in	speech	production	has	demonstrated	success	in	

finding	phonetic	distortions	in	earlier	word	positions	it	could	be	the	case	that	the	stimuli	

we	used	underlie	the	null	effect.		
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Because	the	regularity	effect	is	greater	at	the	beginning	of	word,	it	could	be	the	case	

that	we	fail	to	detect	with	our	measurements	because	the	conflict	between	the	lexical	and	

sublexical	routes	is	resolved	by	the	time	the	middle	of	the	word	is	produced.	This	

explanation	however	is	weakened	by	our	finding	regularity	effects	in	reaction	times	or	

error	rates	across	all	three	experiments.	According	to	DRC	theory,	a	regularity	effect	in	

reaction	time	is	the	product	of	competition	between	the	lexical	and	sublexical	processes	

(Coltheart	et	al.,	1993;	Coltheart	et	al.,	2001),	therefore	if	there	is	competition	between	the	

lexical	and	sublexical	phonological	plan	that	does	cascade	to	articulation,	we	should	be	able	

to	detect	it	in	these	stimuli,	despite	the	position	of	the	irregularity.	Future	studies	could	be	

used	to	determine	how	the	position	of	the	irregularity	in	the	word	may	impact	the	ability	to	

detect	phonetic	distortions,	should	they	exist.			

In	future	work	we	could	evaluate	how	positional	effects	impact	phonetic	distortions	

in	both	a	neurotypical	and	a	patient	population.	We	could	have	participants	read	irregular	

items	such	as	EARL	rather	than	presenting	CVC	tokens	such	as	BREAD.	If	failure	to	find	

evidence	for	cascading	activation	is	attributable	to	conflict	resolution	occurring	before	the	

vowel	was	produced,	we	should	be	able	to	find	phonetic	distortions	when	the	irregularity	is	

in	an	earlier	position.	Alternatively,	it	could	be	the	case	that	phonetic	distortions	occur	in	

VOT	but	not	in	vowel	space.	This	concern	can	be	addressed	by	replicating	Goldrick	and	

Blumstein	(2006)	but	with	tongue-twisters	that	create	errors	in	the	vowel	rather	than	in	

the	onset.	

	 An	additional	methodological	difference	between	work	in	speech	production	and	

our	work	in	reading	aloud	is	how	competition	is	elicited.	Goldrick	and	Blumstein	(2006)	

used	a	nonword	tongue	twister	paradigm	in	order	to	elicit	competition.	Tongue	twister	
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paradigms	require	that	participants	plan	and	produce	multiword,	or	in	their	work	multi-

nonword,	utterances.	In	this	tongue	twister	paradigm,	competition	arises	when	the	

phonological	plans	from	two	nonwords	are	activated	and	cascade	to	articulation.	Our	work	

in	reading	depends	on	the	assumption	that	two	competing	phonological	plans	arise	when	

reading	a	single	word	aloud.	It	is	possible	that	competition	only	cascades	to	impact	

articulation	when	planning	multiple	word	phrases.	

	 Martin,	Lesch	and	Bartha	(1999)	demonstrated	that	input	and	output	phonological	

codes	are	maintained	in	separate	buffers.	Multiword	planning	tasks,	like	tongue	twisters	

involve	engagement	and	maintenance	of	the	utterance	in	the	phonological	output	buffer.	

Reading	aloud	a	single	word	does	not	engage	the	phonological	output	buffer.	It	could	be	the	

case	that	the	phonetic	distortion	effects	measured	by	Goldrick	and	Blumstein	(2006)	arise	

after	phonological	planning,	while	holding	the	items	in	working	memory,	explaining	our	

failure	to	find	evidence	of	a	phonological	to	articulation	cascade	in	reading	aloud.	

Further,	it	has	been	argued	that	tongue	twisters	represent	an	artificial	scenario	and	

do	not	reflect	typical	speech	production	(Mowrey	&	MacKay,	1990).	Other	research	has	

suggested	that	tongue	twister	errors	are	not	phonological	planning	errors	at	all,	but	rather	

an	articulatory	gesture	error	(Pouplier	&	Goldstein,	2005).	If	this	is	true,	then	the	phonetic	

distortions	described	by	Goldrick	and	Blumstein	(2006)	do	not	present	evidence	for	a	

cascade	from	phonological	planning	but	could	be	an	additional	index	of	gestural	intrusion	

during	articulation.	Given	the	skepticism	surrounding	tongue	twisters	it	is	increasingly	

important	to	further	explore	the	phonology	to	articulation	cascade	in	both	reading	aloud	

and	speech	production.	
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In	future	work	we	could	evaluate	competition	in	single	word	planning	with	a	Stroop	

task	using	colors	that	contain	monothong	perimeter	vowels	such	as	BLACK,	GREEN,	BLUE	

and	RED.	In	the	Stroop	task,	the	color	words	are	printed	in	ink	of	varying	colors.	

Participants	are	instructed	to	ignore	the	color	word	and	say	the	color	of	the	ink.	When	the	

color	word	printed	and	the	ink	reflect	different	colors,	there	may	be	competition	between	

the	phonological	plan	for	the	printed	color	and	the	phonological	plan	for	the	ink	color.	If	we	

find	phonetic	distortion	evidence	from	a	phonological	to	articulatory	cascade,	it	rules	out	

the	possibility	that	the	Goldrick	and	Blumstein	(2006)	finding	is	the	product	of	multiword	

planning	or	an	articulatory	gesture	error.			

	 The	differences	between	the	current	experiments	and	Goldrick	and	Blumstein	

(2006)	may	have	more	to	do	with	these	other	methodological	differences	than	the	

difference	between	reading	irregular	words	and	other	kinds	of	tasks	and	more	work	is	

needed	to	address	these	methodological	concerns.	Here	we	consider	the	implications	for	

reading	theory	if	the	result	of	these	additional	studies	is	that	there	is	no	phonetic	distortion	

evidence	in	reading	aloud	irregular	words,	but	consistent	evidence	of	phonetic	distortion	in	

other	spoken	production	tasks	that	are	more	closely	matched	to	the	current	one.	If	this	

were	the	case,	it	would	be	important	to	consider	why	irregular	word	reading	does	not	elicit	

competition	at	a	phonological	level	that	cascades	down	to	the	articulatory	level	when	other	

manipulations	do.	In	the	DRC	model,	it	is	assumed	that	both	a	lexical	and	sublexical	

phonological	plan	are	generated	(Coltheart	et	al.,	1993;	Coltheart	et	al.,	2001).	However,	

when	words	are	correctly	produced,	we	find	no	evidence	that	the	sublexical	phonological	

plan	cascades	to	impact	articulation.	What	kinds	of	alternatives	to	the	DRC	architecture	

could	explain	these	effects?	



 55 

	 One	possibility	is	a	reading	model	without	cascading	activation.	Rapp	and	Goldrick	

(2000)	define	a	set	of	possible	interactive	dynamics	for	models	of	speech	production.	While	

cascading	activation	best	captures	the	behavioral	and	neuropsychological	findings	in	

speech	production,	(see	the	literature	review	for	a	more	extensive	account	of	their	

findings),	though	parsimonious,	does	not	necessitate	that	interactivity	in	the	reading	

cognitive	architecture	be	fully	cascaded.	Seriality	is	defined	as	the	extent	to	which	a	

cognitive	architecture	has	discrete	processing	steps	with	decision	points.	A	fully	serial	

model	of	reading,	with	decisions	made	at	each	level	of	representation	before	passing	

information	to	the	next	level	of	representation,	predicts	no	phonetic	distortion.	There	is	

however	evidence	from	nonword	reading	to	suggest	that	earlier	levels	of	representation	

are	more	interactive	than	a	fully	serial	model	of	reading.	The	lexical	route	processes	would	

not	have	any	impact	on	how	nonwords	are	read	in	a	serial	feedforward	dual	route	model,	

since	no	representations	would	be	selected	along	the	lexical	route	(Glushko,	1977;	Kay	&	

Marcel,	1981;	Rossum,	1983).		

		 However,	no	work	has	been	previously	done	to	testing	predictions	of	cascading	

activation	between	the	phonological	and	articulatory	levels	in	reading.		The	present	work	

finds	no	phonetic	traces	of	a	sublexical	phonological	plan	in	the	spoken	output.	This	finding	

could	be	explained	by	a	reading	model	with	a	seriality	between	the	phonological	and	

articulatory	levels	of	representation.		A	selection	event	at	the	phonological	level	would	pass	

only	the	lexical	phonological	plan	/ɛ/	to	articulatory	implementation,	and	thereby	predict	

no	phonetic	distortion.			

	 Finally,	although	we	motivated	our	work	this	work	interpreting	the	regularity	effect	

in	reaction	time	as	the	time	taken	to	resolve	the	conflict	between	the	lexical	and	sublexical	
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phonological	plans	(Coltheart	&	Rastle,	1994;	Rastle	&	Coltheart,	1999;	Zevin	&	Balota,	

2000)	there	are	other	cognitive	theories	of	reading	that	can	explain	the	regularity	effect	

without	active	competition	between	the	lexical	and	sublexical	routes	each	time	a	word	is	

presented.	Some	connectionist	models	of	reading	aloud	(Plaut,	1999)	use	gradual	statistical	

learning	of	the	relationships	between	phonology	and	orthography,	to	account	for	the	

regularity	effects	in	reaction	time,	rather	than	a	dual	route	cognitive	architecture.	In	these	

models,	differences	in	connection	weights	between	regular	and	irregular	spelling	to	sound	

mappings,	which	exist	based	on	availability	of	exemplars	in	the	lexicon,	yield	the	regularity	

effect	in	reaction	time.	For	example,	as	mentioned	previously,	EA	maps	onto	the	/i/	

phoneme	twice	as	frequently	as	it	maps	onto	the	/ɛ/	phoneme.		The	connection	weights	

between	EA	in	orthography	and	/i/	in	phonology	would	therefore	be	greater	than	EA	and	

/ɛ/,	resulting	in	a	longer	time	to	reach	a	critical	activation	threshold.	Differences	in	

connection	weights	between	regular	and	irregular	spelling	to	sound	mappings	able	to	

simulate	and	explain	the	observed	regularity	effect	in	reaction	time	data.	If	the	cognitive	

architecture	of	reading	does	not	have	two	routes,	then	two	competing	phonological	plans	

will	not	be	generated.	As	such,	connectionist	cognitive	architectures,	such	as	Plaut	(1999)	

may	not	predict	phonetic	distortions	in	reading	aloud.		

However,	two	routes	may	not	be	essential	for	competition	between	competing	

phonological	plans.	If	connectionist	models,	such	as	Plaut	(1999)	had	cascading	activation	

from	phonology	to	articulation,	phonetic	distortion	could	be	predicted.	Consider	irregular	

word	reading	in	a	connectionist	framework.	The	regularity	effect	in	reaction	time	is	

described	as	the	time	cost	to	reach	selection	threshold	when	connection	weights	are	

noisier.	This	noise	however	arises	from	connections	to	other	phonemes	(such	as	both	/i/	
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and	/ɛ/	when	reading	bread).	If	cascading	activation	were	instantiated	from	phonology	to	

articulation,	activation	noise	could	give	rise	to	competition	at	the	level	of	articulation.	

Because	connectionist	architectures	could	predict	phonetic	distortions,	the	present	work	

presents	greater	challenges	to	a	phonological	planning	to	articulation	cascade	than	it	does	

to	a	dual	route	cognitive	architecture.	

Conclusions	

	 Despite	regularity	effects	in	reaction	time	or	error	rates	confirming	competing	

lexical	and	sublexical	phonological	plans,	in	three	experiments,	we	fail	to	find	phonetic	

distortion	evidence	of	a	phonological	to	articulatory	cascade	in	the	DRC	model	of	reading	

aloud.	More	work	needs	to	be	done	to	better	understand	the	conditions	under	which	failure	

to	detect	a	cascade	from	phonological	planning	to	articulation	is	attributable	to	the	

organization	of	the	cognitive	architecture	of	reading,	and	under	what	conditions	failure	to	

find	phonetic	distortion	is	attributable	to	methodology.		

Changes	to	our	current	understanding	of	the	organization	of	the	DRC	model	of	

reading	can	capture	the	results	of	these	experiments.	Failure	to	find	a	phonetic	distortion	

effect	can	be	explained	by	a	more	serial	model	of	reading,	with	a	selection	event	happening	

after	the	generation	of	two	phonological	plans,	before	articulation.	However,	this	finding	is	

also	consistent	with	the	predictions	of	reading	models	without	two	routes	(e.g.	Plaut,	1999)	

and	can	be	explained	with	gradual	statistical	learning	accounts	of	reading.		

It	is	however	important	to	rule	out	all	methodological	difference	between	this	work	

and	Goldrick	and	Blumstein	(2006)	before	changing	our	understanding	of	theory.	More	

work	considering	error	trials,	position	of	regularities	and	single	word	planning	in	non-

tongue	twister	paradigms	is	needed	to	broaden	the	scope	of	our	understanding	how	of	a	
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phonological	planning	to	articulation	cascade	may	be	different	in	reading	aloud	than	it	is	in	

spoken	language	production.	
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Appendix	A:	Target	Stimuli	

Item	 Phoneme	 Regularity	
Subtitle	Word	
Frequency	 Length	

BEECH	 /i/	 Regular	 1.279	 5	
BEET	 /i/	 Regular	 1.176	 4	
BREAD	 /ɛ/	 Irregular	 3.16	 5	
BREAST	 /ɛ/	 Irregular	 2.661	 6	
BRED	 /ɛ/	 Regular	 2.1	 4	
CHEEP	 /i/	 Regular	 0.845	 5	

CLEANSE*	 /ɛ/	 Irregular	 1.875	 7	
CREEK	 /i/	 Regular	 2.658	 5	
DEAF	 /ɛ/	 Irregular	 2.87	 4	
DEFT	 /ɛ/	 Regular	 1.322	 4	
FEET	 /i/	 Regular	 3.789	 4	
FLEE	 /i/	 Regular	 2.369	 4	
HEAD*	 /ɛ/	 Irregular	 4.278	 4	
LEANT	 /ɛ/	 Irregular	 2.724	 5	
LEAPT	 /ɛ/	 Irregular	 1.663	 5	
LEECH	 /i/	 Regular	 1.954	 5	
LEEK	 /i/	 Regular	 1.204	 4	
LENT	 /ɛ/	 Regular	 2.281	 4	

MEANT*	 /ɛ/	 Irregular	 3.726	 5	
MEET	 /i/	 Regular	 4.255	 4	
MEND*	 /ɛ/	 Regular	 2.127	 4	
NEED	 /i/	 Regular	 4.82	 4	
PEEK	 /i/	 Regular	 2.436	 4	
RED	 /ɛ/	 Regular	 3.878	 3	
REST	 /ɛ/	 Regular	 4.036	 4	
RET*	 /ɛ/	 Regular	 	 3	
SEE	 /i/	 Regular	 5.115	 3	
SEEM*	 /i/	 Regular	 3.853	 4	
SHED*	 /ɛ/	 Regular	 2.749	 4	
SLEPT	 /ɛ/	 Regular	 3.258	 5	
SPREAD*	 /ɛ/	 Irregular	 3.203	 6	
SWEAT	 /ɛ/	 Irregular	 3.048	 5	
TEE*	 /i/	 Regular	 2.045	 3	

THREAD	 /ɛ/	 Irregular	 2.422	 6	
THREAT*	 /ɛ/	 Irregular	 3.025	 6	
TREAD*	 /ɛ/	 Irregular	 2.068	 5	
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WEEK*	 /i/	 Regular	 4.085	 4	
WET	 /ɛ/	 Regular	 3.301	 3	

	

Target	word	simuli	and	their	frequencies.	Starred	tokens	are	stimuli	that	were	added	in	

Experiments	2	and	3	but	were	not	included	in	Experiment	1.	
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Appendix	B:	Nonword	Stimuli	

Nonword	Stimuli	
atch	 daught	 gyte	 knafe	 ogged	 shoatt	 thofe	 voun	 yoam	
atts	 doatt	 habe	 knatch	 ointh	 shomb	 thoinn	 vush	 yoathe	
aved	 dodd	 haice	 kniep	 olb	 shouge	 thoot	 wadd	 yoche	
awvs	 dosh	 hawth	 knoak	 ongs	 shoull	 thop	 wame	 yoide	
baith	 dotch	 hieg	 kodge	 opth	 shuff	 thoys	 wav	 yoign	
bame	 duit	 hign	 koutt	 ouce	 shug	 thoys	 whaff	 yone	
blaw	 feuce	 honn	 lawk	 owse	 shune	 thub	 whoagn	 yoosh	
boaff	 fide	 hoose	 loat	 padge	 shuss	 thyth	 whoall	 yoys	
boathe	 fiedd	 houtch	 loche	 pafe	 shutch	 tib	 whomb	 yuch	
bodge	 fim	 huice	 lood	 pauge	 shuth	 tiegue	 whuck	 yuff	
boosh	 foath	 huz	 lougn	 pawp	 shyce	 toach	 whudd	 yun	
bymn	 foine	 iche	 loun	 pheige	 smey	 toidd	 woap	 zache	
chaid	 foise	 iffs	 louth	 phiff	 smow	 toide	 woath	 zail	
chaith	 fowd	 ipps	 loz	 phoo	 soaph	 tood	 woob	 zame	
chaudge	 fowge	 jace	 mage	 photh	 sose	 tuice	 wooch	 zang	
chich	 fuice	 jaif	 mazz	 poav	 soule	 tuss	 woude	 zauck	
chiell	 fum	 jaith	 moathe	 poil	 soys	 uck	 wouse	 zaug	
chiez	 fumb	 jatt	 moitt	 pouth	 suss	 ulf	 wum	 zazz	
chighs	 fyd	 jeud	 moiz	 pove	 syce	 unt	 wup	 zich	
choche	 gade	 jick	 moothe	 poy	 tane	 uthed	 wush	 ziv	
chooch	 gaice	 jidge	 mun	 psyth	 tash	 vawl	 yaice	 zoc	
choot	 geige	 jife	 nabe	 puzz	 tath	 vawn	 yaive	 zoll	
chuill	 gewd	 jipe	 nain	 sall	 tazz	 vique	 yan	 zought	
chuke	 gnish	 joosh	 nate	 shap	 tein	 voage	 yas	 zoun	
ciff	 goach	 jous	 nauche	 shas	 thab	 voak	 yate	 zoze	
coz	 goizz	 jouth	 noathe	 shatch	 thack	 vod	 yause	 	
cype	 goos	 jowz	 noff	 shawp	 thaub	 voke	 yawp	 	
cyph	 gooze	 jull	 noill	 sheign	 thauthe	 vooch	 yiegg	 	
cyse	 gud	 juzz	 nus	 shieth	 thiem	 vop	 yight	 	
dag	 guff	 kib	 oaffed	 shoabb	 thoce	 voull	 yoadge	 		
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Appendix	C:	Irregular	Word	Stimuli	

Irregular	Word	Stimuli	
accept	 chaos	 deceit	 flood	 host	 nourish	 scheme	 stomach	 warm	
ache	 chasm	 depot	 folk	 island	 once	 scholar	 subtle	 wash	
aisle	 choir	 desert	 foot	 isle	 one	 school	 suede	 wasp	
answer	 choose	 dessert	 four	 isthmus	 only	 seizure	 swamp	 watch	
archive	 chrome	 different	 fraud	 jasmine	 oven	 senate	 swan	 water	
asthma	 chute	 doctrine	 friend	 jewelry	 owe	 separate	 sword	 watt	
aunt	 climate	 doll	 from	 journal	 pear	 sew	 syrup	 wear	
axe	 climb	 done	 front	 know	 pearl	 shall	 taupe	 wednesday	
bear	 cocoa	 done	 fuchsia	 laugh	 people	 shepherd	 tech	 weird	
beau	 cold	 doubt	 gauge	 laurel	 pharaoh	 shoe	 though	 were	
beauty	 collage	 dough	 ghost	 lei	 phase	 should	 thyme	 whey	
been	 colonel	 dove	 give	 leisure	 phoenix	 shoulder	 today	 whoa	
blood	 column	 dozen	 glow	 leopard	 pint	 show	 tomb	 whoosh	
blue	 comb	 draught	 gone	 license	 pirate	 sieve	 ton	 womb	
bomb	 come	 drought	 good	 lieu	 plaid	 sign	 tongue	 women	
both	 comfort	 ear	 govern	 limb	 plough	 sleight	 touch	 won	
bowl	 cost	 earn	 great	 live	 post	 sloth	 tough	 wool	
break	 cough	 earth	 gross	 lose	 pretty	 some	 toward	 word	
broad	 could	 echo	 group	 love	 private	 son	 troll	 work	
brooch	 country	 eighth	 half	 low	 prove	 soot	 trough	 world	
brother	 coupe	 either	 halve	 lyric	 psych	 soul	 truth	 would	
brought	 couple	 engine	 harass	 mocha	 put	 soup	 two	 yacht	
build	 courage	 enough	 have	 money	 receipt	 source	 urine	 yearn	
bush	 course	 eye	 heart	 monk	 referred	 spear	 veil	 yolk	
business	 court	 famine	 hearth	 month	 rein	 spook	 vein	 young	
busy	 cousin	 father	 heifer	 mother	 rhythm	 squad	 view	 	
calf	 cover	 fear	 height	 mourn	 rough	 squash	 walk	 	
canoe	 crow	 field	 heir	 mow	 said	 squat	 wand	 	
caste	 debris	 fiery	 hinder	 neither	 sausage	 star	 want	 	
champagne	 debt	 find	 honey	 none	 says	 steak	 war	 		
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Appendix	D:	Perimeter	Vowel	Space	Words	

Token	
Perimeter	
Vowel		

BAT	 /æ/	
BEET	 /i/	
BET	 /ɛ/	
BOOT	 /u/	
BOT	 /a/	
HAT	 /æ/	
HEAT	 /i/	
HET	 /ɛ/	
HOOT	 /u/	
HOT	 /a/	
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