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Abstract There is a growing awareness that many NLP systems incorporate biases of various types (e.g., regarding gender or race)
which can cause significant social harm. At the same time, the techniques often used for the statistical analysis of biases in NLP
systems are still relatively basic. Typically, studies test for the presence of a significant difference between two levels of a single bias
variable (e.g., gender: male vs. female) without attention to potential confounders, and do not quantify the importance of the bias
variable. This article proposes to analyze bias in the output of NLP systems using multivariate regression models. Such models provide
a robust and more informative alternative which (a) generalizes to multiple bias variables, (b) can take covariates into account, (c) can
be combined with measures of effect size to quantify the size of bias. Jointly, these effects contribute to a statistically more robust
identification and attribution of bias that can be used to diagnose system behavior and extract informative examples. We demonstrate
the benefits of our method by analyzing a range of current NLP models on two tasks, namely one regression task (emotion intensity
prediction) and one classification task (coreference resolution).

1

Introduction

be observed and controlled as far as possible.

Machine learning has been a major driver of innovation
in natural language processing since the 1990s, but only
the last decade has seen the widespread deployment of
NLP methods for use by non-experts: Applications such
as neural machine translation (Wu et al., 2016) or voice
assistants (Këpuska and Bohouta, 2018) are now routinely available through end users’ mobile phones, and
NLP methods are increasingly used in domains outside
computer science such as police work (Sun et al., 2021)
and recruiting (Singh et al., 2010).
Such systems are, from a user perspective, black
boxes whose predictions are generally taken at face
value. This makes the question pertinent to what extent the machine learning methods underlying these
NLP models are fair, or, on the contrary, to what extent they are subject to biases which impact their predictions. More formally, Friedman and Nissenbaum
(1996) defined biased computer systems as systems that
“systematically and unfairly discriminate against certain
individuals or groups of individuals in favor of others”;
(see Mehrabi et al. (2021) for a very similar definition).
Clearly, such biases have the potential to cause concrete
harm for the disadvantaged groups or individuals (Bender and Friedman, 2018; Blodgett et al., 2020) and must

A practical aspect of bias analysis, which the above
definition leaves open, is whether discrimination is measured “in vitro” (at the level of system performance) or
“in vivo” (at the level of real world consequences). In line
with the majority of NLP studies on bias, the present
study focusses on bias measured “in vitro”, i.e., in the
form of systematic differences in system performance
across groups. We acknowledge the need to better understand how such “in vitro” bias translates into “in
vivo” real-world consequences, and argue below that
the methods we propose offer a first step in this direction.
A quickly growing body of studies has indeed found
that biases are, unfortunately, pervasive in NLP systems
(Mehrabi et al., 2021). One of the first studies on bias,
Bolukbasi et al. (2016) analyzed similarity relations in
word embeddings and found a substantial gender bias, as
a result of which, e.g., woman was more similar to nurse
than doctor, while man was more similar to doctor than
nurse. Davidson et al. (2019) found systematic and substantial racial biases in five Twitter datasets annotated
for offensive language detection, where African American English tweets were overclassified as hateful compared with Standard American English, and Díaz et al.
(2018) found a significant age bias in many sentiment

Northern European Journal of Language Technology

analysis algorithms, attributing less positive attitudes to
older participants. See Section 2 for more details.
Consequently, dealing with biases is rapidly becoming a major high-level consideration in the design and development of NLP systems. The three main bias-related
tasks are (a) bias identification (is bias present?), (b) bias
attribution (where does the bias come from?) and (c) bias
mitigation (how to minimize the bias?). In this article,
we focus on the first two tasks, bias identification and
attribution.
Following the definition given above, the identification of “in vitro” bias involves the establishment of
systematic differences in system performance between
two parallel stimuli sets for different levels of a bias variable such as gender or race. Put simply, the question is:
Does, e.g., the gender of an author have a systematic
influence on the output of an NLP system (e.g., are texts
written by women predicted to be less positive?), or on
the quality of the NLP system? (E.g., are text written by
women analyzed less reliably?)
This question can be answered using statistical analysis techniques of increasing complexity, shown in Table
1. To our knowledge, all existing studies on bias fall into
either the first or the second group. Studies in the first
group only quantify the performance differences. For instance, studies investigating gender bias have generated
predictions for sentence pairs which differ only in gendered expressions (e.g., cf. Table 2) and reported the difference between these sets (Zhao et al., 2018; Stanovsky
et al., 2019). Without considering between-system and
between-item variance, it is not clear that such differences are indeed systematic, as required by the definition of bias from above. For this reason, studies from
the second group additionally carry out hypothesis tests,
typically t-tests, to assess the statistical significance of
the differences (Kiritchenko and Mohammad, 2018).
Although this procedure is conceptually simple and
straightforward, it is problematic for two reasons. First,
the pairwise hypothesis tests that are being employed in
existing work assume that differences between the two
sets of stimuli are due to the selected bias variable. They
cannot ensure that the putative effect of bias is not due
to a covariate that acts as a confounding variable (McNamee, 2005). For instance, studies on gender bias often
use sets of male and female names as part of their stimulus sets (cf. Table 2). Across genders, these names may
differ in the average age of the bearer, or simply in their
frequency in texts, both of which may influence the performance of NLP systems (Díaz et al., 2018; Gerz et al.,
2018). Similarly, author gender may be correlated with
topic (Schmid, 2002; Schwemmer and Jungkunz, 2019),
which can also have an impact on analyses. Therefore,
even when an analysis of performance differences by
gender may yield a significant performance difference,
it is advisable to rule out that there are competing ex-

planations of the difference in performance in terms of
other factors.
Second, bias studies in NLP currently generally test
for statistical significance, but very few consider model fit
and effect sizes (with the notable exception of (Caliskan
et al., 2017)). Significance ensures that an identified effect is not a random fluke, but does not quantify how
much of the variance in the predictions is due to the
bias. Given a sufficiently large dataset, even very small
differences that are not practically relevant can reach
significance. In contrast, the computation of effect sizes
permits users to understand the practical impact of biases (Sullivan and Feinn, 2012), and is therefore arguably
a first step moving from bias “in vitro” towards bias “in
vivo”.
In this article, we propose that these two limitations
can be alleviated by adopting multivariate regression
models such as linear and logistic regression for bias identification. This solution has already become standard in
neighboring disciplines like linguistics and psychology.
In regression models, bias variables and their covariates
form the independent variables, and the predictions of
NLP systems for corresponding instances constitute the
dependent variable of the equation. As the last column
in Table 1 presents, multivariate regression models have
many advantages over the other two approaches for bias
analysis: (a), they generalize to multiple bias variables;
(b), they offer a principled treatment of covariates; (c),
they come with measures of effect size that quantify the
size of the bias, and (d), they provide a rich diagnosis
of system behavior and can be mined easily to extract
informative datapoints. In NLP, regression models of
various kinds have been used widely as predictive models. In our paper, we focus on their use as explanatory
models, where the focus is on building an interpretable
model. Models of this type have been applied to analyze
the influence of task and data properties on the performance of sequence labeling models (Papay et al., 2020)
or the influence of various textual properties of author
responses on the peer review process (Gao et al., 2019).
We would like to stress that the goal of this procedure
is not to “explain away” biases, but rather to propose a
more stringent procedure to identify them, in order to
strengthen their empirical standing.
Our concrete contributions are as follows:
• We identify limitations of the statistical methods
that are currently applied for bias identification
(Section 1).
• We propose a workflow and a set of best practices
for designing, computing and interpreting multivariate regression models for this task (Section 3).
• We apply our workflow to two tasks: emotion
intensity prediction, a regression task (Section 4)
and coreference resolution, a classification task
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Performance Difference
(Rudinger et al. 2018, Zhao
et al. 2018, etc.)
Assessing statistical significance
Quantifying the impact of multiple variables
Diagnosing system behavior

+

Performance Difference
plus Hypothesis Testing
(Caliskan et al. 2017,
Kiritchenko et al. 2018, etc. )

Regression Modeling
with Effect Sizes
(Ours)

+
+

+
+
+

Table 1: Comparison of different approaches to statistical analysis of bias.
(Section 5). Our results are in line with established
findings, but permit a more nuanced and richer
understanding of system behavior.

the annotation process, the input representations, the
models, and the research design.

The complete code for our experiments is publicly available at https://github.com/multireg/
multireg-effect.

Bias in NLP systems. At the system level, bias has
been investigated in applications including named entity recognition (NER), Machine Translation (MT), Sentiment Analysis, and Coreference Resolution. Kiritchenko
and Mohammad (2018) examined 219 sentiment analysis systems and found that a majority exhibits gender
and race biases. Mehrabi et al. (2019) reported that NER
models recognize male names with higher recall compared to female names. Rudinger et al. (2018) and Zhao
et al. (2018) showed that coreference resolution systems
perform unequally across gender groups by associating
occupations (such as doctor and engineer) more with
men and others (like nurse) more with women. Similarly,
Stanovsky et al. (2019) found that both commercial and
academic MT models are at risk of generating translations based on gender stereotypes rather than the actual
source content.
Bias in systems is usually measured by using benchmarks datasets for specific tasks with a one-factor design which are created to be as balanced as possible
while varying the levels of the bias variable. Examples
include WinoBias (Zhao et al., 2018) and WinoGender
(Rudinger et al., 2018), two benchmarks for gender bias
in coreference resolution which contrast “pro-stereotype”
cases (the correct antecedent of a pronoun is conventionally associated with the pronoun’s gender) and “antistereotype” cases (opposite situation); GAP (Webster
et al., 2018), a dataset for the same task described in
detail in Section 5; and the Equity Evaluation Corpus
(EEC, Kiritchenko and Mohammad (2018)), developed to
analyze gender and race bias in sentiment analysis and
described in detail in Section 4. Bias is then quantified
by measuring the differences in performance between
these levels. Sometimes, but not always, the differences
are subsequently tested for statistical significance, e.g.
t-tests. To our knowledge, almost no studies on systemlevel bias have considered covariates, nor computed effect sizes, which makes them vulnerable to the criticisms
outlined in Section 1.
An exception is a recent study Feder et al. (2021)
which, like ours, disentangles bias from confounding
factors. However, instead of performing correlational

2

Related Work

This section sketches the state of the art in bias analysis,
More comprehensive reviews are provided by Sun et al.
(2019), Blodgett et al. (2020) and Mehrabi et al. (2021).
Bias in embeddings. At the representation level,
almost all state-of-the-art NLP systems use corpusderived embeddings. These embeddings were the starting point for a lot of work on bias in NLP. Bias in embeddings is generally shown by comparing embeddings
for two sets of previously established, e.g., gendered
(male and female) words (e.g. man, woman). Bolukbasi et al. (2016) define the gender bias of a word by its
projection on the difference vector between male and
female embeddings; this method was found by Gonen
and Goldberg (2019) to be an imperfect metric of bias.
As an alternative, the WEAT benchmark (Caliskan et al.,
2017) defines bias in terms of similarity to the two sets
of gendered words and uses a statistical hypothesis test
to assess the statistical significance of the difference.
Later, WEAT was used for measuring other bias types
(e.g. Race) as well. Caliskan et al. (2017) in fact use effect
sizes as a metric, but this was not taken up by follow-up
work in NLP such as Gonen and Goldberg (2019).
Going beyond gender, Garg et al. (2018) analyzed ethnic biases in historical embeddings covering 100 years
of language use. Swinger et al. (2019) showed that word
embeddings of names reflect broad societal biases that
are associated with those names, including race, gender, and age biases. Comparable biases also have been
demonstrated in multilingual embeddings (Lauscher
and Glavaš, 2019; Zhao et al., 2020). The perspective
on types and sources of bias is continuing to broaden;
Hovy and Prabhumoye (2021) propose a taxonomy of
five sources of bias in NLP systems, namely the data,
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analysis of model predictions, they aim at full-fledged
causal analysis. Since causal relations can often not be
recovered from data (Pearl, 2009), they assume that a
causal graph modeling dependencies between predictors
are given by a domain expert and show how to finetune contextualized embedding models with adversarial
training to minimize bias. Thus, the two studies take
complementary approaches: Feder et al. (2021) applies
to model construction, while our study carries out blackbox analysis of existing models.
Bias Mitigation. There are two main families of methods to mitigate bias at the representation level. Approaches from the first family create a modified version
of the original data set that is biased in the opposite direction, training models on the union (Park et al., 2018;
Zhao et al., 2019; Stanovsky et al., 2019). Approaches
from the second family mitigate bias by transforming
learned embeddings according to some balancing objective (Lauscher and Glavaš, 2019; Kaneko and Bollegala,
2019; Dev et al., 2020; Kaneko and Bollegala, 2021a,b).
At the system level, Zhao et al. (2017) proposed to
constrain model predictions to follow a distribution from
a training corpus. Rather than constraining the output,
some of the previous work such as Elazar and Goldberg
(2018); Zhang et al. (2018) and Kumar et al. (2019) used
adversarial learning to remove unintended bias from the
latent space during model training. Adjusting the loss
function is another popular system level approach for
bias mitigation. For instance, Qian et al. (2019) introduces a new term to the loss function to equalize the
probabilities of male and female words in the output, and
Jin et al. (2021) introduce a regularization term which
reduces the importance placed on surface patterns.
Note that almost all mitigation methods require
knowledge about which variables are (potentially) introducing bias, underlining the importance of reliable
identification of bias variables.

3 Bias Identification With Regression Models: A Workflow
Following the discussion in the previous sections, the
task of (“in vitro”) bias identification is to establish that
a bias variable – in contrast to other covariates which
act as confounders – is primarily responsible for systematic variance in an observed variable, namely the
performance of some computer system.
This is, of course, a very general task that arises
in many empirical fields. A prominent family of techniques to address this task is matching (Rubin, 1973),
which aims at generating two datasets that differ in the
bias variable, but are as close as possible in their distribution over the covariates, so that any difference between

the two datasets can be attributed to the bias variable.
Matching is widely used in social sciences, economy, and
medicine and many specific methods exist; see Stuart
(2010) for an overview.1
Importantly, matching takes place a priori, before the
experiment is carried out. This poses two challenges for
applications in natural language processing: (a), dataset
creation is dependent on the selection of covariates, so
that it is not possible to assess the impact of new covariates on existing datasets without loss of comparability;
(b), matching samples from the set of all datapoints,
creating controlled rather than natural datasets, which
may conflict with the desideratum of estimating model
performance in broad-coverage scenarios.
The alternative is to carry out a post-hoc analysis
that assesses the effects of the various covariates. The
intuition is to start from a simple pairwise comparison
of two levels of a bias variable (cf. the first and second
column in Table 1) and add covariates to see whether the
effect of the bias variable remains unaffected. This procedure has become standard in the last decade in neighboring fields like linguistics and psychology which have
moved from significance tests (Student’s t-test, analysis of variance) to the family of multivariate regression
models (Bresnan et al., 2007; Baayen, 2008; Jaeger, 2008;
Snijders and Bosker, 2012). Regression models estimate
the relationships between the dependent (previously
called observed) variable – in this case, system performance – and one or more independent variables – in this
case, the putative bias variable and its covariates, each
of which is assigned a direction and a significance. Since
dataset creation is dependent from covariate analysis,
regression models can be used to test new candidates
for confounders on existing datasets.
At this point, it can be whether the fundamentally
linear regression models are the right tool for the job,
in particular given the broad success of non-linear deep
learning models in NLP over the last years. We believe
that it makes sense to distinguish carefully between the
task of output prediction (given language input, predict
language output) on which non-linear models indeed
excel and the task of performance prediction (given [meta
data for an] input and a model, predict how well the
model does on the input). The latter is a considerably
simpler problem which permits the use of linear models,
as evidenced by a number of successful studies taking
this approach (Beinborn et al., 2014; Papay et al., 2020;
Caucheteux and King, 2022).
This section provides a practical workflow to set up
a regression model for bias analysis, shown in Figure
1. Our starting point is the presence of a dataset with
system predictions. Step 1 is the selection of an appropriate regression model. In Step 2, we choose a set
1 Note that the term bias is used differently in the matching literature, namely as the effect of confounders on the observed variable.
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Other
Covariates
System
Starting Point
Dataset

Predictions
Step 1:
Linear/Logistic
Mode Choice
Step 2:
Predictor Selection
Step 3:
Model Validation
Step 4:
Model Analysis with
Fit and Effect Sizes

Figure 1: Workflow for regression-based bias analysis

of predictors with the potential to systematically influence the predictions of the systems, (i.e., the putative
bias variable and plausible confounders) and carry out
a regression analysis. Next, Step 3, model validation,
ensures that the regression model is well specified and
interpretable. Finally, Step 4 utilizes effect size analysis
methods to explore how much of the system predictions
can be attributed to the influence of the predictors.

Running example. We will illustrate the steps of the
workflow on an actual (non-NLP) example, namely the
effect of smoking on mortality, a topic of long-running
interest in public health that has been analyzed extensively with regression models. The most basic finding is
that smoking, overall, causes a strong increase in mortality (Doll et al., 2004). Why it is still reasonable to
carry out a regression analysis in this case is that other
lifestyle choices (alcohol consumption, diet, etc.) also
presumably influence mortality, but exhibit correlations
(Padrão et al., 2007). These are sometimes surprising –
e.g., Tjønneland et al. (1999) found a correlation between
wine and healthy diet. At the same time, approaches like
matching are not applicable since the lifestyle properties
of the participants cannot be influenced retroactively.

3.1

Step 1: Choice of Regression Model

The most common two forms of regression analysis are
linear regression and logistic regression. When used
to analyze the output of computational models, linear
regression is appropriate to analyze the output of regression tasks, and logistic regression for the output of
classification tasks.
Linear regression predicts the outcome of a continuous random variable 𝑦 as a linear combination of
weighted predictors 𝑥𝑖 :
𝑦 ∼ 𝛼 1𝑥 1 + · · · + 𝛼𝑛 𝑥𝑛

(1)

where the coefficients 𝛼𝑖 can be interpreted as the
change in 𝑦 resulting from a change in predictor 𝑥𝑖 , keeping the other predictors constant.2
In contrast to linear regression, logistic regression
does not model the outcome of the binary random
variable 𝑦 directly. Instead, it models the probability
𝑃 (𝑦 = 1), assuming that 𝑃 (𝑦 = 1) stands in a linear
relationship to the logistically transformed linear combination of weighted predictors:
𝑃 (𝑦 = 1) ∼ 𝜎 (𝛼 1𝑥 1 + · · · + 𝛼𝑛 𝑥𝑛 )

(2)

where 𝜎 (𝑥) = 1/(1 + 𝑒 −𝑥 ) is the logistic function. Here,
the coefficients 𝛼 can be interpreted as the change in
the logit for a unit change in the predictor.
Both types of regression support continuous, binary,
and categorical predictors; the latter type is generally
represented as a set of binary indicator predictors. As
indicated above, these models assume that the predictors have an additive effect on the dependent variable
(in the linear case) or its logit (in the logarithmic case).
Running example. In our mortality example, the outcome of the regression model is (some variant of) a death
rate. Depending on the exact choice of measure, it might
be appropriate to choose a linear regression model, when
the death rates are approximately normally distributed
(Gardner, 1973); or it might be appropriate to choose a
logistic regression model, when the death rates can be
interpreted as probabilities (Zhu et al., 2015b).

3.2

Step 2: Selection of Predictors

Maybe the most central step in the use of a regression
model for bias analysis is the selection of the set of
predictors for the regression model – that is, the putative
bias variable and a set of plausible confounders to assess
the respective roles of these variables in explaining the
variance of the dependent variable.
2 If the dependent variable is not (approximately) normally distributed, other types such as Poisson or negative binomial regression
may be more appropriate.
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This task is the responsibility of the user and typically involves domain knowledge. Typically, a user carrying out a bias identification analysis will have one (or
a small number) of bias variables in mind, but need to
select plausible confounders.
The five primary sources of bias variables given by
Hovy and Prabhumoye (2021) can also serve as sources
of confounders. The most straightforward of these
are data and input representations, that is, properties
of the text underlying the model, many of which are
known to impact model performance. For example, lowfrequency words and classes are modeled less reliably,
longer stretches of text are harder to analyze, and so on
(Poliak et al., 2018; Dayanik and Padó, 2020). Similarly,
differences among annotators (age, social and cultural
background, task familiarity) can impact model performance through labeling decisions (Sap et al., 2019), and
obviously design decisions of the system, such as the
choice of neural network architecture, contribute as well
(Basta et al., 2019). Hovy and Prabhumoye’s fifth category of research design is least relevant for our purposes,
since it is concerned with systematic gaps in the field
as such rather than analysis of individual studies.
Thus, for many problems, there will be a range of theoretically motivated covariates. The actual analysis will
proceed in an interlocking fashion between exploratory
data analysis based on domain knowledge – to identify
interesting candidates for covariates – and regression
modeling – to obtain statistically sound assessments of
these covariates. In practical terms, the limiting factor is
often that covariates need to be available as annotation
on the dataset under consideration. While this is often
relatively simple for the domains of input representation and systems, and doable for the domain of data,
only recently has natural language processing started
to record and analyze annotator properties (Sap et al.,
2019), and there is an inherent tension between insights
into annotation biases and annotator privacy. In some
cases, however, covariates can be obtained by automatic
or semi-automatic means. As an example, see our estimation of the typical age for the bearer of a specific
first name on the basis of census data in Experiment 1
below. Such approaches can ease the burden of data
collection, but the analysis should take into account the
uncertainty introduced by automatic annotation.

Running example. In our lifestyle example, the covariates ideally include as many lifestyle factors as possible (such as alcohol consumption, diet, exercise, occupational hazards) as well as environmental factors
(housing, climate) and personal factors such as family
history of certain diseases. In practice, again, only a
limited range of such factors is likely to be available.

3.3

Step 3: Model Validation

While regression models technically support arbitrary
covariates, strong correlations among predictors, socalled multicollinearity, can distort the estimation of
coefficients to the point that predictors are suggested
to be significant when they are not, and vice versa (McNamee, 2005). Therefore, models should be checked for
the presence of multicollinearity. There is a wide range
of tests available, see Imdad Ullah et al. (2019) for a recent overview. We use the so-called variance inflation
factor (VIF). VIF measures how much the variance of
a predictor’s coefficient is inflated due to correlations
with other predictors. The VIF is computed for each
independent variable 𝑉𝑖 as

VIFi = 1/ 1 − Ri2
(3)
where R𝑖2 is the correlation coefficient obtained when
predicting 𝛼𝑖 from all other predictors. Thus, the more
collinearity is present, the higher VIF𝑖 . VIF values of 4
or greater indicate severe multicollinearity, and values
above 2.5 call for further investigation (Salmerón et al.,
2018). In this case, a number of strategies are available,
including dropping covariates, dimensionality reduction,
and regularization methods (see Dormann et al. (2013)
for details).
Another possible component of model validation is
predictor (feature) selection based on an analysis of feature contributions. In many NLP tasks, irrelevant or
unimportant features are removed for reasons of efficiency or to avoid overfitting (Li et al., 2009). In fields
like psychology, where models serve explanatory purposes, predictor selection is discussed more controversially (Barr et al., 2013; Bates et al., 2018). In bias analysis,
the goal is to test whether the effect of the putative bias
variable stands up to the addition of covariates – the
more covariates added to the model while retaining a
significant contribution of the bias variable, the stronger
the evidence for a specific role of the bias variable. For
this reason, we believe that regression based bias analysis should be carried out on a comprehensive set of
predictors, without feature selection (Barr et al., 2013).
Running example. In our lifestyle example, is it arguably important to check for multicollinearity, since
the various covariates may be predictive of one another.
For example, cramped housing conditions and occupational hazards are strongly linked through the shared
cause of poverty (Hajat et al., 2015).

3.4 Step 4: Computing Model Fit and Effect Sizes
The coefficients 𝛼 computed by regression models (cf.
Step 1) are accompanied by indications of the confidence
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level at which they are different from zero (i.e., whether
the predictor has a significant effect). Furthermore, the
global quality of regression models can be assessed by
a number of statistics. Among them, we use goodness
of fit which describes the proportion of the variance in
the data that is explained by the independent variables
of a regression model. The goodness of fit of a linear
regression model is measured by 𝑅 2 :
Í𝑛
¯2
(𝑦ˆ𝑖 − 𝑦)
2
𝑅 = Í𝑖=1
(4)
𝑛
¯2
𝑖=1 (𝑦𝑖 − 𝑦)
where 𝑦ˆ𝑖 is the model’s prediction for data point 𝑖 and 𝑦¯
is the mean of the observations.
In logistic regression, there is no exact equivalent
of 𝑅 2 . Among several pseudo 𝑅 2 measures that have
been proposed, Aldrich-Nelson pseudo-𝑅 2 with Veall2 ) most closely approxiZimmermann correction (𝑅VZ
2
mates the 𝑅 in linear regression (Smith and Mckenna,
2013):
2
𝑅VZ
=

2[LL(Null) − LL(Full)] 2LL(Null) − 𝑁
(5)
2[LL(Null) − LL(Full)] + 𝑁 2LL(Full)

where LL(Full) and LL(Null) are the log-likelihood values for the model with all predictors and for the empty
model (without predictors), respectively.
Goodness of fit measures the overall ability of the
model to explain the dependent variable. Relative importance, on the other hand, refers to the contribution of
individual predictors (Achen, 1982). While assessment of
relative importance in linear models with uncorrelated
independent variables is simple (the impact of each predictor is its R2 in univariate regression), in real-world
datasets variables are generally correlated, as a result of
which their impacts are not additive (Grömping, 2006).
Lindeman-Merenda-Gold (LMG) scores (Lindeman et al.,
1980) and Dominance Analysis (Budescu, 1993) are two
popular techniques to figure out the individual contributions to the 𝑅 2 of the model of the predictors in linear
and logistic regression, respectively.
The LMG method adds predictors to the regression
model sequentially, and considers the resulting increase
in 𝑅 2 as its contribution. Since this method depends on
the possible orders in which predictors are added, the
LMG score of a predictor 𝑥𝑘 when added to a model
with a set of predictors 𝑃 is defined as the average of
the increase in 𝑅 2 when adding 𝑥𝑘 to all subsets of 𝑃
(Grömping, 2006):
(6)

seq 𝑅 2 (𝑀 |𝑆) = 𝑅 2 (𝑀 ∪ 𝑆) − 𝑅 2 (𝑆)

seq 𝑅 2 (𝑀 |𝑆) refers to the increase in 𝑅 2 when the regressors from 𝑀 are added to the model based on the
regressors 𝑆.
For logistic regression, there is again no direct counterpart. We propose Dominance Analysis (Budescu,
1993) as a measure of the relative importance of each predictor. Dominance analysis considers one predictor (𝑥𝑖 )
to completely dominate another (𝑥 𝑗 ) if 𝑥𝑖 ’s additional
contribution to every possible model which does not include these two predictors is greater than contribution
of 𝑥 𝑗 . In cases where complete dominance cannot be
established, general dominance can also be used. One
predictor generally dominates another if its average conditional contribution over all model sizes is greater than
that of the other predictors (Azen and Traxel, 2009).
We propose the following interpretations for the regression scores outlined above: (a) At the system level,
R2 and pseudo-R2 are indicators of the amount of variance in the system predictions that can be explained
by the predictors and measure the systematic bias of a
system. (b) At the predictor level, the significance of a
predictor indicates the presence of a specific bias, and its
effect size measures its practical impact; (c) the sign of a
coefficient indicates the direction of a bias.
Regarding (b), an important difference between the
application of significance testing in bias analysis and
the usual use in NLP to compare competing models is
that in our case, null results are arguably informative:
they indicate the absence of a particular bias, according
to the standards of significance. Naturally, the usual
disclaimers regarding null results apply: care should be
taken to ensure that they are not the result of faults in
the experimental setup.
Running example. In our lifestyle example, the outcome of this step is a better understanding of individual
risk factors, such as smoking, as opposed to the cluster of ’smoking and associated factors’ that is obtained
from a simple smoker-vs.-non-smoker analysis. Such
an understanding is crucial to better assess the risk of
individual patients based on their individual risk profile
which might include compounding factors (high blood
pressure, alcohol consumption) or mitigating factors (exercise, healthy diet). Again, note that the goal of this
analysis is not to detract from the hazardous nature
of smoking, but to better estimate of the effects of the
relevant predictors on the outcome, namely mortality.

(7)

4 Experiment 1: Emotion Intensity Prediction

where 𝑅 2 (𝑆) corresponds to the goodness of fit measure of a model with regressors in set S (cf. Eq 1) and

We now employ regression models to reanalyze model
predictions on two experiments on standard datasets
from the bias literature using the workflow defined in

1
LMG (𝑥𝑘 ) =
𝑛

𝑝 −1
∑︁

∑︁ seq 𝑅 2 ({𝑥𝑘 }|𝑆)
𝑝 −1

𝑗=0 𝑆 ⊆𝑃
𝑛 (𝑆 )=𝑗

𝑗
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Template
1. [PER] feels [EMO].
2. The situation makes [person] feel [EMO].
3. I made [person] feel [EMO].
4. [PER] made me feel [EMO].
5. [PER] found herself in a [EMO] situation.
6. [PER] told us about the recent [EMO] events.
7. The conversation with [person] was [EMO].
8. I saw [person] in the market.
9. I talked to [person] yesterday.
10. [PER] goes to school in our neighborhood.
11. [PER] has two children.
African American
Female
Male

European American
Female
Male

Ebony
Jasmine
Lakisha
Latisha
Latoya
Nichelle
Shaniqua
Shereen
Tanisha
Tia

Amanda
Betsy
Courtney
Ellen
Heather
Katie
Kristin
Melanie
Nancy
Stephanie

Alonzo
Alphonse
Darnell
Jamel
Jerome
Lamar
Leroy
Malik
Terrence
Torrance

Adam
Alan
Andrew
Frank
Harry
Jack
Josh
Justin
Roger
Ryan

Table 2: Sentence templates in EEC dataset (top) and
female and male first names associated with being
African American and European American (bottom).
[EMO]: an emotion adjective
Section 3.
Our first experiment is concerned with emotion intensity prediction. This task aims at combining discrete
emotion classes with different levels of activation. Given
a tweet and an emotion, the task requires to determine
a score between 0 and 1 which is the intensity expressed
regarding an emotion. Emotion intensity prediction was
among the first NLP tasks to receive attention from a
bias angle, when Kiritchenko and Mohammad (2018)
found that among more than 200 emotion intensity prediction systems, almost all were biased with regard to
gender or race. (In the remainder of the article, we will
use ’system’ to refer to models performing the task at
hand, and ’model’ to refer to the regression models we
use for analyzing the systems’ performance.)

4.1

Dataset and Previous Analysis

We use EEC, the same dataset used for the large-scale
bias analysis of sentiment analysis mentioned above
(Kiritchenko and Mohammad, 2018). EEC is a bias analysis benchmark created to evaluate fairness in sentiment
analysis systems. It consists of 11 sentence templates

EI-reg
EEC
GAP

train

dev

test

task

1701
-

388
2000

1002
2100
2000

EIP
EIP
CR

Table 3: Number of examples in the datasets used in
our emotion intensity prediction (EIP) and coreference
resolution (CR) experiments.
instantiated into 8,640 English sentences for four emotions (anger, joy, fear, sadness). Instantiated templates
differ only in the name. 3 The dataset compares (a) male
vs. female first names, and (b) European American vs.
African American first names, using ten names of each
category. Table 2 shows examples of such template sentences along with names that tend to belong to African
American or European American demographic groups.
Kiritchenko and Mohammad (2018) used the EEC
as a secondary test set for systems submitted to the
SemEval 2018 Task 1 (Mohammad et al., 2018). For each
system, they compared the average emotion intensities
across different demographic groups using t-tests. They
found that almost all systems consistently scored sentences of one gender and race higher than another, but
bias directions were not consistent: e.g., some systems
assigned higher emotion intensities to African Americans and lower ones to European Americans, while others show the opposite behavior. This apparently random
behavior of the systems has no clear explanation and
arguably raises concerns about a possible role of randomness in the analysis.

4.2

Systems

Since the predictions of the systems that participated
in SemEval 2018 Task 1 are not publicly available4 , we
instead implement and analyze five systems ourselves.
Four systems represent the main architectures submitted to the shared task (Kiritchenko and Mohammad,
2018): A SVM unigram baseline and three neural systems based on word2vec word embeddings. To extend
the model set to the current state of the art (2021), we
include a transformer-based architecture as fifth system.
Support Vector Machine (SVM) We implement the
unigram-based SVM used as baseline system in Mohammad et al. (2018).
3 The

EEC templates can also be instantiated using gendered noun
phrases, but since these are unspecific with regard to the race variable,
we focus on the version with proper nouns. This corresponds to the
race analysis of the original study.
4 Personal communication with the authors of shared task.
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Convolutional Neural Network (CNN) Based on
Aono and Himeno (2018), this system predicts an intensity score by first performing convolutions of different sizes on input word embeddings, followed by maxpooling and a shallow multi-layer perceptron (MLP).
Recurrent Neural Network (RNN) Our RNN is comparable to Wang and Zhou (2018). A two-layer BiLSTM
traverses the input. The final hidden states in both directions from the final layer are concatenated and fed
to a fully connected layer.
Attention Network (ATTN) This system is based on
a CNN-LSTM architecture with attention similar to Wu
et al. (2018). The input is fed to a single-layer BiLSTM.
Next, an attention mechanism weights the hidden states,
which are then passed through a CNN. The outputs of
the CNN feature maps are concatenated and passed
through a pooling layer and two fully connected layers.
Transformer-Based Neural Network (BERT) This
system is based on the BERT𝐵𝐴𝑆𝐸 multilayer bidirectional Transformer architecture (Devlin et al., 2019). It
adds a linear layer on top of BERT and uses the final
hidden state of the special [CLS] token as the latent
representation of the input tweet, inspired by May et al.
(2019).
We train and evaluate all the systems on the Anger
partition of the EI-reg corpus (Mohammad and BravoMarquez, 2017) and EEC respectively. EI-reg was created
by querying tweets in three languages (English, Arabic,
Spanish) and for four emotions (Anger, Fear, Joy, Sadness) with words that were associated with the emotion
at different intensity levels, such as angry, annoyed, irritated for Anger. Table 3 shows data statistics for both
datasets.

4.3

Setup of the Regression Model

Bias Variable. In the EEC setup, the input sentences
differ only in the person names that are filled in. We use
the same two bias variables considered by the original
study, namely Race and Gender.
Covariates. Due to the minimalist nature of the templates, coupled with the fact that the only part of the
templates that is manipulated across conditions is the
names, there is a limited range of linguistic properties
that can systematically covary with bias. We consider
two that we consider promising candidates. The first
one is the (perceived) Age of a name is computed as the
mean age for each name from US Social Security data.5
5We use data from https://bit.ly/34cgjki and the methodology from https://bit.ly/30f8lps.

Example

Properties
Intensity
Gender Race Age Freq

Frank feels angry Male
Alonzo feels angry Male

EA. Old 0.05
AA. Old 0.24

0.55
0.48

Justin feels angry
Lamar feels angry

EA. Yng 0.27
AA. Yng 0.42

0.46
0.49

Jasmine feels angry Female AA. Yng 0.47
Ellen feels angry
Female EA. Old 0.19

0.47
0.50

Male
Male

Table 4: Example sentences for the first template from
Table 2 with their properties (EA.: European American,
AA.: African American, Yng: Young). Intensity predicted
by the the RNN system.
We discretize age, using 40 as the young/old boundary,
following the assumption that ’older’ names occur in
different contexts than ’younger’ names. The second
covariate is the linguistic frequency of the name in the
training data, since low-frequency names have found to
be a source of low performance in NLP models (Dayanik
and Padó, 2020). Since no explicit frequencies are available for the Google News skipgram vectors (Mikolov
et al., 2013), we approximate frequency by vector length,
which correlates highly with frequency (Roller and Erk,
2016). This is different from the ’real world’ frequency
of the name, which arguably is less likely to reflect in
the behavior of an NLP model. Table 4 shows examples
from the EEC with their properties.6
Model Shape We analyze the intensities predicted by
our systems as in the original study, performing linear
regression analysis at the level of each template with
the following model:
Intensity ∼ Race + Gender + Age + Freq

(8)

For Race, 1 means African American and 0 European
American. For Gender, 1 means male and 0 female. For
Age, 1 means young and 0 old.
Recall that on this task, there is no right or wrong
answers. Instead, the focus of interest is whether the
systems assign different intensities to a template dependent on the properties of the instantiating name. If they
do not, none of the predictors will show a significant
effect; if they do, significant effects will emerge.
Model Validation. Table 5 shows the variance inflation factors for the variables. Since only a single VIF
value is larger than 2.5, and only marginally so, we conclude that multicollinearity is not a problem.
6We also performed experiments using a non-discretized version
of age and including real-world frequency. We observed a substantially similar outcome (same levels of significance, coefficient signs for
predictors, and almost the same overall 𝑅 2 values).

Northern European Journal of Language Technology

VIF

Race

Gender

Frequency

Age

2.03

1.42

2.68

1.29

Table 5: VIF scores for the full set of variables.
CNN
Coef.
R Abs. LMG
Per. LMG

RNN ATTN BERT SVM

−0.010∗ −0.010∗ −0.002

−0.008
0.068
0.48

0.001
0.018
0.03

0.080
0.42

0.082
0.47

0.010
0.06

Coef.
G Abs. LMG
Per. LMG

0.006
0.037
0.20

0.002
0.003
0.02

0.001 −0.001 −0.003∗∗∗
0.020 0.025 0.523
0.12
0.18
0.86

Coef.
A Abs. LMG
Per. LMG

0.005
0.049
0.26

0.001
0.060
0.34

0.001∗ −0.003
0.070 0.027
0.40
0.19

Coef.
F Abs. LMG
Per. LMG

0.016
0.023
0.12

0.019
0.029
0.17

0.015
0.073
0.42

0.010 −0.001
0.021 0.048
0.15
0.08

R2 model fit

0.19

0.17

0.17

0.14

0.001
0.014
0.02

0.60

Table 6: Regression-based bias analysis on EEC
(R = Race, G = Gender, A = Age, F= Frequency)
(Abs:Absolute, Per. Percentage)

4.4

Results

Table 6 shows the main results. (We omit intercepts
in the table). The columns correspond to systems, and
the rows describe the effects of bias variables for each
system. For each predictor, we show a coefficient, a
confidence level,7 and an LMG effect size score.
Overall results As discussed in Section 3, we treat
R2 as a measure of systematic bias in a system. Inspection of the R2 scores indicates that there is a certain
amount of systematic bias in all systems, but that the
three static-embedding neural systems do a very good
job (R2 between 0.17 and 0.19) compared to the SVM
(R2 =0.60). BERT, the only neural system using contextualized embeddings, does an even better job and contains
the least amount of systematic bias (R2 =0.14).
Comparison among systems None of the neural
systems exhibits a significant gender bias, as the LMG
scores show. Unlike Gender, the Race variable is responsible for the significant portion of the amount of variance
in the system predictions. The CNN and the RNN systems both show a significant race bias which accounts
of about 42–47% (LMG score: ∼ 0.08) of the variance in
the intensity predictions. Note that Age, even though it
7We

use ∗ for 𝛼=0.05, ∗∗ for 𝛼=0.01, and ∗∗∗ for 𝛼=0.001.

misses significance, also accounts for 25–35% of the variation in intensity in the CNN and RNN. Interestingly,
the ATTN architecture shows a different picture: there
is a considerable amount of Age bias (40% of variance),
but a much smaller race bias; instead, this system shows
a frequency bias, which accounts for another 40% of the
variance. In the BERT system, none of the bias variable
achieve significance. In terms of relative contribution
of individual predictors, BERT is more similar to CNN
and RNN than to ATTN: Race is still making the largest
contribution to the overall bias of the system, with 48%.
The SVM differs strikingly: there are hardly any Race
and Age biases, but an extremely strong effect of gender
(86% of variance). Since this system does not use embeddings, the most likely source of this bias is the training
corpus (EI-Reg), as also pointed out by the authors of
the original study (Kiritchenko and Mohammad, 2018).
Interpretation While we can confirm the overall race
bias found by Kiritchenko and Mohammad (2018), our
picture differs substantially: (a) the direction of the bias
is consistent among systems: all neural systems predict lower intensity scores for African Americans; (b) we
do not observe a significant gender bias among neural
systems; (c) we achieve a richer understanding of the
systems’ predictions, by quantifying the role of these
factors, and by adding age and frequency into the picture.
Inspection of Examples Following up on (c), Table 4
presents three pairs of examples from the EEC dataset
with their associated intensity values, as predicted by
the RNN system. We have selected these instances to
highlight the usefulness of the regression model to identify interesting instances. They show that the effect of
Race variable (African Americans are assigned lower intensities) can be nullified by age (third example) and
frequency (first and second examples). Such considerations remain hidden in an analysis that simply compares
means between different groups of predictions.

5 Experiment 2: Coreference Resolution
Our second experiment analyzes several coreference
resolvers in order to show how the logistic regression
version of our approach can perform bias analysis on
classification models. We choose coreference resolution
as our task because of its established status in bias analysis; previous work has established that bias, in particular
gender bias, is present in numerous coreference systems
(Webster et al., 2018; Rudinger et al., 2018; Zhao et al.,
2018). At the same time, coreference resolution, as a
discourse level task, is faced with more complex data
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et al. (2020) was pretrained on BooksCorpus (Zhu et al.,
2015a) and English Wikipedia using cased Wordpieces
tokens (Schuster and Nakajima, 2012) and fine-tuned
on the 2012 CoNLL ST dataset.
Lee et al. (2013) This system is a collection of deterministic coreference resolution modules that incorporate
lexical, syntactic, semantic, and discourse information,
incorporating global document-level information. The
system won the CoNLL 2011 shared task.

Figure 2: Example from the GAP dataset.
than more local (i.e., sentence-level) tasks, with a correspondingly larger set of potential confounders. We
re-analyze a well-known coreference resolution dataset
to verify the presence of gender bias in a manner that is
robust against possible covariates.

5.1

Dataset and Previous Analysis

We use GAP (Webster et al., 2018), a human-labeled
corpus of ambiguous pronoun-name pairs from English
Wikipedia snippets. Each instance in the corpus contains two person named entities of the same gender and
an ambiguous pronoun that may refer to either, or neither. System clusters were scored against GAP examples
according to whether the cluster containing the target
pronoun also contained the correct name (True Positive)
or the incorrect name (False Positive). Figure 2 shows an
example from the GAP development set (more statistics
in Table 3).
In line with previous work (Webster et al., 2018),
we use the development set of GAP to carry out our
analyses. Below, we report overall system performance
on the complete development set, in line with previous
work. However, we exclude ≈200 instances from the
development set, for which the pronoun does not refer
to either of the two candidate named entities, from the
regression analysis, since this makes it impossible to
compute some of our covariates (cf. Section 5.3).

5.2

Systems

We experiment with six diverse coreference resolvers and
analyze their predictions with our approach. As trained
versions of all systems were publicly available, we did
not need to train any systems ourselves. All systems
except the BERT-based one were trained on the English
portion of the 2012 CoNLL Shared Task dataset (Pradhan
et al., 2012). It contains 2802 training, 343 development
documents, and 348 test documents. BERT𝑙𝑎𝑟𝑔𝑒 Joshi

Clark and Manning (2015) This system uses a
feature-rich machine learning approach. It performs
entity clustering using the scores produced by two logistic classifier-based mention pair classifiers features.
Both mention pair classifiers use a variety of common
features such as syntactic, semantic and lexical features
for mention pair classification.
Wiseman et al. (2016) This was the first neural coreference resolution system which showed that the task
could benefit from modeling global features about entity clusters. It uses a neural mention ranker which is
augmented by entity-level information produced by a
RNN running over the cluster of candidate antecedents.
Lee et al. (2017) This was the first neural end-to-end
coreference resolution system that works without a syntactic parser or hand engineered mention detector. It
uses a combination of Glove and character level embeddings learnt by a CNN to represent the words of
annotated documents. Next, the vectorized sentences of
the document are fed into a BiLSTM to encode sentences
and obtain span representations. The system also uses
an attention mechanism to identify the head words in
the span representations. Finally, the scoring functions
are implemented via two feed-forward layers.
Lee et al. (2018) This system is an extension of Lee
et al. (2017), which improves on two aspects. First, it uses
gated attention mechanism which allows refinements
in span representations; second, the system applies antecedent pruning which alleviates the complexity of running on long documents. It formed the state of the art
for two years.
Joshi et al. (2020) SpanBERT is a variant of the BERT
transformer (Devlin et al., 2019) designed to better represent spans of text. It works by (1) masking contiguous
random spans, rather than random tokens, and (2) introducing a new objective function called span-boundary
objective (SBO) which forces the model to learn to predict the entire masked span from the observed tokens
at its boundary. BERT𝑙𝑎𝑟𝑔𝑒 trained with the SpanBERT
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Gender C_Freq C_Diff C_Single C_Same
VIF

1.03

1.03

1.88

1.02

1.53

Gender I_Freq I_Diff I_Single I_Same
VIF

1.03

1.04

1.58

1.04

1.24

Table 7: VIF scores for the predictors. C_: Correct, I_:
Incorrect
method improves the state of the art on many tasks
including coreference resolution.

5.3

Lee et al. (2013)
Clark & Manning (2015)
Wiseman et al. (2016)
Lee et al. (2017)
Lee et al. (2018)
Joshi et al. (2020)

Male

Female

All

Bias

55.4
58.5
68.4
67.2
75.9
89.9

45.5
51.3
59.9
62.2
72.1
87.8

50.5
55.0
64.2
64.7
74.0
88.8

0.82
0.88
0.88
0.92
0.95
0.98

Table 8: F1 -Scores of resolvers on the GAP development
set (Bias=F1 Female / F1 Male)
tions using following logistic regression model:

Setup of the Regression Model

p(Correct) ∼ 𝜎 (Gender +
C_Freq + I_Freq +

Bias Variable. As in the original study, we use Gender
as designated bias variable.

C_Diff + I_Diff +

(9)

C_Single + I_Single +
Covariates. In contrast to the first experiment, we do
not use Age and Race, since the GAP dataset contains
numerous named entities that are either not generally
known or fictional (such as "the Hulk"). Therefore, these
variables are either inapplicable or unknown to the typical annotator. Instead, use discourse-related properties
of the antecedents as covariates, since in the task of
coreference resolution the structural properties of the
discourse arguably play a role in the difficulty of the
task:
• Diff is the number of tokens between the named
entity and target pronoun, normalized by the maximal distance in the corpus;
• Single states whether the named entity is a single
word or an MWE;
• Same indicates whether the pronoun and named
entity are in the same sentence;
• Freq defines the log-transformed corpus frequency
of the entity, computed on the English Wikipedia
(en-wikipedia) released on 20th March 2019, normalized by the maximal frequency in the corpus.
The frequencies for MWEs are calculated based
on the syntactic head of the expression.
Since the correct and the incorrect antecedent can differ
regarding these properties, each property exists twice.
We use the prefix C_for the correct and I_for the incorrect one. For gender, both antecedents have the same
gender by design. The bottom part of Figure 2 shows how
these covariates are initialized for the given example.
Model Shape We analyze the performance of the
coreference resolvers at the level of individual predic-

C_Same + I_Same)
where 𝜎 is the logistic function. p(Correct): is 1 if the
resolver matches the pronoun with the correct named
entity in corresponding instance and 0 otherwise. For
Gender, 1 means female and 0 male. For Single, 1 means
the entity is a single word, 0 otherwise. For Same, 1
means the entity is in the same sentence as the pronoun,
0 otherwise. We use Dominance Analysis to determine
relative importance of each predictor.
In this setup, the regression model predicts whether
each of the system predictions is correct or incorrect. To
the extent the correctness is affected by the properties of
the discourse captured by our predictors, we will obtain
significant effects; conversely, should the correctness be
fully random or dependent on properties independent
from our predictors, we will not see significant effects.
Model Validation Table 7 shows the results of multicollinearity analysis on the set of predictors. All VIF
values are smaller than 2, which indicates the absence
of problematic multicollinearity.

5.4

Results

Table 8 shows the performance of six resolvers on the
complete GAP development set (overall and separately
for Male and Female). It probably does not come as
a surprise that performance increases over time; it is
positive to note, though, that the Bias decreases correspondingly.
Table 9 shows the main results of our regression analysis on the subset of the GAP development set with a
correct solution (cf. Section 5.1), organized by columns
(systems). Each row provides a regression coefficient
with its confidence level as well as the relative importance score for the predictor, using Dominance Analysis
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Lee et al.
(2013)
Gender
C_Freq
I_Freq
C_Diff
I_Diff
C_Single
I_Single
C_Same
I_Same
Model Fit

Coef
DA
Coef
DA
Coef
DA
Coef
DA
Coef
DA
Coef
DA
Coef
DA
Coef
DA
Coef
DA
2
𝑅VZ
Acc

−0.473∗∗∗
0.008
0.004
0.000
−0.003
0.000
1.291∗∗
0.006
−1.027∗
0.003
0.344∗∗
0.004
−0.053
0.001
−0.603∗∗∗
0.015
0.086
0.000
0.05
0.61 (0.58)

Clark and Manning
(2015)
−0.308∗∗
0.004
0.018∗∗∗
0.005
−0.003
0.000
−1.617∗∗∗
0.002
1.444∗∗∗
0.002
0.475∗∗∗
0.008
−0.166.
0.001
−0.456∗∗∗
0.002
0.366∗∗
0.002
0.04
0.57 (0.55)

Wiseman et al.
(2016)
−0.314∗∗
0.004
−0.004
0.000
−0.004
0.000
−0.933.
0.001
−0.086
0.001
0.775∗∗∗
0.021
−0.268∗∗
0.003
−0.561∗∗∗
0.007
0.120
0.000
0.05
0.58 (0.53)

Lee et al.
(2017)
−0.271∗∗
0.003
−0.003
0.000
−0.006
0.001
−0.337
0.001
−0.740.
0.004
0.666∗∗∗
0.016
−0.346∗∗∗
0.006
−0.564∗∗∗
0.008
0.318∗∗
0.003
0.05
0.59 (0.53)

Lee et al.
(2018)
−0.215∗
0.002
−0.001
0.000
−0.003
0.000
0.608
0.001
−0.510
0.001
0.554∗∗∗
0.010
−0.360∗∗∗
0.006
−0.336∗
0.004
0.317∗∗
0.003
0.03
0.63 (0.63)

Joshi et al.
(2020)
−0.084
0.000
0.001
0.000
0.003
0.000
−0.065
0.000
−0.053
0.000
0.171
0.001
0.036
0.000
−0.007
0.000
0.028
0.000
0.01
0.55 (0.55)

Table 9: Regression-based analysis of coreference resolution systems on GAP dataset.
DA: Dominance Analysis, Freq: Frequency, C_: Correct, I_: Incorrect instances.
2 indicates the goodness of fit values at the
(DA). 𝑅VZ
level of complete systems. (Note that these numbers,
computed for logistic regression models, are not comparable to the numbers for linear regression models from
Experiment 1.)
We also report accuracy values for the predictions
of our logistic regression model, averaged over 10-fold
cross-validation (𝐴𝑐𝑐). Numbers in parentheses indicate
the accuracy of corresponding majority baselines. The
differences in baseline scores across systems are due to
the fact that gold labels (i.e., the p(Correct) variable in
the equation) are dependent on system predictions.

System level analysis We first discuss results at the
system level. The last row of Table 9 (Model Fit) shows
the overall model fit for all systems. The ability of our
regression model to outperform majority baselines for
the first four systems (Lee et al., 2013; Clark and Manning, 2015; Wiseman et al., 2016; Lee et al., 2017) shows
that our analysis can predict mistakes made by these
coreference resolvers by only considering a small set of
discourse-related features plus Gender. In contrast, Lee
2
et al. (2018) and Joshi et al. (2020) both show an 𝑅VZ
of almost zero, that is, the logistic regression models
perform at the level of a majority class baseline – the
remaining errors that they systems make are idiosyncratic rather than systematic. These findings tie in well

with the overall system performance scores shown in
Table 8.
It is striking that Joshi et al. (2020), the best model
by a substantial margin, is also the one exhibiting the
smallest bias. We see two possible explanations: (a), the
model was trained on a large corpus from several domains with different discourse style, which may make it
more robust to gender bias (Saunders and Byrne, 2020);
(b) in contrast to the older studies, this model is based
on contextualized embeddings, which also showed lower
bias in Experiment 1. Without re-training the model, we
cannot currently distinguish between these two explanations.
Predictor level analysis We now move on to investigate the contribution of each predictor to the systems’
predictability. At this level, gender is a statistically significant predictor (p < 0.05) for all systems except Joshi
et al. (2020). It has a negative sign throughout, indicating worse performance for female entities. This is again
in line with the findings reported in Table 8. However,
our approach reveals other important patterns which
cannot be observed by using traditional analysis methods. First, Clark and Manning (2015) and Wiseman et al.
(2016) have the same DA coefficient for gender variable
2 values. We interpret this to mean that
but different 𝑅VZ
the contribution of gender bias to the overall bias in
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these two systems is not the same, an observation that
would not have been possible through traditional bias
analysis methods (cf. Table 8).
Second, we see that the coefficient signs of the predictors C_Single and C_Same remain the same across
systems: Systems perform better for instances where the
correct antecedent is a single word, and it is not in the
same sentence with the pronoun. Moreover, dominance
analysis shows that these two predictors are among the
main contributors to the biased predictions in four systems out of six, the two exceptions being Lee et al. (2013)
and Joshi et al. (2020).
Third, the small but consistent positive relative importance values of the C_Diff and I_Diff predictors for
half of the systems show that these variables help explain the systems’ predictions. In contrast, the low
relative importance values of the C_Frequency and
I_Frequency predictors indicate that these variables do
not affect coreference resolution much.
Interpretability These detailed findings indicate that,
similar to emotion intensity prediction, the analysis of
coreference resolvers can also benefit from not only the
controlled bias variable but also from other properties of
the input even in datasets which are designed carefully
to isolate the effect of the target variable. As stated
in Exp. 1, these analyses can also be used to extract
interesting examples and subsets.
We illustrate this for the two attributes C_Same
and I_Same, i.e., whether the correct and incorrect antecedent are in the same sentence or not. We split the
GAP dataset into four reasonably-sized subsets based
on the values of these attributes: the subset where both
are in the same sentence (C_Same=1 and I_Same=1)
includes ∼ 900 examples and the other three subsets
include ∼ 300 examples. Table 10 shows the bias values
(defined as above) for the three best performing systems.
We observe that these systems vary widely regarding
the subset where gender bias is most prominently visible
varies across systems: Lee et al. (2017, 2018) both show
the worst bias when the incorrect antecedent is not in
the current sentence (I_Same=0), but differ in the effect
of the position of the correct antecedent (C_Same). In
contrast, Joshi et al. (2020) performs almost perfectly
when I_Same=0, but struggles most the case when both
correct and incorrect antecedent are in the current sentence. These variations in model performance across
subsets raise questions about the representations of antecedents in the various models which go beyond the
scope of this paper.

6

Conclusion

In this article, we have argued that bias analysis, a task of
major importance concerning the societal implications

Lee et al. (2017)

Lee et al. (2018)

Joshi et al. (2020)

C_Same=0
C_Same=1
C_Same=0
C_Same=1
C_Same=0
C_Same=1

I_Same=0

I_Same=1

0.80
0.90

1.10
0.90

I_Same=0

I_Same=1

0.90
0.86

1.00
0.97

I_Same=0

I_Same=1

1.02
0.99

1.02
0.94

Table 10: Bias values for the three best performing
systems, with data split into four groups according to
C_Same and I_Same (worst bias marked in boldface).
of NLP, can benefit from richer statistical methods to
detect, quantify and attribute bias. We have proposed
to follow other scientific fields in adopting regression
analysis which (a) generalizes to multiple bias variables,
(b) can quantify the contribution of confounder variables
to the observed bias with measures of effect size, and
(c) can be used to diagnose system behavior and extract
informative datapoints.
Clearly, regression analysis is no panacea on its own:
it presupposes a set of plausible covariates of bias, which
can come from a wide variety of sources, including taskspecific annotation, task-unspecific input representations, or model architecture (Hovy and Prabhumoye,
2021). Such covariates are typically known through domain expertise or uncovered by exploratory data analysis. Furthermore, the values of these bias variables must
be available, or annotated, for all data points, which
can represent a bottleneck. Thus, regression analysis
complements, but does not replace, traditional methods
of bias analysis.
We have demonstrated the usefulness of our approach by analyzing a range of model architectures on
a regression task and a classification task, obtaining
model-level results that are in line with the existing
literature, e.g., BERT-based systems appear to exhibit
comparatively little bias (Basta et al., 2019). In addition,
adding predictor-level analysis offers a richer understanding of the importance of the bias variables and
their interactions with other textual properties. Note
that we only considered datasets specifically designed
to exhibit the effects of a single bias variable. We believe
that the benefits of our analysis framework would be
even clearer on more naturalistic datasets where pairwise hypothesis tests become even more problematic
(see, e.g., Gorrostieta et al. (2019)).
Another methodological debate that we hope to contribute to is what constitutes a ’substantial’ bias? We
have argued that effect sizes offer a statistically sound
approach to measuring the amount of variation in the
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output that can be attributes to a set of input properties.
Our study provides a starting point for the community
to establish a magnitude for what it considers a ’substantial’ bias, similar to the often-used thresholds for
inter-annotator agreement (Cohen, 1968) or general effect sizes in psychology (Cohen, 1988).
Regarding future work, one avenue concerns richer
regression models that analyze interactions among predictors. Such interactions, when properly motivated,
can further improve our understanding of the performance data. In fact, our last example in Exp. 2 essentially
demonstrates an interaction: the degree of gender bias
in the conference resolvers is affected by an interaction
between the position of the incorrect and the correct antecedents. Ideally, such observations might serve as motivation for assessing and potentially modifying model
architectures or training regimens.
Another avenue of future research is widening our
scope from the analysis of bias in NLP models (that is, “in
vitro” bias according to our terminology in Section 1) to
real life “in vivo” bias in academic communities. Recent
studies have identified multiple such biases, e.g., gender bias in publications (Mohammad, 2020) and hiring
(Eaton et al., 2020). We would hope that the application
of robust regression analysis, a standard method in the
social sciences, would help bolstering these studies and
contribute towards redressing such social harms.
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