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Word knowledge has long been considered as one of the most important predictors of 

reading comprehension, academic achievement, and social development. However, it was 

relatively narrowly conceptualized and measured as either the number of words 

individuals know the general meaning of (i.e., breadth) or the simple association between 

two words (i.e., depth). The problem with such a one-sided view is that the existing 

measures of word knowledge is limited in revealing the quality of word knowledge, 

which is characterized by both depth and breadth. In this investigation, by comparison, 

quality of word knowledge was conceptualized as individuals’ fine-grained 

understanding of the word meanings as they systematically identified semantic 

similarities and differences among a group of words. It is believed that through deliberate 

comparisons among word sets, individual’s understanding of the intricacy, subtlety in the 

meaning of words can be revealed. Therefore, this study offered a new approach in 

assessing the word knowledge quality informed by a theoretical model of relational 

reasoning and its four resulting forms (Alexander & DRLRL, 2012). A novel measure of 

word knowledge quality, Relational Reasoning with Words (R2W2) was developed and 



 

 

 

 

validated in this study. Moreover, the unique contributions of relational reasoning ability 

and word knowledge to college students’ performance on R2W2 were also analyzed. With 

a sample that involved 338 participants from four US universities, the study found that 

R2W2 was a reliable and valid measure for word knowledge quality with sound 

psychometric properties on the item level. In addition, word knowledge was found to 

contribute to college students’ performance on R2W2 more than relational reasoning 

ability. Implications for future research and practice are also presented and discussed. 
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CHAPTER 1  

STATEMENT OF THE PROBLEM 

 Word knowledge has long been considered as an important predictor of many 

educational and developmental outcomes, such as reading comprehension (e.g., Muter et 

al., 2004; Roth et al., 2002; Snow et al., 1995), academic achievement (Nagy & 

Townsend, 2012; Schuth et al., 2017) and social development (Sparapani et al., 2018). 

Although the significance of word knowledge has been widely acknowledged, few 

existing research has adopted an integrative perspective to examine the quality of word 

knowledge indicated by both the breadth and depth of that knowledge. Currently, the 

examination of word knowledge typically remains limited to the size of vocabulary 

(Anderson & Freebody, 1982), understanding of single words (Snow, 1990), or simple 

associations between word pairs (Read, 1993). A search of the literature located no study 

that has examined understanding of the complex similarities and differences among sets 

of words (i.e., depth) across a broad range of words (i.e., breadth). This study aims to fill 

this gap by applying a relational reasoning framework to the assessment of work 

knowledge by means of a novel measure, the Relational Reasoning with Words (R2W2), 

and by ascertaining the unique contributions of relational reasoning and word knowledge 

to individual’s performance on this measure.  

Limitations in the Extant Literature of Word Knowledge 

 While the significance of word knowledge has been widely acknowledged and 

multiple frameworks have been proposed to categorize the broad construct of word 

knowledge into specific components (Durso & Shore, 1991; Graves, 1986; Nation, 1990), 

there are still limitations in the extant literature of word knowledge. Those limitations 
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include a lack of: (a) an agreed-upon definition of word knowledge; (b) an integrated 

perspective on the quality of word knowledge; and (c) a measure that assesses word 

knowledge quality in keeping with this integrated perspective. In the following sections, I 

discuss each of these limitations and provide an overview on how a relational reasoning 

framework can be applied to address the aforementioned limitations.     

Conceptual Limitations 

 Researchers have proposed multiple frameworks to delineate what components or 

dimensions word knowledge entails but have failed to provide an agreed-upon definition 

of this concept. That is to say, word knowledge is often described in terms of its 

underlying processes (e.g., mapping the spoken or written form of a word to its meaning), 

perceived components (e.g., knowledge of word form, meaning, and use), or specific 

forms (e.g., oral vs. written knowledge). Although there are various ways of describing 

what it constitutes, this does not explain what word knowledge is per se.  

For the purpose of clarity and consistency, I proffer a definition that guided the 

current study. Specifically, in this study, word knowledge is understood to be all 

individuals know or understand tacitly or explicitly about words either in isolation or in 

association with other words. Moreover, word knowledge can be acquired informally or 

through more formal channels. So defined, word knowledge represents a comprehensive 

understanding of the various components of an isolated word, such as understanding of 

its meaning, knowledge of its derivative forms, and use in the context, as well as how a 

word is associated with other words based on its meaning, form, or use (Nation, 2001). 

For example, individuals may associate edit with revise based on similar meaning, cat 
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with bat based on the spoken or written form, and edit with film based on their frequent 

use together (Clark, 1970; Read, 1993).  

In describing the characteristics of word knowledge, two core aspects have been 

identified: breadth and depth (Anderson & Freebody, 1981). The breadth of word 

knowledge is understood as how many words individuals know to some extent with 

regard to the key aspects of meaning, whereas the depth of word knowledge refers to the 

richness, intricacy, and sophistication of understanding of given words (Anderson & 

Freebody, 1981). In this study, I considered both breadth and depth integratively as 

indicators of the quality of word knowledge, which is defined as the extent to which an 

individual is able to provide or demonstrate the in-depth knowledge for a large cadre of 

words. 

Inspecting the extant literature, two conceptual limitations seem salient. First, 

though breadth and depth are two integral aspects of word knowledge, few existing 

studies integrated both aspects in their investigation of word knowledge. Currently, most 

studies have investigated either breadth or depth separately, and such separation falls 

short in fully capturing the quality of one’s word knowledge. Second, when researchers 

specifically examined the depth aspect of word knowledge, they either investigated it in 

isolation (e.g., ask participants to define a single word; Kurland & Snow, 1997), or only 

focused on simple associations between words (e.g., what other words does this word 

make you think of; Clark, 1970), which was concerned with whether a link exists or not 

between two words (e.g., write-paper; water-trickle). The problem is that such simple 

associations can be established through surface-level understanding of word meanings, 
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and it does not tap into the deep understanding, such as the subtle differences between a 

target word and related words (e.g., trickle-seep-gush).   

Therefore, the goal of the current study was to forward an integrative perspective 

on the quality of college students’ word knowledge. This was achieved by requiring 

participants to demonstrate deep understanding and awareness of subtleties in meanings 

when comparing individual words to other words within a given set. Further, quality of 

word knowledge was examined by presenting participants a range of words from multiple 

domains, and at various levels of abstractness and complexity.  

Operational Limitations 

 Researchers have developed an array of measures to assess different components 

of word knowledge. Using the contrast of breadth versus depth, I found that in measuring 

the meaning aspect of word knowledge, there has been more consensus regarding the 

operationalization of the breadth than the depth of word knowledge. Various standardized 

tests have been developed to assess the breadth of word knowledge for different age 

groups, ranging from preschool children (Peabody Picture Vocabulary Test or PPVT; 

Dunn & Dunn, 1997) to adults (Nelson-Denny Reading Test; Brown et al., 1993). The 

most frequently used formats are self-report checklist/yes-no questions (Anderson & 

Freebody, 1982), multiple-choice questions (PPVT; Dunn & Dunn, 1997), and matching 

words with synonyms or definitions (the Vocabulary Levels Test; Nation, 1983, 1990).  

However, compared to breadth, the assessment of depth of word knowledge has 

entailed more variability. To date, researchers have attempted to measure depth of word 

knowledge from the following aspects: precision of word meaning (Nagy et al., 1985), 

polysemous word meaning (Schmitt, 1998), and decontextualized word associations 
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(Read, 1993, 1998). Test formats have included multiple-choice questions (Nagy et al., 

1985), self-report assessments (Paribakht & Wesche, 1993), and structured interviews 

(Snow, 1990). Two major limitations were identified regarding these measurements of 

word meaning knowledge.  

First, consistent with the conceptual limitation in word knowledge, there has not 

been a measure of word knowledge that allows researchers to assess the richness and 

complexity of meanings for a large range of words. Among the depth measures, a lack of 

focus in assessing the intricacy and subtlety of word meanings is exemplified by a widely 

used depth measure, the Word Association Test (WAT; Read, 1993, 1998), which taps 

into how the target words are associated with other words through three types of relations 

[i.e., paradigmatic (e.g., edit-revise), syntagmatic (e.g., edit-film), and analytic (e.g., edit-

publishing)]. A sample item is presented below. Participants are instructed to select as 

many words as they can from eight option words that are associated with the target word.  

 edit 

arithmetic film pole publishing 

revise risk surface text 

 

The WAT should be regarded as a successful attempt at examining the 

decontextualized word associations. However, it is still limited to the examination of 

word associations between every two words (e.g., edit-publishing, edit-revise), which 

only allows for very simple and straightforward relations to be assessed. To process such 

relations, individuals only need to rely on their reactive thinking rather than the more 

complex reflective thinking provided they have some superficial knowledge about the 

meaning of those words. Further, WAT only incorporated three types of relations, 
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overlooking other relations that could exist among multiple words, such as opposition or 

mutual exclusivity.  

In order to address the aforementioned limitations, a new assessment of the 

quality of word meaning knowledge needed to feature the following aspects: (a) it covers 

a wide range of words with varied frequency and complexity; (b) it examines word 

relations among sets of words instead of the relation in word pairs; and (c) it 

encompasses more and varied types of word relations (e.g., similarity, opposition, mutual 

exclusivity) that reflect an intricate understanding of the meaning for words being 

compared. The current study sought to integrate the relational processing framework into 

the word knowledge domain by proffering a new measure, the Relational Reasoning with 

Words (R2W2). This novel measure focused on the quality of word knowledge by 

assessing the breadth and depth of word meaning knowledge among college-age students. 

Relational Processes 

 The term, relational processes, refers to discerning meaningful patterns (i.e., 

similarities and dissimilarities) within a stream of information that can appear unrelated 

(Alexander & DRLRL, 2012). Alexander and Baggetta (2014) further distinguished two 

types of relational processes, relational thinking and relational reasoning. Relational 

thinking, as an instinctive, involuntary, cognitive process, usually operates below the 

level of consciousness and guides the formation of associations within the information 

around them. In contrast, relational reasoning is an intentional, conscious, and effortful 

cognitive process that enables individuals to build associations by means of the 

systematic organization or patterning of information based on specific attributes 

underlying the relations (Alexander & Baggetta, 2014).  
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Relational reasoning has been found to be foundational in solving complex 

problems and mastering learning tasks in various professional fields and academic 

domains (e.g., Dumas et al., 2014; Fountain, 2016; Hattan, 2019; Zhao et al., 2020). 

Traditionally, relational reasoning has been narrowly conceptualized as analogical 

reasoning solely (Goswami, 1992). In recent years, Alexander and colleagues (2012) 

have attempted to broaden this narrow conceptualization of relational reasoning to 

include other viable forms of relational reasoning that focus on dissimilarities. Besides 

analogical reasoning (i.e., the recognition of similarity), three additional forms of 

relational reasoning have been identified: anomaly (i.e., the detection of an aberration or 

outlier), antinomy (i.e., the discernment of exclusivity), and antithesis (i.e., the 

identification of opposition; Alexander & DRLRL, 2012). One common feature across 

the four forms of relational reasoning is that they all require individuals to go beyond the 

simple association between two objects, ideas, or experiences, and reason through the 

“relation-among-relations” (Dumas et al., 2013, p. 401). For example, when reasoning 

anomalously, individuals need to identify the pattern that is shared by most of the 

members in a group (i.e., the first tier of relations) first, and then recognize the outlier 

that deviates from such a congruent pattern (i.e., the second tier of relation).   

In order to measure this multidimensional construct of relational reasoning, three 

assessments of relational reasoning have been developed and validated by Alexander and 

DRLRL: (a) the Test of Relational Reasoning (TORR; 2012); (b) the Verbal Test of 

Relational Reasoning (vTORR; 2014); and (c) the Test of Relational Reasoning, Junior 

(TORRjr; 2015). The three relational reasoning measures share the same test structure in 

which 32 items are organized in four scales corresponding to the four forms of relational 
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reasoning with 8 items each. The differences lie in the target population and the test 

format. Specifically, TORR and vTORR were developed to measure relational reasoning 

ability among older adolescents and adults, whereas TORRjr was for children and 

younger adolescents from Grade 3 to Grade 7. Moreover, both TORR and TORRjr 

consist of novel figural items that are similar to the Raven’s Progressive Matrices (RPM; 

Raven, 1941), whereas vTORR takes a linguistic format in which the problems and 

options are described in sentences. So far, there has not been a relational reasoning 

measure that assesses older adolescents’ and adults’ capacity to reason through the 

relations among words only. If relational reasoning is truly a foundational cognitive 

ability with a stable multidimensional structure, it should be possible to identify its 

presence in a valid and reliable way no matter the target relations are embedded in 

figures, sentences, or words. Therefore, the current study could also potentially contribute 

to the relational reasoning literature by providing a novel relational reasoning measure 

dedicated to word quality. 

The Interplay between Relational Processes and Word Knowledge 

Relational processes have been found to play an important role in word learning 

from the beginning of the language acquisition journey in a recent review (Zhao, 2020). 

Moreover, as the intentional and effortful form of relational processes, relational 

reasoning provides a sound framework for assessing individuals’ quality of word 

meaning knowledge. When individuals are engaged in reasoning through the four forms, 

they are weighing similarities and differences in meaning for word sets (i.e., more than 

two words). Essentially, it is through this comparison process that individuals analyze the 

particular attributes of words in order to derive meaning patterns. Therefore, relational 
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reasoning possesses great potential for assessing the depth of word knowledge. Some 

existing standardized tests, such as the verbal section of Scholastic Assessment of Test 

(SAT) or the Graduate Record Examinations (GRE), assess word knowledge via 

analogical reasoning, but no other forms of relational processes have been investigated. 

In the current study, all four forms of relational reasoning were part of the assessment of 

word knowledge quality.  

Relational Processes in Word Learning 

In a recent review of the role of relational processes in word learning (Zhao, 

2020), the four forms of relational processes were identified as manifested in and 

contributing to individuals’ learning of word knowledge when individuals: (a) learn the 

pronunciation of new written words based on similarly spelled clue words among pre-

school children (e.g., learn to pronounce the written word bat based on the pronunciation 

of the written word cat; Ehri & Robbins, 1992; Goswami, 1993); (b) learn the sound label 

for novel objects (e.g., learn to map the sound of table to its referent) among toddlers or 

pre-school children (Imai & Gentner, 1997; Imai & Mazuka, 2007); and (c) learn 

relational nouns based on the semantic similarity among familiar words in young children 

(e.g., neighbor for adjacent people, places, or ideas; Gentner et al., 2011; Thibaut & Witt, 

2015). Although relational process can be considered as one of the potentially 

fundamental cognitive processes in acquiring word knowledge, no current measure has 

harnessed its power in assessing word knowledge. 

Relational Reasoning in Assessing Word Knowledge 

A written word usually encodes rich semantic information that could be broken 

down into multiple attributes or facets. For example, the word, coop, stands for a small, 
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confined, cage/area/building, usually for placing or keeping poultry, such as chicken. 

Unless read within context or compared to other related words, some of those attributes 

may not seem salient. One way to uncover whether individuals possess knowledge of 

many of these attributes for a given word is to require them to reason relationally with 

that word vis-à-vis other words. For example, coop vs. fence: both are facilities 

commonly seen on farm to keep farm animals yet with different functions. During the 

reasoning process, individuals’ knowledge of the target word can be analyzed on a finer 

level involving specific attributes that constitute the richness of the word meaning. The 

more words are juxtaposed or compared together, the more complex the interrelations 

among them can be uncovered, thus allowing for more possibility to assess the quality of 

word knowledge.  

When engaged in analogical reasoning, individuals need to map the exact relation 

between two words to another word pair based on an accurate understanding about which 

meaning attribute in each pair of words are associated and how they can be replicated in 

another word pair. For example, when replicating the relation between event and 

chronicle to person and biography (the target word), individuals need to understand on 

which attribute a relation can be established between event and chronical (i.e., chronicle 

is a rich description of historical events in the order of their occurrence) and then map the 

word person to event to further constrain the meaning attributes for the target word (i.e., a 

rich description of a person in the order of time; biography).  

When individuals try to identify the outlier word that does not fit in a group (i.e., 

anomaly), they need to recognize the shared attribute among most of the words before 

they decide the anomalous word that deviates on that attribute from the others. For 
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example, to identify that omit does not belong to the word group, conflict, omit, oppose, 

and dispute, participants need to analyze the meaning attributes of the four words, and 

realize that conflict, oppose, and dispute belong together because they all share the 

attribute of disagreement between two parties, whereas omit deviates from them on that 

attribute, meaning to leave out or exclude.  

When two incompatible categories of words are presented (i.e., antinomy), 

individuals need to recognize the defining attribute for the categorization of each group. 

Although the meaning of each word in the two sets is unique, there is a particular shared 

attribute for words in each set that group them together, while at the same time, make 

them distinct from the words in the other set: tail, beak, peck, fly (Set 1) versus basement, 

hall, build, renovate (Set 2). Individuals need to compare the words both within each set 

and across the two to identify the unique shared attribute for each word set, which in this 

case are words related to birds (Set 1) and construction (Set 2), respectively. 

When individuals are invited to reason the opposite relations of words (i.e., 

antithesis), they need to analyze on which attribute the given words are opposite to each 

other and to what degree. For example, individuals should know the meaning of trickle, 

seep, and gush well enough to be able to identify that these three words all describe some 

state of water flow (i.e., the shared attribute), but at different levels of intensity with 

trickle indicating the slowest/weakest water movement and gush the fastest/strongest, 

with seep in between on this intensity continuum. Insufficient knowledge about the subtle 

differences in the intensity aspect would render a flipped or incorrect ordering of the 

three words.  
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In sum, it is reasonable to expect that when engaged in reasoning relationally with 

multiple words, individuals need to constantly analyze the shared attributes across them, 

while at the same time, identify the distinct attribute that makes each word unique. It is 

through these constant and deliberate comparisons and contrasts that one’s understanding 

of the richness or complexity of an individual word can be revealed, in other words, the 

quality of word knowledge can be assessed.    

 Moreover, I chose to focus on the population of late adolescents and young adults. 

This population was selected because neurobiological research indicates that this 

fundamental cognitive ability (i.e., relational reasoning) continues to develop into early 

adulthood (Chae & Alexander, 2021). It was possible that the immature relational 

reasoning ability among children and young adolescents might prevent them from 

effectively navigating the complexity of items represented on the R2W2.  

In addition to offering a novel conceptualization of quality of word knowledge to 

future research, the current study aimed to provide researchers and educational 

practitioners with a reliable and valid measure that could assess college students’ quality 

of word knowledge, the Relational Reasoning with Words. Such a measure could be used 

to assess college students’ word knowledge quality from an integrated and 

comprehensive perspective.  

Parsing out Relational Reasoning’s Contribution from Word Knowledge 

In addition, the current investigation aimed to parcel out the contribution of 

relational reasoning ability from word knowledge to college students’ performance on the 

novel measure, R2W2, at the test, scale, and item levels respectively. The traditional 

standardized academic tests, such as GRE or SAT, usually include a verbal reasoning 
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section, which is claimed to measure test-takers’ reasoning ability with linguistic 

symbols. Since the items included in those verbal reasoning sections usually consist of 

demanding words and sentences with complex syntactic structures, linguistic knowledge 

adds another layer of difficulty for test takers. However, few attempts have been made at 

examining the unique contributions of reasoning ability and word knowledge to 

individuals’ performance on those standardized tests.  

Therefore, the current study aimed to address this limitation. Specifically, in this 

study, the relative contributions of relational reasoning ability and word knowledge to 

college students’ performance on the R2W2 (Figure 1) were investigated at the test, scale, 

and item levels using the Structural Equation Model (SEM) and Item Response Theory 

(IRT) model.  

Purposes of the Study 

The purposes of this study were to develop a novel measure of word knowledge 

quality using the relational reasoning framework (R2W2), and to explore the unique 

contributions of relational reasoning ability and word knowledge to college students’ 

performance on the novel measure. Specifically, the research questions for the current 

study were the following: 

Research Questions 

1. Based on analyses of its structure and content at the test, scale, and item levels, to 

what extent is the Relational Reasoning with Words or R2W2 a psychometrically 

sound measure for older adolescents and adults?  
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Figure 1 

Conceptual Model Guiding the Current Study 

 

2. What are the unique contributions of relational reasoning ability, as measured by 

the Test of Relational Reasoning (TORR), and word knowledge, as assessed by 

the SAT Verbal, to college students’ performance on the R2W2, at the test, scale, 

and item levels respectively? 

 

Definitions of Terms 

Word Knowledge  

Word knowledge is understood to be all individuals know or understand tacitly or 

explicitly about words either in isolation or in association with other words. As thus 

defined, word knowledge encompasses a comprehensive understanding of the various 

components of an individual word, such as a precise understanding of its meaning, 

knowledge of its derivative forms, and use in the context, as well as how a word in one’s 

mental lexicon is associated with other words based on the meaning, spoken or written 

form, or grammatical use. 
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Quality of Word Knowledge  

The quality of word knowledge can be defined as the extent to which an 

individual is able to provide or demonstrate the in-depth knowledge for a large size of 

words. The quality of word knowledge is characterized by the following two aspects: 

Breadth of word knowledge refers to the number of words for which the person 

knows at least some of the significant aspects of meaning (Anderson & Freebody, 

1981). 

Depth of word knowledge of a word can be defined as the degree to which an 

individual understands all of the distinctions of the word that would be understood 

by an ordinary adult under normal circumstances (Anderson & Freebody, 1981). 

Relational Processes 

  Relational processes refer to the processes through which individuals recognize or 

discern meaningful patterns among any stream of information that would otherwise seem 

unrelated (Alexander & DRLRL, 2012). It encompasses relational thinking and relational 

reasoning. 

Relational thinking is an involuntary, automatic cognitive process, which usually 

operates below the level of consciousness, that directs individuals to attend to 

associations of the information around them (Alexander & Baggetta, 2014). 

Relational reasoning is an intentional, conscious, and effortful cognitive process 

that enables individuals to shift beyond the simple associations of their perception 

of the physical world to a more systematic organization of information based on 

specific attributes underlying the relations (Alexander & Baggetta, 2014). 
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Forms of Relational Reasoning 

Analogy involves the identification of similarities between two seemingly 

unrelated ideas, objects, or events (Hesse, 1959). 

Anomaly involves the recognition of an aberrant piece of information, or, 

detecting an outlier, that deviates from the general pattern among a stream of 

information (Chinn & Brewer, 1993). 

Antinomy allows individuals to categorize one piece of information into one of 

two mutually exclusive categories (Sorsensen, 2003). 

Antithesis involves the recognition of opposite relations between two mental 

representations that are contrasted along a continuum or spectrum (Kreezer & 

Dallenbach, 1929). 
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CHAPTER 2  

REVIEW OF RELEVANT LITERATURE 

 In this chapter, three bodies of literature relevant to this research endeavor is 

reviewed. First, existing work on word knowledge is broadly reviewed. Relevant topics 

involve the conceptualization and measurement of word knowledge with a focus on the 

meaning aspect. Second, scholarly work pertaining to relational processes is also 

reviewed including how relational process is conceptualized and relational reasoning, as 

the conscious, intentional, and effortful form of relational process, is measured. Third, the 

interplay between relational processes and word knowledge is reviewed with regard to 

the role of relational processes in word learning and the potential of relational reasoning 

in assessing the word knowledge quality. 

Word Knowledge 

Words as Building Blocks of Language 

 As the basic building blocks of language, words are the smallest meaning units 

that form larger language chunks, such as sentences, paragraphs, and whole texts. 

Empirically, word knowledge has been considered as one of the most important 

predictors of reading (Anderson & Freebody, 1981; Beck et al., 1982; Mezynski, 1983), 

academic achievement (Nagy & Townsend, 2012; Schuth et al., 2017), and social 

development (Sparapani et al., 2018). Specifically, in their intervention study, Beck et al. 

(1982) found that the fourth-grade children who received a five-month vocabulary 

instruction performed significantly better on a post reading comprehension task than their 

peers in the control group who were matched on pre-instruction vocabulary knowledge 

and reading comprehension.  
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In addition, Schuth et al. (2017) found academic vocabulary predicted children’s 

academic success in four subjects among 173 German fourth graders controlling for age, 

gender, language background, and nonverbal cognitive abilities. Besides, in their 

longitudinal study, Sparapani et al. (2018) found a reciprocal relation between children’s 

vocabulary size and their social skills, such as cooperation, assertation, and self-control 

among 468 first graders. Therefore, word learning is critical for children’s development 

in nearly all aspects. Considering the important role of word knowledge, researchers have 

been studying the components of word knowledge with the goal of understanding the 

complexities of word knowledge (Nagy & Scott, 2000; Nation, 1990, 2001).  

Complexities and Components of Word Knowledge 

In their paper, Nagy and Scott (2000) identified five aspects of the complexity of 

word knowledge, which accurately described the key components of word knowledge 

that made word learning challenging. First, children’s knowledge of a given word should 

be evaluated on several distinct dimensions (multidimensionality) with varied degree 

(incrementality), rather than in an all-or-nothing fashion (i.e., whether individual know 

the target words or not). Nation (1990) identified eight dimensions of word knowledge 

that were later developed into a three-category model of word learning: form, meaning, 

and use.  

Within each category, word knowledge is further broken down into receptive and 

productive knowledge. The form of a word is usually referred to the phonological and/or 

orthographic aspect of a word. Knowledge of the word form is mainly limited to the 

mapping between these two forms. That is knowing how to pronounce a printed word or 

spell the written form of a word upon hearing it, without necessarily knowing what the 
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word means or how to use it. Meaning pertains to the association of the semantics of a 

word with its linguistic form. For example, knowledge of the word paper on the meaning 

level refers to knowing that the written form of the word, p-a-p-e-r, means the concept of 

a thing that people can write on. Use entails knowledge of a word’s appropriate 

applications, including its grammatical functions (e.g., noun, verb, or adjective), 

collocations (e.g., other words that typically occur with a word), and relevant constraints 

in usage (e.g., the choice of words depending on the context they are used). Table 1 

presents the details of Nation’s (2001) word knowledge framework. Individuals can vary 

in their understanding of each of these aspects, which collectively influence their 

comprehension, learning, and academic performance (National Institute of Child Health 

and Human Development, 2000). 

Second, the incrementality of word knowledge can be best demonstrated in the 

four stages of word learning proposed by Dale (1965). In his research, Dale (1965) 

conceptualized that children’s knowledge of a given word could vary on a five-point 

linear dimension from: (a) never saw it before, to (b) have heard it but does not know 

what it means, then progress to (c) recognizes it in context, to (d) knows it. The four-

stage model was further developed by Paribakht and Wesche (1997) into a five-stage 

model with a fifth stage of (e) can use this word in a sentence. Mapping the stage-model 

to Nation (1990)’s framework, the incrementality of children’s word knowledge is 

measured based on the strength of association between the three dimensions of word 

knowledge: form, meaning, and use. When only knowing the form of a word, children 

cannot associate it with its meaning either in context or without context. When only the 

link is only established between form and meaning, children cannot use the word   
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Table 1 

Nation’s (2001) Word Knowledge Framework 

Form Spoken R What does the word sound like? 

P How is the word pronounced? 

Written R What does the word look like? 

P How is the word written and spelled? 

Word parts R What parts are recognizable in this 

word? 

P What word parts are needed to express 

this meaning? 

Meaning Form and meaning R What meaning does this word form 

signal? 

P What word form can be used to 

express this meaning? 

Concept and referent R What is included in the concept? 

P What items can the concept refer to? 

Associations R What other words does this make us 

think of? 

P What other words could we use 

instead of this one? 

Use Grammatical functions R In what patterns does the word occur? 

P In what patterns must we use this 

word? 

Collocations R What words or types of words occur 

with this one? 

P What words or types of words must 

we use with this one? 

Constraints on use (register, 

frequency…) 

R Where, when and how often would we 

expect to meet this word? 

P Where, when and how often can we 

use this word? 

 

in a sentence. 

Third, the complexity of word knowledge is also aggravated by its polysemous 

nature. Within Nation’s framework, the polysemous nature of word knowledge can be 

understood as a given phonological/orthographic form and its meaning usually not 

conforming to a one-on-one mapping. In other words, words usually have more than one 

meaning for the same pronunciation or spelling (e.g., polysemy), especially for frequently 
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used words. The most straightforward examples of this category of words are those 

having two or more unrelated meanings, such as trunk meaning the main woody stem of a 

tree, and trunk meaning the elongated nose of an elephant, and trunk meaning a large box 

with a hinged lid for storing or transporting clothes and other articles. The polysemous 

nature of word knowledge adds extra cognitive load for children in their word learning 

(Miller & Gildea, 1987).  

  However, word learning cannot reach effectiveness or sufficient depth if words 

are taught as if they were essentially isolated units of knowledge, rather than in an 

interrelated manner. Therefore, the interrelatedness of words poses an additional level of 

complexity to word learning. Essentially, how well a child knows the meaning of a given 

word largely depends on how he/she can capture the essence of its meaning, which 

enables them to distinguish or associate it with the meaning of other words. For example, 

the knowledge of the meaning of the word whale largely depends on how one can tell the 

difference between what distinguishes biological classes of fish and mammal. 

 Last, word knowledge can be heterogeneous, meaning that what it means to know 

a word depends on what kind of word one is talking about. For example, learning the 

meaning or usage of functional words, such as the or if, is very different from learning 

verbs or nouns, such as run or gift, which involves morphological inflections. Also, given 

the multiple dimensions of word knowledge are partially independent of each other, to 

teach the same word for different types of students to the same extent is very difficult 

considering students’ prior knowledge about a word also varies. 
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Definition of Word Knowledge 

Although much has been explored in the complexities and components of word 

knowledge, to my knowledge, there seems to be a lack of an agreed-upon definition of 

this concept. When researchers discuss or mention word knowledge, they often refer to 

the specific components (i.e., form, meaning, use of a word) or underlying processes (i.e., 

mapping the spoken or written form of a word to its meaning) to describe what word 

knowledge entails, but do not define what word knowledge is per se. Based on a 

synthesis of the aforementioned components of word knowledge, I hereby offer a 

definition of word knowledge that guided the current study. Specifically, in this study, 

word knowledge is understood to be all that individuals know or understand tacitly or 

explicitly about words either in isolation or in association with other words.  

So defined, word knowledge represents a comprehensive understanding of the 

various components of an isolated word, such as understanding of its meaning, 

knowledge of its derivative forms, and use in the context, as well as how a word is 

associated with other words based on its meaning, form, or use (Nation, 2001). For 

example, individuals may associate edit with revise based on similar meaning, cat with 

bat based on the spoken or written form, and edit with film based on their frequent use 

together (Clark, 1970; Read, 1993). This study specifically focused on the meaning 

aspect of word knowledge, which aimed to explore how broadly and deeply individuals 

understand the meaning of written words. 

Quality of Word Knowledge 

 Since the 1980s, researchers distinguished two characteristics of word knowledge, 

that are breadth and depth (Anderson & Freebody, 1981). The breadth of word 
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knowledge is defined as the number of words for which the person knows at least some 

of the significant aspects of meaning, whereas the depth refers to the degree to which an 

individual understands all of the distinctions of the word that would be understood by an 

ordinary adult under normal circumstances (Anderson & Freebody, 1981). In other 

words, the breadth of word knowledge can be understood as the traditional concept of 

vocabulary size, and the depth as the detailed and rich knowledge of those words 

including almost every component of word knowledge other than the mapping between 

the form and meaning only, for example, knowing multiple derivative forms of a target 

word, having very rich understanding of the subtleties of word meanings, possessing a 

well-connected word network, and processing the word information quickly and 

accurately.  

Empirical studies also supported the significance of the breadth and depth of word 

knowledge in reading comprehension. Laufer and Ravenhorst-Kalovski (2010) examined 

the contributions of 745 second language (L2) learners’ vocabulary size to their reading 

comprehension controlling for lexical text coverage. They found that small increases of 

vocabulary size significantly improved reading comprehension. Moreover, Henriksen et 

al., (2004) found a high correlation between L2 vocabulary size and reading 

comprehension among 90 English language learners at two time points. Participants who 

had a small vocabulary size had difficulties in the reading test, whereas their peers with a 

larger vocabulary size managed to do well in the reading test. In addition, Stæhr (2008) 

also found that receptive vocabulary size was strongly correlated with reading and 

writing abilities and moderately correlated with listening ability among 88 middle school 
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students in Denmark who learned English as a foreign language. Therefore, having a 

large enough vocabulary size is vital for reading comprehension.  

However, researchers also found that simply knowing the meaning for a large 

number of words on the superficial level is not enough. The depth of word knowledge is 

also critical to good performance in reading comprehension (Bransford & Johnson, 1972; 

Dooling & Lachman, 1971; Pearson & Gallagher, 1983; Stahl & Fairbanks, 1986). For 

example, Pearson and Gallagher (1983) reported in their review of vocabulary 

instructions that pre-teaching the definitions of the words to participants, which would 

appear in the passages for later reading comprehension assessment, was rarely successful 

in improving reading comprehension performance. Similarly, in their review study, Stahl 

and Fairbanks (1986) found that the vocabulary instructions that only provided 

definitional information about each target word did not significantly improve reading 

comprehension.  

Moreover, Qian (1999, 2002) found that although the depth and breadth of word 

knowledge were highly correlated, the depth of word knowledge for English language 

learners explained more than 10% of the unique variance in reading comprehension 

performance while controlling for the vocabulary size of the English language learners. 

In addition, Nassaji (2006) and Qian (1998) found that English language learners with 

better depth of word knowledge tended to use more effective strategies at a higher 

frequency level when inferencing the meaning of unfamiliar words in contexts, which 

would lead to better lexical inferencing and reading outcome. Altogether, these studies 

highlight the significant role of depth of word knowledge in learners’ reading 

performance. 
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 The existing empirical studies supported that the two characteristics of word 

knowledge, breadth and depth, are very important in predicting reading performance. 

However, it seemed that there was a lack of an integrative perspective that incorporated 

both the breadth and depth when investigating word knowledge. In the current literature, 

the two characteristics were treated as two integral aspects of word knowledge and 

researchers either focused on the breadth, or depth, or the relation between the two in 

examining their contributions to reading comprehension. Such separation fell short in 

fully capturing the overall quality of one’s word knowledge. Therefore, the current study 

took such an integrative perspective, and proposed that the overall quality of word 

knowledge should be characterized by both the breadth and depth of word knowledge. 

Following this conceptualization, quality of word knowledge was defined as the extent to 

which an individual is able to provide or demonstrate the in-depth knowledge for a large 

size of words. 

Measures of Word Knowledge 

 Researchers have developed various types of measures of word knowledge to 

quantify either the breadth or depth of word knowledge (See a summary table for the 

existing vocabulary measures in Table 2). In assessing the meaning of words, there have 

been more consensus regarding the operationalization of the breadth of word knowledge 

than of the depth. Various standardized tests have been developed and validated to assess 

the breadth of word knowledge for different age groups, ranging from pre-school children 

(Peabody Picture Vocabulary Test or PPVT; Dunn & Dunn, 1997) to adults (Nelson-

Denny Reading Test; Brown et al., 1993), which aimed to estimate the total number of 

words of which individuals understand the most significant meaning aspect. However, in 
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contrast to the breadth measures, there has not been a commonly accepted 

operationalization of the depth of word knowledge. The assessments of the depth of word 

knowledge entailed so much variability that covered almost every component of word 

knowledge. In the following sections, I review some commonly used measures for the 

breadth and depth, which focused on the meaning aspect of word knowledge. 

Breadth Measures 

Multiple-Choice Questions. The multiple-choice format has been adopted by 

many standardized vocabulary assessments, such as the Peabody Picture Vocabulary Test 

(Dunn & Dunn, 1997), the Nelson-Denny Reading Test-Vocabulary Section (Brown et 

al., 1993), and the Gates-MacGinitie Reading Test-Vocabulary Section (MacGinitie, 

1978). Usually, participants are presented with a written word with four to six options 

and asked to select the word from those options of which the meaning matches with the 

presented word. For example, a sample item in the Nelson-Denny Reading Test-

Vocabulary Section is If something atrophies, it: A. saves up B. wastes away C. wins D. 

develops E. moves. Or, participants hear the pronunciation of a word and are asked to 

identify the meaning of the word by pointing to one of the four images that matches with 

the word (PPVT). These standardized tests each consists of multiple versions that were 

developed for a wide range of age from children as young as 2.5 years to school-aged 

children to adults.  

The advantage of the multiple-choice questions is that it requires individuals to 

demonstrate their understanding of the word meanings by relatively simple responses. 

Moreover, due to the easiness in its administration to a large population and in its 

scoring, it is the best choice for standardized tests. Further, researchers could also reveal 
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different levels of understanding of the word meanings by carefully choosing the 

distractors to be included in each question. However, the disadvantage of the multiple-

choice question format lies in the time-consuming creation process in constructing the 

items. Those tests typically consist of around one to two hundred psychometrically sound 

items, which means the items researchers need to initially create items that double that 

number. Moreover, participants’ responses are dependent largely on the quality of 

distractors. Sometimes, in order to select the correct response, they need to know several 

other words as hard or harder than the target word. Therefore, to balance the difficulty of 

the distractors and target word might be challenging.  

Self-Report Checklist. The self-report checklist or the yest/no method in 

assessing the breadth of word knowledge came from the classical psycholinguistic task, 

the lexical decision task, in which participants are presented with a list of words, a 

mixture of real words and nonwords, and indicate whether they know each word or not 

(Anderson & Freebody, 1981). Researchers carefully selected words of variable levels of 

frequency and created a significant portion of nonwords by changing one or two letters in 

the real words (e.g., flirt – flort; perfume - porfume) or by combining unconventional 

base with affix (e.g., observement, adjustion; Anderson & Freebody, 1981). If 

participants respond yes to some nonwords, the final score would be reduced. Based on 

the distribution of yes/no responses to those selected words, the participants’ vocabulary 

can be estimated with statistical models. A commonly used measure that takes this format 

is the Eurocentres Vocabulary Size Test (EVST; Meara, 1990; Meara & Buxton, 1987; 

Meara & Jones, 1988).  
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The most salient advantage of the checklist format is its efficiency. It allows 

participants to process a large number of individual words within a short period of time, 

which is necessary for an assessment to estimate one’s overall vocabulary size. 

According to Anderson and Freebody (1981), individuals processed over twice as many 

words in the checklist vocabulary test as they did multiple-choice vocabulary items in a 

given period of time. Another advantage of this format is that it sets the requirement on 

the strategic knowledge or skills and self-expression skills in sentences to the minimum, 

which are the two common skills needed for answering multiple-choice and open-ended 

questions, respectively, so that it assesses the ability to map the written form of a word to 

its meaning only. However, the most salient disadvantage is that the validity of results 

relies on participants’ honest answers and careful evaluation of their knowledge for every 

word presented to them.  

Although there is the built-in mechanism to prevent cheating or overestimating 

one’s vocabulary size (i.e., inclusion of nonwords), it is impossible for individuals to 

demonstrate their knowledge for every word, which might affect the test validity. 

Moreover, it is almost impossible to control the easiness for rejection of the nonwords. 

Some combinations of the base and affix in some nonwords may seem less likely than 

other, hence making them easier to reject than other nonwords. For L2 learners who have 

different first languages, it might be easier for some L2 learners to reject certain 

nonwords than other L2 learners due to the different levels of resemblance of the 

nonwords with those real words in their first language (Read, 2000).  

 Matching Questions. Another item format that was adopted in a widely used 

breadth measure, the Vocabulary Levels Test (VLT; Nation, 1983, 1990) is the definition 
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or synonym matching question. The VLT involves five sections, each includes 6 items 

consisting of representative words within a frequency range, which was defined by word-

frequency data (Kucera & Francis, 1967; Thorndike & Lorge, 1944; West, 1965): the first 

2000-level words, 3000-level words, 5000-level words, the University word level 

(beyond 5000), and 10,000-level words. A sample item of the VLT is presented below. 

For each item, participants are asked to match the words on the left to their 

definitions or synonyms. The number of words on the left is twice as many as the 

definitions to be matched. Such a format is particular because the definitions are the 

targets, rather than the words, which are usually the targets in other assessment formats. 

The words to be included are randomly selected from all the words at each frequency 

level with the reference to the aforementioned word lists.  

This unconventional format minimizes the reliance on linguistic knowledge other 

than word knowledge and at the same time, reducing the chance of getting correct 

responses by guessing, which is a common problem in multiple-choice questions with 

only four options (Read, 2004). One concern about the VLT is that with only 36 words 

and 18 definitions per frequency level, its validity as a breadth measure is questionable 

(Read, 2004). It seems that more validation work should be caried out to empirically 

examine its psychometric properties.  

1. apply 

2. elect 

3. jump 

4. manufacture 

5. melt 

6. threaten 

_____ choose by voting 

_____ become like water 

_____ make 
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 Although operationalized in different assessments formats, the conceptualization 

of the breadth of word knowledge is consistent throughout those assessments, that is to 

test the extent to which participants can map the written form of words to its meaning or 

synonym. However, such a consistency is lacking in the depth measures. One reason for 

the lack of consensus on the operationalization of the depth of word knowledge is that 

individuals may vary on many related yet somewhat independent aspects of word 

knowledge (Nagy & Scott, 2000), and their different levels of knowledge on those 

aspects may be merged and represented by only one dimension, the depth. In the 

following section, I review how the depth of word knowledge has been assessed in the 

current literature. The categorization of the multiple depth measures was enlightened by 

two reviews done by Read (2004) and Schmitt (2014). 

Depth Measures 

Precision of Meaning. The precision of word meaning is concerned with the 

level of specificity of an individual’s knowledge of the meaning for a given word. 

Individual difference in the depth of word knowledge as reflected in this aspect can be 

reflected in having a limited and vague idea of what a word means, versus having much 

more elaborated and specific knowledge of its meaning. It should be noted here that this 

aspect of the depth of word knowledge is focused on the precision of meaning for single 

words. Specifically, Read (2004) further identified three forms of measuring the precision 

of single word meaning in the literature, including multiple-choice questions (Dolch & 

Leeds, 1953; Nagy et al., 1985), self-report assessments (Paribakht & Wesche, 1993; 

Wesche & Paribakht, 1996), and elicitation of definitions (Feifel & Lorge, 1950; Kurland 

& Snow, 1997; Snow, 1990). 
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 Multiple-Choice Questions. In multiple-choice questions that assess precision of 

meaning, researchers constructed options that reflect different levels of specificity of 

meaning for a given word. For example, Dolch and Leeds (1953) constructed multiple-

choice items to assess how well individuals can distinguish the meaning of the target 

words from its synonyms or classification terms. A sample item constructed based on the 

synonym method from Dolch and Leeds (1953) is: A disaster is ruin which happens, 

followed by four options: suddenly, within a year’s time, to all people, gradually. In 

addition, a sample item written based on the classification method is: A colonel is an 

officer who commands, followed by four options: a battleship, a police department, a 

regiment of soldiers, a company of soldiers.  

Similarly, in Nagy et al. (1985), the researchers used multiple-choice items at 

three levels of difficulty to assess individuals’ depth of word knowledge. They 

manipulated the difficulty level by controlling the semantic similarity of the distractors 

with the target word. For example, a level-one sample item from Nagy et al. (1985) is: 

gendarme means, followed by five options: to trick or trap someone, policeman, spoken 

as if one was out of breath or having trouble breathing, the secret collection of 

information about another country, the illegal transportation of goods across a border, 

don’t know. The level-two version for the same target word differed from the level-one 

version in the choice of distractors. The same target word gendarme was followed by 

distractors that were of the same part of speech with the target word: the illegal 

transportation of goods across a border, weapon, policeman, face, bravery during 

wartime, don’t know. The level-three version for the same target word gendarme was 

followed by distractors not only of the same part of the speech with the target word, but 
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were also more semantically related with the target compared to the level-two distractors: 

policeman, bellboy, bodyguard, spy, waiter, don’t know.  

 Self-Report Assessments. Another way of assessing individuals’ degrees of word 

knowledge is through self-report measures. Paribakht and Wesche (1993) and Wesche 

and Paribakht (1996) developed the Vocabulary Knowledge Scale (VKS) to capture 

different levels of knowledge of vocabulary items by asking the test takers to self-report 

the extent to which they knew the target words. Developed based on Dale’s (1965) four-

stage theory of the incremental acquisition of vocabulary knowledge, each target word in 

VKS could be rated on five levels of knowledge: (a) I have never seen this word; (b) I 

have seen this word before, but I don’t know what it means; (c) I have seen this word 

before, and I think it means                       . (synonym or translation); (d) I know this 

word. It means                   . (synonym or translation); (e) I can use this word in a 

sentence:                               .  

Responses in levels 3 to 5 were evidence that the student had demonstrated 

knowledge of the word meaning, rather than the perceived knowledge. If a student 

selected one among level 3-5 yet did not provide an appropriate free response in meaning 

or use in a sentence, it would be automatically scored as a level-two response. The level-

five response was further broken down into two categories to distinguish the semantic 

correct use of the target word only (level 5) versus the correct use of the target word both 

semantically and grammatically (level 6). For example, an example sentence of the word 

retire for level 5 was This famous player announce his retire, whereas for level 6, it was 

This famous player announced his retirement. The test-retest reliability as indexed by the 

Pearson correlation coefficient was reported as .89 for the 24 content words, and .82 for 
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the 8 discourse connectives for categories 2 through 5 only (Wesche & Paribakht, 1996). 

The concurrent validity for VKS was established by its moderately strong correlation 

(r=.53, n=32, p<.001) with the students’ performance on the EVST (Meara & Jones, 

1988).  

 Elicitation of Definitions. Another frequently used method of assessing 

individuals’ precision of word meanings is to ask learners to explain the meaning of 

words (usually the definition of words) in interview-like settings, and then to evaluate the 

quality of their responses. This was a commonly used method for investigating children’s 

vocabulary development (Feifel & Lorge, 1950; Kurland & Snow, 1997; Snow, 1990). 

For example, Feifel and Lorge (1950) administered the Stanford-Binet Vocabulary test, 

which elicited definitions for target words, to 900 children. Their responses were scored 

in respect to five quantitative types of definitions, including synonyms, explanation, use 

and description, demonstration, and illustration.  

Similarly, Snow (1990) and Kurland and Snow (1997) asked elementary school 

students to provide definitions for the target words, such as alphabet, bicycle, clock, 

diamond, etc. The researchers first categorized the definitions into two categories: formal 

and informal definitions based on whether a superordinate (e.g., a nominal complement 

marker like something or thing) was present. For example, a formal definition for the 

target word diamond would be A diamond is a gem, or, A gem used for rings, whereas an 

informal one would be A gem. The researchers further evaluated the quality of the formal 

definitions according to a systematic coding scheme: (a) a relative clause (up to 7 points); 

(b) a superordinate (up to 4 points); (c) definitional features (up to 4 points); (d) function 

descriptions (up to 2 points); and (e) synonyms (up to 2 points). The inter-rater reliability 
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as indexed by Cohen’s kappa was reported as .85 for informal definitions, and .52 for 

formal definitions Kurland and Snow (1997).  

These studies found that children’s word knowledge progressed from concrete or 

contextualized to symbolic or decontextualized (Feifel & Lorge, 1950), and their 

definitional skills were affected by the opportunities to practice the required form (i.e., 

formal or informal) at home and in school environments. 

Polysemous Meaning. The precision of meaning emphasizes the accurate 

understanding of one facet of the meaning (usually the most frequent one) that a word 

represents. However, words, especially frequently used words, can have multiple 

associated or unrelated meanings, which makes word learning very complex. Therefore, 

some researchers conceptualized the depth of word knowledge as the understanding of 

multiple meanings of polysemous words with the assumption that individuals with a more 

comprehensive understanding of the multiple meanings of a polysemous word knew the 

words to a deeper level than their peers who only knew the most frequent meaning of the 

same word (Crossley et al., 2010; Schmitt, 1998b; Verhallen & Schoonen, 1993). 

Unfortunately, there is no standardized quantitative measure for measuring the depth of 

word knowledge in the sense of polysemy. Researchers either quantitatively analyzed the 

polysemous use of words in individuals’ spontaneous speech (Crossley et al., 2010) via 

computational tools, or, elicited participants’ explicit knowledge of the multiple 

meanings for a few selected polysemous words in highly structured individual interviews 

(Schmitt, 1998b; Verhallen & Schoonen, 1993).  

 For example, Crossley et al. (2010) explored the development of word polysemy 

and frequency use for six adult English language learners over a one-year period. The 
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participants met and conversed with the interviewer for 30 to 45 minutes every two 

weeks over a one-year period. The researchers used a computational tool Coh-Metrix 

(Graesser et al., 2004) to determine the mean polysemy values for all content words in 

each transcript of participants’ speeches based on the polysemous word information 

output by a computational lexical database called WordNet (Fellbaum, 1998; Miller et 

al., 1990), which documented and organized the lexical networks in synsets (i.e., groups 

of related lexical items) for over 170,000 English nouns, verbs, adjectives, and adverbs. 

The mean polysemy value here was considered as an index for the depth of word 

knowledge in the sense of productive knowledge for polysemous words. The study 

(Crossley et al., 2010) found English learners began to use polysemous words during the 

first four months of study, after which, they tended to explore the polysemous use of 

those words in their speech. 

  Another popular way of assessing polysemous knowledge is through structured 

interviews. In a longitudinal case study, Schmitt (1998b) assessed the explicit knowledge 

of the multiple meanings for 11 polysemous words (abandon, brood, circulate, convert, 

dedicate, illuminate, launch, plot, spur, suspend, trace) from four advanced English 

language learners over the course of one year. The assessment took place in three one-on-

one interviews for each participant. Specifically, the researcher asked the participants to 

convey every meaning of the target words in any possible means (e.g., give definitions, 

provide examples, use the word in sentences, draw sketches or diagrams; 2 points). If the 

participant failed to provide the meaning for the target word, the researcher gave a 

prompt word to elicit any receptive knowledge of the word meaning (1 point). If no recall 
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of the meaning was given for the word after the prompt word, 0 point would be given for 

the meaning aspect. 

Decontextualized Word Association Knowledge. So far, all the reviewed 

measures of word knowledge are focused on testing individuals’ knowledge of one single 

word, which overlooked one important aspect of word knowledge, that is how individuals 

organize the lexical information. As Snow (1990) and Feifel and Lorge (1950) pointed 

out, children’s vocabulary development was featured by a progression of perception word 

meanings from contextualized knowledge to decontextualized knowledge. As children 

develop their vocabulary, a more widely and strongly connected mental lexical network 

is constructed by incorporating the newly acquired words into the network of already 

known words (Read, 2004). Such a decontextualized semantic word network allows 

children to rely less on contextual clues but more on automatic and decontextualized 

word information in interpreting word meanings for the ones they encounter in reading 

tasks, which ultimately results in fluent and high-quality reading outcomes.  

The traditional way of measuring the lexical network is free association task 

(Meara, 1984; Schmitt, 1998), in which participants were asked to name the words that 

first came to their minds upon hearing a given word (e.g., abandon) in a one-on-one 

interview setting. A more popular measure, the Word Association Test (WAT; Read, 

1993, 1998), which is widely used as an assessment for the depth of word knowledge 

(Farvardin & Koosha, 2011; Huang, 2006; Mehrpour et al., 2010; Noro, 2002; Qian, 

1999, 2002), adopted a format of selected-response items moving beyond assessing the 

in-depth knowledge for single words, and was focused on measuring the connections 

between words among English language learners. Featuring the similar word relations 
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assessed in the WAT, there has been a more recent effort in measuring the word 

associations among middle school students taken by the Educational Testing Service 

(ETS).  

Free Association Task. Schmitt (1998a) developed a four-level descriptive 

system of association behavior in determining whether an English learner’s word 

association network was native-like. The researchers elicited three associated words for 

each of the 17 English words from 100 native English speakers. The researchers first 

compiled a norming list of native-like word associates for those 17 English words with 

100 native English speakers. Then, the English learners’ responses were compared 

against the norm. For example, if an English leaner provided the three associated words 

(e.g., leave, desert, and alone) for the target word abandon that were frequently 

mentioned by the native speakers, indexed by a high association proportion, such a 

response would be determined to be highly native-like.  

By comparing an aggregated score of association proportion for all the testing 

words against the native-like threshold, the researcher defined a principled four-level 

description of native-like word associations: (a) Level 0: no native-like associations; (b) 

Level 1: no typical native-like associations, in which the leaner might produce one or a 

few associations, which were included in the norming list but none of them was typical; 

(c) Leve 2: native-like productive association performance; (d) Level 3: Native-like 

productive associations similar to those of the top portion of the native norming group.  

Word Associate Test. Read (1993, 1998) developed the Word Associate Test 

(WAT) that assessed college English language learners’ knowledge of the semantic 

network for academic words of high frequency. It took the format of selected-response 
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items. Two forms of WAT were constructed each consisting of 50 items (Read, 1993). 

For each item, participants were instructed to select as many words as they could from 

eight option words that were associated with the target word. A sample item is as follows: 

 edit 

arithmetic film pole publishing 

revise risk surface text 

 

Each item was developed to have four correct associate words out of the eight 

option words with the given word, and each had one of the three possible relations with 

the target word: a) paradigmatic: the two words were synonyms, or, one had a more 

general meaning than the other, such as edit – revise; 2) syntagmatic: the two word were 

collocates that were often used together, such as edit – film; 3) analytic: the associate 

word represented one aspect of the frequently-used meaning of the target word, such as 

edit – publishing (Read, 1993). The other four words were distractors, which had no 

semantic relation with the target word. The WAT included high-frequency academic 

words of various parts of speech, including nouns, adjectives, and verbs, which were 

randomly selected from the University Word List (Nation, 1990). The WAT was found to 

be psychometrically sound. The reliability for the WAT was reported as .91/.90 (for Form 

A and B). The concurrent validity was examined by correlating WAT with another 

measure of academic vocabulary knowledge (i.e., ELI Proficiency Test; EPT) as .76/.78 

(for Form A and B).  

ETS Depth Measure. A recent attempt at developing a quantitative measure for 

assessing middle school students’ depth of semantic knowledge was made by Educational 

Testing Service (ETS; Deane et al., 2014). Specifically, Deane et al. (2014) measured the 

depth of semantic knowledge for seventh and eighth graders in three aspects, namely, 
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idiomatic associates, topical associates, and hypernyms. The complete test consists of 20 

target words in total which were organized in two forms. Each of the target word is 

assessed by all three aspects with the presentation order counterbalanced. Therefore, each 

student is supposed to complete 30 multiple-choice items each with three options during 

one test. 

Idiomatic associates item type, designed to test “knowledge of the typical phrasal 

patterns characteristic of the targeted words” (Deane et al., 2014), is a similar concept to 

collocation. The items were meant to test whether students have the knowledge of the 

typical co-occurrence patterns of multiple-word use, and were assessed in a context-

dependent manner. For example, Stephen agreed to undertake the _________. a. 

purpose; b. task; c. question. This type of word association resembles the syntagmatic 

relation assessed in the WAT, except that in the ETS measure, the target word was 

embedded in a short sentence, whereas in the WAT, no contextual information but only 

one word was provided (i.e., edit). The second assessed aspect of depth knowledge is 

topical associates, which taps into students’ knowledge of general word associations to a 

single topic or concept without necessarily having a deeper conceptual understanding of 

the target. Similar to the paradigmatic relation of words in the WAT, the items were 

constructed to assesses students’ decontextualized word network knowledge. In the 

following example, participants are supposed to select one from three options that is 

closely associated with the given three words: launch, conduct, complete a. relieve b. 

reject c. undertake.  

The third aspect assessed in Deane et al. (2014) is hypernym relations, which 

measure students’ ability to identify the broad meaning or category to which the targeted 
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given word belongs. The hypernym items measure the extent to which students have the 

basic understanding of the word meaning that enables them to make basic definitional 

inferences in a given context. For example, To undertake something is to __________ it. 

a. begin b. continue c. notice.  

Both the WAT and the ETS depth measure adopted the selected-response format 

and tapped into three types of word relations (i.e., syntagmatic, paradigmatic, analytic). 

The differences between the two lie in: (a) the ETS measure is more context-dependent, 

whereas the WAT is completely context-independent; (b) only three options were 

provided for each multiple-choice question with one correct response for the ETS 

measure, whereas in the WAT, eight option words were provided and participants were 

not informed of the number of correct responses; (c) the WAT was developed for English 

language learners in college, whereas the ETS measure was designed for middle school 

students in the US. 

Limitations in the Word Knowledge Literature 

As reviewed in the above sections, a few limitations seem salient in the existing 

word knowledge literature. First, though breadth and depth are two integral aspects of 

word knowledge, few existing studies integrated both aspects in their investigation of 

word knowledge. Currently, most studies have investigated either breadth or depth 

separately. Few existing studies have attempted to integrate both aspects and examine the 

overall quality of word knowledge as indicated by these two aspects. Second, consistent 

with the conceptual limitation, there has not been a measure of word knowledge that 

allows researchers to assess the richness and complexity of meanings for a large range of 

words. Although the breadth measures cover a wide range of words of various frequency 
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levels, they did not assess any deep understanding of the word meanings beyond simple 

mapping between the written form and some familiarity with the meaning. Similarly, for 

the depth measures of word meanings, researchers collected rich information of the 

participants’ precise understanding, knowledge of polysemous words, or word 

associations for a limited number of words either through one-one-one interviews or with 

some multiple-choice questions.  

A few more limitations in the depth measures should be highlighted. First, among 

the current depth measures that did not take the format of interviews [i.e., the WAT, ETS 

depth measure, the VKS, Dolch & Leeds (1953), Nagy et al. (1975)], which are time-

consuming to administer and cannot be standardized, none of them examined individuals’ 

rich understanding of the subtleties of word meanings for single words (i.e., precision of 

meaning) as well as identifying the associations of these words with other words within 

one measure (i.e., word association). Such a limitation is evident in the measures of 

precision of meaning [i.e., the VKS, Dolch and Leeds (1953), and Nagy et al., (1975)], 

which all assessed the extent to which participants understand the meaning of a single 

word and to which extent they could use it in context. But these measures did not attempt 

to reveal how participants could associate the word with other related words based on 

their meanings.  

For the word association tests (i.e., the WAT and ETS depth measure), there is a 

lack of focus in assessing the intricacy and subtlety in the understanding of word 

meanings. In other words, both measures aimed to assess the existence of simple 

associations between only two words (e.g., write-paper; water-trickle), but they failed to 

reveal how these words are related to each other based on participants’ understanding of 
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the subtle differences in their meanings (e.g., trickle-seep-gush). The three types of word 

associations that guided the development of both measures (i.e., paradigmatic, 

syntagmatic, analytic) only allow for very simple and straightforward relations to be 

assessed. To process such relations, individual only need to rely on their reactive thinking 

rather than the more complex reflective thinking provided they have some surface-level 

knowledge about the meaning of those words.  

Further, the current word association measures only involved three types of 

relations, overlooking other relations that could exist among multiple words, such as 

opposition or mutual exclusivity. Involving more varied and complex relations that are 

embedded in more than two words would allow more room to reveal the in-depth 

understanding of word meanings in an assessment.  

Summary 

To summarize, a new assessment of the quality of word knowledge should feature 

in the following aspects: (a) covers a wide range of words with varied frequency and 

complexity; (b) examines word relations among sets of words that involve more than two 

words; and (c) encompasses more and varied types of word relations (e.g., similarity, 

opposition, mutual exclusivity) that reflect accurate understanding of the meaning for 

individual words that are being compared. The current study integrated the relational 

processing framework into the word knowledge domain by proffering a new measure, the 

Relational Reasoning with Words (R2W2). The novel measure focused on the quality of 

word knowledge by assessing the breadth and depth of word meaning knowledge among 

college-age students. 



 

 

43 

 

Relational Processes 

 In addition to reviewing the literature on word knowledge, this review also aimed 

to review how relational process, encompassing relational reasoning and relational 

thinking, has been conceptualized and measured in the literature. An overview of 

relational process including its definition and different forms is presented. Then, 

measures of relational reasoning are described, followed by discussion of the gaps in the 

relational reasoning literature. 

Overview of Relational Processes 

 The ability to perceive and recognize patterns, that is to identify similarities and 

differences in information, has been considered foundational to cognitive performance 

and development (Cattell, 1940; James, 1890; Spearman, 1927; Wertheimer, 1900). Such 

processes that involve recognizing or discerning meaningful patterns among any stream 

of information that would otherwise seem unrelated (Alexander & DRLRL, 2012) have 

been labeled as relational process (Alexander & Baggetta, 2014; Alexander & DRLRL, 

2012; Dumas et al., 2013). Depending on the different characteristics of its operation, 

Alexander and Baggetta (2014) further distinguished two types of relational processes, 

which are relational thinking and relational reasoning.  

 Relational thinking, as an involuntary, automatic cognitive process, usually 

operates below the level of consciousness that directs individuals to attend to associations 

of the information around them. Rather, relational reasoning is an intentional, conscious, 

and effortful cognitive process that enables individuals to shift beyond the simple 

associations to a more systematic organization of information based on specific attributes 
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Table 2 

Summary of the Existing Vocabulary Measures 

 

General 

Aspect of 

Vocabulary 

Knowledge 

Target Construct Format Measure 

Breadth Vocabulary Size Multiple-

Choice 

Question 

Peabody Picture Vocabulary Test 

(Dunn & Dunn, 1997) 

Nelson-Denny Reading Test-

Vocabulary Section (Brown et al., 

1993) 

Gates-MacGinitie Reading Test-

Vocabulary Section (MacGinitie, 1978) 

Self-Report 

Checklist 

Anderson and Freebody (1981) 

 Eurocentres Vocabulary Size Test 

(Meara, 1990) 

Matching 

Question 

Vocabulary Levels Test (Nation, 1983) 

Depth Precision of 

Meaning 

Multiple-

Choice 

Question 

Dolch and Lees (1953) 

Nagy et al. (1985) 

 Self-Report 

Assessment 

Paribakht and Wesche (1993) 

 Elicitation of 

Definitions 

Standford-Binet Vocabulary Test in 

Feifel and Lorge (1950) 

  Snow (1990) and Kurkland and Snow 

(1997) 

Polysemous 

Meaning 

Analysis of 

Spontaneous 

Speech 

Crossley et al. (2010) 

 Interview Schmitt (1998b) 

Decontextualized 

Word Association 

Free 

Association 

Schmitt (1998a) 

 Multiple-

Choice 

Question 

Word Associate Test (Read, 1993, 

1998) 

  Measure of Depth of Semantic 

Knowledge (Deane et al., 2014) 
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underlying the relations (Alexander & Baggetta, 2014). Traditionally, relational 

reasoning has been solely conceptualized into discernment of similarities, or analogical 

reasoning (Goswami, 1992; James, 1890). However, in recent years, led by Alexander 

and colleagues (Alexander & DRLRL, 2012), researchers have been trying to broaden 

this narrow conceptualization of relational reasoning to encompass other possible forms 

of relational reasoning that focus on dissimilarities. Specifically, at least four forms of 

relational reasoning have been identified, that are: analogy (i.e., similarity), anomaly (i.e., 

discrepancy), antinomy (i.e., exclusivity), antithesis (i.e., opposition). 

Analogy 

Analogical reasoning involves the identification of similarities between two 

seemingly unrelated ideas, objects, or events (Hesse, 1959). The ability to reason through 

analogy has long been considered as important in domain learning, including 

mathematics (White, 1998), reading (Goswami & Mead, 1992), and science (Braasch & 

Goldman, 2010). For example, when learning a new word, children assume words with 

similar spelling patterns share the similar pronunciation (Goswami, 1986) or meaning 

(Boot & Pecher, 2008). Reasoning through analogy enables children to build connections 

of the new word to be learned with the previously acquired ones.  

Anomaly 

Anomalous reasoning involves the recognition of an aberrant piece of 

information, or, detecting an outlier, that deviates from the general pattern among a 

stream of information (Chinn & Brewer, 1993). The detection of anomalous information 

may be critical for conceptual change (Chinn & Malhotra, 2002) through which 

individuals come to realize the invalid implicit assumptions and logical mistakes 
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(Darden, 1995). It has also been regarded as key to some scientific discoveries (Borwein 

& Bailey, 2008; Chinn & Brewer, 1993; Mucciarelli et al., 2009). In the domain of 

reading, researchers found the ability to process anomalous information contributed to the 

acquisition of words in logographic writing systems, such as Chinese, controlling for 

other significant predictors (i.e., radical awareness, grade level; Kuo et al., 2014). 

Antinomy 

Antinomous reasoning allows individuals to categorize one piece of information 

into one of two mutually exclusive categories. Given the two potential categories are 

dichotomous in nature, an antinomy is a paradoxical situation in which the two conditions 

cannot both be true (Sorsensen, 2003). Antinomous reasoning was originated in 

mathematical set theory (Cantor as discussed in Dauben, 1983; Russell, 1919), and led to 

discoveries in fields such as reading (Mosenthal & Na, 1980), psycholinguistics 

(Shaumyan, 1987), and intelligence (Gardner, 1995). In word reading literature, 

antinomous reasoning, working in concert with analogical reasoning, was found to be a 

basic tool for young children to establish the matching relation between a noun and its 

referent. Imai and Gentner (1997) found that children formed ontological categories for 

objects based on shape similarity, and then assigned the newly acquired label for objects 

based on that. 

Antithesis 

Antithetical reasoning involves the recognition of opposite relations between two 

mental representations that are contrasted along a continuum or spectrum (Kreezer & 

Dallenbach, 1929). These contrasts represent opposing ends on an underlying continuum, 

or different levels of degree of an attribute. Antithetical reasoning is important for 
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argument and persuasion (Kuhn & Udell, 2007). Children as young as three and four 

years old showed signs of developing antithetical reasoning ability through word learning 

(Ryalls, 2000). Provided the three- and four-year-olds learned the dimensional words 

(e.g., tall) in a strictly comparative fashion, they could easily understand the novel 

dimensional words. 

Measures of Relational Reasoning 

 Given relational thinking usually operates on the unconscious level, it is almost 

impossible to measure individuals’ capacity in this type of relational process (Alexander 

& Baggetta, 2014). However, researchers have endeavored to quantify relational 

reasoning ability, especially in early and contemporary measures of intelligence and 

cognitive ability (Binet et al., 1913; Sternberg, 1999). The Raven’s Progressive Matrices 

(RPM; Raven, 1941), one of the most established and widely used measures of relational 

reasoning that consists entirely of figural problems arrayed in 3 x 3 matrices, has long 

been regarded as the gold standard of cognitive ability in neuroscience. The problem with 

the RPM is that it narrowly operationalizes relational reasoning, a complex, multi-

dimensional patterning ability, solely into one form of it, that is analogical reasoning. 

Until recent years, however, through their collective effort, Alexander and the DRLRL 

have developed three assessments of relational reasoning that tap into all the four forms 

of relational reasoning: (a) the Test of Relational Reasoning (TORR; 2012); (b) the 

Verbal Test of Relational Reasoning (vTORR; 2014); (c) and the Test of Relational 

Reasoning, Junior (TORRjr; 2015). These three assessments vary in their format and 

targeted age group, which are described in detail below.    
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Test of Relational Reasoning 

 The TORR is a 32-item measure consisting of novel figural items organized in 

four scales corresponding to the four forms of relational reasoning with 8 items each 

(Alexander & the DRLRL, 2012; Alexander et al., 2015). The TORR was developed for 

older adolescents and adults. Its validity and reliability have been established in multiple 

previous studies (Alexander et al., 2015; Dumas & Alexander, 2016). Moreover, the 

multidimensional factor structure of the TORR has also been supported by empirical data 

with one overarching general relational reasoning factor explaining the relations between 

four specific forms of relational reasoning ability, which were loaded on the specific 

items in each scale (Alexander et al., 2015; Dumas & Alexander, 2016).  

 As with the RPM, the TORR brings the impact of individuals’ crystalized or 

domain knowledge as well as cultural experiences to their performance on the TORR to 

the minimum by including novel figural items solely. Also, given the novelty and 

originality of scale format, especially for anomaly, antinomy, and antithesis scales, 

practice effect, or reliance on individuals’ prior learning experience in completing those 

items was brought to the minimum.  

Verbal Test of Relational Reasoning 

 Similar to the TORR, the vTORR is also a 32-item measure of the multi-

dimensional relational reasoning ability that has been developed for older adolescents and 

adults (Alexander & the DRLRL, 2014). It also consists of four scales with eight items 

each that correspond to the four forms of relational reasoning. One salient difference of 

vTORR from TORR is that the items in vTORR were developed in a linguistic format, 

instead of figural representation. Individuals are presented with one or a few sentences 
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describing a daily life situation in each item, and they are instructed to choose from four 

options, also presented in sentences, the one that: (a) is most similar to the given situation 

(i.e., analogy); (b) is opposite to the given situation (i.e., antithesis); (c) does not follow 

the pattern of the rest of three (i.e., anomaly); (d) reflects the idea in one of the two given 

paragraphs, but not the other (i.e., antinomy). The vTORR was found to be a reliable and 

valid measure of relational reasoning in Alexander et al., (2016). The same multi-

dimensional factor structure of the vTORR as identified in the TORR was also supported 

by the empirical data.  

Test of Relational Reasoning Junior 

  Similar to the TORR, TORRjr is also a visuospatial measure that taps into the 

four-dimensional relational reasoning ability (Alexander & the DRLRL, 2015). TORRjr 

also consists of 32 figural items organized in four scales each corresponding to a specific 

form of relational reasoning. Instead of being developed for older adolescents and adults 

as TORR, TORRjr targeted children and younger adolescents from Grade 3 to Grade 7. 

The reliability, validity, and overall factor structure of the TORRjr have been tested and 

supported by empirical evidence in multiple studies (Chae & Alexander, 2019; 

Federiakin & Aleksandrova, 2017; Hattan, 2019; Zhao et al., 2020).   

Development of Relational Reasoning 

 In the relational reasoning literature, there has been debate on the onset time when 

individuals are capable of reasoning relationally. Some researchers argued that children 

were not capable of analogical reasoning until 9 years old (Levinson & Carpenter, 1974), 

whereas others found evidence that young children of preschool age were capable of 

reasoning analogically (White & Alexander, 1986). In a more recent study, Jablansky et 
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al. (2015) observed that children as young as five were capable of all forms of relational 

reasoning when they talked about the form and function of more or less familiar objects 

with a researcher. Although the four forms of relational reasoning were evidenced in 

those children’s speech, they did not manifest equally across different age groups. 

Analogical and anomalous reasoning were found to be the predominant relational 

reasoning forms in the youngest group (i.e., Grades K, 2, and 4). For older children who 

were in Grade 6 through 11, the utterances of those two forms decreased significantly, 

but the use of antinomous and antithesis reasoning became more common in their speech. 

The findings suggested that there might be different developmental trajectories of the 

four forms of relational reasoning. Analogy and anomaly, served as tools for global 

judgements of similarity and different, might develop earlier than the other two forms, 

which represent more complex processes. This pattern was also found for the 455 

students in Grade 3 through Grade 7 from Israel (Jablansky et al., 2017) when their 

relational reasoning ability was assessed by the TORRjr. It was found that the Analogy 

and Anomaly scales tended to be easier than the Antinomy and Antithesis scales.  

 Although evidence showed that young children were capable of all forms of 

relational reasoning, the previous studies also suggested that relational reasoning ability 

was still under development in children and early adolescents. Jablansky et al. (2017) and 

Zhao et al. (2020) both found that relational reasoning as measured by the TORRjr 

followed a linear developmental pattern in students from Grade 3 through Grade 7. Zhao 

et al. (2020) found that the middle-school students (i.e., Grades 6 and 7) significantly 

outperformed the elementary-school students on their overall performance on the TORRjr 

as well as on the four individual scales.  
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Significance of Relational Reasoning 

With this broader conceptualization and reliable measures of relational reasoning, 

researchers in the past decades have found mounting evidence that supported the 

significant role of relational reasoning in solving complex problems and mastering 

learning tasks in various professional fields and academic domains. For example, Dumas 

et al. (2014) found relational reasoning facilitated doctors to diagnose and prescribe 

treatments for patients. Moreover, the predictive power of relational reasoning ability was 

also evidenced when prelicensure and practicing nurses evaluated the level of care for 

their obstetrics patients (Fountain, 2016).  

In addition, engineering students in college were also found to rely on this 

powerful patterning ability when they worked in teams on a viable and creative solution 

to a design problem (Dumas & Schmidt, 2015). The significant role of relational 

reasoning has also been explored among K-20 students when they were presented with 

various learning tasks across different domains, including mathematics (Zhao et al., 

2020), writing (Alexander & DRLRL, 2020; Kendeou et al., 2017; Murphy et al., 2017), 

and reading (Hattan, 2019). For example, Zhao et al. (2020) found relational reasoning 

was moderately associated with a wide range of mathematical and related abilities, 

including mathematical knowledge on number, geometry, and algebra, individuals’ 

tendency to identify multiplicative relations, and individuals’ spatial reasoning ability. 

Likewise, Alexander & DRLRL (2020) found college students’ relational reasoning 

ability predicted the quality of their argumentative essays after completing a multiple 

source use task. Besides, Hattan (2019) found that rural middle-school students’ ability to 
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comprehend and learn from an expository text on an obscure topic was improved when 

their prior-knowledge of the topic was activated via a relational reasoning intervention.   

Limitations in the Relational Reasoning Literature 

 Although much has been explored in the realm of relational reasoning, there were 

two major gaps in the literature that await further investigation. First, relational 

reasoning’s contribution to word knowledge in reading was still vague, especially for the 

three forms that focus on dissimilarity. Although Goswami and her colleagues 

demonstrated through their delicate experiments in the late 1980s and 1990s (e.g., 

Goswami, 1986; Goswami & Mead, 1992) that young children could learn to pronounce 

a new written word by drawing an analogue to a similarly written word that they learned 

how to pronounce previously. The facilitative role of analogy in word learning was still 

constrained to form-to-form (i.e., from the spelling of a word to its sound) mapping 

without any involvement of the meaning aspect. Therefore, it was worth investigating 

how relational reasoning contributes to individuals’ acquisition or processing of word 

meaning.  

Another gap in relational reasoning literature was insofar, there has not been a 

measure of relation reasoning in which individuals’ relational reasoning ability could be 

revealed by their capacity to reason through the relations among words only, rather than 

figures or sentences. If relational reasoning is truly a foundational cognitive ability with a 

stable multi-dimensional structure, it should be possible to identify its presence in a valid 

and reliable way no matter the target relations are embedded in figures, sentences, or 

words.  
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The Interplay between Relational Processes and Word Knowledge 

Relational process is a critical cognitive process at play for learning word 

knowledge, as well as possessing great potential in assessing it. In a recent review of the 

role of relational processes in word learning (Zhao, 2020), the four forms of relational 

processes were identified as manifesting in and contributing to individuals’ word 

knowledge in: (a) learning the pronunciation of new written words based on similarly 

spelled clue words among pre-school children; (b) learning the sound label for novel 

objects (i.e., acquisition of entity nouns) among toddlers or pre-school children; (c) 

learning relational nouns based on the semantic similarity among familiar words in young 

children. In the following sections, I review how relational processes manifest or 

contribute to each of those aspects of word learning, followed by a discussion of the 

unearthed potential of relational reasoning in assessing word knowledge.  

Relational Processes in Word Learning 

Relational processes have been found to play an important role in learning word 

knowledge from the beginning of the language acquisition journey in a recent review 

(Zhao, 2020). In that review, the four forms of relational processes were identified as 

manifested in and contributing to individuals’ learning of word knowledge when 

individuals: (a) learn the pronunciation of new written words based on similarly spelled 

clue words among pre-school children (e.g., learn to pronounce the written word bat 

based on the pronunciation of the written word cat; Ehri & Robbins, 1992; Goswami, 

1993); (b) learn the sound label for novel objects (e.g., learn to map the sound of table to 

its referent) among toddlers or pre-school children (Imai & Gentner, 1997; Imai & 

Mazuka, 2007); (c) learn relational nouns based on the semantic similarity among 
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familiar words in young children (e.g., neighbor for adjacent people, places, or ideas; 

Gentner et al., 2011; Thibaut & Witt, 2015). 

Word Reading by Orthographic Analogy 

 In the word learning literature, analogy has been the form of relational process 

that has received the most attention (Ehri & Robbins, 1992; Goswami, 1993), specifically 

in learning to pronounce a printed word (word reading), which is also referred to as 

reading by orthographic analogy. Reading by orthographic analogy here means to 

pronounce a new printed word, such as book, by recognizing the similarity in its 

orthography (i.e., the spelling form of the target word) to a familiar word (i.e., clue 

word), for instance look, and then to pronounce the word book as /b/ /uk/ on the basis on 

the pronunciation of look (/l/ /uk/). For example, Wang and Gaffney (1998) found that 

after learning analogous clue words, in comparison to learning mis-analogous or 

unrelated clue words, children had significantly higher correct rate of decoding the target 

words, which suggested that children benefited from orthographic analogy in reading 

unfamiliar words. 

Martinet et al. (2004) assessed the extent to which first-grade children used 

analogy to spell French words spontaneously without any clue words. The researchers 

found that children retrieved the orthographic information in their mental lexicon by 

analogy that shared the same sound with part of the target word. Moreover, Savage et al. 

(2003) studied 104 first graders diagnosed as poor readers to compare the effectiveness of 

two interventions in children’s reading ability that either focused on letter-sound 

correspondence or rime-based analogy. Results indicated that while in both intervention 

groups children showed improvements on various reading skill outcomes compared with 
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the control group, the rime-based analogy intervention group had an extra advantage in 

phoneme blending ability over the letter-sound-correspondence intervention group, which 

supported the effectiveness of rime-based analogy intervention in improving the reading 

ability among poor readers. Taken together, the evidence suggested that analogy is a 

learning mechanism available for young children to learn the pronunciation of novel 

written words. 

Early Acquisition of Entity Nouns 

 The engagement in relational process in learning word meanings can be dated 

back to establishing the matching relation between a noun and its referent when children 

are only one to three years old. Analogical and antinomous processes were found to be 

basic tools for children to learn the label for an unfamiliar referent by comparing the new 

referent against a familiar one, which they know the label of, based on some perceptual 

similarity/dissimilarity between the two referents (Hartin & Merriman, 2016; Imai & 

Gentner, 1997; Imai & Mazuka, 2007; Samuelson & Smith, 1999). After the comparison, 

a categorical decision is made upon whether or not assigning the same label to two 

referents based on the perceptual similarity, which reflects how children decide to encode 

the information of the two referents in their mind. If two referents are assigned with the 

same label, that reflects children must perceive enough similarity between the two 

referents for them to encode the two referents as identical mentally, whose names are 

interchangeable. If they decide not to assign the same label for the two referents, that 

means children perceive enough dissimilarity between them to the extent that prevents 

them to encode them as identical mentally. To engage in such a relational process is 

essential in that it imposes constraints on early language acquisition and help children 
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avoid over-generalizing the acquired labels to the objects that do not belong to the same 

category. Therefore, even in the early acquisition of nouns, children begin to harness the 

power of relational process to bootstrap their language learning. 

For example, Imai and Gentner (1997) found that children as young as two years 

of age showed that they formed ontological categories for different objects, to which 

word meaning was projected, based on some consistent rules, such as shape similarity. 

When children were introduced to a newly invented object with a novel object label, they 

tended to assign the same label to another object that shared the same shape. For other 

objects that did not share the same shape with the exemplar, children determined that 

those objects belonged to a different category, hence could not be labeled with the same 

name as the exemplar.  

Similar yet more nuanced findings were observed in Hartin and Merriman (2016). 

The researchers found when learning the object labels for artifacts, children were likely to 

generalize the word label narrower when presented with multiple similar artifacts in the 

learning stage, compared to those who were presented with multiple dissimilar artifacts. 

However, the reverse pattern was observed when learning the object labels for toy 

animals. Children who were presented with multiple dissimilar toy animals tended to 

form a smaller and more specific generalizable category for animals, than those who were 

presented with multiple similar toy animals. Therefore, it suggests children’s formation 

of ontological categories might function differently depending on the nature of the 

category. 



 

 

57 

 

Therefore, studies in the literature of early acquisition of nouns suggest that 

thinking relationally helps young children learn the term-referent matching relations 

efficiently, which also provides us with a venue to examine their conceptual knowledge. 

Acquisition of Relational Nouns 

 Beyond learning the term-referent mapping, relational processes, especially 

analogical thinking/reasoning, is the key mechanism for children to learn relational nouns 

(i.e., taxonomic or relational categories) that are based on deeper relational 

commonalities among objects, rather than on perceptual similarities. Relational nouns 

differ from the entity nouns in that they describe the categories which are defined by 

relations between objects rather than by the common properties of those objects (Gentner 

et al., 2011; Thibaut & Witt, 2015). For example, the relational noun, neighbor, refers to 

something or someone “being situated next to or very near (another)”. It is not defined by 

any intrinsic properties of any entity itself, but rather, by the relation between two 

entities, no matter they are objects, persons, or abstract entities.  

Relational nouns play a significant role in abstract thinking (Gentner et al., 2011). 

According to Gentner (2005), relational nouns made up for half of the nouns in a 

representative corpus of adult vocabulary. They are also the basic linguistic tools for 

children to learn the relations among abstract entities in science and mathematics. 

Moreover, relational nouns also pose a great learning challenge for children in that 

children must move beyond the perceptual similarity, which is the mechanism they rely 

on when learning entity nouns, and learn to identify and categorize objects based on 

deeper structural similarities when direct comparison is prompted among multiple 

objects. The key process at play during the acquisition of relational nouns is structure 
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mapping, which is a fundamental cognitive process for analogy and similarity (Gentner & 

Markman, 1997).  

 During structure mapping, individuals match the relational structure in two or 

more pairs of items by identifying the role of each member plays in the given pair in 

terms of the relation between the two and mapping that to each of the corresponding 

member in the other pairs, which leads to an alignment of relational structure between the 

multiple pairs (Gentner & Markman, 1997). When children are engaged in the structure 

mapping process, they are focused on the commonalities in the relation between the two 

objects within each pair for all the pairs, which allows them to go beyond the perceptual 

similarity in object descriptions (e.g., shape, color, texture), and acquire the relational 

nouns that describe the relations among objects.  

 In summary, the existing literature on children’s word learning suggested that 

relational processes characterized of thinking by similarities and dissimilarities seem to 

be an integral process interweaved in individuals’ word learning process. When children 

embark on the journey to learning the meaning of a spoken word, they are constantly 

involved in making connections between the new word information and the words 

already in their vocabulary to digest the new information, which further facilitate 

children’s later development of a mental network consisting of representation of spelling, 

pronunciation, and meaning of the lexicalized words.  

Relational Reasoning in Assessing Word Knowledge 

 As a learning mechanism, relational processes have been found to be available for 

even toddlers to build the connections among the sound, spelling, and meaning aspects of 

a novel word by examining the similarity and dissimilarity between the target word and 
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the word they have already known. However, the potential of relational process, 

especially relational reasoning, in assessing individual’s quality of word knowledge has 

not been explored before. 

The semantic information contained in a word is very rich and usually consists of 

multiple attributes or facets, some of which are not salient to us unless it is compared 

against other words or situated in a context. For example, the word, coop, stands for a 

small, confined, cage/area/building, usually for placing or keeping poultry, such as 

chicken. For people who do not know the word well enough, or those who lack farm life 

experience, those attributes might not seem salient when they read it in isolation. 

However, by comparing it against other related words, certain attribute(s) would be 

highlighted during the process when individuals look for similarity and dissimilarity 

between them.  

Therefore, one way to uncover whether individuals possess knowledge of many of 

these attributes for a given word is to require them to reason relationally with that word 

vis-à-vis other words. For example, when comparing coop with fence, individuals might 

be aware that both are common facilities on farmland, which are used to keep or protect 

farm animals. Yet a coop is usually for poultry with an exterior similar to a building, 

whereas fence is built on open farmland for protecting and captivating larger farm 

animals, such as cows or sheep. During the reasoning process, individuals’ knowledge of 

the target word could be analyzed on a finer level involving specific attributes that 

constitute the richness of the word meaning. The more words are juxtaposed or compared 

together, the more complex the interrelations among them can be uncovered, thus 

allowing for more possibility to assess the quality of word knowledge. 
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Similarly, for some words that have more than one meaning, usually referred as 

polysemous words or homographs, it might be difficult for a reader to think of all the 

meanings it contains instantly when only one polysemous word appears alone without 

any contextual information (e.g., trunk – the woody stem of a tree). However, it would 

not be the case when other words are provided, especially the ones that are related to one 

specific meaning of the polysemous word (e.g., elephant & trunk – the elongated nose of 

an elephant). Therefore, the multiple attributes of a word meaning or multiple meanings 

of a polysemous word, which are usually processed automatically when reading the word 

alone, could be brought to consciousness through comparison. The relational reasoning 

framework thus provided a means for researchers to assess the extent to which 

individuals know the rich and complex meaning of the target words, while at the same 

time, reducing the reliance on other linguistic knowledge to the minimum, such as 

syntactic or grammatical knowledge.  

When engaged in analogical reasoning, individuals need to map the exact relation 

between two words to another word pair based on an accurate understanding of which 

meaning attribute in each pair of words are associated and how they can be replicated in 

another word pair. For example, in order to replicate the relation between event and 

chronicle to another word pair, person and ? (the target word), individuals need to know 

the meanings of event and chronicle well enough to identify the relation between the two 

(i.e., chronicle is a rich description of historical events in the order of their occurrence), 

and then map the word person to event to further constrain the meaning attributes for the 

target word (i.e., a rich description of a person in the order of time; biography) so as to 

replicate the relation of the first word pair to the second. 
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When individuals try to identify the outlier word that does not fit in a group (i.e., 

anomaly), they need to recognize the shared attribute among most of the words before 

they decide the anomalous word that deviates on that attribute from the others. For 

example, to be able to identify the word that does not belong in conflict, omit, oppose, 

and dispute, they should know the meaning of the four words well enough to realize that 

conflict, oppose, and dispute belong together because they all share the attribute of 

disagreement between two parties, whereas omit deviates from them on that attribute, 

meaning to leave out or exclude. When two incompatible categories of words are 

presented (i.e., antinomy), individuals need to recognize the defining attribute for the 

categorization of each group. Although the meaning of each word in the following two 

sets is unique, there is a particular shared attribute for words in each set that group them 

together, while at the same time, make them distinct from the words in the other set: tail, 

beak, peck, fly (Set 1) versus basement, hall, build, renovate (Set 2). Individuals need to 

compare the words within each set and across the two to identify the unique shared 

attribute for each word set, which in this case are the words related to body parts of birds 

(Set 1) and construction (Set 2), respectively. 

When individuals are invited to reason the opposite relations of words (i.e., 

antithesis), they need to analyze on which attribute the given words are opposite to each 

other and to what degree. For example, individuals should know the meaning of trickle, 

seep, and gush well enough to be able to identify that these three words all describe some 

state of water flow (i.e., the shared attribute), but at different levels of intensity with 

trickle indicating the slowest/weakest  water movement and gush the fastest/strongest 

with seep in between on this intensity continuum. Insufficient knowledge about the subtle 
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differences in the intensity aspect would render a flipped or incorrect ordering of the 

three words. In sum, when engaged in reasoning relationally with multiple words, 

individuals need to constantly analyze the shared attributes across them, while at the 

same time, identify the distinct attribute that makes each word unique. It is through these 

constant and deliberate comparisons and contrasts that one’s understanding of the 

richness or complexity of an individual word can be revealed, in other words, the quality 

of word knowledge can be assessed.    

In terms of the target population, this investigation focused on older adolescents 

and young adults, and examined the applicability of assessing their quality of word 

knowledge via relational reasoning framework. This older population was selected over a 

younger one because previous studies on the development of relational reasoning found 

that although children as young as five were capable of all forms of relational reasoning 

as evidenced in their discourse, this fundamental cognitive ability was still under 

development in children through early adolescents (Jablansky et al., 2017; Zhao et al., 

2020). Although evidence was found that young children were engaged in relational 

process in their word learning experiences (Zhao, 2020), which was largely the 

unconscious, unintentional form (i.e., relational thinking), they might not have adequate 

relational reasoning ability to navigate effectively through the relations among words in 

the R2W2, which would add an unnecessary confounding factor that might invalidate the 

findings of the current study. Therefore, this study would focus on older adolescent and 

adults, whose relational reasoning ability is more developed and unlikely to undergo 

drastic changes. Moreover, it is also a population that is more reachable for the current 

investigation, compared to the younger populations.  
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Parsing out Relational Reasoning’s Contribution from Word Knowledge 

The novel measure (R2W2) provided a new perspective of examining word 

knowledge through relational reasoning framework, which allowed word knowledge to 

be revealed on a deeper level. At the same time, such an attempt also provided a new 

measure to assess relational reasoning that were embedded in words. Participants’ correct 

responses to the R2W2 were predicated on both relational reasoning ability and word 

knowledge. On the one hand, participants need to possess in-depth knowledge of the 

word meanings to correctly identify the relations among words and engage in the 

reasoning process. On the other hand, they also need to have certain reasoning skills to be 

able to navigate through the given relations and make reasonable inferences to constrain 

the search for the missing piece of information (i.e., the meaning represented by the 

target word). Therefore, college students’ performance on this measure would be a 

combination of their relational reasoning ability and quality of word knowledge.      

For the purpose of clarity for future research, the current investigation also aimed 

to parcel out the contribution of relational reasoning ability from word knowledge to 

college students’ performance on the R2W2 at the test, scale, and item level respectively. 

The traditional standardized academic tests, such as GRE or SAT, usually include a 

verbal reasoning section, which is claimed to measure test-takers’ reasoning ability with 

linguistic symbols. Given the items included in those verbal reasoning sections usually 

consist of demanding words and sentences with complex syntactic structures, linguistic 

knowledge adds another layer of difficulty for test takers. However, no attempt has been 

made at examining the unique contributions of reasoning ability and word knowledge to 

individuals’ performance on those standardized tests. Therefore, the current study aimed 
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to address this analytic limitation. Moreover, individuals’ native language was known to 

be associated with their vocabulary knowledge (Carlo et al., 2004; August et al., 2005). 

Those who were identified as English native speakers had better average performance on 

vocabulary knowledge measures than those who were learners of English as a second 

language (Carlo et al., 2004; August et al., 2005). Therefore, in the current study, the 

relative contributions of relational reasoning ability and word knowledge to college 

students’ performance on the R2W2 were investigated with their self-identified first 

language controlled for.  

The Current Study 

 In addressing the aforementioned limitations in the literature, this study took an 

integrated perspective and conceptualized the word knowledge quality as characterized 

by both the breadth and depth. Specifically, the current study went beyond the relatively 

narrow one-sided conceptualization of word knowledge documented in the literature and 

focused on individuals’ fine-grained understanding of the word meanings as they 

systematically identified semantic similarities and differences among a group of words. 

By comparing the target word with other related words, individuals’ in-depth knowledge 

for the meaning of all the individual words that were compared together could be 

revealed through the identification of the similarities and differences among those words.  

Following this conceptualization of word knowledge quality, one of the important 

goals of the current study was to develop a novel measure, the Relational Reasoning of 

Words (R2W2), which applied the relational reasoning framework in the assessment of 

word knowledge quality. Specifically, the R2W2 captured specific patterns of similarities 

and differences that were informed by the theoretical model of relational reasoning and 
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its four resulting forms (Alexander & DRLRL, 2012). The psychometric properties of the 

R2W2 were assessed on the test, scale, and item levels to ascertain the extent to which the 

R2W2 would be a psychometrically sound measure. Moreover, another important goal of 

the current study was to disentangle the contributions of relational reasoning ability and 

word knowledge to individuals’ performance on the R2W2.  

In the following chapter, I delineated the methodology involved in the 

development of the measure and the analytical plan for disentangling the contributions of 

relational reasoning ability and word knowledge from this single measure. 
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CHAPTER 3  

METHODOLOGY 

 The current investigation, which explored the relative contributions of college 

students’ relational reasoning ability and their word knowledge to their performance on a 

measure of relational reasoning with words, was carried out in three phases. The first 

phase was the initial development of items meant to capture older adolescents’ and young 

adults’ ability to reason analogically, anomalously, antinomously, and antithetically with 

words. The second phase was the revision of the initial pool of items based on expert 

panel, cognitive lab, and pilot testing. The goals of this phase were to examine suitability 

of the items for inclusion in the measure of Relational Reasoning with Words or R2W2 

and the effectiveness of the overall study procedures. The third phase of this study 

centered on the validation of the R2W2.  

Phase I: Test Development 

Overall Structure  

 The measure of Relational Reasoning with Words (R2W2) aimed to assess older 

adolescents’ and young adults’ ability to reasoning analogically, anomalously, 

antinomously, and antithetically with words. Despite the novelty of its focus, the 

structure of this measure was built on the prior measures of relational reasoning in several 

important ways (Alexander, Dumas et al., 2015; Alexander & DRLRL, 2012). 

Specifically, I sought to parallel existing measures of relational reasoning in terms of the 

specific numbers of items per scale, reasoning processes, and patterns represented in each 

scale (i.e., Verbal Test of Relational Reasoning 2014; Test of Relational Reasoning, 

2012; Test of Relational Reasoning-Junior, 2018). This decision was predicated on the 
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fact that this overall structure has proven reliable in across both figural and linguistic 

measures created for both younger and older populations (Alexander et al., 2015; Dumas 

& Alexander, 2016).  

Thus, the final version of the R2W2 consisted of 32 selected-response and 

constructed-response test items organized in four 8-item scales, each mapping onto one 

identified form of relational reasoning (i.e., analogy, anomaly, antinomy, or antithesis). 

Each scale set began with two sample items that familiarized participants with the 

specific procedure to be followed for that scale. These sample items were not scored, and 

no explanation or additional feedback was provided beyond the correct answer. 

Moreover, in parallel to the existing relational reasoning measures, graduated response 

options (Alexander & Kulikowich, 1991) were generated systematically that reflected 

gradual deviations from the expected response, so as to assess various level of 

understanding of word meaning. 

Scale Validity 

 For scale development, I created item sets that required individuals to engage in 

the relational processes that had been identified with that specific reasoning form. In 

effect, the construct validity of each scale was determined by the degree to which the 

item set accurately represented that nature of the identified relational form. As a higher-

order, generalized construct, general relational reasoning ability was assessed via each of 

its particular forms. This higher-order structure of relational reasoning had been validated 

in several previous studies (e.g., Dumas & Alexander, 2016; Federiakin, 2020; Zhao et 

al., 2020). In the following sections, I explicate how scale validity or measure validity 

was achieved in the development of the R2W2.  
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Analogy 

For a scale meant to capture analogical reasoning using words only, validity was 

predicated on the respondents’ ability to identify precise attributional similarities across 

two word pairing in which the second pairing is incomplete, A:B::C:?. This item structure 

is referred to as a classic analogy problem (Goswami, 1992; Klix, 1992; Sternberg, 

1981). Like a verbal ratio problem, the correct response to the D term would result in a 

C:D pairing that is as equivalent as possible to what is given in the A:B relation. 

Moreover, according to the literature, successful analogical reasoning requires 

respondents to engage in a sequence of component processes: encoding, inference, 

mapping, and applying (Carpenter et al., 1990; Grossnickle et al., 2016; Sternberg, 1977).  

For example, when respondents are presented with the following problem, HERD: 

COW :: FLOCK :  ? , the first task is to encode the attributes associated with each of the 

three given words. In other words, HERD would be encoded as a particular animal 

grouping, such as groups of goats, sheep, or cattle. The salient attributes of COW, on the 

other hand, would be a single, mature, female domesticated for their milk, meat, and skin 

and more. FLOCK would be a group of animals (e.g., sheep or birds). Once respondents 

have encoded the given terms, they then infer the relation signified by the first pairing 

(HERD : COW). The respondents should recognize that a cow is a member of a herd.  

Next, the reasoner must map the lower-order relation between terms A and B (i.e., 

herd and cow) to an overarching pattern by recognizing the similarity between terms A 

and C (i.e., herd and flock; both are animal groups that consist of specific animals of the 

same kind). Once mapping is complete, the last step is to apply such a relation to the 

second pair of words in search for a correct response. Specifically, the reasoner should 



 

 

69 

 

discern the critical components of the fourth word that parallels the relation between 

HERD and COW as closely as possible, when paired with FLOCK (i.e., a member of 

FLOCK which is a mature, female, and domesticated animal). Close but incorrect 

responses might involve: sheep, bird, or birds. These responses are incorrect because 

none of them forms an exactly equivalent relation with HERD and COW when paired 

with FLOCK. They all missed one or several key meaningful attributes for the target 

word: domestic animal (i.e., bird and birds), female animal (i.e., sheep, bird, and birds), 

and the singular form (i.e., birds). 

As illustrated, the meaning represented by a term usually involves multiple 

attributes. However, those attributes may not become particularly salient unless they are 

compared or contrasted to other words. It is through this juxtaposition that attributional 

similarities and dissimilarities can be identified. That is also why the format of the classic 

analogy problems would serve well in assessing individuals’ deep understanding of 

shared attributes across terms. The key in assessing the level of deep understanding of 

word meanings via analogical reasoning also lied in constructing sensitive distractors that 

reflect gradual deviations from the expected response in terms of the key meaning 

attributes (Nation, 1990).  

Returning to the example analogy problem, key attributes identified for the word 

to be selected are singular, mammal, domesticated and female animals. Thus, the ideal 

distractors should involve words that reflect deviations from one or more of these key 

attributes. Viable distractors for the aforementioned analogy problem can be birds 

(plural, non-mammal, and non-gendered), sheep (plural and non-gendered), and doe 

(non-domesticated animal). 
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Anomaly 

Anomalous reasoning has been defined as the ability to identify a member of a 

given set that deviates in some discernible way from the rest of the set (Chinn & Brewer, 

1993). In effect, it represents an outlier. The construct validity of the anomaly scale in the 

R2W2 was based on the respondents’ ability to extract the core or typical pattern signified 

by the given word set (A, B, C, D), and then identify the one word with a meaning that 

sets it apart from the others in some manner. The same cognitive processes associated 

with analogical reasoning (i.e., encode, infer, map, and apply) are also involved in 

completing the anomaly items (Grossnickle et al., 2016). The key in constructing the 

anomaly items lied in the search for a group of words that form a set of words that cohere 

in some way, but including one term that is aberrant from the others on the basis of some 

factor such as direction, magnitude, or intensity.  

For example, as part of the anomaly scale, respondents may be presented with a 

particular word set (DODGE, FLEE, DUCK, JERK) and directed to identify the word 

that does not belong. The respondents’ first step is to encode the meaning of each term 

(i.e., DODGE: to make a sudden movement in a new direction as to evade something; 

FLEE: to run away from danger or evil; DUCK: to lower the head or body suddenly for 

the purpose of evasion; and JERK: to make a sudden motion). Once the meaning of each 

word is encoded, respondents must infer the core pattern represented. For the given set, 

that core meaning is abrupt body movements. Next, the respondent needs to map the 

discerned meaning pattern against each member word to identify the term that sets it 

apart by its direction, magnitude, or intensity or other attribute. In the given problem, 

DODGE, DUCK, and JERK all follow the pattern of sudden physical movement. FLEE, 
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on the other hand, conveys the notion of removing oneself entirely from a situation, 

which makes it the outlier. Thus, respondents apply such discerned “relations-among-

relations” and identify the word FLEE as the outlier word.  

Antinomy 

Antinomous reasoning refers to the ability to recognize mutually exclusive 

categories. The construct validity of the antinomy scale of the R2W2 was predicated on 

respondents’ ability to discern the semantic similarities of the terms in each category so 

as to identify the overarching theme for each of the two distinct categories. Respondents 

then map those themes to the given options in the search for the target word that only fits 

in one category but not the other. The key in constructing antinomy items lied in 

constructing two distinct categories of words that share no overlap in meaning across 

groups, as well as developing distractors that sensitively capture the extent to which 

respondents correctly encode, infer, map, and apply the identified categorization rule 

(Grossnickle et al., 2016). The following example illustrates this process. 

Set 1 

MISSILE 

AMMUNITION 

GUNPOWDER 

ARTILLERY 

 

Set 2 

LEG 

FOOT 

HAND 

NECK 

 

A. LOCATION 

B. HEAD 

C. ARM 

D. CANNON 
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The two sets of words represent two distinct categories (i.e., military armaments, 

body parts). After respondents encode the meaning of each word within each category 

(e.g., MISSILE: a supply or quantity of bullets and shells; LEG: each of the limbs on 

which a person or animal walks and stands), they must look for similarities of the 

encoded words and infer the overarching theme that defines each category. In the 

example, the words in Set 1 are all related to military armaments, whereas Set 2 are 

words for body parts. Then, respondents should map the categorization rule to a new 

word and determine the key attributes of an expected response. Therefore, an expected 

response that could only fit in Set 1 but not Set 2 should be one that is related to military 

forces only but with no association to body part in any way. Lastly, respondents should 

apply the rule of attributes of such an expected response to the given options to select the 

correct option.  

The response options for antinomy items included a correct response (i.e., 

CANNON) and three distractors that reflected a patterned deviation from the expected 

response: a) a word that does not belong to either category (i.e., LOCATION); b) a word 

that only fits in the nontarget category (i.e., HEAD); c) a word with double meanings that 

allows it to be fit in both categories (i.e., ARM). Specifically, the word with double 

meanings was the most difficult distractor to create, which also posed challenges to 

respondents in assessing their knowledge of the commonly known and less commonly 

known meanings of the polysemous word. 

Antithesis 

Antithetical reasoning is defined as the ability to identify opposing, contrasting, or 

conflicting relations (Kreezer & Dallenbach, 1929). The construct validity of the 
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antithesis scale of the R2W2 was predicated on respondents’ ability to accurately identify 

the underlying continuum represented by two opposite words, and then find another word 

that can be appropriately placed on the same continuum in between. The key in 

constructing antithesis items was to find those continua, and then to develop two words 

that represent the opposing polar ends to a continuum allowing other words to be placed, 

as well as developing response options that sensitively capture the extent to which 

respondents correctly encode, infer, map, and apply such an opposing relation 

(Grossnickle et al., 2016). The following example shows this process. 

After respondents encode the meaning of the two opposing terms (i.e., 

DIMUNITIVE: extremely or unusually small; COLOSSAL: extremely large), they must 

infer the underlying continuum represented by the two polar words (i.e., size). For 

assessing accuracy in encoding and inferencing, a text box is provided for respondents to 

name the specific continuum. A more precise answer demonstrates a higher level of 

accuracy in those processes. Next, respondents should map the inferred continuum to 

some candidate words in the search for a correct response that represents a meaning that 

fits somewhere between the two polar words along the same continuum. Finally, 

respondents should apply the information obtained from the three processes to the given 

options and evaluate which of the words is the best answer.  

DIMUNITIVE COLOSSAL 

 

E. PETITE 

F. HEAVY 

G. BONY 

H. MICROSCOPIC 

 

Name the continuum: 
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The response options for antithesis items included a correct response (i.e., 

PETITE) and three distractors that reflected a patterned deviation from the expected 

response:  a) a word that is unrelated to the continuum (i.e., BONY); b) a word that falls 

out of the continuum set by the two polar words (i.e., MICROSCOPIC; even smaller than 

DIMINUTIVE in size); c) a word represents a meaning related to the continuum in some 

way but not accurately reflecting the continuum (i.e., HEAVY; weight). 

 In summary, the guiding framework in the development of the R2W2 was to 

encourage individuals to reason the relations among relations for multiple given words. 

During such a deliberate reasoning process, their relational reasoning skills as well as the 

quality of their word meaning knowledge would be revealed. In the following sections, I 

delineate the item and scale development procedures of the R2W2. 

Scale Development Process 

Word Selection 

I followed the three-word-tier model proposed by Beck and McKeown (1985) 

when selecting the words to include in the R2W2. According to the three-word-tier model, 

Tier one words for college-age students represent those most basic words that rarely 

required instructional attention to their meanings in elementary or middle school, such as 

clock, baby, happy, walk. Tier two words, in contrast, represent high-frequency words 

that are widely used across a variety of domains in both oral and written language. Some 

typical Tier two words include coincidence, absurd, industrious, fortunate, benevolent, 

and perform. Tier two words play a significant role in readers’ repertoire and have been 

the primary focus of vocabulary instruction in primary school (Beck et al., 2002). Finally, 

Tier three words are those that only arise within specific domains, but rarely used or 
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encountered in every life, for example, isotope, lathe, and refinery. Thus, a rich 

understanding of Tier three words would not greatly benefit one’s verbal communication. 

Words that were included in the R2W2 were mostly Tier two words and some Tier 

three words with a small portion of Tier one words. Given the importance of Tier two 

words in readers’ verbal and written functioning, they made up for the most portion. 

Those are the words that college students have been exposed to, but their depth of 

understanding about these words and their nuanced meanings may not be part of their 

word knowledge, which make the Tier two words ideal for assessing the quality of word 

knowledge in the R2W2. Considering college students are advanced readers, some Tier 

three words were also included to ensure enough variability.  

Initial Scale Configuration 

The initial scales for the R2W2 each consisted of 16 multiple-choice items, which 

resulted in a total of 64 items for the entire measure. The number was more than the 

desired number of items (n=40) that I planned to include in the final version of the R2W2 

in case some of the initial items might not have proper item properties (i.e., item 

discrimination and difficulty) when tested in the pilot stage, which should be removed 

from the final pool then. This larger pool of items was constructed to allow for the 

selection of 10 items (2 sample items and 8 scored items) per scale based on item quality, 

discrimination and difficulty. Test items were initially developed and then revised 

iteratively based on the feedback from a group of experts (n=8) in relational reasoning 

and scale development from the University of Maryland (i.e., the Disciplinary Reading 

and Learning Research Lab). Then, the initial items were submitted to cognitive labs and 
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pilot tests to examine their functionality. Necessary revisions were made based on the 

empirical data to ensure proper item functionality. 

Phase II: Revision of the Initial Scales and Items 

 Revisions to the initial items in each of the four scales occurred as the result of 

two expert panels, a cognitive lab, and two pilot studies. 

Expert Panel 

Two expert panels were conducted to evaluate the scale validity and item quality 

of the R2W2. One panel occurred before pilot testing, and one occurred after. Revisions 

were made to items in all the four scales iteratively based on the experts’ feedback in the 

format of a particular scale and content of some specific items.  

Scale Format 

Revisions in scale format were mostly concerned with the Antithesis scale. 

During the first expert panel, the format of the original Antithesis scale was deemed 

problematic because it directed participants to select two words out six to place on the 

continuum denoted by two opposite polar words. See a sample item that follows. 

 

DIMUNITIVE COLOSSAL 

A. OVERWEIGHT 

B. LIGHT 

C. SUBSTANTIAL 

D. ENLARGED 

E. SCRAWNY 

F. PETITE 
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The problem with this item format was that participants could have relied on 

strategies other than antithetical reasoning to approach the items. For example, they could 

have correctly selected the target two words (i.e., HAPPY, SERENE) by searching for 

synonyms of the two given words (i.e., ELATED, DOWNCAST) without being engaged 

in antithetical reasoning. Therefore, the format of the Antithesis scale was revised into 

selecting only one word from four options to be placed on the continuum, rather than two 

out of six. Another concern triggered by the item format revision was that it could 

potentially lower the item difficulty rendering low variability for the Antithesis scale. 

Therefore, to prevent such situation, another revision to the item format was to add a text 

question to each Antithesis item asking individuals to name the continuum based on the 

two given opposite polar words in order to test whether individuals understand the 

semantic representation of the continuum.  

Another problem with the format of the Antithesis scale was identified during the 

second expert panel. In the original scale format, the text question in which participants 

name the continuum appeared following the selected-response question, which posed 

challenges to the interpretation of the correct response to the text question. As seen in the 

following example, it was difficult to determine whether participants were accurate in 

identifying the continuum, or simply primed by the selected-response question.  

For example, in the above example, according to the first pilot data, almost one 

third of participants’ text responses included the word BRIGHTNESS (i.e., one of the 

acceptable responses), which was a variant to option C (i.e., BRIGHT) in the selected-

response question of the same item. 
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Directions: The words shown below mark the opposite ends of a continuum. Select the 

word with the meaning that fits somewhere between the two opposite terms. 

 

It was possible that some of those participants might have just picked up the noun form of 

the word BRIGHT without necessarily accurately identified the underlying continuum 

being contrasted by DIM and BLINDING here. Therefore, as a solution, the format of the 

Antithesis scale was further revised into presenting the test question first followed by the 

selected-response question.  

Item Content 

Based on the expert panel, revisions were made to some specific items in each 

scale to improve the scale validity and item quality. For the Analogy items, items lacking 

equivalence at the point of mapping (i.e., relation between A and C terms) were revised. 

For example, one analogy item, DRIP: GUSH :: DENT : ?, was deemed problematic 

because there was no salient similarity or common attribute between DRIP and DENT. 

Therefore, the item was replaced.  

For certain anomaly items, revisions were made to ensure that there was only one 

single keyable option. For example, one original anomaly item consisted of the terms 

DIM BLINDING 

 

I. GAUDY 

J. WARM 

K. BRIGHT 

L. ACUTE 

 

Name the continuum: 
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SORROWFUL, REMORSEFUL, GUILTY, INQUISITIVE. During the expert panel 

meeting, it was determined that both GUILTY and INQUISITIVE could be keyable 

answers. Therefore, the word GUILTY was replaced by GRIEVED to ensure that the 

three words, SORROWFUL, REMORSEFUL, and GRIEVED, were bounded more 

closely semantically in that they all indicated the meaning of sadness to different degrees, 

whereas the target word INQUISITIVE represented a different emotion (i.e., curiosity). 

 

For the Antinomy scale, revisions were made to ensure that participants could not 

determine the correct response simply by identifying the part of speech of words. For 

example, as seen in the above example of an original antinomy item, all the four words in 

Set 1 were nouns, whereas all the word in Set 2 were verbs. It was possible that 

participants could have answered the question correctly by choosing a noun from the four 

given options so that the chosen word only belonged to Set 1 but not Set 2. In doing so, 

participants relied on the aspect of word knowledge (i.e., part of speech) other than the 

word meaning, which would harm the validity and reliability of the measure. Thus, 

revisions were made to those items to ensure that the four words within each set consisted 

M. CHUCKLE 

N. BRANCH 

O. CRY 

P. BARK 

Set 1 

CANOPY 

TRUNK 

FOLIAGE 

STUMP 

Set 2 

YELL 

HOWL 

ROAR 

SCREAM 
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of a mixture of words with different parts of speech (e.g., 2 verbs and 2 nouns) so that 

participants could not answer the items correctly solely based on part of speech. See a 

revised Antinomy item that follows. 

  

Finally, revisions were made to selected Antithesis items to ensure the two given 

polar words represented opposite ends of one continuum. For example, in the following 

original Antithesis item, the original two given words, BASS and SCREECH, were found 

problematic to denote extreme ends of pitch.  

 

A. NECK 

B. BRANCH 

C. CRY 

D. GROWL 

Set 1 Set 2 

DOG 

HOWL 

ROAR 

WOLF 

 

SEED 

TRUNK 

FOLIAGE 

SPROUT 

 

BASS SCREECH 

A. SILENCE 

B. INTONATION 

C. TENOR 

D. SHOUT 
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Thus, the item was revised into RUMBLE and SHRIEK, which formed a better contrast 

on the continuum pitch. Revisions were also made to the options, as shown in the 

following example. 

Cognitive Lab 

 After the initial test items of the R2W2 were drafted and iteratively revised based 

on the experts’ feedback, cognitive labs were conducted to gather feedback on: a) 

whether the items would measure the construct they were intended to; b) whether the 

directions were clear; c) whether there were particular problems with any items; d) 

whether some of the terms might be too complex for English second-language learners to 

reason through the items; and e) the estimated time to complete the R2W2. 

Participants came from two universities and included four graduate students 

pursuing degrees in the fields of educational psychology, counseling psychology, and 

second language acquisition, and two counseling psychology faculty. Three of these 

participants self-identified as native English speakers, and the other three self-identified 

as English second-language learners with Chinese as their first language. These 

individuals were selected based on their advanced reasoning ability and high level of 

English proficiency.  

 Think aloud procedures was used to gather information on how the participants 

reasoned through the various items and what issues or problems arose during the 

RUMBLE SHRIEK 

A. MUTE 

B. COMPLAIN 

C. UTTER 

D. TREMBLE 

 



 

 

82 

 

processing of those items. Before talking through their thought processes for each item, 

participants completed each scale (e.g., Analogy) silently, which allowed me to time their 

completion. I then explained the think-aloud technique to the participants and 

demonstrated with the two practice items in each scale before they started to do the think-

aloud for the formal test items. Participants were told to state out loud what they were 

thinking when they completed the scale. After completing each scale, participants were 

asked to summarize what knowledge they believed the scale measured. That question 

aimed to capture the extent to which the target constructs (i.e., analogical reasoning, 

anomalous reasoning, antinomous reasoning, antithetical reasoning, the quality of word 

knowledge) were captured in the assessment.  

All participants followed the directions and completed the four scales of R2W2 

silently in 18-35 minutes. They all mentioned that the test assessed different kinds of 

reasoning processes and word knowledge. Most of them were able to identify the specific 

form of relational reasoning, for example, describing the anomaly scale as “identifying 

outliers and synonyms,” and referencing the antinomy scale to assessing “knowledge of 

polysemous word,” and “complicated categorical reasoning.” The three English second-

language learners correctly answered at least 60% of all the items. Four items (i.e., one 

item per scale) were found not functioning very well. 
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They also commented the test measured very subtle and specific word relations.  

Participants reported that four items contained multiple keyable answers, or no best 

answer could be identified. Revisions were then made to those four problematic items. 

The revised items were later submitted to the same expert group for discussion and 

consensus. For example, in the following Antinomy item, participants reported that there 

were two keyable answers (i.e., FINE, SANCTION). Therefore, the item was further 

revised into the following: 

What follows is an example in which participants reported they could not identify 

the best answer because all the four words contained the meaning of “consistency.”  

 

 

 

Thus, the item was changed into the following:  
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Pilot Test 1 

 The purpose of the first pilot test was to examine the item difficulty, 

discrimination, and reliability for all the measures to be used in the later validation phase, 

as well as the applicability of time limit to complete the R2W2 among college students. 

Based on the empirical data, I aimed to select 8 test items out of the 14 per scale that had 

high discrimination and appropriate item difficulty to make the final version of the R2W2. 

I also planned to select 12 items from each of the two validation measures (i.e., SAT 

Math and SAT Verbal).  

Participants 

 Participants for the piloting phase were 102 undergraduate students recruited from 

two educational psychology courses at the University of Maryland during the Fall 2020 

semester. It was determined that around 100 participants would be enough to identify 

problematic items with inappropriate item discrimination or difficulty based on the 

classic test theory to make a final version of the R2W2, as well as for the two validation 

measures. Of the participants, 28.4% were male (n=29), and 69.6% were female (n=71). 

The sample included 5 freshmen (4.9%), 33 sophomores (32.4%), 40 juniors (39.2%), 

and 24 seniors (23.5%). The mean age was 20.45 with the standard deviation of 1.73 

years. For race distribution, 72.5% of the participants were White (n=74), 17.6% were 

Asian (n=18), 7.8% were African-American (n=8), 6.9% were Hispanic or Latino (n=7), 

and 1.0% was American Indian or Alaska Native (n=1). 85.3% of the participants 

identified English as their first language (n=87), and 9.8% of the participants did not 

identify English as their first language (n=10) with 4.9% of the participants selecting the 

option of “hard to say” as a response (n=5).   
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Measures 

 Measures for the pilot study included: (a) the Relational Reasoning with Words–

Initial Version (R2W2-I); (b) the SAT Verbal Section–Initial Version (SATV-I); and (c) 

the SAT Math Section–Initial Version (SATM-I). 

Relational Reasoning with Words-Initial Version. The initial version of the 

R2W2 consisted of 64 selected-response items in total, which included 4 scales 

corresponding to the four forms of relational reasoning with 16 items for each. Among 

the 16 items, the first two items were practice items with no additional feedback beyond 

the presentation of the correct answer. The remaining 14 items were formal test items 

without any feedback. Details of the items could be found in the section of Test 

Development. The total score of the R2W2-I was the total number of correct answers out 

of the 56 formal test items. 

SAT Verbal–Initial Version. An SAT Verbal measure (initial version) consisting 

of 18 selected-response items was compiled with previously administered and publicly 

released SAT sentence completion items. The SAT vocabulary was used to establish the 

predictive validity for the R2W2 in the later validation phase. Participants were instructed 

to choose one word from five options to fill into the blank of the given sentence. The total 

score for the SATV-I was the total number of correct answers out of the 18 items. A 

sample item is as follows. 

Directions: Each sentence below has one blank indicating that something has been 

omitted. Beneath the sentence are five words labeled A through E. Choose the 

word that, when inserted in the sentence, best fits the meaning of the sentence as a 

whole. 

 

Medieval kingdoms did not become constitutional republics overnight; on the 

contrary, the change was     .  
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A. unpopular 

B. unexpected 

C. advantageous 

D. sufficient 

E. gradual 

 

Only the released SAT sentence completion items with only one target word in a 

sentence were selected. Given the purpose of this measure was to measure participants’ 

word knowledge only for assessing the predictive validity of the R2W2, only the items 

that measure word knowledge should be included and those that tap into additional ability 

or knowledge should be excluded. Therefore, the sentence completion items with only 

one target word were included because they measured participants’ knowledge of 

contextual use for isolated words, which aligned with the definition of word knowledge 

in the current study. However, items with multiple target words were not viable and were 

excluded from this measure because those items usually comprised complex syntactic 

structures and semantic relations encoded in separate clauses, thus participants’ 

performance on those items would depend on their grammar knowledge and reasoning 

skills in addition to word knowledge. 

SAT Math–Initial Version. The SAT Math measure was used to establish the 

discriminant validity for the R2W2 in the later validation phase. The SAT Math measure 

(initial version) consisted of 16 selected-response items that had been used in Alexander 

et al. (2016), which were compiled from previously administered and publicly released 

SAT items. The total score of the SATM-I was the total number of correct answers out of 

the 16 items. The reliability of the SAT math section was reported as α = .74 (Alexander 

et al., 2015). A sample item is as follows. 



 

 

87 

 

 Directions: For this measure, solve each of the following problems. Then select 

the option that corresponds to your solution. The use of a calculator is permitted.  

 

 If 7.5 is x percent of 75, what is x percent of 10? 

A. 10 

B. 1 

C. 0.75 

D. 0.1 

E. 0.075 

 

Procedures 

Participants completed the first pilot test online via Qualtrics. Participants were 

asked to complete all the three measures in two sessions. In the first session, they were 

asked to complete the R2W2-I (time limit: 35 minutes). In the second session, they were 

asked to complete the SATV-I and SATM-I (around 30 minutes).  

For the R2W2 , the four scales were randomly presented to participants, which 

ensured that no certain scale would be left unfinished due to time constraint or fatigue 

effect. The presenting order of the 14 test items within each scale was also randomized 

for the same reason. Participants were only allowed to proceed to the next item if they 

had provided an answer to the current item. They were not allowed to go back and review 

or change their answers to the previous items. Considering the test aimed to reveal 

individual differences on the quality of word knowledge among college students, the 

authenticity of the data might be hampered if the participants look up the meaning of the 

test words in dictionaries.  

Therefore, to prevent such cheating behaviors, two approaches were adopted. 

First, I constrained a 35-minute time limit to the R2W2-I on Qualtrics. Before the test 

began, participants were told if they exceed the time limit, the test would be 

automatically terminated. The 35-minute time limit was determined since all the 
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participants in the cognitive lab were able to complete the R2W2-I silently under 35 

minutes. Secondly, the participants were told to complete the R2W2-I in one sitting, and 

not to leave the Qualtrics page during the test. I reasoned the two constraints would 

largely reduce the likelihood of cheating behaviors considering participants would be 

taking a low-stake test under time pressure. In addition, reaction time data were also 

collected for each item of the R2W2-I. 

For the SATV-I, the presenting order of the 18 items was randomized. 

Participants were only allowed to proceed to the next item if they had provided an answer 

to the current item. The same procedures applied to the SATM-I. Reaction time data were 

also collected for each item for these two measures. 

Analyses and Results 

  The main purpose of the first pilot test was to examine the overall functioning of 

the R2W2-I as well as the SATV-I and SATM-I and to select the appropriate items to be 

included in the final versions of those measures based on the empirical data under the 

framework of the classic test theory. Item selection was based on a comprehensive 

consideration of two factors, that were, the item discrimination and difficulty. 

Specifically, item discrimination was indicated by the item-total correlation, also referred 

as point-biserial correlation for dichotomous variables, which was calculated as the 

Pearson correlation between each item and the total score of a scale. For the R2W2-I, 

considering substantive conceptual distinction exists across the four scales, item 

discrimination was represented by the Pearson correlation of each individual item with 

the total score of the individual scale, whereas for SATV-I and SATM-I, item 

discrimination was calculated as the Pearson correlation of each item with the total score 
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of the whole test. Item difficulty was represented by the percentage of the sample that 

correctly answered each item.  

I selected a subgroup of the test items from the three measures (i.e., 32 test items 

for the R2W2-I, 12 for SATV-I, 12 for SATM-I) that were valid items with high 

discrimination and appropriate difficulty level. Although there is no census regarding 

optimal difficulty range in the field (Allen & Yen, 1979; Downing, 2006), I decided to 

keep the difficulty range between .3 and .8 to allow enough variability for our target 

population, while at the same time remain within the ideal range of scores from a 

classical test theory perspective (Wainer & Thissen, 2001). Item(s) with the difficulty 

level higher than .8 was included as sample item(s) in the final version of the measures to 

substitute the original one(s). If no such item is found for any scale of the R2W2-I or in 

SATV-I or SATM-I, the original sample items would be kept.  

The item selection procedures for the R2W2 were as follows: (a) items were sorted 

based on the discrimination level from the highest to the lowest within each scale; (b) the 

item with the highest discrimination level was considered as a candidate item; (c) item 

difficulty was evaluated. If the candidate item was found to have the difficulty level 

outside the range of .3 and .8, it would be eliminated from further consideration. The 

same procedures were repeated for the next item with a lower discrimination level on the 

list. The selection procedures were iterated and terminated until a sufficient number of 

selected items was reached (i.e., 8 items per scale). The selected items were reviewed for 

a final quality check. If any of the selected items was found to be problematic during this 

process, that item would be dropped and another item would be selected based on the 

same procedure from the item pool of the same scale. 
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For example, in the Analogy scale of the R2W2-I, although Item #10 had the 8th 

highest discrimination, it was excluded because its difficulty level fell out of the .3-.8 

range. The next item with a relatively lower discrimination was Item #4. It was later 

eliminated from the final version because it was determined not to have proper item 

quality, given the mapping relation between the two words, LURE and ENCOURAGE, 

was not clear. Therefore, the following item on the list, Item #12 was selected given its 

proper difficulty and quality. Moreover, across the four scales of the R2W2-I, only one 

item, Anomaly #8, was found to have a difficulty level over .8. Therefore, this item 

substituted the original Sample Item 2 to be the sample item in the final version of the 

Anomaly scale. The original sample items were as they were for the other three scales in 

the final version of the R2W2. The item discrimination and difficulty statistics of the 

R2W2-I are presented in Table 3. 

The same selection procedures were applied to SATV-I and SATM-I, except that 

a wider ideal range of difficulty level was considered (i.e., .2-.8) when evaluating which 

items to include in the final versions of those measures. This slight change in item 

selection criterion compared to the R2W2 was because: (a) only 10 items in the SATV-I 

had the difficulty level within the range of .3-.8, which did not meet the optimal number 

of items (i.e., 12) to be included in the final version of SAT Verbal; 
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Table 3 

Discrimination and Difficulty Level for Items of the Relational Reasoning with Words – Initial Version 

Scale Item No. Item Discrimination Item Difficulty 

Analogy 3* .59 .66 

 1* .54 .69 

 13* .49 .51 

 7* .47 .59 

 5* .47 .73 

 9* .45 .66 

 2* .45 .64 

 10 .37 .28 

 4 .36 .47 

 12* .34 .42 

 8 .31 .53 

 6 .28 .46 

 11 .28 .37 

 14 .20 .43 

Anomaly 14* .56 .40 

 2* .51 .66 

 9* .49 .42 

 11* .49 .53 

 13* .44 .51 

 10* .44 .47 

 3* .43 .74 

 7 .41 .26 

 6* .38 .33 

 8** .39 .84 

 5 .29 .16 

 12 .25 .70 

 1 .17 .54 

 4 .12 .62 

Antinomy 3* .66 .57 

 4* .54 .57 

 1* .53 .69 

 5* .53 .78 

 7* .48 .74 

 6* .47 .71 

 10* .46 .39 

 9* .44 .61 

 2 .40 .32 

 14 .38 .22 

 8 .36 .44 

 13 .31 .40 

 12 .30 .43 
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 11 .29 .53 

Antithesis 3* .83 .73 

 5* .82 .46 

 13* .79 .75 

 8* .78 .65 

 12* .77 .54 

 9* .75 .65 

 6* .72 .60 

 7* .70 .29 

 2 .66 .15 

 14 .61 .29 

 1 .61 .54 

 10 .59 .29 

 11 .52 .10 

 4 .21 .13 

Note. Items are arranged in the descending order based on the item discrimination. Data presented for 

the Analogy, Anomaly, and Antinomy scales were calculated based on the first pilot data. Data 

presented for the Antithesis scale were calculated based on the second pilot data with the updated 

version of the Antithesis scale. * indicates the selected test items to be included in the final version 

of the R2W2. ** indicates the selected sample item to be included in the final version of the R2W2. 

 

 (b) all items in SATV-I and SATM-I were established items published by the ETS, 

which provided evidence that the items with lower difficulty level (.2-.3) would not be 

invalid items. No items were found with a difficulty level over .8 in either of the SATV-I 

or SATM-I. Thus, the original sample items were kept in the final versions of these two 

measures. The item discrimination and difficulty statistics of the SATV-I and SATM-I 

are presented in Table 4.  

Following the aforementioned procedures, 8 out of 14 items from the first three 

scales of the R2W2-I (i.e., Analogy, Anomaly, Antinomy) were selected to be included in 

the final version of the R2W2 (R2W2-F). 12 out of the 18 items from the SATV-I, and 12 

out of the 15 items from the SATM-I were selected to make the final versions of those 

measures (SATV-F; SATM-F). The selected items were marked in Table 3 and 4.  
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Table 4 

Discrimination and Difficulty Level for Items of the SAT Verbal Section – Initial Version and the 

SAT Math section – Initial Version 

Measure Item No. Item Discrimination Item Difficulty 

SATV-I 7* .65 .40 

 4* .63 .52 

 8* .61 .44 

 15* .60 .40 

 13* .57 .33 

 9* .55 .21 

 11* .51 .44 

 10* .49 .26 

 1* .46 .46 

 2* .46 .48 

 18* .46 .24 

 6* .43 .29 

 17 .43 .17 

 5 .32 .22 

 14 .31 .25 

 3 .29 .30 

 12 .26 .16 

 16 .14 .24 

SATM-I 15* .70 .54 

 13* .60 .62 

 1* .59 .37 

 10* .57 .48 

 3* .56 .58 

 14* .56 .59 

 7* .52 .60 

 11* .50 .65 

 5* .49 .55 

 9* .49 .42 

 2* .48 .22 

 12* .48 .45 

 6 .44 .17 

 8 .40 .56 

 4 .30 .37 

Note. SATV-I stands for the SAT Verbal Section – Initial Version; SATM-I stands for the SAT 

Math Section – Initial Version. Items are arranged in the descending order based on the item 

discrimination. Data presented were calculated based on the first pilot data. * indicates the 

selected items to be included in the final versions of the SATV and SATM. 

 

The internal consistency reliability of the selected items as indexed by Cronbach’s alpha 

was .81 for the first three scales of the R2W2, and .64, .60, and .71 for the Analogy, 
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Anomaly, and Antinomy scales respectively. The internal consistency reliability of the 

selected items for the SATV and SATM was .80 and .80 respectively. 

As mentioned, during the second expert panel after the first pilot data were 

collected, several problems were identified in terms of item format and content for the 

Antithesis scale. Therefore, a major revision was made to the Antithesis scale to make an 

updated version and passed through the expert review process. It included the following 

changes: a) the test question would precede the selected-response question for each item; 

b) seven problematic items were revised or rewritten to attain ideal construct validity. A 

second pilot test was carried out to examine the item functioning of the updated version 

of the Antithesis scale. 

Pilot Test 2 

Participants 

 Participants for the second pilot test were 48 adults aged between 18 and 25 with 

at least a high school degree obtained from the U.S. Participants were recruited from late 

December 2020 to early January 2021 via the Amazon Mechanical Turk platform, and 

each participate received a reward of $1 for their participation.   

Measures 

 The measure used in the second pilot study was the updated Antithesis scale of 

the R2W2. There were 2 sample items followed by 14 test items. For each item, 

participants were presented with a continuum represented by two opposite ends. They 

were first asked to identify and type the name of the continuum in a text question. In the 

following page, they were instructed to select one from four options that could be placed 

on the same continuum based on its meaning. The correct answer to each of the sample 
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items was presented to the participant after they complete each item. No feedback was 

given for the 14 test items. 

The scoring of the antithesis scale consisted of two parts. Participants’ responses 

to the text questions were graded based on a scoring key that listed acceptable responses 

for each question. Once a scoring key was drafted, it was submitted to the same expert 

panel as in the revision stage for approval. Revisions were made according to the experts’ 

feedback. The final version of the scoring key is displayed in Table 5. Participant would 

receive 0.5 point for each item if his/her text input was listed on the scoring key, 

otherwise 0. For the selected-response questions, 0.5 point would be awarded to each 

correct response, and 0 to an incorrect response. The total score of the antithesis scale 

would be the total scores for all the text and selected-response questions added up. What 

follows is a sample item from the updated Antithesis scale:  

Directions: The words shown below mark the opposite ends of a continuum.  

 

 

 

 

In the box below, identify what that continuum represents. 

 

 

 

*** page break in Qualtrics *** 

 

For this item, select the word with the meaning that fits somewhere between the 

two opposite terms. 

 

 

 

A. HOSTILE 

B. ACQUAINTED 

C. WRETCHED 

D. FRAGILE 

  

DISTANT INTIMATE 

closeness (acceptable response) 

DISTANT INTIMATE 
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Table 5 

Scoring Key for the Constructed-Response Items of the Antithesis Scale 

Item No. Acceptable Responses 

Sample 1 temperature 

Sample 2 closeness 

1 size, magnitude 

2 retention, possession, keeping 

3 light*, brightness, luminosity 

4 decision making, problem solving, practicality, how something is 

realistic/idealistic 

5 flow*, movement, water/liquid speed 

6 active*, energy level, liveliness 

7 anger, frustration, upset, irritation, annoyance 

8 mood, feeling, emotional state, happiness 

9 price, cost 

10 stability, volatility, change* 

11 pitch, tone 

12 bravery, courage, fear 

13 expertise, competence, ability, skill, performance, experience, knowledge, 

capability 

14 order*, peace*, serenity 

Note. * represents the variants of the given word.  

 

Procedures 

Participants completed the second pilot study online via Qualtrics. The 14 test 

items were presented in random order to ensure that no certain item would be left 

unfinished or guessed due to fatigue effect. Participants were only allowed to proceed to 

the next item if they had provided a response to the current one. They were not allowed to 

go back to review or change their responses to the previous items. Reaction time data 

were collected for each item. 

Analyses and Results 

 The same criteria and procedures of the item selection for the R2W2-I were 

applied to selecting the 8 best items with high discrimination and appropriate difficulty 
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level (.3-.8) from the updated version of the Antithesis scale. The item discrimination 

data represented by item-total Pearson correlation and difficulty level indicated by the 

percentage of the sample that got the full score (i.e., 1) for each item are presented in 

Table 3. The 8 items with the highest discrimination level were all found to fall within 

the ideal range of difficulty level. No item was found to have a difficulty level over .8. 

Thus, the original sample items were kept in the final version of the Antithesis scale. The 

internal consistency reliability of the selected Antithesis items from the updated version 

as indexed by Cronbach’s alpha was .91. 

Finalized Item Format 

Analogy 

The 8 finalized analogy items took the format of the classic analogy problems 

(Goswami, 1992; Klix, 1992; Sternberg, 1981). All words in a given item belonged to the 

same part of speech. Participants were directed to complete the word analogy problems as 

illustrated in a following example item. The total score of the analogy scale was the 

number of items answered correctly. 

Directions: This is a pattern that is not yet complete. Find the missing term from 

those below that completes the pattern.  

 

WHISPER : SHOUT :: WHIMPER : ?       

 

A. ORATE 

B. WAIL 

C. MUMBLE 

D. WEEP  

 

Anomaly 

The 8 finalized anomaly items assessed participants’ ability to identify semantic 

outliers. All words in a given item belonged to the same part of speech. Participants were 
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directed to complete the anomaly items as illustrated in a following example item. The 

total score of the anomaly scale was the number of items answered correctly. 

Directions: In the item below, three of the four words follow a particular pattern 

in terms of their meaning. Select the word that does not follow the same pattern 

in meaning as the other three. 

 

A. GRIEVED  

B. INQUISITIVE 

C. REMORSEFUL 

D. SORROWFUL 

 

Antinomy 

The 8 finalized antinomy items measured participants’ antinomous reasoning 

ability as well as their word meaning knowledge, especially for words that have multiple 

meanings with the same spelling pattern. Participants were directed to complete the 

antinomy items as illustrated in a following example item. The total score of the 

antinomy scale was the number of items answered correctly. 

Directions: In the item below, there are two distinct sets of words (Set 1 and Set 

2). Within each set, the words fit together according to their meaning. Select one 

of the four given words that fits only in Set 1, but not Set 2.  

 

 

 

 

 

 

 

 

 

 

 

A. DOME 

B. CLAW 

C. PAVE 

D. WING 

 

Set 1 Set 2 

BASEMENT 

HALL 

BUILD 

RENOVATE 

 

TAIL 

BEAK 

PECK 

FLY 

 



 

 

99 

 

Antithesis 

The 8 finalized antithesis items assessed participants’ antithetical reasoning and 

their knowledge of words that represent opposite meanings. All words in a given item 

belonged to the same part of speech. Participants were directed to complete the antithesis 

items as illustrated in a following example item. The total score of the antithesis scale 

was the total scores for all the text and selected-response questions added up. Details of 

the scoring can be found in the section of Pilot Test 2. 

 

Directions: The words shown below mark the opposite ends of a continuum. 

 

 

In the box below, identify what that continuum represents. 

 

 

 

*** page break in Qualtrics *** 

 

For this item, select the word with the meaning that fits somewhere between the 

two opposite terms. 

 

 

 

E. PETITE 

F. HEAVY 

G. BONY 

H. MICROSCOPIC 

 

 

Phase III: Validation 

Planned Sample Size and Justification  

I initially planned to recruit at least 250 participants for the validation phase from 

the undergraduate student population at the University of Maryland through several 

DIMINUTIVE COLOSSAL 

size (acceptable response) 

DIMINUTIVE COLOSSAL 
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educational psychology courses in Spring 2021. The minimum sample size was 

determined considering three factors: an existing study testing the structure for a similar 

scale (vTORR; Alexander et al., 2016), the results from a series of Monte Carlo 

simulation analyses, and practical constraints. 

First, I ran a series of Monte Carlo simulation analyses on the three models to be 

tested (see Figure 3) to examine the statistical power and estimation bias rates for 

parameter estimates in the models that were central to this study’s purposes. Muthen and 

Muthen (2002) suggested that the sample size should ensure that all parameter and 

standard error bias rates do not exceed 10%, the 95% coverage for all parameters remains 

between .91 to .98, and the power for central parameters are close to .80. 

The Monte Carlo (MC) simulation required specifying the effect sizes for each 

path of the model. Following recommended practice (Muthen & Muthen, 2002; Zhang et 

al., 2019) in specifying population parameter estimates, where applicable, estimates from 

existing studies were used. Specifically, I used the same estimation method (i.e., a robust 

weighted least squares estimation with theta parameterization) as specified in Alexander 

et al. (2016) for the MC simulation. Moreover, I used available values from Alexander et 

al. (2016) on vTORR for latent factor correlations and variances; and used their average 

factor loading and average residual variance among the items loaded on each factor 

(because items of the R2W2 were different from vTORR so there is no one-on-one 

correspondence) as the estimates for my factor loadings and residual variances. 

Alexander et al. (2016) did not report the threshold estimates for each item, so I used the 

threshold estimates from my preliminary analysis with the first pilot data for the 

simulation.  
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MC simulation results for the second model in Figure 3 are presented in Table 6. 

With a sample size of 250, from the perspective of estimation bias, all bias rates, 

including estimates for parameters and their standard errors, fell within the acceptable 

range of <10%. All 95% coverage rates also reached .90. These results supported the 

estimation accuracy of all the parameters in the four-factor model (Model B in Figure 3) 

of the R2W2 with a sample of 250 participants. Moreover, with a sample size of 250, the 

average estimated the root mean square error of approximation (RMSEA) for the four-

factor model was .009 (SD=.007) with 1,000 successful computations, which suggested 

that four-factor model under the current model specification was likely to fit the 

empirical data with a sample size of 250. However, from the perspective of the statistical 

power, all the factor loadings and latent factor correlations had power over .80, but 9 

threshold estimates had low power (4 of them > .60, closer to the threshold of .80). I also 

experimented with increasing the sample size to 300, 350, 400, and 1,000 in the MC 

estimation. It seemed in all these situations, there were a few underpowered threshold 

estimates. Even with a sample size of 1,000, there was a threshold estimate with a power 

of .79. However, practical constraints and available resources have prevented the 

collection of 1,000 responses at this stage. 

Moreover, the current study did not aim to fully calibrate the items of the R2W2 – 

to provide accurate item parameters under the IRT for future scoring purposes, but rather 

to test the factor structure to see if the empirical evidence supports the theoretical 

framework guiding the development of the R2W2. The ideal model for the calibration 

purpose of the R2W2, which should be used for future scoring purposes, would be a very 

complex multidimensional IRT model that disentangles the contributions of word   
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Table 6 

MC Simulation Results for N=250 

 Pop Para 

Average  

Pop Est. SD 

Average 

SE MSE 95% cover Power 

Bias 

(para) Bias (SE) 

Analogy (AG)          

SAG3 .59 .61 .13 .12 .02 .95 1.00 .03 .06 

SAG1 .59 .60 .13 .13 .02 .94 1.00 .02 .05 

SAG13 .59 .61 .12 .11 .01 .95 1.00 .03 .05 

SAG7 .59 .61 .12 .12 .02 .96 1.00 .03 .03 

SAG5 .59 .61 .14 .13 .02 .96 1.00 .04 .08 

SAG9 .59 .61 .13 .12 .02 .95 1.00 .03 .07 

SAG2 .59 .61 .12 .12 .02 .95 1.00 .03 .03 

SAG12 .59 .60 .12 .11 .02 .94 1.00 .02 .09 

Anomaly (AM) 
         

SAM14 .36 .37 .10 .09 .01 .95 .99 .02 .07 

SAM2 .36 .37 .10 .10 .01 .95 .99 .03 .06 

SAM9 .36 .37 .10 .09 .01 .95 .99 .03 .08 

SAM11 .36 .37 .09 .09 .01 .96 .99 .03 .01 

SAM13 .36 .37 .09 .09 .01 .95 1.00 .03 .03 

SAM10 .36 .37 .10 .09 .01 .95 .99 .02 .05 

SAM3 .36 .37 .11 .11 .01 .94 .97 .04 .07 

SAM6 .36 .37 .10 .09 .01 .94 .99 .03 .06 

Antinomy (AN) 

         

SAN3 .53 .54 .12 .11 .01 .95 1.00 .02 .04 

SAN4 .53 .55 .12 .11 .01 .95 1.00 .03 .04 

SAN1 .53 .55 .13 .12 .02 .95 1.00 .04 .07 

SAN5 .53 .55 .14 .14 .02 .96 1.00 .04 .04 

SAN7 .53 .55 .13 .13 .02 .96 1.00 .03 .04 

SAN6 .53 .55 .13 .13 .02 .95 1.00 .04 .07 

SAN10 .53 .54 .12 .11 .01 .95 1.00 .03 .04 

SAN9 .53 .55 .13 .12 .02 .95 1.00 .03 .07 

Antithesis (AT) 

         

SAT3 .60 .63 .18 .17 .04 .95 .99 .05 .06 

SAT5 .60 .62 .15 .14 .02 .96 1.00 .04 .05 

SAT13 .60 .63 .15 .14 .02 .96 1.00 .05 .05 

SAT8 .60 .62 .14 .13 .02 .95 1.00 .03 .07 

SAT12 .60 .62 .14 .14 .02 .95 1.00 .03 .04 

SAT9 .60 .62 .15 .13 .02 .95 1.00 .04 .10 

SAT6 .60 .63 .15 .14 .02 .96 1.00 .04 .07 

SAT7 .60 .62 .14 .13 .02 .95 1.00 .04 .08 

AM with 

         

AG .93 .94 .09 .08 .01 .94 1.00 .01 .10 

AN .90 .91 .09 .09 .01 .95 1.00 .01 .06 

AT .53 .55 .11 .10 .01 .93 1.00 .04 .05 



 

 

103 

 

AN with 

         

AG .68 .69 .08 .07 .01 .92 1.00 .02 .08 

AT .56 .57 .09 .08 .01 .92 1.00 .02 .08 

AT with 

         

AG .58 .59 .08 .07 .01 .93 1.00 .01 .03 

Threshold 

         

SAG3 -.56 -.57 .10 .09 .01 .95 1.00 .02 .04 

SAG1 -.68 -.70 .11 .10 .01 .94 1.00 .02 .06 

SAG13 -.13 -.14 .08 .08 .01 .95 .40 .01 .04 

SAG7 -.34 -.34 .08 .08 .01 .95 .99 .01 .00 

SAG5 -.80 -.82 .12 .11 .01 .96 1.00 .03 .07 

SAG9 -.56 -.57 .10 .09 .01 .95 1.00 .02 .03 

SAG2 -.52 -.53 .09 .09 .01 .95 1.00 .01 .03 

SAG12 .11 .11 .08 .08 .01 .95 .29 .02 .01 

SAM14 .17 .17 .08 .08 .01 .94 .63 .00 .02 

SAM2 -.54 -.55 .09 .08 .01 .95 1.00 .02 .03 

SAM9 .12 .12 .08 .08 .01 .96 .35 .02 .00 

SAM11 -.17 -.17 .08 .08 .01 .94 .64 .00 .04 

SAM13 -.12 -.12 .07 .08 .01 .96 .37 .02 .01 

SAM10 -.10 -.11 .07 .07 .01 .95 .30 .03 .01 

SAM3 -.81 -.82 .09 .09 .01 .96 1.00 .02 .02 

SAM6 .36 .37 .08 .08 .01 .96 1.00 .01 .01 

SAN3 -.26 -.27 .08 .08 .01 .96 .92 .01 .00 

SAN4 -.28 -.29 .08 .08 .01 .94 .95 .03 .02 

SAN1 -.63 -.65 .10 .10 .01 .96 1.00 .02 .02 

SAN5 -.89 -.92 .12 .11 .02 .95 1.00 .02 .07 

SAN7 -.78 -.79 .10 .10 .01 .96 1.00 .02 .00 

SAN6 -.67 -.69 .10 .10 .01 .95 1.00 .02 .03 

SAN10 .21 .21 .08 .08 .01 .95 .75 .01 .03 

SAN9 -.34 -.35 .09 .08 .01 .95 .99 .04 .02 

SAT3 -1.12 -1.17 .17 .16 .03 .97 1.00 .04 .06 

SAT5 -.67 -.69 .11 .10 .01 .95 1.00 .03 .05 

SAT13 -.72 -.74 .11 .11 .01 .96 1.00 .03 .03 

SAT8 .21 .22 .08 .08 .01 .95 .75 .00 .02 

SAT12 -.63 -.65 .10 .10 .01 .97 1.00 .02 .00 

SAT9 -.36 -.37 .09 .09 .01 .95 1.00 .03 .01 

SAT6 -.61 -.63 .11 .10 .01 .95 1.00 .03 .07 

SAT7 -.37 -.38 .09 .09 .01 .96 1.00 .03 .04 

 

knowledge from relational reasoning ability to each test-taker’s performance on the 

R2W2. It would require thousands of data points for model convergence. At the relative 

early stage for this program of investigation, it was both necessary and practical to first 
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examine the factor structure of the R2W2 before fully calibrate it with the complex model. 

Therefore, although certainly a limitation, the issue of low statistical power for some 

threshold estimates given a sample size of 250 did not seem to be central for the current 

research goal. 

Finally, an existing study (Alexander et al., 2016) tested the factor structure of 

vTORR, which followed the same relational reasoning framework as the current study, 

involved 200 participants at the validation stage. This former practice provided some 

empirical support on the sample size.  

Participants 

The recruited participants in this study were 338 undergraduate students from 4 

universities: University of Maryland-College Park (n=186), University of Wisconsin-

Milwaukee (n=64), State University of New York at Albany (n=37), and Pennsylvania 

State University (n=28). A total of 23 students did not report their university names. 

Among them, 246 (72.8%) identified as female, 69 (20.4%) identified as male, 8 (2.4%) 

reported gender non-binary/non-conforming/self-describe or “prefer not to answer,” and 

15 students did not report gender. Their age ranged from 18 to 55 years (M = 21.90, SD = 

4.98). In terms of race/ethnicity, 41 (12.1%) identified as African American, 35 (10.4%) 

identified as Asian/Asian American, 32 (9.5%) identified as Hispanic, 180 (53.3%) 

identified as White, 4 (1.2%) identified as Other, and 31 (9.2%) identified as biracial or 

multiracial. In addition, 15 students (4.4%) did not report their race/ethnicity. Regarding 

class standing, 59 (17.5%) were freshman, 69 (20.4%) were sophomore, 97 (28.7%) were 

junior, 61 (18.0%) were senior, and 52 (15.3%) had missing values. On the question of 
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whether English is their first language, 282 (83.4%) reported yes, 35 (10.4%) reported no, 

6 (1.8%) reported “hard to say,” and 15 (4.4%) cases had missing values.  

Measures 

 The sample items of the measures can be found in the Appendix. 

Demographics 

 The demographics measure consisted of questions pertaining to participants’ age, 

class standing, major, race/ethnicity, gender, and self-identified native language.  

Relational Reasoning with Words - Final Version 

 The final version of the R2W2 consisted of 8 sample items and 32 test items 

arranged in four scales selected from the initial version. More details can be found in 

Phase I and II.  

Test of Relational Reasoning 

Test of Relational Reasoning (TORR) was used to establish convergent validity 

for the R2W2. TORR is a 32-item fluid measure that assesses four distinct forms of 

relational reasoning ability–analogy, anomaly, antinomy, and antithesis. Each scale 

begins with two sample items intended to familiarize participants with the specific 

directions and procedures of the eight test items in that scale. For each item, the written 

directions were presented at the top followed by a figure problem with four response 

options displayed below. Figure 2a-2d present one sample item from each scale. The 

sample items were not scored, and participants were provided with the correct answer 

option once they select a response. Beyond the correct answer option, no additional 

feedback or explanation was presented for any sample or test item.  
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 For the Analogy scale (Fig. 2a), participants were directed to select a shape from 

the four options that could complete the given pattern. For the Anomaly items (Fig. 2b), 

participants were told to select one figure from the given four ones that did not belong. 

For the Antinomy scale (Fig. 2c), participants were shown with two sets of objects (Set 1 

and Set 2), and were instructed to select the figure from the given four options that could 

only be a member of Set 1, but not Set 2. Finally, for the Antithesis problems (Fig. 2d), 

participants were presented with a change process, and were directed to select the option 

representing the opposite of that given process. One point was awarded for each correct 

response on the TORR (excluding sample items) with a maximum score of 32. 

 

Figure 2 

Sample Items from the TORR for the (a) Analogy, (b) Anomaly, (c) Antinomy, and (d) 

Antithesis scales 

a.  b.   

c.   d.  
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 The reliability and validity of the TORR has been established in Alexander et al. 

(2016). The reliability of TORR as measured by Cronbach’s alpha were .84 and .82 at 

two times. The test-retest reliability of TORR was .71 (p < .001). Moreover, TORR was 

found to be significantly and moderately correlated with the Raven’s Progressive 

Matrices (RPM), confirming its convergent validity. The low-moderate correlation of 

TORR and Shapebuilder, a measure of working memory, at r = .31 (p = .02), supported 

the discriminant validity for TORR. Further, TORR was found to significantly predict 

college students’ performance on both the verbal and math SAT items (R2 = .37 for verbal 

and R2 = .13 for math; Alexander et al., 2016), which confirmed the predictive validity of 

TORR. 

SAT Verbal – Final 

 The final version of the SAT Verbal (SATV-F) consisted of 12 selected-response 

items. Please refer to the section of Pilot Test 1 for more details. 

SAT Math – Final 

 The final version of the SAT Math (SATM-F) consisted of 12 selected-response 

items. More details of the items can be found in the section of Pilot Test 1. 

Procedures 

I reached out to course instructors from the aforementioned four universities and 

requested their assistance in distributing the flyer of this study in the undergraduate 

courses they were teaching. All students registered in those courses were invited to 

participate in the study. Participation was voluntary, and participants could withdraw 

freely from the study at any time. To compensate for their time, participants were offered 

an opportunity to enter their email addresses into a raffle for one of three $100 Amazon 
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gift cards. Further, at the discretion of the individual course instructor, students who 

completed the study might receive between 1%-2% of extra credits for research 

participation in their registered course. 

Participants completed all the measures for the validation phase online via 

Qualtrics in two sessions. In the first session, they were asked to complete the consent 

form (2 minutes), demographic measure (about 3 minutes), the R2W2 (time limit: 35 

minutes) and the SAT Verbal (about 15 minutes). In the second session, they were asked 

to complete the TORR (about 45 minutes), and then the SAT Math (about 15 minutes).  

The procedures followed for this validation phase were the same as those 

described in Pilot Study 1.  

Data Analysis for Research Question 1 

 The first research question pertained to the examination of the overall factor 

structure, reliability at the test and scale level, item properties, and validity of the R2W2. 

First, in order to test the overall factor structure, I performed a confirmatory item factor 

analysis to test three theoretically viable models. Model A was a one-factor model in 

which the general latent factor labelled as verbal relational reasoning explained the 

relations between the 32 items. Model B was a four-factor model, where the four scales 

of items were loaded on four related latent factors representing the corresponding forms 

of relational reasoning. Model C was a higher-order model in which a general 

overarching verbal relational reasoning factor explained the correlations among the four 

specific latent factors that represented the four forms of relational reasoning.  

The three models are presented in Figure 3. A combination of model fit indices 

would be used to determine which model best fitted the data. In particular, along with a 
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chi-square statistic used to assess the absolute fit of a model, Hu and Bentler (1999) 

recommended CFI ≥ .95, TLI ≥ .95, RMSEA ≤ .06, and SRMR ≤ .08 as criteria for good 

model fit.  

 

Figure 3 

Three Theoretically Viable Models of Relational Reasoning Tested by Means of 

Confirmatory Item Factor Analyses 

 
*Note: Only 4 items for each scale are represented, although all 8 would be included in analysis. 
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Second, the reliability coefficient of McDonald’s ω (McDonald, 1985, 1999) was 

examined for the total score of the R2W2 with the 32 items and the four respective scale 

scores under the appropriate measurement model. McDonald’s ω was chosen over the 

traditional Cronbach’s α coefficient to gauge internal consistency reliability because it 

does not hold a strong assumption that all items are loaded equally on their respective 

latent factors, which is rarely met in practice (McDonald, 1985, 1999). Therefore, 

McDonald’s ω calculated from an appropriate measurement model should be considered 

a more accurate measure of internal consistency reliability than the Cronbach’s α (Dunn 

et al., 2016).  

 Third, three types of validity for the R2W2 were examined, including convergent, 

discriminant, and predictive validity. Specifically, convergent validity was evidenced by 

significant and positive association between R2W2 and TORR, predictive validity was 

evidenced by significant and positive association between R2W2 and the SAT Verbal, and 

discriminant validity was evidenced by a weaker link between R2W2 and the SAT Math 

compared to the aforementioned two correlations. For the validity tests, I first computed 

the bivariate Pearson correlations between the total scores of R2W2, TORR, SAT Math, 

and SAT Verbal. Further, I ran a structural equation model to examine the associations 

between these four constructs in a statistically more rigorous way, given that bivariate 

correlations cannot account for measurement errors and cannot examine the unique 

association between R2W2 and any validity measure while controlling for the effects of 

other related measures. 
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Unique Contributions of Word Knowledge and Relational Reasoning 

 By integrating the relational reasoning framework with word knowledge, the 

R2W2 provided a new approach to measuring word knowledge quality. Good performance 

on the R2W2 required participants to know the meaning of a large number of words on a 

deep level as well as to have an adequate relational reasoning ability. In addition to the 

development and validation of the R2W2, this study examined the unique contributions of 

word knowledge and relational reasoning ability to college students’ performance on the 

R2W2. 

Data Analysis for Research Question 2 

The second research question focused on disentangling of the unique 

contributions of relational reasoning ability and word knowledge to college students’ 

performance on the R2W2. This was done on the test, scale, and item levels, respectively.  

Disentangling Contributions at the Test Level 

 To decompose the contributions at the test level, I used structural equation 

modeling to reduce measurement error and account for the latent factor structure given 

that both the TORR and the R2W2 consisted of four distinct yet related scales. In a 

multiple regression framework, it is regarded as statistically superior to the use of the 

total scores only for these tests (Kline, 2015). Specifically, a latent variable of figural 

relational reasoning was modeled by the four scale scores of the TORR, and a latent 

variable of word relational reasoning was modeled by the four scale scores of R2W2 (see 

Figure 8). Moreover, the word relational reasoning factor was regressed on the latent 

figural relational reasoning factor and the total score of SAT Verbal while controlling for 

participants’ self-identified first language and the correlation between the latent relational 
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reasoning factor and the total score of SAT Verbal. Of note, the first language question 

was coded as a binary variable with 1 = Yes and 0 = No. The standardized path 

coefficients from the latent factor for TORR and SAT Verbal to the latent R2W2 were 

interpreted as the effect sizes of the unique contributions of relational reasoning ability 

and word knowledge to the performance of the R2W2. 

Disentangling Contributions at the Scale Level 

The scale-level examination investigated the extent to which each of the four 

scales of the R2W2 uniquely loaded on the latent relational reasoning factor and the latent 

word knowledge factor respectively. In other words, I tested the extent to which the latent 

relational reasoning and word knowledge factors explained the variances of each of the 

four scales of R2W2. A structural equation modeling analysis (see Figure 9) was 

performed. Specifically, the four scale scores of the R2W2 were double loaded on two 

latent factors: a latent relational reasoning factor and a latent word knowledge factor. The 

four corresponding scale scores of the TORR were solely loaded on the relational 

reasoning factor, and the total score of the SAT Verbal was solely loaded on the word 

knowledge factor. The standardized path coefficients from the latent relational reasoning 

factor to the four scales of R2W2 indicated the contributions of relational reasoning to the 

four scale scores of R2W2, and similarly the standardized path coefficients from the latent 

word knowledge factor to the four scales of R2W2 indicated the contributions of word 

knowledge to the four scale scores of R2W2.  

Disentangling Contributions at the Item Level 

 At the item level, I examined the unique contributions of relational reasoning 

ability and word knowledge to R2W2 by running four latent factor IRT models. The 
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proposed measurement model is presented in Figure 4. Each of the eight items from each 

scale of the R2W2 were loaded on two latent factors (i.e., a latent relational reasoning 

factor and a latent word knowledge factor). In addition, within the same model, the 8 

items from the corresponding scale of the TORR were solely loaded on the relational 

reasoning factor, and the 12 items from the SAT Verbal were solely loaded on the word 

knowledge factor. The same procedure was repeated for the four scales of the R2W2 and 

TORR, resulting in four two-factor IRT models.  

The rationale for building this measurement model was to separate the variance of 

relational reasoning and word knowledge entangled in the R2W2 at the level of each item 

with two distinct measures that “purely” assessed relational reasoning and word 

knowledge respectively. Therefore, the items from the TORR and from the SAT Verbal 

were used as instrumental items for extracting the variance of the two distinct factors 

from one test of R2W2 .    
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Figure 4 

Measurement Model for Disentangling the Contribution of Relational Reasoning and Word Knowledge to the Performance on the 

R2W2 

 

Note. The same mesaurement model would apply to all the four scales of the Relational Reasoning with Words (R2W2) and the Test of 

Relational Reasoning (TORR). 
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CHAPTER 4  

RESULTS AND DISCUSSION 

 The goals of this dissertation were to develop a novel measure of word knowledge quality 

(R2W2) using the relational reasoning framework (Alexander & DRLRL, 2012?), and to explore 

the unique contributions of relational reasoning ability and word knowledge to college students’ 

performance on this new measure. This chapter presents the results of the two research questions 

guiding this study, along with a discussion of those results.  

Psychometric Properties of the Relational Reasoning with Words 

 The first research question investigated in this study addressed the extent to which the 

Relational Reasoning with Words (R2W2) was a psychometrically-sound measure for older 

adolescents and adults. This determination was to be based on analyses of the measure structure 

and content at the test, scale, and item levels. To answer this question, descriptive statistics were 

checked first; item difficulty and discrimination were examined under the classical test theory; 

factor structure was tested using confirmatory item factor analyses; reliability was calculated 

under the appropriate measurement model; and validity was evaluated based on bivariate 

correlations and structural equation modeling. 

Descriptive Statistics 

 The descriptive statistics including the means, standard deviations, and data distribution 

for all the administered measures are presented in Table 7. The average total score of the R2W2 

was 20.75 (SD=5.85) and the average score for each of the four scales were similar with a 

relatively lower average score for the anomaly scale (M=4.47; SD=1.95). Compared to 

participants’ overall performance on the R2W2, TORR presented a more challenging task as 

evidenced by a lower average total score (M=14.09; SD=5.78). The average score for each of the 
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four scales of the TORR was also similar with a relatively higher average score for the antinomy 

scale (M=4.08; SD=1.94). Participants’ performance on the two SAT tasks was similar to each 

other. On average, participants answered half of the items correctly for both SAT Verbal and 

Math (Verbal: M=6.74; SD=2.94; Math: M=6.91; SD=3.39). The skewness and kurtosis statistics 

suggested that the data could be considered normally distributed for the total and scale scores of 

the R2W2 and for the TORR, SAT Verbal, and SAT Math, given that all their skewness and 

kurtosis estimates fell within the -2 to 2 range (George & Mallery, 2010). 

 Further, I examined the total score and scale scores of the R2W2 for participants who self-

identified English as their native language or not (see Table 7). Participants who identified as 

native speakers of English significantly outperformed those who identified as non-native 

speakers on the total score for the R2W2 [F(1, 322)=7.79, p=.006, η2=.024], and on all four scales 

[Analogy: F(1, 321)=4.09, p=.044, η2=.013; Antinomy: F(1, 318)=5.17, p=.024, η2=.016; 

Antithesis: F(1, 321)=4.12, p=.043, η2=.013], except for the Anomaly scale [F(1, 318)=3.15, 

p=.077, η2=.010]. Therefore, consistent with the hypothesis, individuals’ first language was a 

statistically significant predictor of their performance on the R2W2. However, the effect size, 

represented by the eta square, of first language was quite small, both on the test and scale levels. 

In effect, the performance on the R2W2 among English native speakers and non-native speakers 

on R2W2 was similar.  

Item Difficulty and Discrimination 

 I examined the difficulty and discrimination for each item in the R2W2 under the classical 

test theory. Percentage of the correct responses was used as an indicator for item difficulty. The 

Pearson correlation between each item score and the total score of the R2W2 was used to 

represent item discrimination. The values of difficulty and discrimination for each item are 
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displayed in Table 8. All items on the R2W2 except Antinomy item 4 (.83) fell within the range 

of .30 to .80, regarded as the ideal difficulty range from the classical test theory perspective 

(Wainer & Thissen, 2001). The most difficult item was Antithesis 4 with the difficulty at .31. 

Table 7 

Descriptive Statistics for the R2W2, TORR, SAT Verbal, SAT Math Scores 

Variable 

Descriptive Statistics 

n Min Max M SD Skewness Kurtosis 

R2W2 Total 323 4 31.5 20.75 5.85 -.62 -.15 

L1 280 5.5 31.5 21.26 5.55 -.63 -.10 

Other 36 5 30 18.67 6.05 -.32 -.52 

R2W2_AG 322 1 8 5.25 1.75 -.41 -.54 

    L1 280 1 8 5.33 1.73 -.47 -.43 

    Other 36 1 8 4.72 1.91 -.08 -1.02 

R2W2_AM 319 0 8 4.47 1.95 -.20 -.72 

    L1 280 0 8 4.55 1.93 -.20 -.68 

    Other 36 0 7 3.86 2.07 -.09 -1.16 

R2W2_AN 319 1 8 5.95 1.84 -.88 .10 

    L1 280 1 8 6.03 1.84 -.95 .24 

    Other 36 1 8 5.33 1.80 -.56 -.03 

R2W2_AT 322 0 8 5.24 1.76 -.84 .16 

    L1 280 .5 8 5.36 1.63 -.83 .22 

    Other 36 0 8 4.75 2.13 -.55 -.53 

TORR Total 278 3 30 14.09 5.78 .55 -.27 

TORR AG 278 0 8 3.09 2.06 .57 -.49 

TORR AM 278 0 8 3.39 1.90 .30 -.76 

TORR AN 278 0 8 4.08 1.94 .08 -.86 

TORR AT 278 0 8 3.53 1.99 .24 -.71 

SAT Verbal Total 312 0 12 6.74 2.94 -.18 -.75 

SAT Math Total 320 0 12 6.91 3.39 -.22 -1.15 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning; AG = 

Analogy; AM = Anomaly; AN = Antinomy; AT = Antithesis. 

 

 Further examination of the difficulty for all the items in the R2W2 revealed a relatively 

balanced distribution of items. Ten items were considered difficult with difficulty values ranging 

between .3 and .5. The difficulties for 12 items ranged between .5 and .7, which would position 

them in the moderately difficult range. The difficulty values of the remaining ten items ranged 
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between .70 and .83, placing them in the category of relatively easy items. Therefore, 

considering the item difficulty values and distribution, the R2W2 appeared appropriately 

challenging for college students.   

Table 8 

Classical Test Theory Difficulty (% Correct) and Discrimination (Item-Total Correlation) 

Estimates for the R2W2 Items 

R2W2 Items Item Difficulty Item Discrimination 

AG1 0.71 .42** 

AG2 0.64 .42** 

AG3 0.63 .30** 

AG4 0.77 .39** 

AG5 0.63 .47** 

AG6 0.68 .31** 

AG7 0.36 .42** 

AG8 0.58 .30** 

AM1 0.65 .52** 

AM2 0.72 .46** 

AM3 0.36 .32** 

AM4 0.44 .29** 

AM5 0.61 .39** 

AM6 0.54 .45** 

AM7 0.54 .31** 

AM8 0.37 .47** 

AN1 0.72 .48** 

AN2 0.71 .36** 

AN3 0.69 .26** 

AN4 0.83 .46** 

AN5 0.74 .54** 

AN6 0.74 .41** 

AN7 0.76 .32** 

AN8 0.43 .43** 

AT1 0.70 .41** 

AT2 0.36 .55** 

AT3 0.52 .53** 

AT4 0.32 .32** 

AT5 0.46 .58** 

AT6 0.33 .26** 

AT7 0.41 .52** 

AT8 0.63 .52** 
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Note. R2W2 = Relational Reasoning with Words; AG = Analogy; AM = Anomaly; AN = 

Antinomy; AT = Antithesis. **p<.01. 

 

Next, I examine the discrimination indices for all items on the R2W2. This index represents the 

correlation between respondents’ performance on a given item and the scale score. High value 

indicates that respondents’ performance on that item well reflects their overall ability as 

represented by their performance on the entire scale. The discrimination values of the 32 R2W2 

items ranged from .26 to .58 with a median of .42. In practice, items with values of .10 or above 

could be classified as acceptable, .10-.30 as fair, and above .30 as good, in discriminating 

between high-ability and low-ability test takers (University of Washington, 2021). All items on 

the R2W2  had discrimination values over .10, with 27 items over .30, which means that most 

R2W2 could well differentiate between those respondents with higher and lower word knowledge 

quality. 

Factor Structure  

 In order to test the overall factor structure of the R2W2, I performed a series of 

confirmatory item factor analyses in Mplus 8.0 (Muthen & Muthen, 2017). Specifically, three 

theoretically viable models were examined (see Figure 3). Model A was a one-factor 

unidimensional model in which the general latent factor (relational reasoning with words) 

explained the relations between all the 32 items. Model B was a four-factor model, where the 

four scales of items were loaded on four correlated latent factors representing the corresponding 

forms of relational reasoning. Model C was a higher-order model in which I allowed an 

overarching higher-order relational reasoning factor to account for any resulting association 

among the four latent factors.  

Initially, I attempted to fit the three models with the full-information maximum 

likelihood estimator. However, when running the model with the dataset in the Mplus 8.0 
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software, the model estimation was so computationally intensive that it was terminated due to an 

insufficient computer memory and disk space. To deal with this problem, I used the Bayesian 

estimator instead. This decision was based on several considerations. First, the Bayesian 

estimator is also a full information estimator, and is robust against estimation biases (e.g., 

missing not at random, non-normality) and produces consistent estimates with valid inferences 

that are asymptotically equivalent to the maximum likelihood approach (Chen &Ibrahim, 2014; 

Enders, 2010). Second, Bayesian estimation is argued to be more efficient and has the capacity to 

analyze models that are computationally challenging for traditional methods such as maximum 

likelihood (Asparouhov & Muthen, 2010), which could help address the computational issue 

here. Lastly, scholars (Muthen & Asparouhov, 2012) suggested that the Bayesian estimator has 

shown better performance with relatively small sample sizes and does not require the large-

sample theory which is often assumed in traditional estimators such as maximum likelihood. 

Given the relatively small sample size in this study, Bayesian estimator seems to be 

advantageous from this aspect.  

Estimation Settings for the Bayesian Estimator 

Prior Distribution Specification. Because in this study a new test of R2W2 was 

developed, there were no existing findings that could inform the prior distributions of parameters 

for each of the 32 items. Given the lack of prior knowledge, I followed recommendations from 

statistical texts (Muthen & Asparouhov, 2012) in using the Mplus default priors. Specifically, all 

intercepts, regression slopes, and loading parameters were specified to conform to a normal 

distribution of N(0, 5) when the parameter is in a probit regression and N(0, infinity) otherwise; 

all residual covariances were specified to conform to inverse-Wishart distribution IW(0, 5) as the 

prior; and all variance parameters were specified to conform to inverse-Gamma distribution 
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IG(0, -1) as the prior. As argued in statistical texts (Asparouhov & Muthen, 2010; Muthen & 

Asparouhov, 2012), normal prior distributions are conventionally adopted for intercepts, 

regression slopes, and loadings but are not recommended as prior distributions for variance or 

covariance parameters because they may lead to negative variance estimates. Instead, the 

inverse-Gamma and inverse-Wishart distributions are more appropriate and are thus commonly 

used as prior distributions for the variance and covariance matrices in Bayesian analysis (Muthen 

& Asparouhov, 2012).     

Model Convergence and Model Fit Criteria. I set the minimum number of Bayesian 

iterations to 5,000 with a thinning parameter of 10 and used the criterion of Potential Scale 

Reduction (PSR) value smaller than 1.05 for the last half of all iterations to ensure proper model 

convergence and estimation quality (Asparouhov & Muthen, 2010). Asparouhov and Muthen 

(2010) indicated that the PSR convergence criterion is equivalent to the Intra-Class Correlation 

(ICC) for the parameters in the Markov Chain Monte Carlo (MCMC) algorithm used in Mplus 

Bayesian estimation (each chain as a cluster). A PSR value smaller than 1.05 is equivalent to a 

between-chain ICC smaller than .09, implying that the different Markov chains “are so similar 

that given a particular parameter value, it is not possible to determine which chain it comes from 

(p. 8),” thus lending support to the convergence of the model. 

To further ascertain the convergence of the Bayesian model, two additional diagnostic 

tests were performed. First, Mplus 8.0 (Muthen & Muthen, 2017) recommended that after 

obtaining the converged model with a given number of Bayesian iterations, the researcher should 

re-run the model with at least twice the previous number of iterations and confirm that the model 

still converges and the PSR value does not increase. In each of the models below, I followed this 

practice which could provide further evidence that the PSR did not “bounce back” and the 
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achievement of overall convergence was likely. Second, van de Schoot and Depaoli (2014) and 

Sinharay (2004) suggested that in addition to the overall PSR, convergence should be assessed 

for each parameter in the model, by computing its parameter-wise PSR factor (PSRF) and 

effective sample size (ESS). To support convergence of the Bayesian model, one would want to 

observe the PSRF values for most parameters being small and close to 1 (Brooks & Gelman, 

1998), while the ESS values being larger and closer to the actual sample size (i.e., actual number 

of MCMC draws). There seemed to be no generally accepted rule of thumb regarding how large 

the ESS should be, while some statistical programs (e.g., Tracer; Rambaut, et al., 2018) flags 

ESS < 100 as potentially problematic and recommends ESS > 200 (BEAST organization, 2013).          

Regarding model fit, the Posterior Predictive P-Value (PPP) was used as the goodness of 

fit index. A model would be rejected, or considered not appropriately fit the data, if the PPP-

value is smaller than .05 (Asparouhov & Muthen, 2010). Typically, a larger PPP-value 

represents a lower rejection rate when the tested model is hypothesized to fit the data 

(Asparouhov & Muthen, 2020). The PPP-value can then be used as a rough indictor for model 

comparisons. 

The results for the confirmatory item factor analyses suggested that all the three tested 

models met the overall convergence criteria. Specifically, for all the three models, the PSR 

values fell below 1.05 for the last 2,500 iterations when the minimum iteration was set to 5000 

and were also below 1.05 for the last 5,000 iterations when the minimum iteration was increased 

to 10,000. The PSR value also did not increase when the minimum iteration specifications were 

doubled from 5,000 to 10,000, confirming the convergence from the overall PSR perspective. 

Parameter-wise results are reported in Table S1-S3 in the Supplemental Materials. In general, the 

PSRF value for each parameter across the three models (i.e., unidimensional, four-factor, higher-
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order) was close to 1 (i.e., below 1.05), except for one that was the factor loading of the 

Anomaly factor on the higher-order general relational reasoning factor (i.e., PSRFWRR by AM = 

1.062, Upper CI = 1.190). The PSRF values for all the parameters in the unidimensional model 

ranged from 1.000 to 1.006 (M=1.001, SD=0.001), from 1.000 to 1.016 for the four-factor model 

(M=1.001, SD=0.002), and from 1.000 to 1.062 for the higher-order model (M=1.005, 

SD=0.009). The PSRF diagnosis suggested the majority of parameter estimates for the three 

models converged properly, thus could be considered as reliable and acceptable with only one 

parameter of concern (i.e., the factor loading of the Anomaly factor on the higher-order general 

relational reasoning factor).     

 In terms of the parameter-wise ESS calculated for both Markov chains from Mplus, none 

of the parameters had an ESS value smaller than 200 in the unidimensional (e.g., for Chain 1: 

M=3452.059, SD=927.736, Min=1725.920, Max=5000.000) or the four-factor model (e.g., for 

Chain 1: Mean=2958.802, SD=1171.411, Min=226.512, Max=5000.000). Nine parameters in the 

higher-order model had the ESS values smaller than 200 with two smaller than 100 (e.g., for 

Chain 1: M=1935.215, SD=1435.669, Min=77.963, Max=4631.247). Those potentially 

concerning parameters were primarily the factor loadings of the four scales on the higher-order 

factor and some factor loadings of the Analogy items. Taken together, the parameter-wise ESS 

and PSRF diagnoses suggested the overall proper convergence for the three models. However, 

the estimates for some parameters in the higher-order model should be interpreted with caution 

given their acceptable PSRF values but potentially concerning ESSs. 

The PPP-values were .03, .12, and .11 for the Models A, B, and C, respectively. 

Therefore, Model A, the unidimensional model was rejected and determined not to fit the data 

appropriately due to the PPP value smaller than .05, whereas both Model B and C fit the data 
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similarly well. The slightly larger PPP-value for Model B, the four-factor model, suggested the 

possibility of a better fit compared to the higher-order model (Model C). However, due to a lack 

of statistical test for model comparisons under the Bayesian framework, it was still unclear 

whether Model B fit the data significantly better than Model C.  

In effect, the rejection of a unidimensional model, and acceptance of both the four-factor 

and higher-order models have been found consistent in empirical studies for the existing 

relational reasoning measures, including the TORR, TORRjr, and vTORR (Alexander et al., 

2015; Alexander et al., 2016; Zhao et al., 2020).   

Theoretically, it was determined that Model C was preferable to Model B because Model 

C assumes that a higher-order relational reasoning factor further influences the association 

among the four discernible latent factors that correspond to the four forms of relational 

reasoning. The close association between the four forms of relational reasoning and the higher-

order relational reasoning factor was supported by the factor loadings that ranged from .69 to .92. 

In contrast, Model B only reveals the intercorrelations among the four factors that might be 

explained by multiple possible unknown latent constructs but does not reveal the one 

overarching relational reasoning factor. To note, although the higher-order model is preferable 

theoretically, some parameter estimates should be interpreted with caution based on the Bayesian 

convergence diagnoses. 

The standardized factor loadings, latent factor correlations, and residual variances for 

Model B and C are displayed in Figure 5 and 6. For Model B, the standardized factor loadings 

for the items in the R2W2 were all statistically significant (p<.05) within a range of .21 to .87. 

Moreover, the correlations among the latent factors were also significant and ranged from .62 

to .89. Similar results were found for Model C. All the factor loadings were significant within a 
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range of .21 to .88. The correlations of each of the four lower-order factors, representing the 

latent ability for the four scales of relational reasoning, with the higher-order general factor were 

also significant and ranged between .69 and .92. Taken together, the model-fit information of the 

three tested models and the factor loadings, as well as the latent factor correlations, supported the 

conclusion that R2W2 tapped into four independent but related components. 

The findings of the confirmatory item factor analysis support several conclusions. First, 

the rejection of the unidimensional model suggested that it was inappropriate to assume that the 

R2W2 solely measured the quality of word knowledge or a unidimensional relational reasoning 

ability. Rather, the four distinct but correlated forms of relational reasoning manifested 

themselves clearly in the empirical data. Secondly, the latent factor correlations from both the 

four-factor and higher-order models suggested that the overall associations among the four forms 

of relational reasoning were strong with a particularly high correlation between the analogical 

reasoning and anomalous reasoning in the context of R2W2 (i.e., rAG-AM=.89; rAG-RR=.92; rAM-

RR=.91). Such a finding was consistent with the vTORR (Alexander et al., 2016), in which the 

relational reasoning ability was also measured in linguistic symbols at the sentence level. 

Alexander et al. (2016) conducted a series of confirmatory item factor analysis and found a high 

correlation between analogical reasoning and anomalous reasoning at .93 in a four-factor model 

and similarly high correlations of each of the four latent factors with the general relational 

reasoning factor in a higher-order model (rAG-RR=.87; rAM-RR=1.02).  

Such a pattern seemed to be unique to the linguistic measures of relational reasoning as it 

was not observed with the figural measures of relational reasoning (Alexander et al., 2015; Zhao 

et al., 2020). One possible source of this high association between analogical and anomalous 

reasoning for the linguistic formats could be the role of vocabulary knowledge in college 
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students’ performance on these scales. Analogical and anomalous reasoning were generally 

found to be the easier forms of relational reasoning compared to antinomous and antithetical 

reasoning in the relational reasoning literature (Alexander et al., 2015; Alexander & Jablansky, 

2017; Jablansky et al., 2017). It was possible that vocabulary knowledge carried more weight 

than relational reasoning ability when identifying the correct answers for the verbal items in 

these two scales. Further investigation is needed to confirm whether this speculation holds. 

Figure 5 

Four-Factor Model (Model B) with Standardized Coefficients 

 

Note. R2W2 = Relational Reasoning with Words. All coefficients in this figure are significant. 

 

Figure 6  

Higher-Order Model (Model C) with Standardized Coefficients

 

Note. R2W2 = Relational Reasoning with Words. All coefficients in this figure are significant. 
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Reliability 

 The internal consistency reliability of the total score of the R2W2 and the total score for 

each of the four scales were represented by the McDonald’s ω (1985, 1999). McDonald’s ω was 

chosen over the traditional Cronbach’s α coefficient to gauge internal consistency reliability 

because it did not hold a strong assumption that all items were loaded equally on their respective 

latent factors, which were rarely met in practice. Therefore, McDonald’s ω calculated based on 

an appropriate measurement model should be considered a more accurate measure of internal 

consistency reliability than the Cronbach’s α (Dunn et al., 2016). 

 An omega coefficient was calculated for the each of the four scale scores of the R2W2 as 

well as for the total score of the whole test. Specifically, the four-factor model (Model B) was 

selected as the measurement model for the calculation of omega for the four scale scores. The 

omega coefficients for the Analogy, Anomaly, Antinomy, and Antithesis scales were ω=.91, .92, 

.94, and .93, respectively. Given a lack of overall factor on which all the test items in the R2W2 

were directly loaded in either Model B or C, a bifactor model was specified and fit to the data. 

This result allowed for the estimation of the factor loadings of all items in the R2W2 that were 

loaded on a general factor, as well as distinguishing the four forms of relational reasoning with 

four residual factors. In addition, the general factor and the four specific factors were set to be 

orthogonal. Based on this bifactor model, the McDonald’s ω for the total score of the R2W2 on 

the test level was .97. Therefore, the R2W2 was found to be a highly reliable measure for the 

college student population on both the test and scale level. 

Validity 

 Three types of validity were examined for the R2W2 through the association of the total 

score of R2W2 with three additional measures. Specifically, the convergent validity was 
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examined by the Pearson correlation of the total score of the R2W2 with the TORR, which was 

r=.42 (p<.001). The discriminant validity was investigated through the correlation of the total 

score of the R2W2 with the SAT Math section, which was r=.46 (p<.001), and the predictive 

validity with the total score of the SAT Verbal section, which was r=.70 (p<.001). The complete 

correlation matrix could be found in Table 9. I hypothesized a moderate association between the 

R2W2 and the TORR because relational reasoning ability was a shared construct underlying the 

development of both the TORR and the R2W2. However, relational reasoning ability was 

measured in different modalities by the TORR and R2W2 (i.e., figures vs. words). I also 

anticipated a moderate association between the R2W2 and the SAT Verbal because they both 

measured college students’ word knowledge but with different focus. The R2W2 targeted more 

in-depth analysis of word meanings in comparison to other words, whereas the SAT Verbal 

focused on the use of words in context. Further, a weak association between the R2W2 and the 

SAT Math was expected in that the quality of word knowledge and mathematical knowledge 

were two relatively independent constructs.    

As the correlations in Table 9 indicate, the validity hypotheses were supported with the 

exception of discriminant validity. In contrast to the hypothesized outcome, there was a 

moderate, significant correlation between the R2W2 and the SAT Math that was on the same 

magnitude as the bivariate correlation between the R2W2 and the TORR. One plausible 

explanation for this unexpected finding was that the observed association between the R2W2 and 

the SAT Math was an artifact of the association between mathematical knowledge and relational 

reasoning and between mathematical knowledge and vocabulary knowledge. In other words, the 

R2W2  was spuriously correlated with SAT Math through relational reasoning and vocabulary 

knowledge. Previous studies have found that relational reasoning, as a fundamental cognitive 
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Table 9 

Correlations among Total and Scale Scores of R2W2, TORR, SAT Verbal, and SAT Math 

Variables 1 2 3 4 5 6 7 8 9 10 11 

1. R2W2 Total -- 
          

2. R2W2 AG .79*** 
          

3. R2W2 AM .78*** .60*** 
         

4. R2W2 AN .73*** .41*** .39*** 
        

5. R2W2 AT .79*** .49*** .46*** .49*** 
       

6.TORR Total .42*** .32*** .36*** .38*** .33*** 
      

7.TORR AG .30*** .22*** .24*** .25*** .27*** .77*** 
     

8.TORR AM .36*** .27*** .27*** .36*** .27*** .77*** .52*** 
    

9.TORR AN .26*** .22** .24*** .20** .18* .70*** .35*** .40*** 
   

10.TORR AT .33*** .23*** .31*** .31*** .24*** .69*** .36*** .36*** .30*** 
  

11.SAT Verbal Total .70*** .56*** .61*** .49*** .54*** .34*** .27*** .25*** .25*** .24*** 
 

12.SAT Math Total .46*** .35*** .35*** .38*** .38*** .61*** .51*** .47*** .38*** .40*** .43*** 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning; AG = Analogy; AM = Anomaly; AN = 

Antinomy; AT = Antithesis. *p<.05, **p<.01, ***p<.001. 
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ability, was closely associated with mathematical and its related knowledge (Zhao et al., 2020). 

Moreover, vocabulary knowledge and reading comprehension were found to be important 

predictors to mathematical performance (Akbasli et al., 2016; Carlson et al., 2011; Dunston & 

Tyminski, 2013). 

To investigate the association of mathematical knowledge with R2W2 further, I examined 

the interrelations among the four measures (i.e., the scores of R2W2, TORR, SAT Verbal, SAT 

Math) with a structural equation modeling (SEM) analysis. Specifically, I analyzed the 

association between the SAT Math and the R2W2 while controlling for the associations among 

the R2W2, TORR, SAT Verbal, and SAT Math (see Figure 7). Moreover, an SEM analysis was 

chosen over a multiple-regression model because a multiple-regression model could only 

examine the interrelations among the observed total scores (i.e., TORR, R2W2, SAT Verbal, SAT 

Mathematics), whereas the SEM analysis could model the interrelations of the four constructs on 

the latent level, which controlled for the measurement error resulted from the multidimensional 

structure of the TORR and R2W2. It was determined that the estimation of the interrelations of 

the four constructs would be more accurate if it was modeled on the latent level in an SEM 

analysis. 

The results of the SEM analysis indicated that the association between the SAT Math and 

R2W2  (β=.02, p=.757) was not statistically significant after controlling for the association of the 

R2W2  with the TORR and the SAT Verbal. In contrast, R2W2  was found to have a moderate 

association with the TORR (β=.26, p<.001) but a strong association with the SAT Verbal (β=.70, 

p<.001). Taken together, these results provided empirical evidence to the validity of the R2W2 by 

demonstrating that performance on the R2W2  converged with performance on the TORR but 

diverged from mathematical performance as measured by the SAT Math. Moreover, the R2W2   
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Figure 7 

Structural Equation Model Examining the Convergent, Discriminant, and Predictive Validity of R2W2 

 
 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning; AG = Analogy; AM = Anomaly; AN = 

Antinomy; AT = Antithesis. All presented numbers are completely standardized coefficients. *p<.05, **p<.01, ***p<.001; ns 

= nonsignificant. The numbers without asterisk or “ns” are fixed at the corresponding values.
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was associated closely with the SAT Verbal that measured the knowledge of contextual word 

meaning. Therefore, the R2W2  was found to be a valid measure of word knowledge quality. 

Unique Contributions of Word Knowledge and Relational Reasoning 

 The second research question guiding this study asked about the unique contributions of 

word knowledge and relational reasoning to participants’ performance on the R2W2. To address 

this question, I examined those contributions of word knowledge and relational reasoning at the 

test, scale, and item level. Each of these analyses are detailed in the following sections. 

Test-Level Examination 

 In order to examine the unique contributions of relational reasoning ability and word 

knowledge to the overall performance on the R2W2, I performed a structural equation modeling 

(SEM) analysis in Mplus 8.0 (Muthen & Muthen, 2017) with the maximum likelihood estimator. 

Similar with the validation analysis, an SEM analysis was preferred over the traditional multiple-

regression analysis because it allowed for the adjustment of measurement error (Kline, 2015). 

This was seen as critical for the TORR and R2W2 because both measures consisted of four scales 

each representing a distinct form of relational reasoning. A latent variable was modeled by the 

four scale scores of the TORR and the R2W2, labeled as figural relational reasoning, and word 

relational reasoning, respectively (see Figure 8). Moreover, the word relational reasoning factor 

was regressed on the latent relational reasoning factor and the total observed score of SAT 

Verbal while controlling for participants’ self-identified first language and the correlation 

between the figural relational reasoning and the total score of the SAT Verbal. 
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Figure 8 

Test-Level Examination of the Contributions of Relational Reasoning and Word Knowledge to Relational Reasoning with Words 

 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning; L1 (control) = self-identified as English 

native speaker or not. AG = Analogy; AM = Anomaly; AN = Antinomy; AT = Antithesis.
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 The model results suggested an appropriate fit of the tested model to the empirical data in 

that the value of SRMR (.04), RMSEA (.05), and CFI (.97) were all within the suggested range 

for model acceptance (i.e., SRMR≤.08; RMSEA≤.06; CFI≥.95) according to Hu and Bentler 

(1999). As expected, all four scales of the TORR were significantly loaded on the figural 

relational reasoning factor (.55≤βs≤.74; ps<.05). Similarly, the standardized loadings of the four 

scales of the R2W2 on the word relational reasoning factor were also statistically significant 

(.61≤βs≤.75; ps<.05). Moreover, the model results suggested that word knowledge, relational 

reasoning ability, and participants’ self-identified first language all uniquely and significantly 

contributed to the latent ability to reason relationally with words with the standardized path 

coefficients of .69 (p<.001), .30 (p<.001), and .14 (p<.001), respectively. In other words, 

47.33%, 9.12%, and 2.04% of the variance in the latent ability in word relational reasoning was 

explained by word knowledge, relational reasoning ability, and self-identified first language, 

respectively. To note, first language explained only a small portion of the variance in the college 

students’ latent ability in completing the R2W2 (2.04%). In other words, the predictive effect of 

individual’s first language on their performance on the R2W2 was weak. The detected small 

effect size of the native language’s contribution could be due to a sampling error in that only a 

small number of L2 participants were involved in the current study (n=39, 11.5%). A possible 

stronger effect might be observed with a larger L2 sample. An alternative explanation was that 

individual’s first language did not affect their performance on the R2W2 in a meaningful way. 

Therefore, the contribution of first language to performance on the R2W2 should be interpreted 

with caution. 

 The findings of the test-level examination confirmed the hypothesis that word 

knowledge, relational reasoning, and the self-identified first language all contributed uniquely to 
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test-level performance on the R2W2. The results supported the conceptualization of the R2W2, 

which was hypothesized to measure both the quality of word knowledge and relational reasoning 

ability. Moreover, participants’ first language influenced their performance on the R2W2 as was 

expected. Collectively, these results suggested that the strongest contributor to college students’ 

performance on the R2W2 was their word knowledge rather than their relational reasoning or self-

identified first language. Such a finding was understandable in that participants were required to 

make complex, fine-grained analysis based on word meaning on the R2W2. To engage in the 

relational reasoning process, participants must have some knowledge of the meaning of those 

written words and encode the semantic information first. Otherwise, their reasoning processes 

would be thwarted by the lack of information, and their relational reasoning ability would not be 

revealed.  

Scale-Level Examination 

 The scale-level examination aimed to analyze the unique contributions of the latent 

figural relational reasoning and latent word knowledge to participants’ scale scores of the R2W2. 

In other words, the purpose of this analysis was to determine the extent to which the latent 

relational reasoning and word knowledge factors explained the variance of each of the four 

scales of R2W2. An SEM analysis was performed in Mplus 8.0 (Muthen & Muthen, 2017) with 

the maximum likelihood estimator. Specifically, the four observed scale scores of the R2W2 were 

loaded on a latent relational reasoning and a word knowledge factors. In addition, the four 

corresponding scale scores of the TORR were loaded on the relational reasoning factor, and the 

total score of the SAT Verbal was loaded on the word knowledge factor. The model with the 

standardized coefficients is presented in Figure 9.  

 The model-fit indices suggested an appropriate fit of the model to the empirical data in 
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that the value of SRMR (.06), RMSEA (.06), and CFI (.97) were all within the suggested range 

for model acceptance (i.e., SRMR≤.08; RMSEA≤.06; CFI≥.95). As expected, all the four scales 

of the TORR loaded significantly on the relational reasoning factor (loading estimates ranged 

between .51 to .74, all ps<.001), and the loading of the total score of the SAT Verbal to the word 

knowledge factor was also significant (loading = .79, p<.001). All the four scales of R2W2 loaded 

significantly on the word knowledge factor with moderate to strong standardized  

path coefficients (ranging from .45 to .70, all ps<.001). However, only the Analogy and 

Antinomy scales loaded significantly on the relational reasoning factor (Analogy: loading = .13,  

 

Figure 9 

Scale-Level Examination of the Contributions of Relational Reasoning and Word Knowledge to 

Relational Reasoning with Words 

 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning. All 

coefficients in this figure are significant, except the loadings of R2W2 Anomaly (estimate 

= .07, p = .359) and R2W2 Antithesis (estimate = .13, p = .084) on Relational Reasoning. 
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p=.020; Antinomy: loading = .25, p<.001). The standardized factor loadings of the Anomaly and 

Antithesis scales of the R2W2 on the relational reasoning factor were not statistically significant 

(Anomaly: loading = .07, p=.359; Antinomy: loading = .13, p=.084). The relational reasoning 

factor explained 1.74%, 0.48%, 6.40%, and 1.66% of the variance for the Analogy, Anomaly, 

Antinomy, Antithesis scales of the R2W2 , respectively. The variances explained by the word 

knowledge factor for the Analogy, Anomaly, Antinomy, Antithesis scales of the R2W2 were 

36.70%, 48.70%, 19.98%, and 33.99%, respectively. The correlation between the relational 

reasoning and word knowledge factors was moderate (r=.44, p<.001).  

Several conclusions can be forwarded from the scale-level analysis. First, similar to the 

findings on the test level, both relational reasoning and word knowledge played a role in the 

performance on the R2W2. However, it was the individual differences in word knowledge that 

explained more variability in the R2W2 compared to relational reasoning. Secondly, the factor 

loading pattern of the R2W2 on the relational reasoning factor suggested that, for the Anomaly 

and Antithesis scales, relational reasoning did not contribute to the performance on the R2W2 to 

the same extent as the Analogy and Antinomy scales.  

One possible explanation for the aforementioned pattern could relate to the difference in 

the item configuration of the four scales. The item structure of the Analogy scale followed the 

classic analogy problem, which has been frequently used to measure analogical reasoning 

(Goswami, 1992; Sternberg, 1981). Therefore, it was likely the most familiar scale format for 

college students among the four scales of the R2W2. As such, it is possible that the classic item 

structure for assessing analogical reasoning enabled participants to engage in analogical 

reasoning more effectively compared to the more novel item formats of the rest scales. While the 

structure of the Antinomy scale was likely new to participants, the item configuration, which 
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involved two sets of associated words, may have made it easier for participants to infer the 

categories each set represented. With the categories determined, participants could then select the 

appropriate response to fit Set A but not Set B. For example, in the following example Antinomy 

item, participants could infer both categories (i.e., bird vs. construction) without knowing the 

meaning of all the words within each category. They could then use that information in search 

for an appropriate response that could belong to Set 1 only, but not Set 2. 

Directions: In the item below, there are two distinct sets of words (Set 1 and Set 2). 

Within each set, the words fit together according to their meaning. Select one of the four 

given words that fits only in Set 1, but not Set 2.  

 

 

 

 

 

 

 

 

A. DOME 

B. CLAW 

C. PAVE 

D. WING 

 

Item-Level Examination 

The item-level examination sought to disentangle the contributions of relational 

reasoning and word knowledge to participants’ performance on each item of the R2W2. Four 

latent-factor IRT models, each representing one form of relational reasoning, were analyzed and 

fit to the data at the item-level (see Figure 4) with the Bayesian estimator in Mplus 8.0 (Muthen 

& Muthen, 2017). Each of the eight items in the Analogy, Anomaly, and Antithesis scales was 

loaded on two correlated latent factors (i.e., relational reasoning factor and word knowledge 

factor). For the Antinomy scale, however, since the model did not converge properly when the 

two latent factors were allowed to correlate, the two factors were set to be orthogonal to ensure 

Set 1 Set 2 

BASEMENT 

HALL 

BUILD 

RENOVATE 

TAIL 

BEAK 

PECK 

FLY 
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proper model convergence. Moreover, for the four models, the eight items from the 

corresponding scale in the TORR were solely loaded on the relational reasoning factor, and all 

12 items from the SAT Verbal were solely loaded on the word knowledge factor. The same 

procedure was repeated for the four scales of the R2W2/TORR, resulting in four two-factor IRT 

models.  

The same Bayesian estimation settings and criteria for determining proper model 

convergence and goodness-of-fit were applied here as were used for the confirmatory item factor 

analyses (see Factor Structure section). The model results suggested that all the four models met 

the overall convergence criteria (i.e., PSR values smaller than 1.05 for the latter half of a total of 

5000 iterations). The PSR values were also below 1.05 for the last 5,000 iterations when the 

minimum iteration was increased to 10,000, confirming the convergence from the overall PSR 

perspective. Parameter-wise results are reported in Table S4-S7 in the Appendix. In general, the 

PSRF value for each parameter across the four models was close to 1 (below 1.05). The PSRF 

values for all the parameters in the Analogy model ranged from 1.000 to 1.013 (M=1.001, 

SD=0.002), from 1.000 to 1.006 for the Anomaly model (M=1.001, SD=0.001), from 1.000 to 

1.014 for the Antinomy model (M=1.001, SD=0.001), and from 1.000 to 1.006 for the Antithesis 

model (M=1.002, SD=0.003). The PSRF diagnosis suggested the parameter estimates for the four 

models could be considered as reliable and acceptable.     

 In terms of the parameter-wise ESS calculated for both Markov chains from Mplus, none 

of the parameter had an ESS value smaller than 200 across the four models: Analogy (e.g., for 

Chain 1: M=3462.091, SD=743.723, Min=1268.812, Max=5162.241), Anomaly (e.g., for Chain 

1: M=3447.727, SD=806.046, Min=1350.190, Max=5000.000), Antinomy (e.g., for Chain 1: 

M=2858.160, SD=1316.004, Min=450.988, Max=5098.579), and Antithesis (e.g., for Chain 1: 
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M=2540.358, SD=1340.456, Min=387.750, Max=5065.801). Taken together, the parameter-wise 

ESS and PSRF diagnoses suggested the four models converged properly and the parameter 

estimates were reliable. 

The four models were determined to appropriately fit the data with the PPP-values of .40, 

.33, .33, and .17, for the Analogy, Anomaly, Antinomy, and Antithesis scale, respectively. The 

standardized item-factor loadings of the four models were presented in Tables 10 to 13. As 

expected, most TORR items, except for two Antithesis items and one Antinomy item, were 

significantly loaded on the relational reasoning factor, and all SAT Verbal items were 

significantly loaded on the word knowledge factor. In terms of the factor loading pattern of the 

R2W2, all the eight items within each scale were significantly loaded on the word knowledge 

factor only (.27≤βs≤.75; ps<.05) for the Analogy, Anomaly, and Antinomy scales. The item-

factor loadings on the relational reasoning factor for the eight items were not significant for these 

three scales (-.14≤βs≤.23; ps>.05). However, a different loading pattern was observed for the 

Antithesis scale. It was found that seven of the eight Antithesis items were significantly loaded 

on the relational reasoning factor (.20≤βs≤.88; ps<.05). However, only two items on the 

Antithesis scale were significantly loaded on the word knowledge factor (β=.44 and .47; ps<.05).  

The item-level examination raised several issues. First, consistent with the findings of the 

test- and scale-level examinations, the word knowledge factor contributed more to the 

performance of R2W2 for most items compared to the relational reasoning factor. However, 

contrary to the findings on the test- and scale-level, which supported the significant contribution 

of relational reasoning, the item-level examination revealed that relational reasoning did not 

explain a significant portion of variance for individual R2W2 items in the Analogy, Anomaly, and 

Antithesis scales. Only the variance of the Antithesis items was explained by the relational 
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reasoning factor to a significant level. 

Table 10 

Item-Level Examination of the Contributions of Relational Reasoning and Word Knowledge to 

the Analogy Scale of the Relational Reasoning with Words 

Test Items Analogya Word Knowledgea 

TORR Analogy 1 .49* -- 

 Analogy 2 .60* -- 

 Analogy 3 .42* -- 

 Analogy 4 .57* -- 

 Analogy 5 .74* -- 

 Analogy 6 .49* -- 

 Analogy 7 .65* -- 

 Analogy 8 .42* -- 

R2W2 Analogy 1 .05 .39* 

 Analogy 2 .13 .44* 

 Analogy 3 -.05 .33* 

 Analogy 4 -.01 .38* 

 Analogy 5 .01 .56* 

 Analogy 6 .01 .34* 

 Analogy 7 .01 .59* 

 Analogy 8 .05 .37* 

SAT Verbal 1 -- .67* 

 2 -- .72* 

 3 -- .69* 

 4 -- .34* 

 5 -- .59* 

 6 -- .58* 

 7 -- .58* 

 8 -- .57* 

 9 -- .59* 

 10 -- .61* 

 11 -- .52* 

 12 -- .63* 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning. *p<.05, 

no asterisk = nonsignificant. a : Correlation between the latent factors of analogy and word 

knowledge was .40 (p<.05). 
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Table 11 

Item-Level Examination of the Contributions of Relational Reasoning and Word Knowledge to 

the Anomaly Scale of the Relational Reasoning with Words 

Test Items Anomalya Word Knowledgea 

TORR Anomaly 1 .41* -- 

 Anomaly 2 .65* -- 

 Anomaly 3 .38* -- 

 Anomaly 4 .55* -- 

 Anomaly 5 .55* -- 

 Anomaly 6 .65* -- 

 Anomaly 7 .32* -- 

 Anomaly 8 .25* -- 

R2W2 Anomaly 1 .00 .59* 

 Anomaly 2 .20 .41* 

 Anomaly 3 -.05 .43* 

 Anomaly 4 .04 .39* 

 Anomaly 5 .08 .46* 

 Anomaly 6 .11 .51* 

 Anomaly 7 -.14 .57* 

 Anomaly 8 .11 .50* 

SAT Verbal 1 -- .66* 

 2 -- .76* 

 3 -- .68* 

 4 -- .36* 

 5 -- .59* 

 6 -- .61* 

 7 -- .60* 

 8 -- .53* 

 9 -- .62* 

 10 -- .61* 

 11 -- .48* 

 12 -- .63* 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning. *p<.05, 

no asterisk = nonsignificant. a : Correlation between the latent factors of anomaly and word 

knowledge was .42 (p<.05). 
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Table 12 

Item-Level Examination of the Contributions of Relational Reasoning and Word Knowledge to 

the Antinomy Scale of the Relational Reasoning with Words 

Test Items Antinomya Word Knowledgea 

TORR Antinomy 1 .72* -- 

 Antinomy 2 .28* -- 

 Antinomy 3 .70* -- 

 Antinomy 4 .66* -- 

 Antinomy 5 .59* -- 

 Antinomy 6 .53* -- 

 Antinomy 7 .07 -- 

 Antinomy 8 .39* -- 

R2W2 Antinomy 1 -.06 .74* 

 Antinomy 2 .09 .45* 

 Antinomy 3 .10 .27* 

 Antinomy 4 .14 .75* 

 Antinomy 5 .16 .71* 

 Antinomy 6 .15 .54* 

 Antinomy 7 .23 .29* 

 Antinomy 8 -.02 .48* 

SAT Verbal 1 -- .63* 

 2 -- .74* 

 3 -- .70* 

 4 -- .34* 

 5 -- .60* 

 6 -- .64* 

 7 -- .52* 

 8 -- .41* 

 9 -- .57* 

 10 -- .57* 

 11 -- .47* 

 12 -- .55* 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning. *p<.05, 

no asterisk = nonsignificant. a: The correlation between the latent factors of antinomy and 

word knowledge was fixed to be 0 to allow the model to properly converge.   
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Table 13 

Item-Level Examination of the Contributions of Relational Reasoning and Word Knowledge to 

the Antithesis Scale of the Relational Reasoning with Words 

Test Items Antithesisa Word Knowledgea 

TORR Antithesis 1 .27* -- 

 Antithesis 2 .17 -- 

 Antithesis 3 .34* -- 

 Antithesis 4 .38* -- 

 Antithesis 5 .09 -- 

 Antithesis 6 .41* -- 

 Antithesis 7 .41* -- 

 Antithesis 8 .43* -- 

R2W2 Antithesis 1 .88* -.22 

 Antithesis 2 .43* .24 

 Antithesis 3 .55* .05 

 Antithesis 4 .68* -.22 

 Antithesis 5 .20* .47* 

 Antithesis 6 -.13 .44* 

 Antithesis 7 .77* -.09 

 Antithesis 8 .87* -.12 

SAT Verbal 1 -- .68* 

 2 -- .73* 

 3 -- .70* 

 4 -- .34* 

 5 -- .64* 

 6 -- .63* 

 7 -- .54* 

 8 -- .51* 

 9 -- .60* 

 10 -- .60* 

 11 -- .50* 

 12 -- .64* 

Note. R2W2 = Relational Reasoning with Words; TORR = Test of Relational Reasoning. *p<.05, 

no asterisk = nonsignificant. a : Correlation between the latent factors of antithesis and 

word knowledge was .66 (p<.05). 

 

 It is possible that these nonsignificant results could be attributed to the lack of statistical 

power. For example, for the Analogy and Anomaly scale, the model contained a total of 28 

binary items and two correlated latent factors with eight of the 28 items double-loaded on both 
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factors. The model resulted in a total of 65 parameters to be estimated.  

Of note, current estimations were conducted under the IRT framework that estimated the 

item parameters based on the frequency of response patterns for the 28 binary items. With only 

338 participants, it could be that there was insufficient power to detect statistically significant 

associations, especially for those with small effect sizes. In addition, the finding that relational 

reasoning only contributed significantly to Antithesis scale might be related to the unique 

configuration of this scale. Antithesis was the only scale that explicitly asked participants first to 

identify the continuum that was represented by two opposite words presented (e.g., DISTANT 

and INTIMATE) and then to a selected response item that could be placed on the continuum 

between the two given words. However, for the other scales, participants demonstrated their 

knowledge of relations among the given words solely by selecting the correct response in 

multiple-choice items. It is possible that the added construction component to the antithesis items 

increased the amount of relational reasoning required for this set of items over those in the other 

scales. 
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CHAPTER 5  

DELIMITATIONS, LIMITATIONS, CONTRIBUTIONS, AND FUTURE DIRECTIONS 

In the current study, I brought an integrated perspective to conceptualizing the quality of 

word knowledge by considering both breadth and depth of semantic understanding. Specifically, 

the current study moved beyond the relatively narrow conceptualization of word knowledge 

documented in the literature (Zhao & Alexander, in preparation). That narrower 

conceptualization tended to equate word knowledge quality in terms of the number of words 

individuals know the general meaning of (i.e., breadth; Anderson & Freebody, 1981) or the 

simple association between two words (i.e., depth; Read, 1993). In this investigation, by 

comparison, quality focused on individuals’ fine-grained understanding of the word meanings as 

they systematically identified semantic similarities and differences among a group of words. The 

specific patterns of similarities and differences captured on the Relational Reasoning of Words 

(R2W2) were informed by a theoretical model of relational reasoning and its four resulting forms 

(Alexander & DRLRL, 2012). In this chapter, I first recognize the delimitations and limitations 

of this study, followed by an overview the contributions, and a discussion of the implications for 

research and practice.  

Delimitations and Limitations 

As with any empirical investigation, the conclusions drawn from the current study were 

dependent on key decisions made and the boundaries set before the study was conducted (i.e., 

delimitations). It is important to acknowledge that these delimitations likely influence the 

findings that arose regarding the quality of word knowledge and the contributions of vocabulary 

and relational reasoning to those findings. In this section, I discuss two delimitations of the 

current study: the selected sample, and the absence of a standardized measure of vocabulary.  
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First, although the target population for the R2W2 was conceived to be adolescents and adults, 

only college students were involved in this study. Other relevant groups, such as high-school 

students or older adults, were not included. Theoretically, the R2W2 should also be a valid 

measure of word knowledge quality for those populations, but this assessment was limited to 

only college students. Thus, future research should test whether the same findings from this 

study could be replicated with other groups, such as high school students and older adults. 

Second, the R2W2 was shown to be a psychometrically sounds measure of word 

knowledge quality for college students, which theoretically should reveal more fine-grained 

understanding of word meaning than the traditional standardized vocabulary measures, such as 

the Peabody Picture Vocabulary Test (Dunn & Dunn, 1997). However, such a comparative 

conclusion cannot be drawn from the current study because no such standardized vocabulary 

measure was included and compared to the R2W2 in predicting reading comprehension due to the 

limited scope of the study. By comparing the extent to which the standardized vocabulary test 

and the R2W2 are effective in explaining individual differences in reading comprehension, 

researchers would have a better idea of whether and to what extent the R2W2, which was 

developed following the new conceptualization of word knowledge, has an advantage over the 

traditional vocabulary measures. 

In contrast to delimitations, limitations are concerned with those characteristics of design 

or methodology that impacted or influenced the interpretation of the findings from research. It is 

important to be aware and acknowledge them when interpreting the findings. In this section, I 

discuss three limitations of the current study: the small sample size, a lack of measurement 

invariance analysis, and the combination of the native and non-native speakers of English. 
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First, restricted by available resources in recruiting thousands of participants, this study 

collected a sample of 338 participants. Although this sample size allowed for valid statistical 

inferences for most of the analyses reported in this dissertation, the relatively small sample size 

affected analyses and findings in two ways. For one, I was not able to calibrate the items in the 

R2W2 with the accurate estimates for item discrimination, difficulty, and guessing parameters 

under the multidimensional IRT (MIRT) model. Although three IRT models were fit to the 

empirical data when conducting the confirmatory item factor analysis, they should be considered 

as assessing the overall factor structure of the R2W2 rather than obtaining the accurate item 

parameter estimation for the calibration purpose. For an accurate estimation of the item 

parameters (i.e., item difficulty, discrimination, guessing parameters) in a three-parameter 

logistic model under the relational reasoning framework (i.e., MIRT), response data from at least 

one thousand participants would be needed (Dumas & Alexander, 2013). Insufficient sample size 

would render the parameter estimates inaccurate. Consequently, if future researchers or 

practitioners use those item parameter estimates in scoring test takers’ latent ability as indicated 

by the IRT scores, such as the Expected A Posteriori, those score estimates would be biased and 

would not accurately reflect test takers’ latent ability in relational reasoning with words. 

Although it would have been ideal to collect a much larger sample to serve the calibration 

purpose, the current investigation was not able to achieve it due to the limited data collection 

time and resources. 

Second, related to the small sample size, I was not able to ascertain whether the 

measurement equivalence on the structure (i.e., whether the factor structure remains the same), 

metric (i.e., whether the factor loadings are similar across groups), and scalar levels (i.e., whether 

certain item might function differently across groups) would be found for the R2W2 for different 
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demographic groups that vary in gender, race/ethnicity, or self-identified native language. 

Examined by those demographic variables, the largest minority demographic group, which was 

second largest group under a certain type of demographic classification across all the 

aforementioned variables, involved only 69 participants (i.e., male group). Therefore, a 

systematic examination of measurement equivalence was not possible considering the small 

number of participants in each demographic group, especially for a measure with complex factor 

structure like the R2W2. With a much larger and diverse sample, I would be able to analyze the 

measurement invariance for the R2W2 on the structure, metric, and scalar levels, which would 

allow me to make judgements about whether R2W2 is equally valid for female and male, for 

individuals of different races/ethnicities, and for individuals with different native languages. If 

measurement variance were found for these groups, it would be necessary to provide separate 

sets of item parameter estimates for different groups of population for later scoring purpose. 

Third, the current study found a significant, but small, difference in the individuals’ 

performance on the R2W2 between native (L1) and non-native speakers (L2) of English even 

though the self-identified non-native speakers were currently enrolled in an English-speaking 

university. Because of the small number of L2 students and due to the small effect sizes of L1 on 

R2W2 performance, this study could not provide a more definitive answer regarding the practical 

significance of the small differences between L1 and L2 groups without a larger and more 

representative participant sample from non-native English speakers.  

Contributions 

 Even in light of the delimitations and limitations just described, this investigation into the 

new conceptualization and operationalization of word knowledge quality has contributed to the 

existing literature on word knowledge is several significant ways. Specifically, those major 
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contributions include: (a) an integrative perspective of word knowledge quality; (b) a new 

approach to assessing semantic understanding; (c) a psychometrically-sound measure of word 

knowledge quality; and (d) insights into the unique contributions of relational reasoning ability 

and word knowledge to performance on this novel measure of word knowledge.  

Integrative Perspective of Word Knowledge Quality 

 One of the major contributions of the current study was that it afforded an integrative 

perspective of word knowledge quality. To my knowledge, the current study is one of the first 

attempts to apply such an integrated perspective to the assessment of word knowledge quality. 

Specifically, word knowledge in this investigation involved not only the number of words that 

individuals knew to some extent (breadth) but also how extensive their semantic understanding 

of those words. In the extant literature, studies either focused on the breadth or depth of word 

knowledge. Breadth was often assessed by requiring participants to select the appropriate 

definition for a number of words presented in isolation (Brown et al., 1993). For example, a 

sample item in the Nelson-Denny Reading Test-Vocabulary Section is If something atrophies, it: 

A. saves up B. wastes away C. wins, D. develops E. moves.  

Conversely, depth of word knowledge often was assessed by examining whether 

participants could provide an accurate definition for a small number of isolated words (Kurland 

& Snow, 1997). For instance, participants were asked to provide definitions for the target words, 

such as alphabet, bicycle, clock, diamond. Another approach to measuring the depth of 

individuals’ word knowledge was to determine whether a simple association existed between two 

words (Read, 1993, 1998). For example, participants were asked to select as many words as they 

could from eight option words: arithmetic, film, pole, publishing, revise, risk, surface, text, that 

were associated with the target word, edit. Having only cursory knowledge for a large number or 
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more detailed information for a limited number of words constrains what can be said about the 

overall quality of individuals’ word knowledge. Such one-sided techniques belie the fact that 

word knowledge should encompass both breadth and depth of semantic understanding (Qian, 

1998, 1999).  

New Approach to Assessing Semantic Understanding 

 In the word knowledge literature, the conceptualization of word semantic knowledge was 

largely concerned with the meaning for individual, isolated words, including the form-meaning 

or concept-referent mapping (e.g., what meaning does this word form signal), or the extensive 

and precise knowledge of the word definitions. For example, according to the lexical quality 

hypothesis (Perfetti & Hart, 2002), high lexical quality, which they regard as a key to successful 

reading comprehension, is defined as “… a fully specified orthographic representation (a 

spelling) and redundant phonological representations (one from spoken language and one 

recoverable from orthographic-to-phonological mappings)” (pp. 190). The lexical quality 

hypothesis focuses on the level of integration of the three constituents of word knowledge that 

were orthography (spelling), phonology (pronunciation), and semantics (meaning) for individual 

words. Compared to readers of lower lexical quality for a given word, readers of high lexical 

quality should be able to identify the written and spoken forms of that word as a unitary unit 

rather than parts of it that may also be parts of other words (i.e., coherence). They should also 

have less confusion about the decontextualized meaning (i.e., reliability) for that word. The 

lexical quality hypothesis aims to account for individual difference in understanding the meaning 

for every single word on a micro or intra-task level.  

However, an individual’s word knowledge consists of more than knowledge of isolated 

words. Researchers found that how the words associated with each other in an individuals’ 
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mental lexical, or in other words, lexical network knowledge, was also an important indicator of 

semantic understanding of words (Clark, 1970; Deese, 1965; Meara, 1980; Read,1993). The 

semantic network model provides a framework that examines word knowledge for a single word 

in association to another word (Sowa, 1987). Under the semantic network model, words are 

connected to each other based on their semantic associations. For example, cat-mammal-animal-

bird-fly-sky are connected in the way that cat is a mammal that is one kind of animal, which also 

include bird that can fly in the sky. Following the semantic network model, Wordnet (Miller, 

1995; Fellbaum, 1998), a large lexical database of English was developed for looking up 

cognitive synonyms (or synsets) for a given word. A large body of nouns, verbs, adjectives, and 

adverbs were grouped into synsets based on their conceptual-semantic and lexical relations. 

Users could easily find various types of synonyms for a given word through the Wordnet 

database (https://wordnet.princeton.edu/). To note, both Wordnet and semantic network model 

essentially function at the level of word pairs that involve only two words. The semantic 

relations that described in the semantic network model or guided the development of Wordnet 

were confined to every two words. It did not go beyond word pairs to describe the immediate 

relation between three or more words.    

Accordingly, the previous assessment of that knowledge was confined to only two words 

in a pair (Read, 1993, 1998). The purpose of this investigation, therefore, was to move beyond 

assessing word semantic understanding in isolation or in word pairs (Read, 1993, 1998), and 

provide a new approach that could allow researchers to reveal an individual’s in-depth 

understanding of the meaning of a word when presented in relation to multiple related words. It 

is the knowledge, which enables an individual to identify the similarity and difference in the 

meaning of those words, that determines the level of one’s semantic understanding.  

https://wordnet.princeton.edu/
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 The current study applied the relational reasoning framework in assessing the quality of 

word knowledge. Relational reasoning framework provided an ideal theoretical scheme for 

comparing the meaning of multiple words in a more complex and nuanced way by emphasizing 

multiple relations between and among words based on similarities and differences in meaning. In 

addition to analogical reasoning that focuses on the recognition of similarities, the other three 

forms of relational reasoning focus on particular categories of dissimilarities between and among 

words. The unique characteristic of the relational reasoning framework is that instead of focusing 

on word meaning for single words (i.e., lexical quality hypothesis) or simple associations 

between two entities (i.e., semantic network model or Wordnet), it targets at complex relations 

among multiple objects, idea, or experience; that is, “relations-among-relations” (Alexander et 

al., 2015). When related words are juxtaposed together to form those relations, individuals are 

required to constantly compare their meanings, and analyze them on a fine-grained level that 

involve the specific attributes of the word meaning (e.g., coop: small, confined, 

cage/area/building, placing or keeping poultry, such as chicken). Thus, the in-depth knowledge 

of the word meanings can be reflected through this reasoning process.  

The current study was the first in the word knowledge literature that applied this 

relational reasoning framework in assessing word knowledge. The results supported that 

relational reasoning framework can be an effective approach in gauging the nuanced 

understanding of word meanings by situating the target words in association to a range of other 

words from multiple domains and at various levels of abstractness and complexity. 

A Psychometrically Sound Measure 

 In addition to the aforementioned conceptual contributions, the current study also 

contributed a psychometrically-sound measure for assessing the word knowledge quality—
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Relational Reasoning with Words. Whether analysis was conducted at the test-, scale-, or item 

level, this novel measure was found to produce information on college students’ word knowledge 

quality that was reliable and valid. For example, confirmatory item factor analysis supported the 

multidimensional structure of the R2W2 that conformed to the relational reasoning conceptual 

framework. Analyses also revealed that the R2W2 was a highly reliable measure for the college 

students with coefficients for total score  and for the four scales above .90. Further, empirical 

evidence supported the predictive, convergent, and discriminant validity of the R2W2. Moreover, 

the difficulty and discrimination analyses indicated that R2W2 word problems fell within the 

expected range of difficulty with a nice mixed of harder to easier items and appropriately 

discriminated with higher and lower performers.   

Unique Contributions of Word Knowledge and Relational Reasoning to R2W2 

 A major purpose in undertaking this study was to investigate how much performance on 

the R2W2 was attributable to relational reasoning ability and to word knowledge. What was 

learned by this undertaking was the relational reasoning and word knowledge had to operate in 

concert for individuals to demonstrate quality of their semantic understanding. A consistent 

pattern across a series of analyses was that both relational reasoning and word knowledge had 

contributed to R2W2, albeit it to varying degrees for the four forms. Such a finding confirmed the 

theoretical conceptualization that guided the development of the R2W2. Of importance, however, 

word knowledge was found to contribute more to R2W2 performance than relational reasoning.  

The explanation I would forward for the greater contribution of vocabulary knowledge 

over relational reasoning pertains to the relative weight of crystallized versus fluid ability on this 

measure. In effect, if individuals possessed little or no understanding of the words used to 

construct a relational item such as an Anomaly item that involves, GRIEVED, INQUISITIVE, 
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REMORSEFUL, SORROWFUL, then their relational reasoning processes would be thwarted. 

They would not be able to proceed from the first component process of relational reasoning, 

encoding the information, to the subsequent component processes of inferencing, mapping, and 

applying (Grossnickle et al., 2013; Sternberg, 1977).  

 The scale- and item-level examinations found that the contribution of relational reasoning 

to the performance of the R2W2 varied by scale. On the scale level, relational reasoning was 

found to contribute to college students’ performance on the Analogy and Antinomy scales of the 

R2W2 to a greater extent than to the Anomaly and Antithesis scales. However, on the item level, 

relational reasoning’ contribution could be detected for most Antithesis items, but not for items 

in the rest scales. These results suggested that participants might have relied differentially on 

their relational reasoning ability and word knowledge when completing the four scales of the 

R2W2 due to the different scale configurations. One important finding of the series of analyses 

was that the Anomaly scale seems to have a unique item configuration in which relational 

reasoning’s contribution was the smallest and almost unidentifiable among the four scales. 

Individuals’ performance on the Anomaly items was largely dependent on their word knowledge, 

not their ability to navigate through semantic relations.       

Implications for Research 

 The current study represented the first step in applying the relational reasoning 

framework in vocabulary assessment. There is still much to be learned about the quality of word 

knowledge or the utility of the R2W2 as a novel measure. Among the questions that remained to 

be addressed through empirical research are: (a) if the R2W2 as an integrative measure of work 

knowledge quality proves more challenging than standardized measures that take a more one-

side orientation to assessment; (b) whether the R2W2 has an advantage over traditional 
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vocabulary measures in predicting performance on a range of linguistic tasks (e.g., reading 

comprehension) or for achievement in language-rich domains (e.g., reading, writing, literary 

studies, or history); and (c) how the R2W2 functions for different demographic groups that vary 

in age, gender, race/ethnicity, and native language.  

One important consideration for future research is to compare the R2W2 with other 

traditional vocabulary measures, such as Peabody Picture Vocabulary Test (Dunn & Dunn, 1997) 

and Word Associate Test (Read, 1993, 1998). Theoretically, the R2W2 should present more 

challenging than those traditional vocabulary measures that followed one-sided orientation to 

assessing only the breadth or size of word knowledge. Future research could administer the 

R2W2 along with one breadth measure and one depth measure to college students, and 

empirically test that hypothesis.  

Another consideration for future research is to empirically test whether the R2W2 has an 

advantage over traditional vocabulary measures in predicting performance on a range of 

linguistic tasks (e.g., reading comprehension) or for achievement in language-rich domains (e.g., 

reading, writing, literary studies, or history). As a measure that was designed to capture word 

knowledge more comprehensively that considered both the breadth and depth, the R2W2 should 

be more effective in predicting performance on text-related tasks such as reading comprehension 

and writing or achievement in the domains where the quality of language use is highly valued. If 

the R2W2 is found to explain individual differences in those domains or tasks, it would provide 

empirical support to the advantage of the R2W2 over other traditional vocabulary measures, as 

well as demonstrating the merit of applying the relational reasoning framework in assessing 

word knowledge quality.  
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Lastly, as mentioned earlier in the delimitation section, the current investigation only 

involved college students and a small portion of non-native English speakers. Future research 

could empirically examine the upper and lower age boundaries for assessing word knowledge 

quality with the R2W2 by administering the R2W2 to high schoolers or older adults. That 

investigation would be important for researchers to determine the applicable age range for the 

use of R2W2. Moreover, with a much larger and diverse sample size, future research should 

conduct measurement invariance analyses to determine whether any item in the R2W2 would 

favor a particular demographic group (i.e., gender, race/ethnicity). Such an endeavor would be 

critical to ensuring equity the R2W2 across demographic groups.  

Implications for Practice 

 Although the current research is still largely exploratory in nature, it has the potential to 

contribute to the educational practice, including for the assessment of the word knowledge 

quality, and as a potential framework for enriching word knowledge and for building 

associations about otherwise isolated words. As a reliable and valid measure for word knowledge 

quality for college students, the R2W2 could be used for investigating whether a lack of 

appropriate word knowledge quality that is required at the college level is the underlying reason 

for academic struggles. Moreover, consisting mostly multiple-choice questions and a few open-

ended items, the R2W2 could be easily administered to a large number of participants 

simultaneously with easy scoring. 

Second, the current investigation confirmed the applicability of relational reasoning in 

assessing the quality of word knowledge. It seems worthwhile to explore whether the relational 

reasoning framework would also be effective in teaching new words to adolescents. During the 

vocabulary instruction, teachers could juxtapose the target word with some familiar words that 
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are semantically related to the target word based on the four forms of relational reasoning, and 

highlight the difference among those words to enhance the deep understanding of the word 

meanings as well as to establish a well-integrated lexical network for adolescents. If relational 

reasoning framework is as effective in vocabulary instruction as in the vocabulary assessment, 

teachers would observe an increase in students’ vocabulary learning outcome with this new way 

of teaching new words to students. 

 The current investigation represents an initial endeavor in applying the relational 

reasoning framework to the word knowledge domain. Consistent with previous research on 

relational reasoning, the theoretical framework of relational reasoning possesses great potential 

in guiding and contributing to learning in various domains. Future research should continue 

harnessing its potential and applying it more broadly to further our knowledge in human 

learning. 
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APPENDIX 

Sample Items of the Measures 

Relational Reasoning with Words 

Analogy 

 

 

  

 

 

 

Anomaly 

 

 

 

 

 

 

Antinomy 

 

Directions: This is a pattern that is not 

yet complete. Find the missing term from 

those below that completes the pattern.  

 

LAKE : OCEAN :: ISLAND : ?       

 

A. SEA 

B. TERRITORY 

C. PENINSULA 

D. CONTINENT 

 

Directions: This is a pattern that is not yet 

complete. Find the missing term from those 

below that completes the pattern.  

 

WHISPER : SHOUT :: WHIMPER : ?       

 

A. ORATE 

B. WAIL 

C. MUMBLE 

D. WEEP 

 

Directions: In the item below, three of 

the four words follow a particular pattern 

in terms of their meaning. Select the 

word that does not follow the same 

pattern in meaning as the other three. 

 

A. GRIEVED  

B. INQUISITIVE 

C. REMORSEFUL 

D. SORROWFUL 

 

Directions: In the item below, three of 

the four words follow a particular pattern 

in terms of their meaning. Select the 

word that does not follow the same 

pattern in meaning as the other three. 

 

A. HOMOGENOUS  

B. ANTONYM 

C. CONSISTENT 

D. SIMILAR 
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Antithesis 
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SAT Vocabulary  

Directions: Each sentence below has one blank indicating that something has been omitted. 

Beneath the sentence are five words labeled A through E. Choose the word that, when inserted in 

the sentence, best fits the meaning of the sentence as a whole. 

 

Medieval kingdoms did not become constitutional republics overnight; on the contrary, the 

change was     .  

 

A. unpopular 

B. unexpected 

C. advantageous 

D. sufficient 

E. gradual 

 

SAT Math 

Directions: For this measure, solve each of the following problems. Then select the option that 

corresponds to your solution. The use of a calculator is permitted.  

 

If 7.5 is x percent of 75, what is x percent of 10? 

 

A. 10 

B. 1 

C. 0.75 

D. 0.1 

E. 0.075 
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Test of Relational Reasoning 

Analogy 
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Anomaly 
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Antinomy 
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Antithesis 
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Bayesian Convergence Diagnosis Results 

Table S1 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Unidimensional Model (Model A) 

Parameters 

ESS for Markov 

Chain 1 

ESS for Markov 

Chain 2 PSRF 

Upper CI of 

PSRF 

WRR by AG_Item1 4298.448 4265.236 1.000 1.000 

WRR by AG_Item2 4533.567 4688.420 1.002 1.006 

WRR by AG_Item3 4539.593 4796.740 1.000 1.001 

WRR by AG_Item4 3590.854 3763.889 1.000 1.000 

WRR by AG_Item5 4273.780 4311.990 1.001 1.004 

WRR by AG_Item6 4782.842 4528.534 1.001 1.001 

WRR by AG_Item7 3959.095 4472.774 1.001 1.003 

WRR by AG_Item8 5000.000 5000.000 1.000 1.000 

WRR by AM_Item1 3960.088 3922.469 1.000 1.001 

WRR by AM_Item2 3901.363 4092.397 1.002 1.010 

WRR by AM_Item3 4511.087 4318.841 1.000 1.000 

WRR by AM_Item4 4585.048 5000.000 1.000 1.000 

WRR by AM_Item5 4330.928 4640.022 1.000 1.000 

WRR by AM_Item6 4336.595 4112.826 1.001 1.004 

WRR by AM_Item7 5000.000 4340.914 1.001 1.004 

WRR by AM_Item8 4176.469 3966.698 1.001 1.004 

WRR by AN_Item1 3328.978 3354.380 1.000 1.001 

WRR by AN_Item2 4532.071 4744.013 1.001 1.003 

WRR by AN_Item3 4516.104 4679.148 1.001 1.001 

WRR by AN_Item4 1909.003 2102.425 1.000 1.001 

WRR by AN_Item5 2839.651 2946.199 1.000 1.000 

WRR by AN_Item6 3966.782 4065.534 1.000 1.000 

WRR by AN_Item7 4336.697 4693.710 1.001 1.006 

WRR by AN_Item8 4234.327 4632.847 1.000 1.002 

WRR by AT_Item1 3329.510 3226.847 1.000 1.002 

WRR by AT_Item2 3429.162 3420.020 1.000 1.002 

WRR by AT_Item3 3500.024 3978.058 1.000 1.001 

WRR by AT_Item4 4409.433 4468.159 1.000 1.000 

WRR by AT_Item5 3966.783 3681.456 1.000 1.002 

WRR by AT_Item6 5000.000 5353.595 1.000 1.001 

WRR by AT_Item7 4137.987 4184.242 1.000 1.000 

WRR by AT_Item8 3095.453 2416.153 1.000 1.001 

Threshold of AG_Item1 3064.377 3425.494 1.001 1.006 

Threshold of AG_Item2 3705.982 3165.324 1.001 1.005 

Threshold of AG_Item3 3531.787 4660.001 1.000 1.002 

Threshold of AG_Item4 3087.781 2892.652 1.002 1.008 
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Threshold of AG_Item5 3602.772 2421.122 1.001 1.006 

Threshold of AG_Item6 4368.447 3678.682 1.000 1.001 

Threshold of AG_Item7 3349.084 2693.943 1.000 1.003 

Threshold of AG_Item8 4540.048 4442.850 1.000 1.001 

Threshold of AM_Item1 2841.483 2174.148 1.003 1.010 

Threshold of AM_Item2 2636.081 2552.369 1.000 1.000 

Threshold of AM_Item3 4035.220 3553.996 1.000 1.001 

Threshold of AM_Item4 4124.933 3540.117 1.001 1.006 

Threshold of AM_Item5 3445.858 3218.995 1.000 1.000 

Threshold of AM_Item6 2932.081 2453.315 1.000 1.001 

Threshold of AM_Item7 4345.589 3532.451 1.000 1.003 

Threshold of AM_Item8 2932.178 2837.284 1.003 1.014 

Threshold of AN_Item1 2912.817 2410.982 1.000 1.000 

Threshold of AN_Item2 3681.192 4155.344 1.002 1.007 

Threshold of AN_Item3 3685.200 4246.362 1.000 1.002 

Threshold of AN_Item4 1725.920 1760.495 1.001 1.004 

Threshold of AN_Item5 2153.645 2405.162 1.000 1.001 

Threshold of AN_Item6 2634.050 2656.791 1.000 1.001 

Threshold of AN_Item7 3748.287 4333.136 1.000 1.000 

Threshold of AN_Item8 3276.934 2758.920 1.001 1.008 

Threshold1 of AT_Item1 2333.756 2121.600 1.001 1.002 

Threshold2 of AT_Item1 2465.040 2114.611 1.001 1.007 

Threshold1 of AT_Item2 2317.131 1754.330 1.006 1.030 

Threshold2 of AT_Item2 2232.241 1747.522 1.000 1.003 

Threshold1 of AT_Item3 1783.218 1287.220 1.000 1.002 

Threshold2 of AT_Item3 1954.389 1521.388 1.002 1.010 

Threshold1 of AT_Item4 3041.567 2988.348 1.000 1.003 

Threshold2 of AT_Item4 2982.028 3340.426 1.000 1.002 

Threshold1 of AT_Item5 1874.776 1912.742 1.002 1.011 

Threshold2 of AT_Item5 1943.622 1873.347 1.002 1.009 

Threshold1 of AT_Item6 3106.780 2928.112 1.000 1.000 

Threshold2 of AT_Item6 3634.131 3310.371 1.000 1.001 

Threshold1 of AT_Item7 2205.939 2258.040 1.001 1.002 

Threshold2 of AT_Item7 1965.743 2077.875 1.000 1.000 

Threshold1 of AT_Item8 1935.945 1363.214 1.000 1.002 

Threshold2 of AT_Item8 2098.455 1586.501 1.001 1.006 

Mean 3452.059 3365.613 1.001 1.003 

Standard Deviation 927.736 1071.844 0.001 0.005 

Min 1725.920 1287.220 1.000 1.000 

Max 5000.000 5353.595 1.006 1.030 

Notes. WRR=Relational Reasoning with Words. AG=Analogy. AM=Anomaly. AN=Antinomy. 

AT=Antithesis. 
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Table S2 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Four-Factor Model (Model B) 

Parameters 

ESS for Markov 

Chain 1 

ESS for Markov 

Chain 2 PSRF 

Upper CI 

of PSRF 

AG by AG_Item1 3573.513 3609.110 1.000 1.001 

AG by AG_Item2 4206.633 4067.812 1.001 1.002 

AG by AG_Item3 4614.041 5000.000 1.000 1.001 

AG by AG_Item4 3502.473 2806.940 1.000 1.000 

AG by AG_Item5 3134.978 2814.737 1.001 1.002 

AG by AG_Item6 4566.913 4585.457 1.000 1.002 

AG by AG_Item7 3602.568 3636.126 1.000 1.000 

AG by AG_Item8 4670.826 4252.571 1.000 1.000 

AM by AM_Item1 3168.847 3181.703 1.002 1.003 

AM by AM_Item2 3491.330 3277.100 1.001 1.002 

AM by AM_Item3 4437.141 4553.615 1.001 1.005 

AM by AM_Item4 4511.298 4650.546 1.000 1.002 

AM by AM_Item5 4500.802 4159.000 1.000 1.001 

AM by AM_Item6 3727.684 3921.617 1.000 1.002 

AM by AM_Item7 3887.544 4218.941 1.001 1.002 

AM by AM_Item8 3040.927 3230.126 1.000 1.000 

AN by AN_Item1 973.452 970.852 1.001 1.006 

AN by AN_Item2 2879.241 3059.405 1.000 1.001 

AN by AN_Item3 4058.841 4002.584 1.000 1.000 

AN by AN_Item4 226.512 121.496 1.005 1.019 

AN by AN_Item5 818.411 882.089 1.002 1.009 

AN by AN_Item6 2797.981 1901.496 1.000 1.000 

AN by AN_Item7 2936.374 3255.809 1.000 1.001 

AN by AN_Item8 4403.062 3649.825 1.001 1.004 

AT by AT_Item1 1751.722 2006.586 1.001 1.003 

AT by AT_Item2 3213.257 3298.993 1.000 1.000 

AT by AT_Item3 4017.875 3972.260 1.001 1.004 

AT by AT_Item4 4061.476 4117.251 1.001 1.001 

AT by AT_Item5 4141.835 4062.475 1.001 1.003 

AT by AT_Item6 5000.000 4675.552 1.001 1.001 

AT by AT_Item7 3107.095 3516.446 1.000 1.000 

AT by AT_Item8 1220.234 1084.709 1.001 1.001 

AM with AG 2116.005 2129.247 1.001 1.006 

AN with AG 2421.065 2435.506 1.001 1.008 

AN with AM 2022.460 2236.473 1.000 1.002 

AT with AG 2321.334 2132.238 1.000 1.000 

AT with AM 2329.770 2952.989 1.002 1.009 
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AT with AN 2680.930 2498.045 1.000 1.001 

Threshold of AG_Item1 3202.033 3399.472 1.002 1.008 

Threshold of AG_Item2 3750.209 3834.061 1.001 1.003 

Threshold of AG_Item3 4426.609 5000.000 1.000 1.000 

Threshold of AG_Item4 3050.768 3200.587 1.000 1.002 

Threshold of AG_Item5 2755.871 3039.337 1.002 1.012 

Threshold of AG_Item6 3987.593 4138.292 1.000 1.000 

Threshold of AG_Item7 3207.408 3369.106 1.001 1.005 

Threshold of AG_Item8 3947.068 4491.988 1.000 1.001 

Threshold of AM_Item1 2689.859 3001.233 1.002 1.010 

Threshold of AM_Item2 3252.943 2751.638 1.000 1.002 

Threshold of AM_Item3 3580.675 4063.348 1.000 1.003 

Threshold of AM_Item4 3680.739 4241.733 1.000 1.000 

Threshold of AM_Item5 3870.712 3498.888 1.000 1.000 

Threshold of AM_Item6 3022.372 3140.939 1.001 1.003 

Threshold of AM_Item7 4284.444 4272.710 1.000 1.003 

Threshold of AM_Item8 3014.821 2715.018 1.001 1.005 

Threshold of AN_Item1 1226.882 1143.544 1.000 1.000 

Threshold of AN_Item2 3145.701 2491.692 1.001 1.007 

Threshold of AN_Item3 4727.973 4657.459 1.000 1.000 

Threshold of AN_Item4 235.858 118.173 1.016 1.043 

Threshold of AN_Item5 864.679 871.383 1.009 1.040 

Threshold of AN_Item6 3250.521 2383.293 1.000 1.003 

Threshold of AN_Item7 3364.483 3536.088 1.001 1.005 

Threshold of AN_Item8 3672.297 3558.369 1.000 1.000 

Threshold1 of AT_Item1 1345.835 1454.306 1.000 1.000 

Threshold2 of AT_Item1 1418.874 1669.677 1.000 1.000 

Threshold1 of AT_Item2 2048.658 2015.861 1.001 1.005 

Threshold2 of AT_Item2 1802.590 1870.805 1.003 1.013 

Threshold1 of AT_Item3 1702.371 1748.057 1.001 1.007 

Threshold2 of AT_Item3 1642.728 1789.708 1.001 1.005 

Threshold1 of AT_Item4 2970.450 2481.601 1.000 1.001 

Threshold2 of AT_Item4 2262.432 2554.632 1.000 1.002 

Threshold1 of AT_Item5 2063.651 2258.030 1.002 1.010 

Threshold2 of AT_Item5 1987.514 1805.475 1.004 1.018 

Threshold1 of AT_Item6 3639.948 3622.918 1.000 1.000 

Threshold2 of AT_Item6 3866.337 3904.827 1.000 1.001 

Threshold1 of AT_Item7 1848.494 1581.813 1.001 1.003 

Threshold2 of AT_Item7 1759.257 1659.253 1.002 1.012 

Threshold1 of AT_Item8 892.678 815.434 1.002 1.007 

Threshold2 of AT_Item8 1185.759 991.289 1.002 1.007 

Mean 2958.802 2949.612 1.001 1.004 

Standard Deviation 1171.411 1203.242 0.002 0.007 

Min 226.512 118.173 1.000 1.000 

Max 5000.000 5000.000 1.016 1.043 

Notes. AG=Analogy. AM=Anomaly. AN=Antinomy. AT=Antithesis.  



 

 

170 

 

Table S3 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Higher-Order Model (Model C) 

Parameters 

ESS for Markov 

Chain 1 

ESS for Markov 

Chain 2 PSRF 

Upper CI 

of PSRF 

AG by AG_Item1 165.445 170.108 1.010 1.044 

AG by AG_Item2 212.662 178.909 1.011 1.051 

AG by AG_Item3 644.421 298.350 1.006 1.028 

AG by AG_Item4 237.278 184.191 1.010 1.046 

AG by AG_Item5 145.444 143.302 1.014 1.063 

AG by AG_Item6 267.766 263.559 1.012 1.055 

AG by AG_Item7 166.899 159.847 1.011 1.051 

AG by AG_Item8 261.168 235.844 1.008 1.029 

AM by AM_Item1 368.227 183.825 1.012 1.056 

AM by AM_Item2 335.257 229.940 1.020 1.090 

AM by AM_Item3 463.855 236.451 1.008 1.036 

AM by AM_Item4 496.237 278.721 1.013 1.060 

AM by AM_Item5 397.337 215.445 1.019 1.088 

AM by AM_Item6 296.716 157.326 1.017 1.079 

AM by AM_Item7 403.622 207.172 1.016 1.076 

AM by AM_Item8 291.326 178.138 1.015 1.072 

AN by AN_Item1 892.476 912.373 1.000 1.000 

AN by AN_Item2 1746.501 1709.213 1.000 1.000 

AN by AN_Item3 3694.189 3537.761 1.000 1.000 

AN by AN_Item4 101.307 160.829 1.015 1.015 

AN by AN_Item5 649.253 650.986 1.002 1.002 

AN by AN_Item6 2078.299 1860.914 1.000 1.000 

AN by AN_Item7 2129.600 2244.521 1.000 1.001 

AN by AN_Item8 2735.453 2929.403 1.001 1.002 

AT by AT_Item1 1083.126 852.439 1.001 1.006 

AT by AT_Item2 1956.878 1520.267 1.001 1.007 

AT by AT_Item3 1573.142 1437.111 1.004 1.022 

AT by AT_Item4 1540.987 1428.065 1.001 1.004 

AT by AT_Item5 1958.933 2241.419 1.003 1.013 

AT by AT_Item6 3602.447 4424.265 1.001 1.004 

AT by AT_Item7 1270.971 1069.166 1.004 1.020 

AT by AT_Item8 706.434 705.828 1.002 1.008 

WRR by AG 77.963 34.441 1.020 1.084 

WRR by AM 152.916 163.164 1.062 1.190 

WRR by AN 168.537 145.422 1.001 1.001 

WRR by AT 88.314 97.180 1.004 1.020 

Threshold of AG_Item1 2939.503 3526.797 1.001 1.001 
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Threshold of AG_Item2 3775.391 3062.742 1.001 1.004 

Threshold of AG_Item3 4159.150 4368.384 1.000 1.001 

Threshold of AG_Item4 3156.396 3891.682 1.001 1.004 

Threshold of AG_Item5 2556.265 2509.677 1.000 1.002 

Threshold of AG_Item6 4575.222 4117.012 1.000 1.001 

Threshold of AG_Item7 3419.978 2957.905 1.002 1.010 

Threshold of AG_Item8 3839.720 3570.685 1.000 1.000 

Threshold of AM_Item1 3238.087 3315.947 1.004 1.022 

Threshold of AM_Item2 3618.040 2839.809 1.001 1.001 

Threshold of AM_Item3 4414.038 4373.006 1.003 1.016 

Threshold of AM_Item4 4016.708 3993.943 1.003 1.018 

Threshold of AM_Item5 4122.609 3793.773 1.000 1.002 

Threshold of AM_Item6 3974.921 3259.809 1.001 1.007 

Threshold of AM_Item7 4153.437 4076.262 1.003 1.014 

Threshold of AM_Item8 2934.557 2660.010 1.001 1.004 

Threshold of AN_Item1 1142.139 1135.385 1.000 1.000 

Threshold of AN_Item2 3244.461 3280.730 1.001 1.005 

Threshold of AN_Item3 4631.247 4432.812 1.001 1.003 

Threshold of AN_Item4 95.895 140.236 1.008 1.011 

Threshold of AN_Item5 844.057 765.344 1.001 1.005 

Threshold of AN_Item6 2895.768 2692.537 1.000 1.001 

Threshold of AN_Item7 3461.198 3471.464 1.003 1.008 

Threshold of AN_Item8 4101.438 4004.625 1.003 1.014 

Threshold1 of AT_Item1 1386.523 1374.800 1.000 1.001 

Threshold2 of AT_Item1 1836.982 1806.595 1.001 1.004 

Threshold1 of AT_Item2 2338.880 2034.323 1.003 1.015 

Threshold2 of AT_Item2 2020.756 2175.501 1.003 1.015 

Threshold1 of AT_Item3 2062.485 1954.903 1.009 1.045 

Threshold2 of AT_Item3 2139.833 1915.820 1.006 1.028 

Threshold1 of AT_Item4 2671.989 2917.749 1.000 1.003 

Threshold2 of AT_Item4 2587.906 2628.023 1.001 1.003 

Threshold1 of AT_Item5 2223.518 2514.588 1.002 1.010 

Threshold2 of AT_Item5 2109.984 2300.737 1.000 1.001 

Threshold1 of AT_Item6 3334.705 3768.023 1.000 1.001 

Threshold2 of AT_Item6 3575.945 3821.710 1.001 1.006 

Threshold1 of AT_Item7 1955.859 1840.777 1.006 1.029 

Threshold2 of AT_Item7 1985.903 1840.201 1.003 1.018 

Threshold1 of AT_Item8 855.788 817.621 1.003 1.009 

Threshold2 of AT_Item8 1317.706 1288.686 1.006 1.027 

Mean 1935.215 1877.454 1.005 1.022 

Standard Deviation 1435.669 1450.614 0.009 0.031 

Min 77.963 34.441 1.000 1.000 

Max 4631.247 4432.812 1.062 1.190 

Notes. WRR=Relational Reasoning with Words. AG=Analogy. AM=Anomaly. AN=Antinomy. 

AT=Antithesis. 
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Table S4 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Item-Level Contribution Analysis for the Analogy Scale 

Parameters 

ESS for Markov 

Chain 1 

ESS for Markov 

Chain 2 PSRF 

Upper CI 

of PSRF 

RR by AG_Item1 2897.987 2896.007 1.001 1.005 

WK by AG_Item1 3638.991 3381.512 1.001 1.003 

RR by AG_Item2 3261.749 2646.698 1.000 1.000 

WK by AG_Item2 3936.303 3672.192 1.000 1.000 

RR by AG_Item3 3349.198 3233.933 1.000 1.000 

WK by AG_Item3 3920.955 4053.429 1.001 1.001 

RR by AG_Item4 2922.505 2844.394 1.000 1.000 

WK by AG_Item4 3748.209 3200.499 1.001 1.006 

RR by AG_Item5 2490.683 2558.244 1.000 1.001 

WK by AG_Item5 3247.443 3128.638 1.000 1.001 

RR by AG_Item6 3165.090 3254.206 1.004 1.015 

WK by AG_Item6 4052.482 4235.650 1.001 1.006 

RR by AG_Item7 2817.880 2795.203 1.000 1.001 

WK by AG_Item7 3394.596 3327.515 1.001 1.001 

RR by AG_Item8 3062.996 3213.490 1.002 1.010 

WK by AG_Item8 4215.128 4226.405 1.000 1.001 

RR by ToRRAG_Item1 3612.892 3433.700 1.000 1.000 

RR by ToRRAG_Item2 2101.849 1998.270 1.001 1.005 

RR by ToRRAG_Item3 3585.099 3821.376 1.002 1.011 

RR by ToRRAG_Item4 2109.909 2530.482 1.000 1.000 

RR by ToRRAG_Item5 1268.812 737.902 1.013 1.014 

RR by ToRRAG_Item6 3371.272 2985.846 1.000 1.000 

RR by ToRRAG_Item7 2124.475 2248.416 1.001 1.004 

RR by ToRRAG_Item8 3436.156 3574.324 1.000 1.001 

WK by Verbal_Item1 2489.205 3126.413 1.000 1.000 

WK by Verbal_Item2 2587.428 2271.954 1.001 1.007 

WK by Verbal_Item3 2343.819 2514.102 1.000 1.001 

WK by Verbal_Item4 4973.913 4399.986 1.000 1.000 

WK by Verbal_Item5 3424.365 3840.167 1.000 1.001 

WK by Verbal_Item6 3223.034 3296.980 1.001 1.001 

WK by Verbal_Item7 3180.854 3490.980 1.001 1.003 

WK by Verbal_Item8 3838.502 4177.153 1.000 1.000 

WK by Verbal_Item9 3089.985 3161.994 1.002 1.005 

WK by Verbal_Item10 3456.846 3842.889 1.000 1.000 

WK by Verbal_Item11 4181.147 4066.504 1.001 1.003 

WK by Verbal_Item12 3231.754 3008.967 1.001 1.004 

WK with RR 3357.751 2430.852 1.000 1.000 
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Threshold of AG_Item1 4489.213 4326.881 1.000 1.002 

Threshold of AG_Item2 5162.241 3804.987 1.000 1.001 

Threshold of AG_Item3 4588.193 4502.727 1.000 1.002 

Threshold of AG_Item4 4019.206 3744.638 1.000 1.000 

Threshold of AG_Item5 3983.983 3607.535 1.000 1.001 

Threshold of AG_Item6 4656.606 4509.802 1.000 1.002 

Threshold of AG_Item7 3420.536 4071.090 1.000 1.000 

Threshold of AG_Item8 4297.257 4467.672 1.001 1.001 

Threshold of ToRRAG_Item1 4408.000 4792.403 1.001 1.007 

Threshold of ToRRAG_Item2 3377.770 2890.178 1.003 1.016 

Threshold of ToRRAG_Item3 4516.981 4603.264 1.002 1.008 

Threshold of ToRRAG_Item4 3253.011 3309.183 1.000 1.001 

Threshold of ToRRAG_Item5 3476.034 3360.012 1.001 1.004 

Threshold of ToRRAG_Item6 4318.585 3970.302 1.000 1.000 

Threshold of ToRRAG_Item7 4088.177 4077.859 1.004 1.019 

Threshold of ToRRAG_Item8 4018.335 4086.635 1.000 1.002 

Threshold of Verbal_Item1 3034.397 3089.774 1.000 1.002 

Threshold of Verbal_Item2 2469.266 2546.929 1.000 1.000 

Threshold of Verbal_Item3 2580.698 2826.440 1.001 1.003 

Threshold of Verbal_Item4 4529.077 4525.169 1.000 1.001 

Threshold of Verbal_Item5 3559.488 3932.720 1.001 1.001 

Threshold of Verbal_Item6 3218.422 3448.415 1.000 1.000 

Threshold of Verbal_Item7 3567.419 3533.652 1.001 1.005 

Threshold of Verbal_Item8 3454.456 3589.157 1.001 1.008 

Threshold of Verbal_Item9 3065.673 3219.003 1.000 1.002 

Threshold of Verbal_Item10 3143.709 3515.512 1.000 1.001 

Threshold of Verbal_Item11 3897.251 3478.458 1.000 1.001 

Threshold of Verbal_Item12 3330.675 3591.712 1.000 1.000 

Mean 3462.091 3431.529 1.001 1.003 

Standard Deviation 743.723 733.788 0.002 0.004 

Min 1268.812 737.902 1.000 1.000 

Max 5162.241 4792.403 1.013 1.019 

Notes. RR=Relational Reasoning. WK=Word Knowledge. ToRR=Test of Relational Reasoning. 

Verbal=SAT Verbal. AG=Analogy.  
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Table S5 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Item-Level Contribution Analysis for the Anomaly Scale 

Parameters 

ESS for 

Markov Chain 

1 

ESS for 

Markov Chain 

2 PSRF Upper CI of PSRF 

RR by AM_Item1 2789.660 2735.629 1.001 1.005 

WK by AM_Item1 3105.268 3199.726 1.001 1.008 

RR by AM_Item2 2509.915 2287.890 1.001 1.002 

WK by AM_Item2 4045.234 3173.356 1.000 1.001 

RR by AM_Item3 3430.954 3091.206 1.000 1.002 

WK by AM_Item3 3865.345 4026.513 1.000 1.001 

RR by AM_Item4 3091.400 2904.549 1.000 1.000 

WK by AM_Item4 3929.931 4046.174 1.001 1.001 

RR by AM_Item5 2994.210 2953.844 1.006 1.032 

WK by AM_Item5 3919.126 3857.778 1.001 1.004 

RR by AM_Item6 3060.297 3266.747 1.000 1.000 

WK by AM_Item6 3271.241 4437.605 1.000 1.000 

RR by AM_Item7 2316.765 2621.396 1.000 1.002 

WK by AM_Item7 3026.420 3014.374 1.000 1.001 

RR by AM_Item8 2721.017 2783.631 1.001 1.001 

WK by AM_Item8 3299.027 3547.098 1.000 1.001 

RR by ToRRAM_Item1 3424.896 3594.982 1.000 1.001 

RR by ToRRAM_Item2 1582.147 1434.217 1.002 1.009 

RR by ToRRAM_Item3 3921.079 3517.831 1.000 1.001 

RR by ToRRAM_Item4 2497.109 2439.962 1.001 1.005 

RR by ToRRAM_Item5 2852.153 2821.623 1.000 1.002 

RR by ToRRAM_Item6 1526.179 1626.443 1.006 1.017 

RR by ToRRAM_Item7 3834.557 3904.046 1.000 1.000 

RR by ToRRAM_Item8 3629.279 3287.405 1.001 1.005 

WK by Verbal_Item1 2486.259 2852.988 1.001 1.005 

WK by Verbal_Item2 1350.190 1649.827 1.000 1.000 

WK by Verbal_Item3 2594.665 2584.783 1.000 1.000 

WK by Verbal_Item4 5000.000 4748.566 1.000 1.001 

WK by Verbal_Item5 4047.149 3563.540 1.000 1.000 

WK by Verbal_Item6 2903.079 2930.534 1.000 1.001 

WK by Verbal_Item7 3683.533 3643.251 1.000 1.001 

WK by Verbal_Item8 4081.952 4382.744 1.000 1.000 

WK by Verbal_Item9 2876.280 3000.126 1.000 1.001 

WK by Verbal_Item10 3131.770 3867.707 1.000 1.000 

WK by Verbal_Item11 4482.423 4400.220 1.000 1.002 

WK by Verbal_Item12 3432.662 3591.687 1.001 1.002 

WK with RR 2637.247 2511.884 1.003 1.013 
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Threshold of AM_Item1 3498.885 3544.152 1.001 1.003 

Threshold of AM_Item2 4313.919 3737.584 1.000 1.002 

Threshold of AM_Item3 4533.220 4393.932 1.000 1.000 

Threshold of AM_Item4 4187.629 4390.172 1.000 1.000 

Threshold of AM_Item5 3818.886 4062.777 1.000 1.000 

Threshold of AM_Item6 4157.364 3771.489 1.000 1.002 

Threshold of AM_Item7 4270.149 3948.275 1.000 1.001 

Threshold of AM_Item8 3885.850 3512.636 1.000 1.001 

Threshold of ToRRAM_Item1 4542.066 4289.863 1.000 1.000 

Threshold of ToRRAM_Item2 3164.954 2712.295 1.000 1.000 

Threshold of ToRRAM_Item3 5000.000 5000.000 1.000 1.002 

Threshold of ToRRAM_Item4 4038.900 3941.315 1.001 1.002 

Threshold of ToRRAM_Item5 4232.522 3923.919 1.000 1.001 

Threshold of ToRRAM_Item6 2989.819 2999.596 1.003 1.013 

Threshold of ToRRAM_Item7 4624.532 4534.897 1.000 1.000 

Threshold of ToRRAM_Item8 4640.054 4450.456 1.000 1.000 

Threshold of Verbal_Item1 2809.995 2576.219 1.001 1.005 

Threshold of Verbal_Item2 2052.267 1977.630 1.000 1.000 

Threshold of Verbal_Item3 2772.758 2809.344 1.000 1.000 

Threshold of Verbal_Item4 4382.602 4311.535 1.000 1.000 

Threshold of Verbal_Item5 3616.286 3569.400 1.001 1.006 

Threshold of Verbal_Item6 3133.701 3229.550 1.001 1.004 

Threshold of Verbal_Item7 3479.688 4156.501 1.000 1.000 

Threshold of Verbal_Item8 3847.526 3571.434 1.001 1.003 

Threshold of Verbal_Item9 3309.204 3105.407 1.000 1.003 

Threshold of Verbal_Item10 3702.086 3738.665 1.001 1.008 

Threshold of Verbal_Item11 3906.089 3952.666 1.000 1.001 

Threshold of Verbal_Item12 3840.864 3538.250 1.001 1.002 

Mean 3447.727 3416.182 1.001 1.003 

Standard Deviation 806.046 775.348 0.001 0.005 

Min 1350.190 1434.217 1.000 1.000 

Max 5000.000 5000.000 1.006 1.032 

Notes. RR=Relational Reasoning. WK=Word Knowledge. ToRR=Test of Relational Reasoning. 

Verbal=SAT Verbal. AM=Anomaly.  
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Table S6 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Item-Level Contribution Analysis for the Antinomy Scale 

Parameters 

ESS for Markov 

Chain 1 

ESS for Markov 

Chain 2 PSRF 

Upper CI of 

PSRF 

RR by AN_Item1 666.496 631.400 1.008 1.037 

WK by AN_Item1 993.567 1038.783 1.004 1.021 

RR by AN_Item2 857.852 743.149 1.008 1.039 

WK by AN_Item2 2693.653 2224.857 1.002 1.007 

RR by AN_Item3 2300.538 2092.107 1.000 1.003 

WK by AN_Item3 4060.583 3972.191 1.000 1.000 

RR by AN_Item4 518.847 442.899 1.014 1.064 

WK by AN_Item4 468.190 500.069 1.002 1.011 

RR by AN_Item5 650.613 703.107 1.003 1.016 

WK by AN_Item5 1664.014 1539.257 1.002 1.002 

RR by AN_Item6 1230.996 1144.733 1.006 1.022 

WK by AN_Item6 2678.818 3054.047 1.002 1.009 

RR by AN_Item7 1083.817 795.767 1.007 1.032 

WK by AN_Item7 3049.306 3216.321 1.000 1.000 

RR by AN_Item8 2721.903 2773.569 1.000 1.001 

WK by AN_Item8 3967.622 3788.031 1.000 1.000 

RR by ToRRAN_Item1 498.776 397.518 1.012 1.040 

RR by ToRRAN_Item2 3975.074 4310.235 1.000 1.000 

RR by ToRRAN_Item3 1068.529 1024.779 1.013 1.034 

RR by ToRRAN_Item4 2030.333 1647.989 1.003 1.008 

RR by ToRRAN_Item5 2077.922 2473.782 1.000 1.001 

RR by ToRRAN_Item6 2750.997 2682.898 1.000 1.001 

RR by ToRRAN_Item7 4277.243 3964.810 1.000 1.000 

RR by ToRRAN_Item8 3758.555 3682.673 1.000 1.000 

WK by Verbal_Item1 2991.991 2967.600 1.000 1.003 

WK by Verbal_Item2 1721.173 2006.535 1.000 1.000 

WK by Verbal_Item3 2182.661 2455.504 1.000 1.001 

WK by Verbal_Item4 4539.466 4429.820 1.001 1.001 

WK by Verbal_Item5 3560.904 3482.601 1.001 1.001 

WK by Verbal_Item6 2720.390 2737.350 1.001 1.002 

WK by Verbal_Item7 3772.312 3673.320 1.000 1.001 

WK by Verbal_Item8 4185.942 4122.906 1.001 1.006 

WK by Verbal_Item9 3608.897 3577.048 1.000 1.002 

WK by Verbal_Item10 3727.954 3659.543 1.000 1.001 

WK by Verbal_Item11 4349.924 3977.968 1.001 1.008 

WK by Verbal_Item12 3384.168 3645.283 1.000 1.002 

Threshold of AN_Item1 1318.640 1595.154 1.001 1.004 
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Threshold of AN_Item2 3629.795 3787.728 1.000 1.000 

Threshold of AN_Item3 5098.579 4534.132 1.000 1.001 

Threshold of AN_Item4 450.988 456.344 1.001 1.001 

Threshold of AN_Item5 1764.164 1607.146 1.002 1.012 

Threshold of AN_Item6 3053.158 2868.775 1.000 1.000 

Threshold of AN_Item7 3384.042 3678.554 1.000 1.001 

Threshold of AN_Item8 3771.876 4016.290 1.000 1.000 

Threshold of ToRRAN_Item1 748.131 589.050 1.010 1.027 

Threshold of ToRRAN_Item2 5000.000 4741.874 1.001 1.004 

Threshold of ToRRAN_Item3 3291.465 3114.478 1.001 1.006 

Threshold of ToRRAN_Item4 3486.023 3595.470 1.000 1.002 

Threshold of ToRRAN_Item5 4095.328 4091.378 1.000 1.000 

Threshold of ToRRAN_Item6 4290.544 4294.039 1.000 1.000 

Threshold of ToRRAN_Item7 5000.000 4771.364 1.001 1.006 

Threshold of ToRRAN_Item8 4675.498 4574.774 1.000 1.001 

Threshold of Verbal_Item1 2802.311 3299.104 1.000 1.000 

Threshold of Verbal_Item2 1966.495 2141.941 1.000 1.001 

Threshold of Verbal_Item3 2294.559 2451.761 1.000 1.000 

Threshold of Verbal_Item4 4534.155 4779.223 1.001 1.002 

Threshold of Verbal_Item5 3440.606 4253.722 1.001 1.004 

Threshold of Verbal_Item6 2720.952 2907.975 1.000 1.000 

Threshold of Verbal_Item7 3742.443 3485.737 1.001 1.001 

Threshold of Verbal_Item8 3802.394 3932.850 1.000 1.000 

Threshold of Verbal_Item9 3162.318 3628.353 1.000 1.001 

Threshold of Verbal_Item10 3662.918 3840.813 1.001 1.004 

Threshold of Verbal_Item11 3695.109 3845.806 1.001 1.004 

Threshold of Verbal_Item12 3249.750 3655.925 1.000 1.000 

Mean 2858.160 2876.878 1.002 1.007 

Standard Deviation 1316.004 1324.026 0.003 0.013 

Min 450.988 397.518 1.000 1.000 

Max 5098.579 4779.223 1.014 1.064 

Notes. RR=Relational Reasoning. WK=Word Knowledge. ToRR=Test of Relational Reasoning. 

Verbal=SAT Verbal. AN=Antinomy.  
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Table S7 

Parameter-Wise Effective Sample Size (ESS) and Potential Scale Reduction Factor (PSRF) for 

the Item-Level Contribution Analysis for the Antithesis Scale 

Parameters 

ESS for Markov 

Chain 1 

ESS for Markov 

Chain 2 PSRF 

Upper CI of 

PSRF 

RR by ToRRAT_Item1 3857.024 4303.100 1.000 1.000 

RR by ToRRAT_Item2 4424.562 4364.724 1.000 1.000 

RR by ToRRAT_Item3 2105.811 2631.842 1.000 1.002 

RR by ToRRAT_Item4 3080.964 2809.616 1.000 1.000 

RR by ToRRAT_Item5 3488.103 4274.393 1.000 1.002 

RR by ToRRAT_Item6 3555.605 3621.852 1.000 1.000 

RR by ToRRAT_Item7 3797.887 4067.517 1.001 1.004 

RR by ToRRAT_Item8 2406.746 2960.068 1.000 1.002 

WK by Verbal_Item1 2794.430 2647.066 1.002 1.007 

WK by Verbal_Item2 2009.370 1889.254 1.001 1.007 

WK by Verbal_Item3 2634.803 2673.461 1.000 1.002 

WK by Verbal_Item4 5000.000 4635.922 1.001 1.005 

WK by Verbal_Item5 2746.172 3181.521 1.000 1.001 

WK by Verbal_Item6 2835.054 2937.591 1.000 1.000 

WK by Verbal_Item7 4169.312 3914.445 1.000 1.001 

WK by Verbal_Item8 3898.948 4638.627 1.000 1.000 

WK by Verbal_Item9 3255.430 3243.829 1.000 1.001 

WK by Verbal_Item10 4729.721 3714.872 1.002 1.012 

WK by Verbal_Item11 3950.998 3850.045 1.000 1.001 

WK by Verbal_Item12 3057.468 3113.091 1.000 1.000 

RR by AT_Item1  538.319 451.641 1.003 1.010 

WK by AT_Item1  444.657 374.813 1.005 1.023 

RR by AT_Item2  1208.175 1391.793 1.000 1.002 

WK by AT_Item2  706.557 764.530 1.002 1.006 

RR by AT_Item3  1056.516 1008.514 1.002 1.009 

WK by AT_Item3  636.978 555.683 1.003 1.015 

RR by AT_Item4  708.029 584.951 1.002 1.007 

WK by AT_Item4  415.256 450.319 1.002 1.009 

RR by AT_Item5  2116.115 2703.413 1.002 1.010 

WK by AT_Item5  1348.002 1651.790 1.004 1.021 

RR by AT_Item6  3276.103 2688.049 1.000 1.001 

WK by AT_Item6  3266.781 2814.942 1.000 1.000 

RR by AT_Item7  654.591 633.855 1.002 1.009 

WK by AT_Item7  426.292 466.969 1.005 1.022 

RR by AT_Item8  452.931 404.486 1.003 1.016 

WK by AT_Item8  477.239 375.863 1.003 1.016 

WK with RR 387.750 395.822 1.002 1.010 
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Threshold of ToRRAT_Item1 4270.077 3959.302 1.000 1.000 

Threshold of ToRRAT_Item2 5065.801 5000.000 1.000 1.000 

Threshold of ToRRAT_Item3 4670.569 4269.712 1.001 1.004 

Threshold of ToRRAT_Item4 4349.799 4356.898 1.000 1.002 

Threshold of ToRRAT_Item5 5000.000 5000.000 1.000 1.001 

Threshold of ToRRAT_Item6 3699.440 3817.263 1.001 1.004 

Threshold of ToRRAT_Item7 3816.823 3799.415 1.000 1.003 

Threshold of ToRRAT_Item8 3428.161 4167.891 1.001 1.005 

Threshold of Verbal_Item1 2600.050 2161.978 1.004 1.021 

Threshold of Verbal_Item2 2048.305 1920.606 1.004 1.012 

Threshold of Verbal_Item3 2178.694 2371.105 1.001 1.001 

Threshold of Verbal_Item4 4025.933 3522.282 1.000 1.002 

Threshold of Verbal_Item5 2581.950 2905.348 1.001 1.006 

Threshold of Verbal_Item6 2453.420 2880.898 1.000 1.000 

Threshold of Verbal_Item7 3913.184 2830.634 1.005 1.021 

Threshold of Verbal_Item8 3650.814 3326.317 1.002 1.013 

Threshold of Verbal_Item9 3059.596 3200.651 1.001 1.004 

Threshold of Verbal_Item10 2859.714 3114.307 1.000 1.002 

Threshold of Verbal_Item11 3073.068 3478.319 1.000 1.002 

Threshold of Verbal_Item12 2545.051 2660.996 1.004 1.020 

Threshold1 of AT_ItemV1 933.761 644.423 1.001 1.003 

Threshold2 of AT_ItemV1 1122.730 850.715 1.002 1.008 

Threshold1 of AT_ItemV2 2206.529 2173.944 1.002 1.010 

Threshold2 of AT_ItemV2 1868.999 2079.196 1.003 1.016 

Threshold1 of AT_ItemV3 1976.862 2318.211 1.004 1.021 

Threshold2 of AT_ItemV3 1990.079 1944.600 1.004 1.019 

Threshold1 of AT_ItemV4 2572.846 2381.050 1.001 1.004 

Threshold2 of AT_ItemV4 2409.951 2471.233 1.006 1.029 

Threshold1 of AT_ItemV5 1863.670 2073.653 1.005 1.026 

Threshold2 of AT_ItemV5 1804.897 1890.996 1.004 1.021 

Threshold1 of AT_ItemV6 3100.409 3263.835 1.003 1.014 

Threshold2 of AT_ItemV6 3675.866 3364.833 1.001 1.007 

Threshold1 of AT_ItemV7 1676.385 1427.088 1.004 1.020 

Threshold2 of AT_ItemV7 1699.325 1504.647 1.003 1.016 

Threshold1 of AT_ItemV8 465.919 631.540 1.000 1.000 

Threshold2 of AT_ItemV8 868.758 960.256 1.000 1.000 

Mean 2540.358 2546.773 1.002 1.008 

Standard Deviation 1340.456 1330.417 0.002 0.008 

Min 387.750 374.813 1.000 1.000 

Max 5065.801 5000.000 1.006 1.029 

Notes. RR=Relational Reasoning. WK=Word Knowledge. ToRR=Test of Relational Reasoning. 

Verbal=SAT Verbal. AT=Antithesis. 
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