Modelling socio-economic status effects on language development
Michael S. C. Thomas, Neil A. Forrester, & Angelica Ronald

Supplementary material
Contents

1. Details of the Bishop (2005) past tense data

1.1 Introduction

1.2 Method

1.3 Participant details

1.4 Socio-economic status information

1.5 Results

1.6 Use of twins

2. Simulation details

2.1 Training set

2.2 Limitations of the Training set

2.3 Computational parameter ranges

3. Additional figures

4. References
1. Bishop (2005) past tense data set

1.1 Introduction 

Bishop (2005) gave the Rice-Wexler past tense sub-test to a population of 442 6-year-old children, for whom SES information was additionally available (Bishop, 2005; Petrill et al., 2004). These data were originally collected as part of a twin study and published in composite form (Bishop, 2005). The author kindly made the raw data available to us, including accuracy levels on regular and irregular verbs, over-generalisation error rates, and the computed finiteness measure, along with the SES measure.

1.2 Method

The English past-tense data were derived from the Past Tense probe subtest of the Rice-Wexler Test of Early Grammatical Impairment (2001). In the Past Tense probe subtest, children are shown a picture of an action being carried out, while the experimenter describes the picture using a sentence containing the target verb in the present tense. The child is then shown a second picture with the action completed. The child is encouraged to describe the second picture. The task is designed to elicit the past tense in a full sentence with an overt subject. The test comprises 2 practice trials with regular verbs (rake, skate), and then 18 test trials including 10 regular verbs (paint, brush, clean, kick, climb, jump, pick, plant, tie, lift) and 8 irregular verbs (catch, make, write, ride, dig, eat, blow, give). Rice and Wexler selected the verbs on two criteria: to be familiar to young children, as indexed by appearance in Hall, Nagy and Linn’s (1984) compilation of spoken words by children ages 4.05-5.00; and so that they could be clearly depicted by line drawings or pictures (Rice & Wexler, 2001, p.52). According to the MRC Psycholinguistic Database (Coltheart, 1981), the regular and irregular verb types did not reliably differ on ratings of familiarity, imageability, Kucera-Francis (1967) word frequency, and length in phonemes. Bishop (2005) used a pre-publication version of the test, which employed 11 regular verbs (brush, clean, climb, colour, jump, kick, paint, pick, plant, play, and wash) and 8 irregular verbs (catch, dig, fall, make, ride, swim, throw, and write). Children’s responses were coded according to whether they were correct, incorrect, over-regularised in the case of irregular verbs, or not attempted. The Past Tense Probe score is derived by dividing the total of verbs either correct or over-regularised divided by the total number of past-tense forms attempted. The Probe assesses the proportion of responses in finite form, and henceforth we refer to it as the Finiteness measure. The test/retest reliability for the Past Tense probe subtest is r = .82 (Rice & Wexler, 2001).

1.3 Participant details
The original Bishop (2005) sample contained 442 children with mean age 6 years and 6 months (range: 6 years and 0 months to 7 years and 1 month), comprising 250 boys and 192 girls. The children were originally recruited as twin pairs and in this sample, 224 were MZ twin pairs and 218 were DZ twin pairs. The twins were a sub-sample of the Twin’s Early Development Study (TEDS), an ongoing longitudinal study examining all twins born in England and Wales in 1994, 1995, and 1996. This group was over-sampled for risk of language disorder. Based on a parental questionnaire carried out when the children were aged four, 215 of the children had been flagged as at risk for language impairment. The questionnaire combined responses indicating whether the children were talking in full sentences, whether they had low vocabulary, and whether the parents were worried that the child’s language was developing slowly (see Bishop, Adams & Norbury, 2006, for additional details). At six years of age, 304 of the 442 children were viewed as normal (i.e., had not been diagnosed with any disorder, language or otherwise), implying that markers of risk had disappeared in about a third of the original at-risk children. For these children, SES data were available for a subset of 270 children. The final sample of children without a disorder and for whom SES data were available comprised 141 boys and 129 girls, with a mean age of 6 years 6 months (range 6 years 0 months to 7 years 0 months).
1.4 Socio-economic status information
Demographic information was obtained via questionnaire from the first contact with the family at age 4. Five pieces of information were collected: the father’s highest educational level and occupational status, the mother’s highest educational level and occupational status, and the age of mother at birth of the eldest child. (See Hackman & Farah, 2009, for a discussion of issues surrounding the best measure of SES.) From these data, an index of SES was created based on a factor analysis. Using principal components analysis, a single-factor solution yielded an eigenvalue of 2.51, accounting for 50% of the variance; based on these results, a single composite was created by standardising the five variables and summing them using unit weights (Petrill et al., 2004, p.448). This method yielded a scale ranging from -1.57 (low SES) to +1.54 (high SES), with a mean of -0.16 and a standard deviation of 0.72. The TEDS sample was representative, and the sub-sample did not differ from the remainder of the TEDS sample in terms of SES (Bishop et al., 2006).
1.5 Results

For this population of 6-year olds, performance on irregular verbs was fairly poor, with high rates of over-generalisation. At 46%, the over-generalisation rates were higher than those found in other studies of past-tense elicitation using different stimulus sets and procedures with 6-year-old children. For example, Thomas et al. (2001) and van der Lely and Ullman (2001) each collected control groups of 6-year-old children in past-tense elicitation studies (N=10 and N=12, respectively). In these studies, over-regularisation rates varied between 24 and 31%. Rates of regular accuracy were also lower for those samples (49%-80%), while irregular accuracy levels were comparable (19-45%). This disparity suggests either some task effect of the Rice-Wexler test that encouraged regular responses, or that the Bishop (2005) population sample differed from the (much smaller) control groups. The children were over-sampled for risk of language impairment and despite not displaying overt language deficits, some subtle residual difficulty might have remained. The control groups may also have come from a higher SES level.
1.6 Use of Twins
The Bishop (2005) population was composed of twin pairs. Is language development in twins representative of that in singletons? In the regression analyses where SES was used to predict performance, the fact that twin pairs had the same SES might have constricted the range of variability and therefore the predictive power given the sample size. To address this concern, the computational modelling also simulated twin pairs. Each twin pair had a common family training set, determined by the family’s SES level. The simulation results therefore replicated any effects of constricted range of environmental variability.

In addition, however, it is generally held that language development in twins is delayed compared to singletons, with a delay of between 2 and 3 months that disappears by middle childhood (see Stromswold, 2006, for a review). The delay is thought to arise from a combination of greater perinatal risk factors in twins, and reduced individual parent-child communication (Stromswold, 2006). The reduced communication is similar to a sibling effect, where firstborns are sometimes found to have faster language development than later siblings since they experience more one-on-one interaction with the parent (e.g., Huttenlocher et al., 2010, reported a first born effect in the clausal diversity of children’s spontaneous language). On the other hand, there is no evidence that twin-singleton differences interact with SES effects. In the Huttenlocher et al. data, SES and the first-born effect explained separate variance in performance.
A regression analysis for the current data set found no reliable effect of twin status (monozygotic or dizygotic), age or gender on performance, but risk of language delay at age four predicted 1.6% of the variance on regular verb performance (F(1,270)=4.6, p=.036) and 3.7% of the variance on irregular verb performance (F(1,270)=10.28, p=.002). SES and risk status were not significantly correlated, and risk status did not reliably modulate the relationship between SES and regular or irregular verb performance.

2. Simulation details

2.1. Training set
The training set was based on the “phone” vocabulary from Plunkett and Marchman’s past-tense model (1991, p. 70). The training set comprised an artificial language set constructed to reflect many of the important structural features of English past-tense formation.

There were 500 monosyllabic verbs, constructed using consonant-vowel templates and the phoneme set of English. Phonemes were represented over 19 binary articulatory features, a distributed encoding based on standard linguistic categorisations (Fromkin & Rodman, 1988). Separate banks of units were used to represent the initial, middle, and final phonemes of each monosyllable. The output layer incorporated an additional 5 features to represent the affix for regular verbs. These features accommodated the three different allomorphs of the past tense inflection (/d/, /t/, and /ed/), which depended on the final phoneme of the stem, as in English. The input layer included 500 units to encode the lexical status of each verb existing in the training set, using a localist encoding scheme (see Joanisse & Seidenberg, 1999; Thomas & Karmiloff-Smith, 2003). Networks thus had 3x19+500=557 input units and 3x19+5=62 output units.

There were four types of verbs in the training set: (1) regular verbs that formed their past tense by adding one of the three allomorphs of the +ed rule, conditioned by the final phoneme of the verb stem (English examples: tame-tamed, wrap-wrapped, chat-chatted); (2) irregular verbs whose past-tense form was identical to the verb stem (e.g., hit-hit); (3) irregular verbs that formed their past tenses by changing an internal vowel (e.g., hide-hid); (4) irregular verbs whose past-tense form bore no relation to its verb stem (e.g., go-went).  Examples of artificial words used in the simulation, transcribed into English spelling are: Regular: cig-cigged, pawp-pawped, yeet-yeeted; Vowel-change irregular: gool-gawl; No-change irregular: tat-tat; Arbitrary irregular: zite-twe.
The token frequency of arbitrary irregular verbs had to be higher for the network to learn them successfully (see Plunkett & Marchman 1991), as is the case in real languages. As a result, this verb type experienced three times as much training as the other verb types. The type frequencies were as follows. There were 410 regular verbs, and 20, 68, and 2, respectively, of each irregular verb type. Following Plunkett and Marchman (1991), the verbs were given a token frequency structure. For computational convenience, token frequency was implemented by mediating the weight change generated by the difference between the actual output and the target output (Plaut et al., 1996). The weight change of high frequency arbitrary verbs was multiplied by 0.9 during a given training presentation and that of low frequency arbitrary verbs by 0.6. The weight change of all other high frequency verbs (regulars, no change, and vowel change) was multiplied by 0.3 and of all other low frequency verbs by 0.1. These scalings represent a compromise between raw English frequency counts and log-transformed frequency counts. Token frequency effects were not a target of the current simulations.

Finally, a separate set of novel verbs was constructed to evaluate the generalisation performance of the network. These verbs could differ depending on their similarity to items in the training set. For simplicity, we focused on 410 novel verbs each of which shared two phonemes (i.e., rhymed) with one of the regular verbs in the training set. Generalisation was evaluated depending on the proportion of these novel verbs that were assigned the correct allomorph of the regular past-tense rule.

2.2 Limitations of the training set

The training set represented a past-tense-like mapping task rather than the English past tense per se, since it did not use realistic verb sets in training and testing. There were only three different ways in which irregular past tenses were formed compared to over twenty in English; it did not include subtleties of phonological similarity such as the existence of rhyming verbs with different past-tense forms; and the frequency structure was also highly simplified. Nevertheless, the Plunkett and Marchman training set was sufficient to capture a number of basic empirical effects in child past-tense acquisition, including differential performance depending on the type and token frequency of verbs, and error patterns across development (Plunkett & Marchman, 1991, 1993). The target empirical data, performance on the Rice-Wexler test (2001), contain relatively few high frequency regular and irregular verbs, so do not constitute a rich data set with respect to the effects of frequency and phonological similarity.
2.3 Computational parameter ranges

Table S1. The parameter ranges for narrow and wide intrinsic variation
	Computational parameter
	Narrow range
	Wide range

	Architecture
	3-layer or fully-connected
	2-layer, 3-layer, or fully-connected

	Hidden units
	15-35
	8-200

	Sparseness
	80-100%
	50-100%

	Weight variance
	(0.01 to (1
	 (0.005 to (2.25 

	Processing noise
	0-0.75
	0.05-4

	Sigmoid activation function temperature
	0.25-1.75
	0.125-3

	Connection weight decay
	0 to 9.8 x10-6 per pattern presentation
	0 to 1.97 x 10-5 per pattern presentation

	Pruning onset
	50-200 epochs
	0-1000 epochs

	Pruning threshold
	0.1-0.75
	0.1-1.5

	Pruning probability
	0.01-0.3
	0-1

	Learning algorithm error measure
	Cross-entropy
	Euclidean distance or Cross-entropy

	Learning rate
	0.05-0.2
	0.01-0.3

	Momentum
	0-0.25
	0-0.75

	Nearest neighbour threshold
	0.01-0.19
	0.005-0.5


3. Additional figures 

The simulations allowed us to investigate whether the predictive power of SES would alter across development. For the 2x2 design (wide vs. narrow intrinsic variation) x (wide vs. narrow environmental variation), we assessed the predictive power of the family quotient variable on the four dependent measures (regular verbs, irregular verbs, over-generalisation errors, and proportion of finite responses) at an early point in training (50 epochs), mid point in training (100 epochs) and a late point in training (750 epochs). These data are shown in Figure S1. See Main article for Discussion.
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Figure S1: The amount of variance in simulated past-tense performance explained by family quotient values (the SES proxy) at three different points in training, early (50 epochs), mid (100 epochs), and late (750 epochs), for regular verbs (Regular), irregular verbs (Irreg), over-generalisation errors (OG) and proportion of finite responses (FIN). Data are shown for the 2x2 design of intrinsic (I) and environmental (E) variation. Error bars show 95% confidence intervals around R2 values.
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