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A number of highly successful computational models
of basic processes in reading implement multiple levels
of representation (modules) that get activated when a let-
ter string is presented (e.g., Coltheart,Rastle, Perry, Lang-
don, & Ziegler, 2001; Grainger & Jacobs, 1996; McClel-
land & Rumelhart, 1981). A central feature of these
models is that activation across different modules is cas-
caded. In systems that operate by cascaded processing,
there are no thresholds within modules. As soon as there
is even a small amount of activation in an early module
this flows on to later modules. The present work demon-
strates a previously unappreciated consequence when ser-
ial processing follows cascaded parallel processing. More
specifically, a simplemanipulationof processing rate in the
model produces a qualitatively different pattern from that
produced by university-level readers. This effect is illus-
trated in the context of nonlexical processing by Coltheart
and colleagues’ computational model.

The Dual Route Cascaded Model
The dual route cascadedmodel (hereafter DRC) is very

successful at accounting for a wide variety of findings in
naming and lexical decision tasks. Indeed, its authors list

18 phenomena from the naming task that the model simu-
lates successfully. Coltheart et al. (2001) comment that

the set of phenomena that the DRC model can simulate is
much larger than the set that any other current computa-
tional model of readingaloud can simulate; and, to the best
of our knowledge, there is no effect seen in reading aloud
that any of these other models can simulate but that DRC
cannot. (p. 251)

Coltheart et al. thus consider DRC to be the most success-
ful computationalmodel of reading aloud.

DRC consists of three routes; the lexical semantic route,
the lexical nonsemantic route, and the nonlexical GPC
(grapheme–phoneme conversion) route (see Figure 1). A
semantic system is not yet implemented in the model. The
knowledge bases in the two remaining routes differ; the
lexical system is based on word-specif ic knowledge,
whereas the nonlexical system is based on a set of sublex-
ical spelling–sound correspondencerules. Briefly, the cor-
rect pronunciationfor all words known to the model can be
produced by the lexical route’s operating in isolation, and
the correct pronunciation of a nonword can be produced
by the nonlexical route’s operating in isolation. The lexi-
cal route’s operating in isolation can not produce the cor-
rect pronunciationof a nonword. The nonlexical route’s op-
erating in isolation produces the correct pronunciation of
all words that obey the spelling–sound correspondence
rules, but regularizes the pronunciation of words that are
exceptions to these rules (e.g., PINT is pronounced /pInt/).
When the intact model is operating, both the lexical and
the nonlexical routines affect the time to construct a pro-
nunciation for both words and nonwords. A more detailed
discussion of the architecture and how the full model op-
erates is provided by Coltheart et al. (2001). For our pres-
ent purposes,only the operationof the nonlexicalroute need
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The time to name a nonword increases monotonically as letter length increases. The leading compu-
tational model of basic processes in reading (Coltheart, Rastle, Perry, Langdon & Ziegler’s dual route
cascaded model) simulates this, because its nonlexical route assigns phonemes to letters serially, left
to right, and arguably, this corresponds to what humans do. New simulation work shows that (1) this
letter length effect interacts with the effect of slowing the rate of early processing, and (2) the model
produces a qualitativelydifferent pattern from that observed with university-levelreaders.The contrast
between simulation and human performance thus illuminatesa problem with how the nonlexical route
operates in the model, and constrains accounts that can be provided for the human data. Considera-
tion is given to thresholding the output of the letter-levelmodule as a way to modify the model so as to
make it possible to simulate the human data.
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be considered. Here, cascaded processing occurs across
features, letters, and the grapheme–phoneme translation
system. The phoneme system is engaged in interactive ac-
tivation with the phonological output lexicon, but for our
present purposes this fact can also be ignored without
compromising understanding of the central thesis here.

The essentials of the feature- and letter-level processing
modules are minor extensions of McClelland and Rumel-
hart’s (1981) seminal work. Features are extracted in par-
allel across the stimulus array; letters are also identified in
parallel.The phonemeunits in the phonemesystem are sim-
ilar in organization to the letter units. The details of the
implementation are discussed at length by Coltheart et al.
(2001; see pp. 213–218).Coltheart et al. also discuss many
details associatedwith the GPC system that can be ignored

without compromising the main point here: letters acti-
vate phonemes in a serial, left to right fashion.

As Coltheart et al. (2001) note, a set number of cycle
updates occur across feature and letter levels before the
GPC system begins to operate on the first letter in an array.
The rule base is searched until an appropriate rule is found
to convert that letter to a phoneme, and that phoneme’s unit
in the phoneme system then receives some activation. On
each subsequentprocessing cycle, activationis contributed
to that phoneme unit in the same way. For our present pur-
poses, the critical point is that processing at this level is se-
rial. Activationof the second phoneme does not start until
a constant number of cycles later, and this is true for each
subsequent phoneme.1 The model is said to have deter-
mined the pronunciation of a monosyllabic letter string

Figure 1. The DRC model of visual word recognition.
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when it has activated all the phonemes of that string to
some criterion.2

How Does Cascaded Parallel Processing at the
Letter Level Affect Subsequent Serial Processing
in the Nonlexical Routine?

Skilled readers’ naming reaction time (RT) to nonwords
increases monotonicallyas the number of letters increases
(see, e.g., Weekes, 1997). One argument is that this is con-
sistent with serial application of phonemes to letters, and
that overt naming starts only when the last phoneme has
been identified, just as in DRC (see, e.g., Coltheart et al.,
2001; Rastle, Harrington, Coltheart,& Palethorpe, 2000).
As we shall see below, this letter length effect turns out to
be a good vehicle for examining the effect that cascaded
parallel processing at the letter level has on subsequent se-
rial processing in the model’s nonlexical route.

Factorial experiments in which a factor that affects the
rate of processing (e.g., stimulus quality) is varied in con-
junction with another factor (e.g., word frequency, se-
mantic priming, or repetition priming) have been used for
over a quarter of a century to evaluate different noncom-
putational accounts of visual word recognition (e.g.,
Balota & Abrams, 1995; Becker & Killion, 1977; Besner
& Smith, 1992;Besner& Swan, 1982;Borowsky& Besner,
1993; Meyer, Schvaneveldt, & Ruddy, 1975; Plourde &
Besner, 1997;Stanners, Jastrzembski,& Westbrook, 1975;
Stolz & Neely, 1995). To date, virtually none of the pub-
lished computational models of visual word recognition
has exploredwhether such results can be successfully sim-
ulated (but see Plaut & Booth, 2000). In the present work,
we depart from this tradition by exploring the impact of
slowing the rate of early processing on the letter length ef-
fect in nonword naming performance by the DRC model,
and by humans. What predictions can we make here? Be-
cause letter-level processing is parallel and cascaded, and
because subsequentphonemic processing is serial, it is not
easy to predict the outcome with any confidence (at this
juncture the reader might like to try to predict the outcome
of such a simulation). Running the simulation is the only
way to find out what happens in the model. We then want
to know whether the results of the simulation correspond
to how human readers perform.

Stepping Back
Before we proceed further, it will be necessary to step

back and consider how the current version of the imple-
mentedmodel behavesat the feature level. Neither the orig-
inal model (McClelland & Rumelhart, 1981) nor DRC at-
tempts to simulate how visual input activates feature units.
This simply occurs earlier than what the (implemented)
front end of these models includes, and so it remains out-
side their scope. Instead, the DRC model begins its simu-
lationwhen all the feature units have reached an activation
of 1.0. Currently, the feature units are clamped, and reach
an activationof 1.0 in one cycle. In short, the feature level
is not cascaded, but thresholded. In real life, of course,

these units will not go from 0 to 1.0 instantaneously; this
will take time. If reducing the rate of processing at this
level means that the asymptote is not affected, the effect
of such a manipulation would simply delay the time to
reach threshold and therefore add a time constant to per-
formance. This would render the model incapable of pro-
ducing anything but additive effects of factors on RT,
where one factor would affect the rate constant at the fea-
ture level and a second factor would affect, for example,
the letter level, the orthographic input lexicon, the seman-
tic system, or the phonological output lexicon. This out-
come is problematic, given the fact that the joint effects of
repetition and degradation on RT are not additive but in-
stead interact in lexical decision (words presented for the
first time are more affected by degradation than words
presented for the second time, even when multiple stimuli
intervene between presentations; Besner & Swan, 1982).
It is also problematic given the repeated observation that
the effect of semantic priming on RT is larger when the
target is degraded as compared with when it is clear in
both lexical decision and naming (Besner & Smith, 1992;
Borowksy & Besner, 1993; Meyer et al., 1975; Stolz &
Neely, 1995).

Clearly, then, the ability to produce interactionslike those
described above requires that slowing the rate of process-
ing must affect the feature level in some other way besides
simply delaying the time to reach threshold. One way is to
assume that the asymptote of activationat the feature level
is affected by a factor such as stimulus quality (i.e., the as-
ymptotic level of activation will be smaller for degraded
than for clear stimuli). This can be modeled quite simply
by reducing the weights on the feature to letter level in the
implemented model, thus returning us to the domain
where the model measures performance.

To recapitulate,we considered the effect of slowing the
rate of processing both on human performance and in
DRC. The implemented model does not attempt to simu-
late how visual input activates the feature level; conse-
quently, that level is simply thresholded for convenience.
The difficulty with thresholding the feature level is that
differences in processing rate will not affect anything be-
yond the feature level, unless the activation asymptote is
affected. Data from experiments with college-level read-
ers strongly suggest that a reduction in rate of processing
as exemplified by a reduction in stimulus quality serves to
affect processes beyond the feature level. We therefore as-
sumed that the asymptote is affected, and modeled a re-
duction in the rate of processing by reducing the connec-
tion weights between the feature and letter levels in DRC.

To return to our original question then, How does cas-
caded parallel processing at the letter level affect subse-
quent serial processing in the nonlexical routine? This
question was addressed in two simulations where slowing
the rate of processing was accomplished by arbitrarily re-
ducing the weights on the connectionsbetween the feature
and letter levels in the model by 40% (weight reductions
of 20% produce the same statistically significant pattern;
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the effects are numerically smaller). The stimulus set con-
sisted of 64 monosyllabic nonwords3 whose letter length
varied from short (3 and 4 letters) to long (5 and 6 letters).
The left-hand panel of Figure 2 shows the results of a sim-
ulation in which the model is intact, thus allowing lexical
activation to contribute to performance. The results de-
picted in the middle panel of Figure 2 are from the mod-
el’s nonlexical route operating in isolation. This was ac-
complished by zeroing out (“lesioning”) the connections
between the letter level and the orthographic input lexi-
con, and zeroing out the connections from the phoneme
system to the phonologicaloutput lexicon.4

The results of these two simulations are very similar.
They both show that slowing the rate of processing affects
short stimulimore than long stimuli relative to a faster rate.
More formally, with the model intact there was a main ef-
fect of increasing letter length [longer stimuli neededmore
processing cycles to reach threshold; F(1,27) 5 56.83,
MSe 5 142.10,p , .001], a main effect of rate [the slower
rate yielded more processing cycles; F(1,27) 5 4,460.68,
MSe 5 1.71, p , .001], and an interaction in which there
was a smaller effect of letter length when processing rate
was slowed [F(1,27) 5 23.81, MSe 5 .90, p , .001]. With
the nonlexical route tested in isolation, there was, as be-
fore, a main effect of increasing letter length [F(1,27) 5
53.29, MSe 5 163.87, p , .001], a main effect of rate
[F(1,27) 5 8942.93,MSe 5 0.75, p , .001], and an inter-
action in which there was a smaller effect of letter length
when processing rate was slowed [F(1,27) 5 211.68,
MSe 5 0.21, p , .001].

Why does slowing the rate of processing affect short
nonwords more than long ones? In terms of the model, an
explanation for this seemingly counterintuitive result is

quite straightforward. The model’s engagement in serial
processing at the phoneme level means that activation of
each successive phoneme only starts when the prior
phoneme has been receiving activation for a constant
number of cycles. Meanwhile, activationat the letter level
(operating in parallel across all letter positions)continues.
Consequently,while activation of the first phoneme is af-
fected by slowing the rate of processing, the delay associ-
ated with the start of activationof each additionalphoneme
allows ongoing letter-level activation to move closer to as-
ymptote. In the limit, there would be no effect of a slower
rate of processing on the naming of a long stimulus given
that naming does not start until all phonemes reach thresh-
old (Max Coltheart, personal communication,June 2001).

The idea that a skilled reader would be affected by a
processing rate reduction when naming short nonwords
but less so when naming long ones strikes many people as
counterintuitive. If skilled readers do not produce this re-
sult, then some component of the DRC model needs mod-
ification. However, retooling such interactive-activation
models is a potentially large-scale enterprise, in part be-
cause there is no guarantee that modifying the model
would preserve the ability to successfully simulate all the
phenomena that it currently does. Before attempting to
modify the model then, its proponents would likely want
to be convinced that human readers produce a pattern that
differs from what the model produces. In the experiment
reported here, university-level readers named the same set
of nonwords tested in the simulation work under both
clear and degraded conditions. Our working assumption
was that reducing stimulus quality reduces the rate of pro-
cessing early in the system (see, e.g., Pashler, 1994; Pash-
ler & Johnston, 1989).

Figure 2. Mean number of processing cycles as a function of stimulus length and stimulus quality for the simulations,
and mean reaction time (in milliseconds) and percent error for humans.
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METHOD

Subjects
The subjects were 24 undergraduate students from the University

of Waterloo. All individuals had normal or corrected-to-normal vi-
sion and were native English speakers. Each individual was paid for
his/her participation.

Design
The experiment consisted of a 2 (short vs. long items) 3 2 (clear

vs. degraded presentation) within-subjects design. Schneider’s
(1988) MEL 2 software was used. Clear stimuli were displayed in
white (RGB values in MEL: 63, 63, 63) on a black background.
Stimuli in the degraded presentation were displayed in gray (RGB:
5, 5, 5) on a black background. Stimulus quality and letter length
varied randomly throughout a single block of trials.

Materials
Stimuli consisted of 32 pairs of monosyllabic nonwords, each

with a neighborhood size of 2, and were matched for initial phoneme
and consonant cluster.5 There were thus 32 stimuli at each of two
levels of length (short vs. long). Items that were 3 and 4 letters in
length represented the short length condition; items that were 5 and
6 letters long represented the long length condition.

The items were counterbalanced across levels of stimulus quality
in such a way that half the subjects saw an individual item under the
clear (degraded) condition, and the remaining subjects saw that item
under the degraded (clear) condition. The stimuli were displayed in
lowercase in standard MEL 2 software font (system72.fnt) and were
presented on a black background.

Apparatus and Procedure
Stimuli were displayed on a 17-in. View Sonic P775 color monitor.

Stimulus presentation and data recording were controlled by Micro
Experimental Laboratory 2 (MEL 2) software (Schneider, 1988),
which was run on a 486 Vault PC. Responses were collected via a
Playtronics LS1 microphone headset and voice-key assembly.

The subjects were tested individually and were seated approxi-
mately 50 cm from the computer monitor. They were instructed to
name each item aloud as quickly and accurately as possible. Each
trial began with a fixation rectangle. This rectangle was slightly
larger than the largest stimulus presented (0.12º higher and 0.69º
wider). The rectangle was displayed in the middle of the screen until
the subjects initiated the presentation of the test stimulus by press-
ing the “z” key, at which time the rectangle was immediately re-
placed with the item to be named. The display terminated when a
pronunciation was made. The experimenter then coded the pronun-
ciation as correct on the basis of the standard set of grapheme–
phoneme rules, incorrect, or spoiled (cough, stutter, or voice key
failure). Immediately after the experimenter had coded the pronun-
ciation, the fixation rectangle appeared and the next trial began. The
experiment began with 24 practice trials consisting of items not con-
tained in the test set, followed by 64 experimental trials presented in
a different random order for each subject.

RESULTS

Responsesclassified as incorrect pronunciations(4.8%)
or voice key failures (2.7%) and their matched pairs were
removed from the individualsubject’s RT analysis.RTs for
correct responses were subjected to a recursive data trim-
ming procedure in which the criterion cut-off for outlier
removal is established by the sample size in each condi-
tion for each subject (Van Selst & Jolicœur, 1994). Outlier

removal resulted in 1.8% of the data being discarded over-
all. Mean outlier values across conditions ranged from
1.5% to 2.1%.A 2 (length) 3 2 (stimulusquality) repeated
measures analysis of variance (ANOVA) treating outlier
values per subject as data points yielded no significant ef-
fects (all Fs , 1).

Correct RTs and percentage error for subjects (F1 ) and
items (F2 ) were each analyzed in a 2 (length: short vs.
long) 3 2 (stimulus quality: clear vs. degraded) repeated
measures ANOVA. Owing to extremely high error rates
(in excess of 37%), four items and their matched partners
were removed from all analyses. These items are identi-
fied in the Appendix. The ANOVA on RTs yielded a main
effect of length, such that long items were named more
slowly than short items [F1(1,23) 5 33.61,MSe 5 568.28,
p , .001; F2(1,27) 5 7.81, MSe 5 2,990.47,p , .01], and
a main effect of stimulus quality, in which degraded stim-
uli took longer to name than clear ones [F1(1,23) 5 37.22,
MSe 5 3,671.28, p , .001; F2(1,27) 5 32.51, MSe 5
6,401.70, p , .001]. No interaction between length and
stimulus quality was detected in either subject or item
analyses (Fs , 1).

Analysis of the errors yielded no main effect of length
[F1(1,23) 5 1.20, MSe 5 39.97, p 5 .29; F2 , 1], but a
main effect of stimulus quality such that more errors were
made to degraded thanclear stimuli[F1(1,23)5 5.38,MSe 5
18.17, p , .05; F2(1,27) 5 2.96, MSe 5 43.74, p 5 .10].
No interaction between length and stimulus was detected
in either subject or item analyses (Fs , 1). The RT and
error data can be seen in the right-hand panel of Figure 2.

DISCUSSION

The results from the simulation and the experiment are
clear. There is a qualitativedifference between the pattern
produced by the simulation and the pattern produced by
university-level readers. The DRC model produces an in-
teraction between length and processing rate in which
longer nonwords are less affected by a decrease in process-
ing rate than are shorter nonwords. In contrast, the humans
produced statisticallyadditiveeffects of length and stimulus
quality on RT. These data appear to call for a modification
to the way the DRC model processes along the nonlexical
route.

At this juncture, a question that might first be raised
concerns whether there are other ways of implementing a
reduction in stimulus quality in the model. The answer to
this question is surely “yes,” but the critical issue here is
whether some other way of achieving this reduction would
fail to have the same effect overall (i.e., slowing the rate
of activation in the letter units).

What changes shouldbe made to the implemented parts
of the model? One suggestion that has been made to us re-
peatedly by reviewers and colleagues is that the serial pro-
cessing component of the nonlexical route should be
abandoned, rather than viewing the present results as crit-
ically damaging to the model. This view strikes us as odd;
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abandoning the serial processing assumption is surely
“critically damaging” to the extent that such a major
change would make the model a very different one. More
importantly, such a major change is best delayed until it
can be shown via simulation that it would not prevent the
model from simulating other phenomena that its authors
attribute to serial processing, or serial processing com-
bined with parallel processing in the lexical route—for ex-
ample, the serial position 3 regularity interaction seen for
reading words aloud (see Rastle & Coltheart, 1999;
Roberts, Rastle, Coltheart & Besner, 2003), the whammy
effect seen for reading nonwords aloud (Rastle & Colt-
heart, 1998), the serial position 3 whammy interaction
discussed by Rastle and Coltheart (1998), and the increas-
ing linear effect of number of letters on RT in nonword
naming. Indeed, these phenomena are precisely the ones
that are not successfully simulated by other currently ex-
isting computational models that, among other things,
lack a serial processing component.

Modifying the DRC Model: A Proposal
To return to the present results, we have produced an

account of why DRC produces the interaction between
processing rate and stimulus length in the simulationdata.
To recapitulate, by hypothesis the delay incurred by serial
processing at the phoneme level allows the effect of the
reduction in the rate of processing at the letter level to be
more fully absorbed for stimuli with more rather than
fewer letters. A successful modification to the model must
therefore eliminate this interaction given that the human
data produced additive effects. One approach would be to
threshold the output of a module somewhere in the pro-
cessing sequence (Sternberg, 1969, 1998). One such pos-
sibilitywas examined in the introduction(thresholdingthe
feature units) and rejected on the grounds that it would
prevent the model’s being able to simulate several well es-
tablished two-way interactions in word recognition per-
formance. A different possibility would be to threshold
the outputof the letter level. If the letter-levelmodule does
not pass activation to the grapheme–phoneme conversion
process until a threshold is reached, the interaction in the
simulations reported here would likely not occur. Instead,
additive effects of processing rate and letter length would
be expected. It turns out that this is indeed the case (Besner,
Reynolds, & Chang, 2002). Thresholding the letter level
may solve other problems as well (i.e., produce additive
effects of stimulus qualityand word frequency) and, given
that there is feedback between the lexical and letter levels,
still allow for the standard interaction between stimulus
quality and semantic priming.

Conclusions
Several conclusionsmay be drawn here. One is that the

present work serves as a useful reminder that a computa-
tional model should be assessed by running the simula-
tion rather than assuming that it will produce a particular
outcome.

The two most central conclusions, however, are the fol-
lowing: First, a new result has been reported that any ade-
quate model of visual word recognitionprocesses will need
to be able to explain.Second, the qualitativedifference seen
here between the outcome of the simulationsand the results
of the experiment on university-level readers suggests that
modificationto the currentlymost successful computational
model of word recognition and reading is needed. The pro-
posal entertained here is that the output of the letter-level
module be thresholded rather than have the model com-
pletelycascadedas in the present implementation.It remains
to be seen whether such a modificationwill leave intact the
model’s ability to simulate all the phenomena it currently
does, or whether further modificationwill be necessary.
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NOTES

1. It seems likely that the nonlexical route in DRC will also have to in-
corporate units that are larger than single letters (see, e.g., Ziegler, Perry,
Jacobs, & Braun, 2001).

2. A scanning process across all phoneme positions evaluates whether
activation at each phoneme position is above threshold at the end of each
processing cycle. This scanning process occurs between processing cy-
cles and therefore does not contribute to DRC’s naming time.

3. Four items and their matched partners were removed from the sim-
ulations in order to make them consistent with the analysis of the human
data.

4. The implemented model is available at http://www.maccs.mq.
au/`max/DRC/Model/. Implementing the weight changes at the feature
level used here involveschanging a single parameter value in the model.
Similarly, the “lesions” done here involvenothingmore than zeroing out
two sets of connection weights.

5. In our initial attempt to address the issue of what pattern is pro-
duced by the joint effects of length and stimulus quality, we started with
the stimulus set from Weekes (1997). Long items were named slower
than short items in both subject and item analyses. However, Weekes’s
stimuli are confoundedwith neighborhoodsize in such a way that longer
items have fewer neighbors. When Weekes partialled out N, a length ef-
fect remained. When the effect of N was partialled out of our data, no ef-
fect of length remained in either the subject or the item analysis. What-
ever the reason for the differences between what we found and what
Weekes found, we needed a new stimulus set for the present work. We
are grateful to Max Coltheart and Kathleen Rastle for providing us with
a stimulus set that varied in length but was controlled for neighborhood
size, initial phoneme, and initial consonant cluster.

APPENDIX
Stimuli

Length

Short Long
dra dralt
fla fleft
kal kacts
plu plept
pru practs
sko scost
sma smast
spo spolts
twa twept
zof zolks
bleg bleds
blic blemps
cril crask
drek drapt
drob drists
flif flents

Length

Short Long

flis flist
frev frast
frin frolts
grys gropts
kolf kolfs
lilm* (42%) linxed
ninc* (57%) nisks
preb pramps
smem smums* (38%)
sneb snept
snem* (43%) snent
stiv stasks
stol stonds
twag twilt
twon twumps
zics zimps

*Items removed because of high error rate in any one cell (rates given).

(Manuscript received December 14, 2001;
revision accepted for publication April 3, 2002.)
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