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Abstract 

Written language was once believed to be an entirely separate function from spoken 

language, as they are processed in two distinct regions of the brain; however, psycholinguistic 

research has now begun to uncover the link between the two. Research in the field indicates that 

orthographic features such as the number of characters that comprise a word have a positive 

effect on the speech duration of that word. Building on this, the idea of visual complexity also 

plays a role in how we process and produce language. This paper provides an analysis of two 

tasks, each originally a part of a study to determine which orthographic features affect speech 

production. The analyses in this paper focus on the pixel composition, an aspect of visual 

complexity, of the orthography and images used to teach participants an alien language. The 

results of these analyses are considered in the context of two prevailing hypotheses, the on-line 

activation hypothesis and the phonological restructuring hypothesis, regarding when and how 

orthography interacts with spoken language psychologically.  
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1 Introduction 
The interaction between written language and spoken language is one that is becoming 

more and more well-documented. Once believed to be entirely separate functions of language, a 

myriad of research has indicated that there is, in fact, a connection between the two forms of 

language, despite the fact that they are processed in distinct regions of the brain. The nature of 

this interaction has been investigated from many angles, with various hypotheses arising from 

such research. At this point, there are still many questions to be answered regarding exactly how 

and when orthography comes into effect in the processing and production of language.  

The consistency effect is one of the preminment hypotheses laid forth in regards to the 

interaction between orthography and speech perception. This effect is characterized by the 

instance that spelling inconsistencies tend to negatively affect word recognition during reading, 

both outloud and mentally (Zeigler and Ferrand 1998). For example, in a test with alien words, 

words with rimes that had sounds able to be represented by a multitude of spellings produced 

longer decision latencies and more errors than words with rimes that could only be spelled a 

singular way. Such an effect demonstrates that visual word recognition is a dual process, a 

“bi-direction flow of activation between orthography and phonology.” This research casts doubt 

on traditional conceptions of visual word recognition and acknowledges the potential that 

orthography has to influence spoken language, just as phonology has an effect on reading.  

Perre et al. (2009) further investigated the exact interactions between orthography and 

language, specifically researching at two different processes, on-line co-activation and 

phonological restructuring, through the use of event-related brain potentials (ERPs). On-line 

co-activation is proposed to occur when the listener hears a spoken word; this spoken word 
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proceeds to activate relevant orthographic information simultaneously. Phonological 

restructuring is characterized by the notion that orthography affects mental phonological 

representations through the very process of becoming literate. Each process corresponds to a 

different regions of the brain, on-line activation primarily to the visual word form area, along 

with other regions associated with orthographic processing, and phonological restructuring to the 

regions of the brain connected with phonology, such as the left inferior frontal gyrus, left 

superior temporal gyrus, or the left supramarginal gyrus. It should be noted that these processes 

are not necessarily mutually exclusive; both could be concurrent. That being said, past research, 

such as Zeigler and Ferrand’s work with the consistency effect, more closely supports the 

phonological restructuring hypothesis. The results of Perre et al.’s study support only the 

phonological restructuring hypothesis with no support of the on-line activation of the 

occipito-temporal brain areas.  

In her dissertation, Bewer found a positive correlation between the letters used to 

represent a sound orthographically and the length of speech production (2008). For example, in 

English, the sound /k/ can be spelled in a variety of ways, such as ‘que,’ ‘ck,’ and ‘k.’ Based 

upon Brewer’s results, if a word is orthographically represented with more characters, there is a 

positive effect of the duration of both the sound in question and the whole word in spoken 

language isolated from reading tasks. Since this study was conducted in English, a language that 

uses an alphabet, each character has phonological content. Grippando (2018) built upon Brewer’s 

research of alphabetic orthographies by investigating writing systems that mimic those used by 

languages like Japanese and Chinese. Within this study, he examined the effects of orthographic 

components such as the number of pen strokes required to write a character and the number of 
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characters used to represent a single sound. While the speech duration of two-character words 

were significantly longer than words only written with a single character, pen strokes did not 

appear to have an effect on the duration of speech production. Pen strokes themselves do not 

carry phonological value, thus the fact that the number of strokes that make up a character does 

not affect speech production, signals the connection between phonology, specifically, and 

orthography, supporting the phonological restructuring hypothesis.  

The majority of research done in regards to the effects that orthography has on spoken 

language has been conducted with languages that employ alphabetic systems. In these systems, 

there is a more direct one-to-one correspondence between orthography and sounds, while in 

other systems, such as logographies, the sounds that the characters represent are more abstract. 

Because of this, there is not strong evidence that such an orthography would have the same 

interaction as the one found in Bower’s previously discussed research. Zhang and Damian (2011) 

investigated the particular effects of orthography on Chinese speech production and produced 

results that were inconsistent with the results of studies investigating the effects of alphabetic 

orthographies. While Brewer found that English orthography did, in fact, have a positive effect 

on speech production, Zhang and Damian did not find similar results in Chinese. According to 

this study, in speech production, there is no ambiguity about the word being produced because its 

identity is already established within the speaker’s mind. Because of this, there is no need to 

access orthographic information to supplement meaning during speech production. However, 

during an oral reading task, there was an orthographic effect, due to the fact that in that task, the 

orthographic information was relevant. This research indicates that orthography, while generally 
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processed in the same regions of the brain, has different effects on speech depending on the 

spelling-to-sound consistency of the orthography in the task.  

Chang et al. (2016) discuss a more generalized model of understanding orthography 

within their 2016 study. Within this study, they discuss the concept of visual complexity, one 

that is more universally applicable to all orthographic systems. To discern a general 

understanding of general complexity, they analyzed eight different orthographies of various 

types. Previously, other models of measuring visual complexity only focused on perimetric 

complexity (Pelli et al. 2006). Perimetric complexity only takes into account the ratio of the 

square perimeter length and the total ink area of the shape. This model indicated that perimetric 

complexity was a general indicator of learning efficiency. Chang et al.’s (2016) model of visual 

complexity encompasses both perimetric complexity and other characteristics with perceptual 

salience, including vertices, disconnected components of single graphemes, and number of 

strokes. Using this model, results yielded results that were consistent with human participants, 

indicating that grapheme complexity does play a role in reading but “grapheme complexities 

co-vary with mapping principles between orthographic and linguistic units in that more visually 

complex orthographies tend to map onto to high level linguistic units.” Based upon this research 

and Brewer’s research specifically, it may be that orthographic complexity alone has the 

potential to affect speech production, since complexity appears to have an effect on 

conceptualizations of orthography.  

Related to the work in this study, the work of Brewer and Grippando are partially in 

conflict with the work of Chang et al. (2016) due to their separate conceptualizations of the way 

orthography affects speech. This conflict is representative of two prevailing hypotheses in the 
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field: the phonological restructuring hypothesis and the on-line co-activation hypothesis, both of 

which attempt to explain when, where, and how orthography interacts with language. This 

research aims to further investigate the potential effects that orthographic complexity, as defined 

by Chang et al. (2016), has on speech production, specifically looking at the number of pixels 

within a character. As pixels within a character do not carry any phonological value, previous 

research would suggest that they should not have any effect on speech. Additionally, this paper 

will analyze the relationship between the number of pixels of a  picture within a picture-naming 

task and reading task and the duration of the picture-naming production.  

 

3 Methods  1

3.1 Experiment 1: Visual Complexity of Pictures 

3.1.0 Overview 

Participants were trained on 5 novel homophonous triplets over 3 days. Written representations 

within a set were homographic. Participants named pictures of novel objects and read novel 

written forms aloud. Participants’ whole-word duration was measured. 

3.1.1.1 Participants 

21 native Japanese-speaking participants were recruited online and from the student population 

at Kobe City University of Foreign Studies. The average age of participants was 21 years old 

(minimum 18, maximum 36). 3 participants were male. 

1 The methods section of this paper is primarily the same as the methods section in Grippando (2020), as the 
research here was based on his studies.  
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Participants were compensated 5,200 Japanese yen for completing all three sessions of 

the experiment. They were given 100 yen for completing the first session, 100 yen for 

completing the second session, and 5,000 yen for completing the third session. Participants were 

given the option of receiving their compensation as an Amazon gift card or PayPal payment. 

3.1.1.2 Stimuli 

5 Japanese non-words were created. All novel words were 3 syllables with a V.CV.CV structure 

and contained only native Japanese phones (/a/, /u/, /i/, /s/, /∫/, /p/, /k/, /m/). Two native Japanese 

speakers confirmed that the novel words were not words in Japanese. See Appendix 4.A for a list 

of novel words. 

A female 30-year-old native English speaker was recorded saying the novel words aloud. 

She recorded into a Countryman E6IOP5L2 omnidirectional microphone worn on their right ear. 

A Sound Devices MM-1 preamplifier connected the mic to a Windows PC which recorded the 

sound files at a 44.1k sampling rate in Praat (Boersma & Weenink, 2016). A native Japanese 

speaker listened to the audio files and reconfirmed their non-word status. 

15 line drawings were used as novel objects from Rastle et al. (2011)’s novel word learning 

experiment. These objects represented novel items in the categories: fruits, animals, tools, and 

machines. An assistant redrew the objects by hand, and these drawings were scanned into a 

computer. See Appendix 3.B for a list of novel objects. 

Novel written forms were created based on graphemes from the Vai and Yi writing 

systems. Graphemes from Vai and Yi were used in their original forms or altered by adding or 

deleting features. Vai and Yi were chosen as a template to build materials for the current study 
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because of the relative simplicity of many of the graphemes and the low likelihood of 

participants familiarity with these graphemes. Vai is historically used by the Vai of western 

Africa (Migeod, 1909), while Yi has been used by the Yi of southwest China (Harrell, 2001).  

Demographic information was collected from participants in each experiment of the current 

study (see Section 3.2.1.3 for more details). Included in this survey was information about 

participants' second language abilities. No participant reported proficiency in Vai or Yi. 

 

As the complexity of the orthographic forms across each word stayed consistent, the 

number of pixels in each picture is of key interest. When presented with a picture, participants 

named these pictures, meaning the pictures are as critical to the participant’s lexicon as the 

orthography. Images were used to illustrate meaning to each word. As it was an alien language, 

these images were essentially the meaning of each word and participants learned the images just 

as they learned the spoken and written forms were.  

Table 3.2: Examples of novel written forms for Experiment 1 by complexity level. 

Low Complexity Medium Complexity High Complexity 
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Novel written forms were matched with a novel object and a novel written form to create 

5 sets of item triplets. The auditory form of each word in a triplet was the same.  Table 3.2 

provides an example of an item set. Four experimental lists were created by scrambling picture 

and word associations. Across lists, a triplet never had more than one item from each semantic 

category (fruit, tool, machine, animal).  

 

Table 3.3: Examples of stimuli for a homophonous triplet in Experiment 1. 

Set Item Number Picture Auditory 
Form 

Written Form 

A 1 

 
 

/upaka/ 

 

A 2  

 

/upaka/ 

 

A 3 

 
 

/upaka/ 
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3.1.1.3 Procedure 

Tasks were adapted from Rastle et al. (2011)’s novel word learning study, given the similarity in 

their study’s methodology and research questions and the current study’s goals. The experiment 

was divided into three sessions. Participants were required to complete each session 1 to 2 days 

after completing the previous session.  

Participants were recruited both online and through the undergraduate population at Kobe 

City University of Foreign Studies. Participants recruited online used their own equipment (i.e. 

computer, microphone, etc.). Participants recruited at Kobe City University of Foreign Studies 

were given the option of using their own equipment or reserving a timeslot to use equipment 

provided by the research staff at quiet spaces on the Kobe City University of Foreign Studies 

campus. Whether using their own equipment or using the reserved equipment, all participants 

were run on the FindingFive online experiment platform (FindingFive Team, 2019). 

Before each session began, participants were required to test their equipment, including 

audio input and output devices. If their equipment was not working properly (such as a 

microphone not picking up their voice properly), they were discontinued from the session and 

were instructed to contact the administrator. If their issues could be resolved, they were allowed 

to continue. If a participant or an administrator could not resolve an issue, the participant were 

removed from the experiment. 

Table 3.3 summarizes experimental tasks across sessions. Generally, in Session 1 

participants learned the auditory forms of novel words and their picture associations. In Session 
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2,  participants learned how to read and write words. In Session 3, participants were asked to 

recall what they had learned without any additional training. The following subsections provide 

detailed descriptions of each session and task. 

Table 3.4: Tasks by session for Experiment 1. 

Session 1 

Learning Block 1 Participants hear the auditory form of an item along with the associated picture. Participants 
practice saying the word aloud. 

Review Block 1 Participants hear the auditory form of an item and choose the appropriate corresponding 
picture from 4 possibilities. 

Picture Naming 
Block 1 

Participants see a picture and name it aloud. 

Session 2 

Picture Naming 
Block 2 

Participants see a picture and name it aloud. 

Learning Block 2 Participants hear the auditory form of an item along with its written form. Participants 
practice reading the item aloud and writing the item. 

Review Block 2 Participants hear the auditory form of an item along with its corresponding picture. 
Participants choose the matching written form from 4 possibilities. 

Reading Block 1 Participants see the written form of an item and read it aloud. 

Picture Naming 
Block 3 

Participants see a picture and name it aloud. 

Session 3 

Picture Naming 
Block 4 

Participants see a picture and name it aloud. 

Reading Block 2 Participants see the written form of an item and read it aloud. 

3.2.1.3.1 Session 1 

The goal of Session 1 was to teach participants the auditory forms and picture associations for 

novel words. Session 1 began with participants being informed that they would be learning 15 
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words in an alien language. They were told that this alien language had a large number of words 

that were pronounced alike (homophones), and they would be learning 5 triplets of these. They 

were told they would be learning the names for alien animals, fruits, tools, and machines. They 

were then given a brief summary of the tasks they would be participating in during this session.  

Participants’ first task was Learning Block 1. The goal of Learning Block 1 was to 

introduce participants to the auditory forms of novel words and their picture associations. The 

auditory forms of novel words were auditorily presented to participants while a black and white 

line drawing was displayed on the screen simultaneously. Participants were told to practice 

saying the words out loud several times as they heard them and saw the drawings. Only one 

sound file was used for the auditory stimuli for each homophonous triplet, so the auditory form 

that participants were exposed to for each item in a triplet was exactly the same. During this task, 

participants could click a button to hear the auditory form again as many times as they wanted. 

Participants were required to wait 5 seconds before they could continue to the next item, which 

discouraged participants from quickly clicking through sets of items without practicing them. 

During the first portion of this task, participants were shown all three novel objects in a 

homophonous set simultaneously to emphasize their membership as members of a homophonous 

set. For example, all three novel objects for homophonous set A would be shown on the screen 

and the auditory form would be played. This was done 4 times across all 5 sets for a total of 20 

trials. The display order of sets was randomized. After this, participants were shown each item 

individually. Like before, participants were required to wait 5 seconds before they could progress 

to the next item. Participants could once again press a button to hear the auditory stimulus as 
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many times as they wanted. The order of items was randomized. All 15 words were shown 8 

times for a total of 120 trials. In total, Learning Block 1 had 140 trials. 

Participants’ second task was Review Block 1. The goal of Review Block 1 was to test 

participants’ knowledge of novel words and identify to them words they might not have learned 

sufficiently. Participants heard the auditory form of an item and four pictures were 

simultaneously displayed on the screen. All pictures were from previously trained items in 

Learning Block 1. Participants were instructed to click on the picture that corresponded to the 

auditory form they had heard. Participants could click a button to hear the auditory form again. 

Participants were given feedback on their choice, indicating whether they had chosen the correct 

picture or not. If they did not choose the correct object, they were shown the correct answer. 

Because the current study involves homophonous words, a single auditory form has multiple 

correct answers for corresponding pictures. Because of this, pictures for other members of a 

homophonous triplet were never included in the possible options for participants to choose from; 

every trial had only one possible correct answer given the options available on screen. In other 

words, if the auditory form was /upaka/ and the target was Item #1 from Table 3.2 above, the 

corresponding pictures for Item #2 and Item #3 would not be displayed as choices for this trial. 

All 15 items appeared in a random order. This was repeated 3 times, for a total of 45 trials. 

 The final task of Session 1 was Picture Block 1. The goal of Picture Block 1 was to 

record participants naming the novel words that they had learned in Session 1. Importantly, 

speech duration amongst Picture Blocks across experimental sessions (Picture Blocks 1, 2, 3, 4) 

would be compared to determine if and when orthography influenced participants’ speech 
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duration. Since participants had not yet learned orthographic forms in Picture Block 1, there was 

expected to be no significant differences among homophones in a set. In Picture Block 1, a 

picture was displayed on the screen and participants were instructed to name the picture out loud. 

Participants were required to click a button to begin recording their answers and then click a 

button to stop recording. After recording, they could click a button to replay their recordings to 

themselves. If they were not satisfied with their original recording, they could record themselves 

again. Participants could re-record as many times as they liked. When they were satisfied with 

their recording, they pressed another button to submit their answer. FindingFive only saves the 

data of the final production. To mitigate for recording errors, miscues, or other disruptions 

during recording, participants named each object 3 times. All 15 items were displayed before any 

items were repeated. Item order was randomized. 

At the end of Session 1, participants entered demographic information including gender, 

age, second language(s), and their compensation preference. 

3.1.1.3.2 Session 2 

The goal of Session 2 was to teach participants novel written forms. Session 2 began with a brief 

overview of the tasks participants would complete during this session. Participants who took the 

experiment remotely were reminded that they would need a writing utensil and pieces of paper to 

practice writing during Session 2. Paper and pens were provided to participants who reserved 

in-person appointments. Participants tested their equipment again before the experiment started. 
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Picture Naming Block 2 repeated the procedures of Picture Block 1. The goal of Picture 

Block 2 was to gauge any differences in speech behavior from the end of Session 1 to the 

beginning of Session 2 and to compare speech behavior among the other Picture Blocks (Picture 

Blocks 1, 2, 3, 4). Like in Picture Block 1, participants had not yet learned written forms for 

items, so no difference was predicted amongst homophones in a set.  

The goal of Learning Block 2 was to introduce participants to novel written forms. 

Participants were instructed that during this task they would practice reading and writing words. 

They were informed that they could not proceed to the next trial until a 10-second timer 

displayed on the screen reached 0. They were told that this was to discourage them from moving 

through items too quickly. They were told that they should take as much time as they’d like to 

practice reading and writing items and that the 10-second timer should not be seen as the 

maximum amount of time they could spend on any item. During Learning Block 2, pictures 

introduced in Session 1 appeared on the screen and their associated auditory forms were 

simultaneously played. Beneath the picture were the item’s written form. Participants could press 

a button to listen to the auditory form as many times as they wanted. For the first 60 trials (all 

items repeated 4 times), items in a homophonous set were displayed successively, with set order 

randomized. For example, all items in a homophonous triplet in Set A would be shown in a 

random order back to back to back. Then items from another set would be displayed. After these 

first 60 trials,  items from all sets appeared randomly. All items were repeated 3 times, for a total 

of 45 trials. In total, Learning Block 2 had 105 trials. 
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Next participants were tested on their knowledge of written forms in Review Block 2. 

Similar to Review Block 1, the goal of Review Block 2 was to test participants’ knowledge of 

novel written forms and identify to them the written forms they may not have learned 

sufficiently. Participants were asked to put away their practice materials (e.g. paper and notes) 

and not reference them during Review Block 2. A picture and the accompanying auditory form 

were simultaneously displayed. Participants could click a button to hear the auditory form as 

many times as they liked. Below the picture were 4 written forms. Participants were instructed to 

click the correct written form associated with each picture and auditory form. Participants were 

given feedback on their choices, highlighting which answers were correct and which were 

incorrect. Unlike in Review Block 1, incorrect answers could be written forms from within a 

homophonous set, as well as previously trained written forms for other words in other sets, 

completely new written forms participants had not previously trained on, altered forms of written 

forms of the correct answer, or altered previously trained written forms. Altered forms included 

manipulations such as: one or several pen strokes added or deleted from a written form; whole 

graphemes added or deleted to a written form; graphemes in a different order; graphemes in a 

different orientation, such as inverted; components in a different order or orientation; or any 

combination of these. During Review Block 2, each trained written form was the correct answer 

for 3 trials, for a total of 45 trials.  

Next participants took part in Reading Block 1. The goal of Reading Block 1 was to 

gather speech data from participants as they read words aloud. Some researchers have argued 

that seemingly orthographic effects on speech are a result of either task effects or careful speech 

(e.g. Alario et al., 2007; Mitterer & Reinisch, 2015; Zhang & Damian, 2012). According to these 
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arguments, while orthography may seem to affect speech behavior in some tasks, these effects 

are limited to tasks in which orthography is explicitly present or when participants are using 

strategies outside of those employed in normal, casual speech. In this sense, orthographic 

influence on speech duration may be a limited, surface-level effect that could be expected to only 

appear in certain tasks. While Grippando (in review) observed effects from number of 

non-alphabetic graphemes on speech (i.e. Japanese characters), his study only used a reading 

task. Therefore, the current study collected data from both naming tasks in which orthographic 

forms are not explicitly present (Picture Naming Blocks) and reading tasks in which 

orthographic forms are explicitly present (Reading Blocks) to determine whether influence from 

novel orthographic forms are task dependent. In Reading Block 1 each written form was 

displayed once and participants were instructed to read the written forms aloud. The process for 

recording speech was the same as in Picture Blocks. In total there were 15 trials in Reading 

Block 1. 

The final task for Session 2 was Picture Block 3, which was identical to Picture Blocks 1 

and 2. The goal of Picture Block 3 was to determine if speech duration among homophones in a 

set was influenced after participants had learned written forms for items. 

3.1.1.3.3 Session 3 

The goal of Session 3 was to observe participants’ speech behavior in a session after they were 

trained on orthographic forms. While some studies find orthographic effects immediately after 

training and into a following session (Rastle et al., 2011), others have argued that sleep is an 

integral part of memory consolidation and lexicalization (Dumay & Gaskell, 2007; Maquet 2001; 
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Stickgold & Walker 2005; Walker 2005). If a consolidation period is necessary, orthographic 

effects may only appear in the following session. Alternatively, others have argued that 

orthographic effects are a result of recency of exposure to orthographic forms or training effects 

(Alario et al., 2007; Mitterer & Reinisch, 2015; Zhang & Damian, 2012). Consequently, under 

this view, orthographic effects that appear in Session 2 may be expected to not be present in 

Session 3 since participants have not been exposed to orthographic forms for a period of time. 

Session 3 began with a brief overview of the tasks participants would complete during 

this session. After testing their equipment, Picture Block 4 began, which was identical to Picture 

Blocks 1, 2, and 3. Participants then took part in Reading Block 2, which was identical to 

Reading Block 1.  

3.1.1.3.4 Limitations 

It should be noted that at the time of running this experiment, FindingFive lacked several 

features that impacted how the study was designed. At the time, FindingFive did not have the 

ability to implement branching conditional paths. This would have been useful to gate participant 

progression based on a certain criterion of mastery in the Review Blocks, similar to Rastle et al. 

(2011)’s approach. A branching path feature has since been added to FindingFive. However, 

since branching paths were not available when data collection began, a larger number of training 

tasks were given to participants to attempt to compensate for this change in methodology.  
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3.1.4 Results 

3.2.2.1 Measurement Procedures and Criteria 

The data was measured manually by a third party. Whole-word durations were measured 

manually in Praat (Boersma & Weenink, 2016). All words were vowel initial and vowel final. 

Word-initial measurements were based on the first zero-crossing of a positive-going wave in the 

waveform after the onset of clear formants in the spectrogram. Word-final measurements were 

based on the zero-crossing of the first positive-going wave in the waveform after the last clear 

striation in F2 in the spectrogram.  

 In Picture Blocks, all 15 pictures were shown to participants three times, for a total of 45 

productions per Picture Block. The pictures were displayed in sets: All 15 pictures were 

displayed before any picture was repeated. In other words, pictures 1-15 were displayed in a 

random order (Round A), and then pictures 1-15 were displayed again in another random (Round 

B), and finally pictures 1-15 were displayed a final time in still yet another random order (Round 

C). Multiple productions per picture were collected to mitigate potential data loss from poor 

recording quality, miscues, or any interruptions that participants might have encountered during 

a recording. Because participants were learning novel words, their productions could have 

strayed from intended auditory forms. If participants’ productions were consistent within a 

homophonous triplet but did not match intended auditory forms exactly, these productions 

marked as correct. For example, if the intended auditory form was /upaka/ but a participant 

produced this as /umpaku/ for all three words in a homophonous triplet, this was considered 

correct. However, any deviation within a homophonous triplet was counted as an error. For 
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example, if two words in a homophonous triplet were produced /umpaku/ and one was produced 

/upaka/, the /upaka/ outlier would be removed.  

Although each picture was named 3 times per Picture Block, only 1 measurement per 

picture per Picture Block was used in the final analysis. Primarily, measurements were taken 

from the second round of productions (Round B as described above). If there was an error or 

inconsistency within a homophonous triplet, the third round of productions was consulted 

(Round C). If all three items were consistent and error free within the third round of productions 

(Round C), measurements of these items were taken. If the third round of productions still had 

inconsistencies or errors among all three items in a homophonous triplet, the first round of 

productions was consulted (Round A). If all three items in a round were consistent and error free 

within the first round of productions, measurements of these items were taken. If no round of 

productions was error-free for a homophonous set, any round was checked for consistency 

between two items in a homophonous triplet, starting again with the second round (Round B) 

then the third round (Round C) then the first round (Round A). If no items in a homophonous set 

were consistent across rounds, no measurements were made. During this process, miscues (e.g. 

stuttering, slurring, coughing, etc.), interference (e.g. knocking the microphone, external noises, 

etc.), and low recording quality were considered. Any of these issues were grounds for removing 

a production from analysis and, consequently, considering measurements from another round (A, 

B, C). 

In summary, first rounds of productions were consulted to determine if all 3 items within 

a homophonous triplet were error-free and consistent, in the order Round B → Round C → 

Round A. If no round or production had all 3 items within a homophonous triplet error-free and 
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consistent, rounds of production were consulted to determine if any round had 2 items error-free 

and consistent, in the order Round B → Round C → Round A. If no round had 2 items within a 

homophone triplet error-free and consistent, that homophonous triplet was not included in the 

analysis.  

In Reading Blocks, participants read aloud all 15 novel written forms once. The same 

criteria for consistency within homophonous triplets was used as described above. 

3.2.2.2 Reliability Analysis 

To determine the reliability of the third party’s ability to measure the data according to 

the criteria described above, an inter-rater reliability analysis was performed. A single analysis 

was conducted but included data from participants across Experiments 1-5. Data from 5 

participants was randomly selected to be measured by another independent third party. The IRR 

package in R was used to perform the analysis (Gamer et al., 2019). The most conservative 

analysis for this data set (two-way model, agreement type, single unit), reported an intra-class 

correlation coefficient with a 95% confidence interval between 0.894 and 0.967. Subsequent 

analyses with different parameters reported higher intra-class correlation coefficients: 

0.949-0.963 (two-way model, consistency type, single unit), 0.997-0.998 (two-way model, 

consistency type, average unit), 0.974-0.981 (two-way model, agreement type, average unit). 

Inter-rater reliability is considered poor for intra-class correlation coefficient scores less than 0.4, 

fair for scores between 0.4 and 0.59, good for scores between 0.6 and 0.74, and excellent for 

scores between 0.75 and 1.0 (Wolak et al., 2012). The scores of even the most conservative 

analysis fell well within the excellent range. This suggests that the measures made by the two 

measures were consistent and the criteria for measurement can be reliability replicated. 
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3.2.2.3 Data Exclusion Criteria 

As described in Section 3.2.2.1 above, items were removed from analysis if there were 

miscues, errors, or inconsistencies within a homophonous triplet. 

Picture Naming Blocks 3 and 4 occur after participants learned to read and write items. 

Brewer (2008) showed that it is essential for participants to have an orthographic form stored in 

their mental lexicon for speech duration effects to occur: Untrained novel words read off a page 

showed no effects from letter length. If a participant in the current study did not properly learn a 

written form, they would not be expected to exhibit speech duration effects in a picture naming 

task. Therefore, for Picture Blocks 3 and 4, trials were removed from the analysis if participants 

did not properly read the equivalent item in Reading Block 1 or Reading Block 2. Additionally, 

if participants’ productions for an item differed between Picture Blocks 3 and 4 and Reading 

Blocks 1 and 2, that item was removed from the analysis.  

3.2.2.4 Task Analyses 

3.2.2.4.1 Subject Exclusions 

Three participants did not complete the experiment, only completing up through Session 1 or 

Session 2. The data from these participants was removed from the final analysis, resulting in 18 

final subjects. 
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3.2.2.4.2 Reading Tasks 

There were an initial 175 observations from 18 subjects. Due to a malfunction in FindingFive, 

the data from one participants’ Session 3 reading task was lost (a loss of 5 observations).Visual 

inspection of the residuals showed the data was normally distributed  2

R (R Core Team, 2018) , lme4 (Bates, Maechler, Bolker, & Walker, 2015), and lmerTest 

(Kuznetsova, et al., 2015) were used to perform a linear mixed effect analysis on the relationship 

between complexity and speech duration. The dependent variable was whole-word duration in 

milliseconds. As fixed effects, number of pixels (complexity) and experimental block (block) 

were included in the model. An interaction between complexity and block was included. 

Complexity was coded as a continuous variable and block was coded as a categorical variable. 

Complexity was mean centered. As random effects, intercepts for subjects and item sets were 

included in the model. Barr, Levy, Scheepers, & Tily (2013) suggest a random slopes structure 

including all within-unit factors. A random slopes structure was originally built with the maximal 

structure suggested by Barr et al. with random slopes for subjects and item sets for the factors of 

complexity and block, with an interaction between complexity and block. This model failed to 

converge. Following guidelines from Jaegar (2009), the random slopes structure was simplified 

by removing random slopes (prioritizing random slopes for subjects) until the model converged. 

The final model included by-subjects and by-item-sets random slopes for block .  3

Table 1 summarizes the results of this analysis with a reference level of Reading Block 1 

(block). There was no significant effect for complexity on speech duration (t=-0.467, p=0.642). 

2 No observations fell outside of 2.5 standard deviations from the norm. 
3R code: lmer(Duration ~ Complexity*Block+ (1+Block|Subject) + (1+Block|ItemSet)) 
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There was no significant effect for block on speech duration (t=-0.448, p=0.66). An interaction 

between complexity and block was not significant  (t=0.122, p=0.903). These results are 

visualized in Figure 1. 

 

Table 1: Results for Experiment 1’s reading tasks. Reference level of Reading Block 1 (block). 

  Est. Std. 
Error df t Pr(>|t|) Sig. 

Intercept 645.58 3465 19.30 18.633 0.00000 *** 
Complexity -0.01 0.012 97.28 -0.467 0.642  
Reading Block 2 11.28 25.17 16.68 0.448 0.66  
Complexity:  
Reading Block 2 

0.002 
 

0.22 
 

102.47 
 

0.122 
 

0.903 
 

 
 

 
 

Figure 1: Results for Experiment 1’s reading tasks. Whole-word duration is along the y axis 

with number of pixels along the x axis. The blue line represents line of best fit with the shaded 

gray areas representing 95% confidence intervals. 

 



27 

 
 

Within Figure 1, the distribution of the points correlates to the number of pixels within each 

image. Since there are only 15 images within this task, there is not a full spectrum of 

representation across the number of pixels. As the images themselves were not created with pixel 

consistency in mind, the number of pixels varies greatly with no sense of standardization. There 

are large gaps between data points due to the fact that the number of pixels is not a spectrum; it 

directly relates to the images actually used within the task. On the y-axis, duration represents the 

duration of the spoken word during reading tasks. This duration varies from image to image and 

from participant to participant.  

3.2.2.4.3 Picture Naming Tasks 

In total there were initially 1065 observations from 18 subjects. 1006 observations 

remained after removing items with errors (5% removed). Removing inconsistencies between 
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productions of items in the reading tasks and Picture Blocks 3 and 4 (as described in Section 

3.2.2.3) resulted in 978 observations (3% removed). Visual inspection of the residuals showed 

the data was generally normally distributed with light tails. Outliers greater than 2.5 standard 

deviations were removed which resulted in 7 observations removed from the data for a total of 

957 observations (2% removed). 

Following the same criteria as outlined above for the reading task analysis, a linear mixed 

effect model was built to determine the relationship between orthographic complexity and speech 

duration. The dependent variable was whole-word duration in milliseconds. As fixed effects, 

number of pixels (complexity), and experimental block (block) were included in the model. An 

interaction between complexity and block was included. Complexity was coded as a continuous 

variable and block was coded as a categorical variable. Complexity was mean centered. As 

random effects, intercepts for subjects and item sets were included in the model. The model 

included by-subjects and by-item-sets random slopes for block . 4

Table 2 summarizes the results of this analysis with a reference level of Picture Block 2 

(block). There was no significant effect of complexity on speech duration (t=-0.22, p=0.826). 

Speech duration in Picture Block 3 was significantly shorter than speech duration in Picture 

Block 1 (-33 ms ±13ms, t=-2.632, p=0.0174). There was no significant difference in speech 

duration among other Picture Blocks (all t<|1.3|, p>0.2). There were no significant interactions 

between complexity and block task (all t<|0.4|,p >0.6). Figure 2 visualizes these results. 

 

4R code: lmer(Duration ~ Complexity*Block+ (1+Block|Subject) + (1+Block|ItemSet)) 
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Table 2: Results for Experiment 1’s picture naming tasks. Reference level of Picture Block 2 

(block). 

  Est. Std. 
Error df t Pr(>|t|) Sig. 

Intercept 657.12 40.74 19.03 16.129 0.00000 *** 
Complexity -0.001 0.01 768.66 -0.22 0.826  
Picture Block 1 19.49 16.04 17.81 1.215 0.24  

Picture Block 3 -13.89 14.21 16.62 -0.978 0.342  
Picture Block 4 7.26 16.39 16.11 0.443 0.664  
Complexity: 
Picture Block 1 -0.002 0.01 861.34 -0.218 0.828  
Complexity: 
Picture Block 3 0.004 0.01 874.94 0.395 0.693  

Complexity: 
Picture Block 4 0.001 0.01 878.59 0.102 0.919  
 

 

 

Figure 2: Results for Experiment 1’s picture naming tasks. Whole-word duration is along the y 

axis with the number of pixels along the x axis. The blue line represents the line of best fit with 

the shaded gray areas representing 95% confidence intervals. 
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The definition of Figure 2’s x- and y-axes generally corresponds to the explanation of those 

previously stated in regards to Figure 1. This graph represents the results of the picture naming 

task, as opposed to the reading task represented in Figure 1. The number of pixels, on the x-axis, 

do not change from this task, as the same images were used, so the same distribution is 

represented. Speech duration, on the y-axis, are distinct from Figure 1.  

 
3.1.3 Discussion  

The results of both tasks, the reading task and picture naming task, indicate that the 

number of pixels that make up an image do not have a significant impact on speech duration. 

These results are inconsistent with the research presented by Chang and Chang et al. (2016), as it 

would appear that pixel count, as a singular component of visual complexity, in regards to 

images does not have any speech. While the research of Chang (2015) and Chang et al. (2016) 
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primarily deals with visual complexity in the context of orthography, it still remains relevant to 

this task. The images presented to the participants of this task are, theoretically, stored in the 

mental lexicon alongside the written and spoken forms of these words. Since no other definition 

or concrete conceptualization was provided for any given word, these images are what define the 

sounds the participants hear and the written forms they see. The results of both the reading and 

picture naming task support the phonological restructuring hypothesis, rather than the on-line 

co-activation hypothesis. Further discussion of the results of these tasks related to both the 

phonological restructuring hypothesis and the on-line co-activation hypothesis is continued in 

section 4.1.  

 
3.2 Experiment 2: Visual Complexity of Written Form 

3.2.1.1 Participants 

22 native Japanese-speaking participants were recruited online and from the student population 

at Kobe City University of Foreign Studies. The average age of participants was 25 years old 

(minimum 18, maximum 52). 8 participants were male. 

Participants were compensated 5,200 Japanese yen for completing all three sessions of 

the experiment. They were given 100 yen for completing the first session, 100 yen for 

completing the second session, and 5,000 yen for completing the third session. Participants were 

given the option of receiving their compensation as an Amazon gift card or PayPal payment. 
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3.2.1.2 Stimuli 

5 Japanese non-words were created. All novel words were 3 syllables with a V.CV.CV structure 

and contained only native Japanese phones (/a/, /u/, /i/, /s/, /∫/, /p/, /k/, /m/). Two native Japanese 

speakers confirmed that the novel words were not words in Japanese. See Appendix 4.A for a list 

of novel words. 

A female 30-year-old native English speaker was recorded saying the novel words aloud. 

She recorded into a Countryman E6IOP5L2 omnidirectional microphone worn on their right ear. 

A Sound Devices MM-1 preamplifier connected the mic to a Windows PC which recorded the 

sound files at a 44.1k sampling rate in Praat (Boersma & Weenink, 2016). A native Japanese 

speaker listened to the audio files and reconfirmed their non-word status. 

15 line drawings were used as novel objects from Rastle et al. (2011)’s novel word learning 

experiment. These objects represented novel items in the categories: fruits, animals, tools, and 

machines. An assistant redrew the objects by hand, and these drawings were scanned into a 

computer. See Appendix 3.B for a list of novel objects. 

Novel written forms were created based on graphemes from the Vai and Yi writing 

systems. Graphemes from Vai and Yi were used in their original forms or altered by adding or 

deleting features. Vai and Yi were chosen as a template to build materials for the current study 

because of the relative simplicity of many of the graphemes and the low likelihood of 

participants familiarity with these graphemes. Vai is historically used by the Vai of western 

Africa (Migeod, 1909), while Yi has been used by the Yi of southwest China (Harrell, 2001).  

Demographic information was collected from participants in each experiment of the current 
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study (see Section 3.2.1.3 for more details). Included in this survey was information about 

participants' second language abilities. No participant reported proficiency in Vai or Yi. 

Fifteen novel written forms were created. The goal of Experiment 1 was to investigate the 

role of number of pen strokes on speech duration, so novel orthographic forms varied in number 

of pen strokes. To further control the qualities of novel written forms, Chang et al. (2016)’s 

categories of visual complexity for orthographic forms were consulted. Chang and colleagues 

outline properties found across the world’s writing systems that contribute to graphemic 

complexity. These include simple features, connected points, and disconnected components. A 

simple feature is “a discrete element of an image that can be discriminated independently from 

other features. Namely, [a simple feature] is a mark drawn in a single movement in a specific 

orthography so that [a simple feature] can be a line, a dot, a curve, or a circle” (Chang et al., 

2016). English “T” and Japanese  二 both have 2 simple features. A connected point is the 

“adjoining of at least 2 simple features” (Chang et al., 2016). “T” has 2 connected points but 二 

has 0. A disconnected component  “is a simple feature or features in a set that do not adjoin any 

other feature” Change et al., 2016). “T” has 0 disconnected components and 二 has 2. 

For the purpose of Experiment 1, Chang and colleague’s concept of simple features was 

used for pen strokes. In addition, connected points and disconnected points were also controlled 

for; however, the number of pixels, another component of Chang and colleague’s 

conceptualization of complexity, was not controlled for. All novel written forms were written as 

a single grapheme with 0 disconnected points. As complexity increased, the number of simple 

features and connected points increased within a single grapheme. Low Complexity novel 

written forms had 3 simple features and 2-3 connected points. Medium Complexity words had 6 
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simple features and 6-7 connected points. High Complexity words had 12-14 simple features and 

12-14 connected points. Table 3.1 provides an example of a triplet of novel written forms.  

 

 

 

 

 

 

Table 3.1: Examples of novel written forms for Experiment 1 by complexity level. 

Low Complexity Medium Complexity High Complexity 

 

 

 

 

 

 

 

Novel written forms were matched with a novel object and a novel written form to create 

5 sets of item triplets. The auditory form of each word in a triplet was the same.  Table 3.2 

provides an example of an item set. Four experimental lists were created by scrambling picture 

and word associations. Across lists, a triplet never had more than one item from each semantic 

category (fruit, tool, machine, animal).  
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Table 3.2: Examples of stimuli for a homophonous triplet in Experiment 1. 

Set Item 
Number 

Picture Auditory 
Form 

Written Form 

A 1 

 
 

/upaka/ 

 

A 2  

 

/upaka/ 
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A 3 

 
 

/upaka/ 

 

 

3.2.1.3 Procedure 

Tasks were adapted from Rastle et al. (2011)’s novel word learning study, given the similarity in 

their study’s methodology and research questions and the current study’s goals. The experiment 

was divided into three sessions. Participants were required to complete each session 1 to 2 days 

after completing the previous session.  

Participants were recruited both online and through the undergraduate population at Kobe 

City University of Foreign Studies. Participants recruited online used their own equipment (i.e. 

computer, microphone, etc.). Participants recruited at Kobe City University of Foreign Studies 

were given the option of using their own equipment or reserving a timeslot to use equipment 

provided by the research staff at quiet spaces on the Kobe City University of Foreign Studies 

campus. Whether using their own equipment or using the reserved equipment, all participants 

were run on the FindingFive online experiment platform (FindingFive Team, 2019). 

Before each session began, participants were required to test their equipment, including 

audio input and output devices. If their equipment was not working properly (such as a 

microphone not picking up their voice properly), they were discontinued from the session and 
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were instructed to contact the administrator. If their issues could be resolved, they were allowed 

to continue. If a participant or an administrator could not resolve an issue, the participant were 

removed from the experiment. 

Table 3.3 summarizes experimental tasks across sessions. Generally, in Session 1 

participants learned the auditory forms of novel words and their picture associations. In Session 

2,  participants learned how to read and write words. In Session 3, participants were asked to 

recall what they had learned without any additional training. The following sub-sections provide 

detailed descriptions of each session and task. 

 

 

 

 

Table 3.3: Tasks by session for Experiment 1. 

Session 1 

Learning Block 
1 

Participants hear the auditory form of an item along with the associated picture. 
Participants practice saying the word aloud. 

Review Block 1 Participants hear the auditory form of an item and choose the appropriate 
corresponding picture from 4 possibilities. 

Picture Naming 
Block 1 

Participants see a picture and name it aloud. 

Session 2 

Picture Naming 
Block 2 

Participants see a picture and name it aloud. 



38 

Learning Block 
2 

Participants hear the auditory form of an item along with its written form. 
Participants practice reading the item aloud and writing the item. 

Review Block 2 Participants hear the auditory form of an item along with its corresponding picture. 
Participants choose the matching written form from 4 possibilities. 

Reading Block 1 Participants see the written form of an item and read it aloud. 

Picture Naming 
Block 3 

Participants see a picture and name it aloud. 

Session 3 

Picture Naming 
Block 4 

Participants see a picture and name it aloud. 

Reading Block 2 Participants see the written form of an item and read it aloud. 

3.2.1.3.1 Session 1 

The goal of Session 1 was to teach participants the auditory forms and picture associations for 

novel words. Session 1 began with participants being informed that they would be learning 15 

words in an alien language. They were told that this alien language had a large number of words 

that were pronounced alike (homophones), and they would be learning 5 triplets of these. They 

were told they would be learning the names for alien animals, fruits, tools, and machines. They 

were then given a brief summary of the tasks they would be participating in during this session.  

Participants’ first task was Learning Block 1. The goal of Learning Block 1 was to 

introduce participants to the auditory forms of novel words and their picture associations. The 

auditory forms of novel words were auditorily presented to participants while a black and white 

line drawing was displayed on the screen simultaneously. Participants were told to practice 

saying the words out loud several times as they heard them and saw the drawings. Only one 

sound file was used for the auditory stimuli for each homophonous triplet, so the auditory form 

that participants were exposed to for each item in a triplet was exactly the same. During this task, 
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participants could click a button to hear the auditory form again as many times as they wanted. 

Participants were required to wait 5 seconds before they could continue to the next item, which 

discouraged participants from quickly clicking through sets of items without practicing them. 

During the first portion of this task, participants were shown all three novel objects in a 

homophonous set simultaneously to emphasize their membership as members of a homophonous 

set. For example, all three novel objects for homophonous set A would be shown on the screen 

and the auditory form would be played. This was done 4 times across all 5 sets for a total of 20 

trials. The display order of sets was randomized. After this, participants were shown each item 

individually. Like before, participants were required to wait 5 seconds before they could progress 

to the next item. Participants could once again press a button to hear the auditory stimulus as 

many times as they wanted. The order of items was randomized. All 15 words were shown 8 

times for a total of 120 trials. In total, Learning Block 1 had 140 trials. 

Participants’ second task was Review Block 1. The goal of Review Block 1 was to test 

participants’ knowledge of novel words and identify to them words they might not have learned 

sufficiently. Participants heard the auditory form of an item and four pictures were 

simultaneously displayed on the screen. All pictures were from previously trained items in 

Learning Block 1. Participants were instructed to click on the picture that corresponded to the 

auditory form they had heard. Participants could click a button to hear the auditory form again. 

Participants were given feedback on their choice, indicating whether they had chosen the correct 

picture or not. If they did not choose the correct object, they were shown the correct answer. 

Because the current study involves homophonous words, a single auditory form has multiple 

correct answers for corresponding pictures. Because of this, pictures for other members of a 
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homophonous triplet were never included in the possible options for participants to choose from; 

every trial had only one possible correct answer given the options available on screen. In other 

words, if the auditory form was /upaka/ and the target was Item #1 from Table 3.2 above, the 

corresponding pictures for Item #2 and Item #3 would not be displayed as choices for this trial. 

All 15 items appeared in a random order. This was repeated 3 times, for a total of 45 trials. 

 The final task of Session 1 was Picture Block 1. The goal of Picture Block 1 was to 

record participants naming the novel words that they had learned in Session 1. Importantly, 

speech duration amongst Picture Blocks across experimental sessions (Picture Blocks 1, 2, 3, 4) 

would be compared to determine if and when orthography influenced participants’ speech 

duration. Since participants had not yet learned orthographic forms in Picture Block 1, there was 

expected to be no significant differences among homophones in a set. In Picture Block 1, a 

picture was displayed on the screen and participants were instructed to name the picture out loud. 

Participants were required to click a button to begin recording their answers and then click a 

button to stop recording. After recording, they could click a button to replay their recordings to 

themselves. If they were not satisfied with their original recording, they could record themselves 

again. Participants could rerecord as many times as they liked. When they were satisfied with 

their recording, they pressed another button to submit their answer. FindingFive only saves the 

data of the final production. To mitigate for recording errors, miscues, or other disruptions 

during recording, participants named each object 3 times. All 15 items were displayed before any 

items were repeated. Item order was randomized. 
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At the end of Session 1, participants entered demographic information including gender, 

age, second language(s), and their compensation preference. 

3.2.1.3.2 Session 2 

The goal of Session 2 was to teach participants novel written forms. Session 2 began with a brief 

overview of the tasks participants would complete during this session. Participants who took the 

experiment remotely were reminded that they would need a writing utensil and pieces of paper to 

practice writing during Session 2. Paper and pens were provided to participants who reserved 

in-person appointments. Participants tested their equipment again before the experiment started. 

Picture Naming Block 2 repeated the procedures of Picture Block 1. The goal of Picture 

Block 2 was to gauge any differences in speech behavior from the end of Session 1 to the 

beginning of Session 2 and to compare speech behavior among the other Picture Blocks (Picture 

Blocks 1, 2, 3, 4). Like in Picture Block 1, participants had not yet learned written forms for 

items, so no difference was predicted amongst homophones in a set.  

The goal of Learning Block 2 was to introduce participants to novel written forms. 

Participants were told that even though this alien language had many words that sounded the 

same, the words were written differently (i.e. heterographic homophones). They were given 

examples of heterographic homophones in Japanese. Participants were instructed that during this 

task they would practice reading and writing words. They were informed that they could not 

proceed to the next trial until a 10-second timer displayed on the screen reached 0. They were 

told that this was to discourage them from moving through items too quickly. They were told 
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that they should take as much time as they’d like to practice reading and writing items and that 

the 10-second timer should not be seen as the maximum amount of time they could spend on any 

item. During Learning Block 2, pictures introduced in Session 1 appeared on the screen and their 

associated auditory forms were simultaneously played. Beneath the picture were the item’s 

written form. Participants could press a button to listen to the auditory form as many times as 

they wanted. For the first 60 trials (all items repeated 4 times), items in a homophonous set were 

displayed successively, with set order randomized. For example, all items in a homophonous 

triplet in Set A would be shown in a random order back to back to back. Then items from another 

set would be displayed. After these first 60 trials,  items from all sets appeared randomly. All 

items were repeated 3 times, for a total of 45 trials. In total, Learning Block 2 had 105 trials. 

Next participants were tested on their knowledge of written forms in Review Block 2. 

Similar to Review Block 1, the goal of Review Block 2 was to test participants’ knowledge of 

novel written forms and identify to them the written forms they may not have learned 

sufficiently. Participants were asked to put away their practice materials (e.g. paper and notes) 

and not reference them during Review Block 2. A picture and the accompanying auditory form 

were simultaneously displayed. Participants could click a button to hear the auditory form as 

many times as they liked. Below the picture were 4 written forms. Participants were instructed to 

click the correct written form associated with each picture and auditory form. Participants were 

given feedback on their choices, highlighting which answers were correct and which were 

incorrect. Unlike in Review Block 1, incorrect answers could be written forms from within a 

homophonous set, as well as previously trained written forms for other words in other sets, 

completely new written forms participants had not previously trained on, altered forms of written 
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forms of the correct answer, or altered previously trained written forms. Altered forms included 

manipulations such as: one or several pen strokes added or deleted from a written form; whole 

graphemes added or deleted to a written form; graphemes in a different order; graphemes in a 

different orientation, such as inverted; components in a different order or orientation; or any 

combination of these. During Review Block 2, each trained written form was the correct answer 

for 3 trials, for a total of 45 trials.  

Next participants took part in Reading Block 1. The goal of Reading Block 1 was to 

gather speech data from participants as they read words aloud. Some researchers have argued 

that seemingly orthographic effects on speech are a result of either task effects or careful speech 

(e.g. Alario et al., 2007; Mitterer & Reinisch, 2015; Zhang & Damian, 2012). According to these 

arguments, while orthography may seem to affect speech behavior in some tasks, these effects 

are limited to tasks in which orthography is explicitly present or when participants are using 

strategies outside of those employed in normal, casual speech. In this sense, orthographic 

influence on speech duration may be a limited, surface-level effect that could be expected to only 

appear in certain tasks. While Grippando (in review) observed effects from number of 

non-alphabetic graphemes on speech (i.e. Japanese characters), his study only used a reading 

task. Therefore, the current study collected data from both naming tasks in which orthographic 

forms are not explicitly present (Picture Naming Blocks) and reading tasks in which 

orthographic forms are explicitly present (Reading Blocks) to determine whether influence from 

novel orthographic forms are task dependent. In Reading Block 1 each written form was 

displayed once and participants were instructed to read the written forms aloud. The process for 
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recording speech was the same as in Picture Blocks. In total there were 15 trials in Reading 

Block 1. 

The final task for Session 2 was Picture Block 3, which was identical to Picture Blocks 1 

and 2. The goal of Picture Block 3 was to determine if speech duration among homophones in a 

set was influenced after participants had learned written forms for items. 

3.2.1.3.3 Session 3 

The goal of Session 3 was to observe participants’ speech behavior in a session after they were 

trained on orthographic forms. While some studies find orthographic effects immediately after 

training and into a following session (Rastle et al., 2011), others have argued that sleep is an 

integral part of memory consolidation and lexicalization (Dumay & Gaskell, 2007; Maquet 2001; 

Stickgold & Walker 2005; Walker 2005). If a consolidation period is necessary, orthographic 

effects may only appear in a following session. Alternatively, others have argued that 

orthographic effects are a result of recency of exposure to orthographic forms or training effects 

(Alario et al., 2007; Mitterer & Reinisch, 2015; Zhang & Damian, 2012). Consequently, under 

this view, orthographic effects that appear in Session 2 may be expected to not be present in 

Session 3 since participants have not been exposed to orthographic forms for a period of time. 

Session 3 began with a brief overview of the tasks participants would complete during 

this session. After testing their equipment, Picture Block 4 began, which was identical to Picture 

Blocks 1, 2, and 3. Participants then took part in Reading Block 2, which was identical to 

Reading Block 1.  
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3.2.1.3.4 Limitations 

It should be noted that at the time of running this experiment, FindingFive lacked several 

features that impacted how the study was designed. At the time, FindingFive did not have the 

ability to implement branching conditional paths. This would have been useful to gate participant 

progression based on a certain criterion of mastery in the Review Blocks, similar to Rastle et al. 

(2011)’s approach. A branching  path feature has since been added to FindingFive. However, 

since branching paths were not available when data collection began, a larger number of training 

tasks were given to participants to attempt to compensate for this change in methodology.  

3.2.2.4 Task Analyses 

3.2.2.4.1 Subject Exclusions 

Three participants did not complete the experiment, only completing up through Session 1 or 

Session 2. The data from these participants was removed from the final analysis, resulting in 18 

final subjects. 

3.2.2.4.2 Reading Tasks 

There were an initial 540 observations from 18 subjects. 408 observations remained after 

removing items with errors (25% removed). Visual inspection of the residuals showed the data 

was generally normally distributed with light tails. Outliers greater than 2.5 standard deviations 

were removed, which resulted in 4 observations being removed from the analysis for a total of 

404 observations (<1% removed). 
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R (R Core Team, 2018) , lme4 (Bates, Maechler, Bolker, & Walker, 2015), and lmerTest 

(Kuznetsova, et al., 2015) were used to perform a linear mixed effect analysis on the relationship 

between orthographic complexity and speech duration. The dependent variable was whole-word 

duration in milliseconds. As fixed effects, number of pixels  (complexity) and experimental 

block (block) were included in the model. An interaction between complexity and block was 

included. Complexity was coded as a continuous variable and block was coded as a categorical 

variable. Complexity was mean centered. As random effects, intercepts for subjects and item sets 

were included in the model. Barr, Levy, Scheepers, & Tily (2013) suggest a random slopes 

structure including all within-unit factors. A random slopes structure was originally built with the 

maximal structure suggested by Barr et al. with random slopes for subjects and item sets for the 

factors of complexity and block, with an interaction between complexity and block. This model 

failed to converge. Following guidelines from Jaegar (2009), the random slopes structure was 

simplified by removing random slopes (prioritizing random slopes for subjects) until the model 

converged. The final model included by-subjects and by-item-sets random slopes for block .  5

Table 3 summarizes the results of this analysis with a reference level of Reading Block 1 

(block). There was no significant effect of complexity on speech duration (t=-0.872, p=0.384). 

There was no significant effect from block on speech duration (t=1.337, p=0.198). The 

interaction between complexity and block was not significant (t=0.428, p=0.669). Figure 3 

visualizes these results. 

  

5R code: lmer(Duration ~ Complexity*Block+ (1+Block|Subject) + (1+Block |ItemSet)) 
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Table 3: Results for Experiment 2’s reading tasks. Reference level of Reading Block 1 (block). 

  Est. Std. 
Error df t Pr(>|t|) Sig. 

Intercept 594.76 26.31 20.32 22.61 0.00000 *** 
Complexity -0.012 0.01 267.36 -0.872 0.384  
Reading Block 2 17.71 13.24 17.31 1.337 0.198  

Complexity:  
Reading Block 2 

0.01 
 
 

0.02 
 
 

348.54 
 
 

0.428 
 
 

0.669 
 
 

 

 

  

Figure 3: Results for Experiment 2’s reading tasks. Whole-word duration is along the y axis with 

number of pixels along the x axis. The blue line represents line of best fit with the shaded gray 

areas representing 95% confidence intervals. 
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Within Figure 3, the x-axis, defined as the number of pixels, refers to the number of pixels that 

make up each written form of each word. There were 15 different written forms, all varying in 

pixel count. Due to the fact that the number of pixels were not controlled for in the original 

experiment, the number of pixels varies greatly, the lowest being 330 ppi and the highest being 

1480 ppi. Based upon this analysis, there is no effect on pixels in a written form on speech 

duration in the context of a reading task.  

 

3.2.2.4.3 Picture Naming Tasks 

In total there were initially 1069 observations from 18 subjects. 930 observations 

remained after removing items with errors (13% removed). Removing inconsistencies between 

productions of items in the reading tasks and Picture Blocks 3 and 4 (as described in Section 

3.2.2.3) resulted in 830 observations (11% removed). Visual inspection of the residuals showed 

the data was generally normally distributed with light tails. Visual inspection of the residuals 

showed the data was normally distributed.  6

Following the same criteria as outlined above for the reading task analysis, a linear mixed 

effect model was built to determine the relationship between orthographic complexity and speech 

duration. The dependent variable was whole-word duration in milliseconds. As fixed effects, 

number of pen strokes (i.e. simple features) (complexity), and experimental block (block) were 

included in the model. An interaction between complexity and block was included. Complexity 

6 No observations fell outside of 2.5 standard deviations from the norm. 
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was coded as a continuous variable and block was coded as a categorical variable. Complexity 

was mean centered. As random effects, intercepts for subjects and item sets were included in the 

model. The model included by-subjects and by-item-sets random slopes for block . 7

Table 4 summarizes the results of this analysis with a reference level of Picture Block 2 

(block). There was no significant effect of complexity on speech duration: (t=-0.609, p=0.543). 

There was no significant effect on speech duration among Picture Blocks (all t<|1.6|, p>0.2). 

Influence from complexity on speech duration in Block 3 was trending different than compared 

to Block 1, with speech duration insignificantly decreasing as pixel count increased in Block 3 

compared to Block 1 (-0.03 ms, ±0.02 ms; t=-1.976, p=0.0589). No other interactions were 

significant (all t<|1.5|, p>0.1). Figure 4 visualizes these results. 

Table 4: Results for Experiment 2’s picture naming tasks. Reference level of Picture Block 2 

(block). 

  Est. Std. 
Error df t Pr(>|t|) Sig. 

Intercept 611.54 26.05 19.64 23.476 0.00000 *** 
Complexity -0.01 0.01 572.85 -0.609 0.543  
Picture Block 1 -8.84 17.99 17.01 -0.492 0.629  

Picture Block 3 -27.30 17.51 17.05 -1.559 0.137  
Picture Block 4 -9.60 19.90 16.24 -0.483 0.636  
Complexity: 
Picture Block 1 0.02 0.02 215.37 1.323 0.187  
Complexity: 
Picture Block 3 -0.01 0.02 312.23 -0.657 0.511  

Complexity: 
Picture Block 4 0.01 0.02 728.97 0.864 0.388  
 
 

7R code: lmer(Duration ~ Complexity*Block+ (1+Block|Subject) + (1+Block|ItemSet)) 
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Figure 4: Results for Experiment 2’s picture naming tasks. Whole-word duration is along the y 

axis with number of pixels along the x axis. The blue line represents line of best fit with the 

shaded gray areas representing 95% confidence intervals. 
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As in Figure 3, the x-axis in Figure 4 is defined as the number of pixels, which refers to the 

number of pixels that make up each of the written forms of each word. There were 15 different 

written forms, all varying in pixel count. Due to the fact that the number of pixels were not 

controlled for in the original experiment, the number of pixels varies greatly, the lowest being 

330 ppi and the highest being 1480 ppi. Despite the fact that this was a picture naming task, it is 

the pixels of the character that are in question, as it is the aim of this particular analysis to 

determine if orthography affects speech production. The orthography was not present in this task 

but, as stated above, the participants learned the orthography alongside the pictures. There was 

no significant effect of pixels on speech duration in this task, but there was a slight downward 

trend, meaning that as pixels increased, speech duration increased.  

3.2.3 Discussion 

In this experiment, participants learned an alien language and orthography. Within a set 

of three homophones, the written forms increased in stroke number, one component of 

complexity. Pixel count was not controlled for and varied between increasingly complex 

orthographic forms. After learning this alien language, participants did both a picture naming and 

reading task. In the picture naming task, the orthography was not present and in the reading task 

it was. Within both tasks, there was no significant effect from pixel count of the written forms on 

speech duration.  

4.1 Discussion 

In the course of this paper, four different tasks were analyzed based upon the correlation 

of the number of pixels within an item and speech production. The tasks were divided by 

orthographic complexity defined by Grippando, whose definition did not include parameters 
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related to pixel count. As Chang et al. (2016) included pixel count in their definition of 

complexity, I chose to analyze it in isolation to determine if it has any effect on speech duration.  

The first set of two tasks analyzed in this paper consisted of a set of a triplet of 

homonyms, each represented by the same orthographic symbol though associated with a 

different picture and meaning. For the reading and picture naming task, the pixel count was 

compared against the speech duration. While the images are not linguistic items per se, they play 

a direct role in the participant’s learning of the alien language and are a key part in associating 

meaning to the words they are learning. Because the images play such a key role in learning, 

their visual complexity could potentially have an effect on speech duration; however, based upon 

the analyses of the two tasks, there was no correlation between the image’s pixel count and 

speech duration in the reading or picture naming task.  

The second set of two tasks analyzed in this paper consisted of a triplet of homonyms, 

such as in the first set of tasks, though in these tasks each word had a distinct orthographic 

symbol along with a picture representing meaning. Within a set of three, the orthographic 

symbols become more complex in terms of number of strokes used to write the character. For 

this task I analyzed the pixel count between orthographic characters and compared it to the 

speech duration of both the reading and picture naming task. Again, there was no significant 

relationship between the two.  

While it is crucial to not draw an excess of conclusions from an insignificant result, the 

results of these analyses do add support to a pre-existing hypothesis regarding the interaction 

between orthography and spoken language. Within the phonological restructuring hypothesis, 

grapheme-internal forms of orthographic complexity are not expected to have any effect on the 



53 

spoken language. In his dissertation, Grippando (2020) found that strokes do not affect speech 

duration, and pixels, like strokes, do not carry any phonological value independently, as 

something such as a character or letter would. These results do not necessarily rule-out the 

on-line co-activation hypothesis, but they do not directly support it either. Instead, these results 

indicate that the way humans process written language is not entirely dependent upon visual 

input. Visual components such as strokes and pixels do not have any phonological value, 

indicating that any kind of durational effect is present only when the orthography at-hand 

encodes for phonological information. Additionally, such results support the notion that effects 

on speech duration have more to do with the mechanism in which humans process 

phonologically encoded orthography. This brings us back to the question of how exactly that 

mechanism works: re-coding existing entries in the mental lexicon or online access that occurs 

simultaneously with stimuli. Though it still is not entirely clear which of the two mechanisms are 

at work, it would appear that it is likely that at least a certain degree of re-coding is present due 

to the fact that words in languages such as English or French can be analyzed as a whole visual 

unit rather than analyzed into segments.  

Regarding complexity, more research should be done in order to determine the role that 

pixels play. Both the research in this paper and the research of Grippando (2020) indicate that 

complexity as defined by Chang et. al (2016) may not have a significant effect on speech 

production; however, their research solidly indicates that complexity does play a role in the 

process of learning a language’s orthography. Future research could analyze tasks such as the 

first one presented in the paper to determine if more complex images presented alongside 

orthography have any effect on the participant’s ability to learn the language.  
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Appendix  

Five novel written forms were created with 15 images to represent different meanings for 

each word. In the raw data, the images were each different sizes and shapes. Additionally, the 

images varied in opacity of pixels, with some images being composed of shaded components. 

These shaded components were counted in the individual pixel counts of each image.  

Adobe Photoshop was used in order to obtain the pixel counts from each image. The 

images were imported onto a 200 by 50 pixel canvas with a resolution of 150 pixels per inch. 

This size canvas and resolution suited each of the images well, taking into account their varying 

native sizes. The aim was to resize the images as little as possible. As the images are all on 

different sized canvases natively, doing this ensured a more standardized reading of pixels. From 

there, the image was sized, maintaining its proportions, so that both the bottom on the image 

started at the bottom of the canvas and the top of the image started at the top of the canvas. This 

method was the most streamlined approach to eliminating blank space within the image while 

sizing all the images uniformly. The magic wand tool, with a tolerance that ranged between 

50-90, was used to select the black portions of the images. Here, tolerance refers to the tool’s 

ability to select color. The higher the tolerance, the more pure black the tool would select. At a 

lower tolerance, the more tolerant it would be towards pixels that were not completely black. 

Some of the images had areas of shading, which were also included in the pixel count. As per 

Chang’s (2015) definition of complexity, the amount of pixels used to establish the image are of 

importance; therefore, the shaded areas should be included as they are a part of the visual 

information encoded within the images. As the images were drawn by hand and then scanned, 

they varied in darkness from each other and had to be darkened in order to align more closely 
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with the other images. Note that using the threshold function does not necessarily affect the 

pixels that make up the image, it just makes the pixels of the image easier to select with the 

magic wand tool. Additionally, with some images that included shading that was too light to be 

selected by the magic wand tool, I used the threshold function of photoshop to sharpen the 

pixels. After selecting all black and shaded areas of the image, the histogram was referenced in 

order to determine a count for the number of pixels within the selected area. This process was 

repeated for all fifteen images. Table 3.1 presents all the images used within the study and their 

corresponding pixel counts.  

Table 3.1: Pixel measurements from each image used in experiment 
 
 

Image Pixels 

 

1012 

 

993 

 

1385 
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1075 

 

1706 

 

666 

 

330 

 

886 

 

1083 
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503 

 

572 

 

760 

 

1775 

 

791 

 2091 
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The pixel measurements of each written form were gathered similarly to the images, as 

discussed in (section). Using Adobe Photoshop, the image of each written form was imported to 

a 200 by 50 pixel canvas with a resolution of 150 pixels per inch. Each image was then sized so 

that the top and bottom of each written form aligned with the top and bottom of the canvas, 

respectively. Unlike the images, there were no shaded areas and the written forms were created 

electronically, giving them more uniform shading. Because of this, it was not necessarily to use 

the threshold function, as it was for the images. Since the written forms were not controlled for 

pixels, they vary in thickness. This variety in thickness accounts for a major part of the variance 

of pixels among sets of written forms. As with the pictures, the magic wand tool was used to 

select the black parts of the image and then used the histogram to determine the amount of pixels 

in each character. Table x.x displays the written form, the set it is from, its complexity, and the 

number of pixels in each character. Complexity, as it is used here, is defined in section x.x. It 

refers to the increase of strokes among sets, with the first written form having the least amount of 

strokes and the third written form having the greatest amount for strokes. As stated previously, 

this definition of complexity does not account for pixel count. In fact, pixel count varies 

independently of complexity, despite the number of strokes increasing.  

Table 3.2: Pixel reading of orthography  

Written Form Set Complexity* Pixels 

 

A 1 636 

 

A 2 1480 
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A 3 678 

 

B 1 399 

 

B 2 789 

 

B 3 591 

 

C 1 1009 

 

C 2 457 

 

C 3 666 

 

D 1 655 
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D 2 426 

 

D 3 351 

 

E 1 602 

 

E 2 332 

 

E 3 621 
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