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ABSTRACT

Machine Reading Comprehension (MRC) models easily learn spurious correla-
tions from complex contexts such as tabular data. Counterfactual training—using
the factual and counterfactual data by augmentation—has become a promising so-
lution. However, it is costly to construct faithful counterfactual examples because
it is tricky to maintain the consistency and dependency of the tabular data. In this
paper, we take a more efficient fashion to ask hypothetical questions like “in
which year would the net profit be larger if the revenue in 2019 were $38,298?”,
whose effects on the answers are equivalent to those expensive counterfactual ta-
bles. We propose a hypothetical training framework that uses paired examples
with different hypothetical questions to supervise the direction of model gradient
towards the counterfactual answer change. We construct a new stress test on MRC
datasets with factual and hypothetical examples to validate our effectiveness.

1 INTRODUCTION

Machine Reading Comprehension (Dua et al.l [2019; Rajpurkar et al., 2016)) trains deep models to
understand the natural language context by answering questions. However, these deep models easily
learn spurious correlations (a.k.a. shortcuts) (Ko et al., 2020; McCoy et al.l [2019; Yu et al.l [2020)
between the context and answer, e.g., entries at the first column have higher chance to be chosen as
answers in complex financial tables. Consequently, the context understanding is incomplete or even
biased, leading to significant performance drop on testing examples without such shortcut (e.g., F1-
score drops from 79.4 to 39.2 (cf: Table|[I) Therefore, it is crucial to resolve the spurious correlation
issue in the MRC task with tabular context.

Counterfactual training (Abbasnejad et al., 2020} Teney et al.| [2020; [Feng et al., [2021}; [Zhu et al.,
2020) is effective for blocking the spurious correlations in various text understanding and reasoning
tasks such as Visual Question Answering (Chen et al.;,|2020a; Niu et al.,2021) and Natural Language
Inference (Kaushik et al., 2020). Counterfactual training augments the original factual training ex-
ample with a counterfactual example which minimally modifies the original example’s semantic
meaning that changes the label, and encourages the model to learn the subtle semantic difference
that make the label change—the true causation (Figure [I). The underlying rationale is that if the
model only captures the spurious correlation, it cannot comprehend the subtle change from factual
to counterfactual, and thus still predicts the original label. For MRC with tabular context, the anno-
tation of counterfactual example is extremely expensive since extra effort is required to maintain the
consistency and dependency across table entries when editing the context. As shown in Figure [6]
annotators need to edit 4 extra numbers for an assumption to change one number. Therefore, con-
ventional counterfactual generation methods (Yue et al.|[2021)) will suffer from the fidelity problems
(e.g., inconsistent summation) and hurt the model robustness (cf. Section .

In this work, we propose an economic alternative: asking hypothetical questions (HQs) (Li et al.,
2022a)) by imposing the factual example with a counterfactual assumption, without the cost of main-
taining the table consistency and dependency. Therefore, the construction cost of a hypothetical
. i 1 . .
example is undoubtedly lower than the counterfactual exampl A hypothetical example consists of
a hypothetical question and a factual context, which has the equivalent effect on the answers to the
corresponding “ideal” counterfactual example. As a concrete case in Figure [} the counterfactual

'Please refer to Appendixin the supplementary materials for detailed comparisons.
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Context Question Answer Sample Type
Year 2019 2018

In which year was the net profit larger? 2018  Factual example

Revenue ($) 34,298 37,566

In which year would the net profit be larger Hypothetical
y . . 2018
Cost ($) 4550 6,240 if the revenue in 2019 were instead? example
. In which year would the net profit be larger Hypothetical
Net Profit (§) 29,748 31,326 ¢ yo revenue in 2019 were $38,298 instead? 2019 example
Year 2019 2018 In which year was the net profit larger? 2019 Counterfa;:tual
Revenue ($) 38,298 37,566 example

Cost ($) 4550 6,240 S\, Editing the tabular context is costly due to
Net Profit ($) 33,748 31,326 the dependency across table entries .

Figure 1: Illustration of factual, hypothetical, and counterfactual examples.
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Figure 2: Illustration of counterfactual training and the proposed hypothetical training. ¢* denotes
the counterfactual context.

example is derived from the factual example according to the assumption “if the revenue in 2019
were $38,298”, which changes the answer to “in which year was the net profit larger” from 2018 to
2019. The answer of the corresponding hypothetical question— “in which year would the net profit
be larger if the revenue in 2019 were $38,298?”—is also 2019.

Recall that the key to blocking the spurious correlation lies in encouraging the model to focus on
the effect of semantic intervention on the answer change. As shown in Figure [2] in conventional
counterfactual training, given a factual “context, question, answer” example (c, g, a), we utilize
a counterfactual example to regularize the learning of the mapping from ¢, g to a to avoid fitting
spurious correlations Teney et al.| (2020). In the absence of counterfactual examples, we do the
regularization in training by considering the alternative target a*. We intend to investigate and teach
the model’s understanding on the semantic intervention required for the factual example to change
the answer @ — a*. To obtain the information of such semantic intervention, we use a pair of
hypothetical examples with different assumptions and answers (¢, ¢*, a*) and (¢, g, a), where the
difference in HQ assumptions indicates the semantic intervention to change a to a* (c¢f. Figure ).
Therefore, our goal becomes how to effectively convey the information of semantic intervention
from the hypothetical example pair to the factual example through training.

To incorporate the information of semantic intervention from the hypothetical example pair to model
training, we calculate the model gradient w.xt. the input representation of the factual example to-
wards the changed answer a* || The gradient reflects the model’s understanding on the translation
direction of the input representation towards the changed answer, i.e., the cause of answer change
from a to a*. Therefore, we can guide the model’s understanding with the semantic intervention
from the hypothetical example pair. We utilize the representation difference between the two hy-
pothetical examples as the reference of semantic intervention, and supervise the model to align the
gradient with the representation difference (c¢f. Figure[2). To this end, we propose a Hypothetical
Training Framework (HTF) that incorporates gradient regulation terms according to hypothetical
examples to learn robust MRC models. We apply the HTF framework on a representative tabular
MRC model TAGOP (Zhu et al.} 2021) and conduct experiments on tabular MRC datasets TAT-QA
(Zhu et al.| [2021)) and TAT-HQA (Li et al.,2022a)) with factual examples and hypothetical examples,
respectively. Experimental results validate the superior performance of the proposed HTF on a stress
test. Further studies show that HTF also has better understanding to various semantic interventions.
Code and data will be public upon acceptance.

Our contributions are summarized as follows:

2The gradient can be seen as representation changes. It is different from the gradient w.~.z. model parameters
calculated for updating the model.
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* We reveal the spurious correlation issue in MRC of tabular context and propose to use hypothetical
examples to economically block spurious correlations and learn robust MRC models.

* We propose the hypothetical training framework, which uses hypothetical example pairs to teach
the MRC model the effect of semantic intervention on the answer.

* We apply HTF to the MRC model and conduct experiments on factual and hypothetical MRC
datasets, validating the rationality and effectiveness of HTF in blocking spurious correlations.

2 METHOD

2.1 MACHINE READING COMPREHENSION

Generally, the MRC task aims to answer a question based on the context, where the context might
be hybrid in complex scenarios, including paragraphs and tables. Formally, given a question g,
the DNN models are required to reason over the context ¢ and learn a function g(c, q) to predict
the labeled answer a. Technically speaking, the function g(+) is optimized by fitting the correlations
from c and q to a. However, there widely exist spurious correlations (a.k.a. shortcuts (Geirhos et al.}
2020)) in the complex context. Learning from such spurious correlations will ignore the features in
c and q that causally decide the answers, leading to poor generalization ability.

Counterfactual training. A representative approach to remove spurious correlations is counter-
factual training (Abbasnejad et al.| 2020), which utilizes counterfactual examples to identify the
features that causally affect the answers. As illustrated in Figure[I] counterfactual examples change
the answers of factual examples by minimally perturbing the context features, where the perturba-
tion relies on an assumption with semantic intervention, for example, “if the revenue in 2019 were
$38,298?” The semantic intervention over factual examples indicates the essential features lead-
ing to answer changes. By training over the factual and counterfactual examples, the DNN models
are able to learn the effect of the semantic intervention on the answers and exclude the spurious
correlations (Teney et al., 2020).

Nevertheless, counterfactual examples are costly to annotate, especially in complex scenarios with
hybrid contexts (e.g., tables and paragraphs). As shown in Figure[] revising the table needs to ensure
the consistency and dependency across table entries. The counterfactual table is created based on
the assumption “if the revenue in 2019 were $38,298 instead”. Without consistency checking, i.e.,
modifying the net profit of 2019 by “net profit = revenue - cost” , the unfaithful counterfactual
table is likely to confuse some questions such as the comparison of net profit. The requirement for
consistency checking cannot be easily satisfied by automatic approaches. First, the tables cannot
always be processed by relational databases since recent MRC datasets often utilize web-crawled
semi-structured tables without clearly defined constraints (Zhu et al., 2021} |Zhao et al., 2022} |Chen
et al.l [2021). Second, some conventional counterfactual generation methods such as [Yue et al.
(2021)); |Pasupat & Liang|(2016) also cannot guarantee the fidelity of counterfactual examples.

Hypothetical example. To alleviate the burden of consistency checking, we propose hypothetical
examples as the alternative of counterfactual examples. Hypothetical example appends an assump-
tion to the question of factual example, where the assumption describes the semantic intervention
over the factual context, causing the same answer change as the counterfactual example. For in-
stance, in Figure 1| the assumption “if the revenue in 2019 were $38,298 instead?” summarizes the
changes in the table of the counterfactual example. Compared to editing the complex table with
dependency requirements, it is cost-friendly to construct hypothetical examples by extending the
questions in natural language (refer to Appendix [E|for more comparison).

2.2 HYPOTHETICAL TRAINING

To remove the spurious correlations, the key lies in capturing the semantic intervention leading to
answer changes. To this end, HTF calculates the semantic differences between a pair of hypothetical
examples with distinct answers, and then pushes the MRC models to learn the effect of such semantic
differences. Specifically, given a pair of hypothetical examples (¢, g, a) and (¢, g*,a*), we first
calculate their representation differences, and then utilize the differences to regulate the gradients
of factual example towards the changed answer. Intuitively, the representation differences reflect
the semantic intervention, and the gradients indicates how the representations change can lead to
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changed answers. The alignment between representation differences and gradients reflects whether
the MRC models capture semantic intervention well.

As illustrated in Figure[2] given a pair of hypothetical examples (c, ¢, a) and (c, ¢*, a*), the MRC
model first encodes the context-question pairs (c, ) and (c, ¢*) into the representations X, and X'
via feature extractors (e.g., Pre-trained Language Model (PrLM) (Liu et al., 2019))), respectively. We
then calculate X; — X, as the semantic differences, which cause answer changing from a to a*.

For the normal training of a factual example (c, g, a), the MRC model encodes the context-question
pair (¢, q) into the representation Xy, and then leverages a function f(X) to predict the answers
a. To inspect whether the MRC model captures the semantic differences, we calculate the gradients
w.rt. the representation Xy towards the changed answer a*, i.e., V7 fq«(X). Such gradients
represents the translation direction of the representation X that can change the answer from a
to a*. As such, we can teach the model to learn the semantic differences by encouraging these
gradients to align with X} — X}. Formally, we propose a regularization term to minimize their
cosine distance as follows:

Lr=1-cos (V" for(Xy), X — Xp) . (1)

Similarly, we have the representation X of the hypothetical example (c, g*, a*). We also regulate
the gradients of the hypothetical example towards the changed answer n, i, VT fo(X}), which
describes how X' changes can vary the answer from a* to a. As compared to the gradients of the
factual example, the gradients of this hypothetical example conversely change the answer from a*
to a. Therefore, VT f, (X ) should be regulated in the opposite direction with V7 fo« (X ¢):

Ly =1—cos (V' fa(X}), X — X)) . (2)

2.3 INSTANTIATION

We adopt TAGOP (Zhu et al.} [2021) as our backbone MRC model in HTF, which is designed to
reason on the tabular and textual context. Powered by PrLM (Liu et al., 2019), TAGOP first flattens
the tables in ¢ by row, and then transforms the concatenated ¢ and q into the representation, denoted
as X € RL*D where L is the number of the tokens in ¢ and q, and D is the representation
dimension. Thereafter, TAGOP utilizes sequence tagging to select the answer span(s) from the
context, which transforms X through a 2-layer Feed-Forward Network (FFN) followed by softmax
to predict the positive or negative label for each token in the context. Formally,

p; = softmax (FFN(X;)),i=1,...,N
t; = argmax(p;),

3)

where N is the context length since the answer is from the the context region of the input. p; € R?
represents the positive and negative probabilities of the i-th token in the context, and ¢; € {0,1}
denotes the final predicted label.

TAGOP adopts an answer-type predictor to decide selecting one or multiple entries and words from
the context, or counting the number of positive entries and words (Zhu et al., [2021). The loss
function £; of TAGOP is the sum of 1) the negative log-likelihood loss for tagging and 2) the
cross-entropy loss of the answer-type predictor. In this work, we additionally consider the two
regularization terms for hypothetical training, and the overall loss function is as follows:

Ly +aly+ BLh, “4)

where a and § control the influence of the two regularization terms on the optimization.
2.4 THEORETICAL JUSTIFICATION
In this section, we explain the rationality of regularizing the model gradients by the representation

differences between a pair of hypothetical examples (¢, ¢, a) and (¢, g*,a*). Given their repre-
sentations X, and X}, the MRC model adopts the function f(-) : REXD 5 RN to output their

3We ignore the regularization over (c, q, a) and only regulate (¢, g*, a*) because the former has the same
context-question semantic and answer with the factual example (c, g, a).
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N-dimension logits over N context tokens. We then consider the Taylor Expansion of f(X}) re-
garding XJ,:

F(X5) = f(Xn) + T - (X5 = Xn) + o( X5, — Xn),

VT f(X5) ] )

J= ,
VT v (Xn)
where o(-) denotes the Taylor Remainder and J € RV *M s the Jacobian Matrix. M = L x D is
the dimension of the representation X,. The ¢-th row in J represents the gradients from the positive
logits of the i-th token f;(X},) to the input representation Xj,. Besides, since the assumptions
minimally do intervention to the factual example, we assume that the representations of X, and X'
are close to each other. Therefore, the representation differences between X} and X, are small,
and (X} — X1,)% will be close to zero when K > 1[Teney et al. (2020). In this light, we ignore
higher order terms in o(X; — X,) and mainly focus on the first order term J (X — Xp,).

To remove spurious correlations, f(-) is expected to learn the effect of the slight representation
differences on the answer changes. Given different input representations X ;' and X}, f(-) should
be able to maximize the answer prediction difference, i.e., , the logit difference f(X;) — f(X4)
over the ground-truth tokens in the answer a*. From Equation (5), we have

far (X3) = far (Xn) = V7 fa- (Xn) - (X} — Xn), (6)
where fo+(X}) and fq- (X3,) are the predicted logits for the tokens in the answer a*, and
VT far(Xp) in J refers to the gradients for a*. From Equation @ we can maximize the logit
difference by increasing the dot product V7 f,- (X}) - (X} — X}3,). However, optimizing via dot
product is norm-sensitive so that the function f(-) is easy to increase the norm of gradients but ig-

nore the directions. As such, we choose to minimize the cosine distance in the implementation. The
empirical results in Section [3.3]also validate the superiority of using cosine distance.

From the above analysis, we can minimize the cosine distance between the gradients VT for (X3)
of the hypothetical example (c, q, a) and the representation difference X; — Xj. Because the
factual example (¢, g, a) and the hypothetical example (¢, ¢, a) have the same answer under the
same context and answering logic, we can again adopt X — X, to regulate the gradients of this
factual example V7 fo+ (X ) (Equation . Meanwhile, based on the similar Taylor Expansion for
f(Xy), it is reasonable to constrain the gradients of another hypothetical example (c, g*,a*), i.e.,
VT fo(X}) by X;, — X (Equation[2).

3 EXPERIMENTS

In this section, we conduct experiments to answer the following research questions: RQ1: How does
the proposed HTF perform on removing spurious correlations? RQ2: How do the regularization
terms of HTF influence its effectiveness? RQ3: How does HTF improve the MRC model regarding
different spurious correlations?

3.1 EXPERIMENTAL SETUP

Datasets. We conduct experiments on TAT-QA (Zhu et al., 2021), a MRC dataset in the financial
domain with a hybrid of text and tabular context, and TAT-HQA (Li et al., 2022al), which constructs
hypothetical questions for TAT-QA. To avoid the complexity of discrete numerical calculation, we
filter out the arithmetic questions and only keep the questions that extract text spans. Note that
TAT-HQA only contains one hypothetical example with a different answer from the corresponding
factual example in TAT-QA. We thus expand the TAT-HQA dataset by adding hypothetical examples
with the same answer as the factual example ﬂ For the evaluation, on one hand, we adopt the test
set of TAT-QA with factual examples. On the other hand, we create a stress test by manually editing
the factual examples to break the spurious correlationsE] to evaluate the effectiveness of blocking
spurious correlations. We adopt the two common evaluation metrics for MRC tasks (Dua et al.,
2019), exact-match (EM) and F?, both in the range of [0, 100].

“Please refer to more details in Appendix
>Please refer to Appendixfor the detailed construction.
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Stress Test TAT-QA Average
EM Fl EM Fl EM Fl

m-0Q 314 392 652 794 483 593
m-OQ&HQ 342 437 64.6 784 494 61.1
m-OQ&2HQ 37.0 440 644 784 50.7 612

CF-VQA 256 333 60.1 746 429 540
xERM 256 360 60.8 750 432 555
CLO 348 433 645 789 49.7 6l1.1
GS 336 425 623 772 48.0 599

HTF (Ours) 38.5 458 643 780 514 619

Table 1: Performance comparison on the stress test and original test of TAT-QA w.r.z. EM and F}
scores. Bold font denotes the best performance in each column.

Compared methods. We compare HTF with the following methods. 1) Vanilla baselines: m-OQ
trains the MRC model with the factual examples in TAT-QA, i.e., the model learns to answer the
original question (OQ); m-OQ&HQ trains the model with a mixture of OQs in TAT-QA and HQs
in TAT-HQA, which is a simple data augmentation without consideration of the relation between
question pairs; and similarly m-OQ&2HQ trains the model with a mixture of OQs and two kinds
of HQs. 2) Debiasing methods to mitigate the bias from the context branch: CF-VQA (Niu et al.,
2021) utilizes a counterfactual inference framework to mitigate the bias; XERM (Zhu et al., 2022)
improves CF-VQA by adjusting the factual and counterfactual models with the weights of their
empirical risks. 3) Counterfactual training methods: CLO (Liang et al.,[2020) adopts a contrastive
learning objective to supervise the relationship between the factual and hypothetical examples; GS
(Teney et al., |2020) applies gradient supervision between factual and hypothetical example pairs to
shape the decision boundary. More implementation details can be found in Appendix

Implementation detail. For all compared methods, we adopt TAGOP (Zhu et al., 2021) as the
backend model, which is a representative MRC model on tabular context; and we select hyperpa-
rameters according to the F; score on the validation set. We apply a two-staged training for HTF by
first training on TAT-QA and TAT-HQA with TAGOP loss L, and then fine-tuning on the triplets
of a factual and two hypothetical examples with HTF regularization terms £; and L. The rea-
son for two-staged training is that the gradients at the initial training stage cannot stably reflect the
model’s perception of how the representations change causing the answer change, thus we apply the
gradient regularization terms in the fine-tuning stage. We set « as 0.07 and 3 as 1.3. The detailed
hyperparameter setting can be found in the Appendix [C]

3.2 PERFORMANCE COMPARISON (RQ1)

Table (1| shows the performance of all compared methods on both the stress test and TAT-QA. We
can observe that: 1) In all cases, the performance on TAT-QA is much higher than that on the
stress test, showing the reliance on spurious correlations of compared methods. 2) The proposed
HTF outperforms all compared methods on the stress test, indicating its least reliance on spurious
correlations. Moreover, HTF achieves the best average performance on the stress test and TAT-QA,
implying its strong generalization ability across different distributions. 3) The superior performance
of HTF than m-OQ&2HQ validates the rationality of considering the relationships between factual
and hypothetical examples via hypothetical training. 4) The methods utilizing hypothetical examples
(m-OQ&HQ, m-OQ&2HQ, CLO, GS, and HTF) generally show better performance on the stress
test than the models trained with only factual examples (m-OQ, CF-VQA, xERM). This verifies
the rationality of using hypothetical examples to mitigate spurious correlations. Especially, the
debiasing methods (CF-VQA and xXERM) are not effective in our task. We postulate that blindly
mitigating the context bias without the guidance of hypothetical examples is insufficient to remove
spurious correlations in the complex reasoning tasks with tables. 5) All methods using hypothetical
examples have inferior performance than m-OQ on TAT-QA, which is possibly attributed to that
extra hypothetical examples have different distributions with TAT-QA. It is also a promising future
direction to further balance the trade-off and achieve “both-good” performance on two test sets.

3.3 ABLATION STUDIES (RQ2)

Ablation study of HTF regularization. We reveal the contribution of each gradient regulariza-
tion terms L and L, by the ablation experiments w/o L and w/o Ly,. As shown in Table [2} we
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wlo Ly#  wlo Lp#  Liw GS  Lgsya HTF

EM 38.1 37.3 1.5 336 367 385
F1 449 45.0 148 425 446 458

Table 2: Results of the HTF variants on the stress test. # denotes significantly different from the
non-ablated HTF (p < 0.05).

In which year was the revenue larger?

35.0- [/ m-0Q 35.0- [/ m-0Q
" [ w/ unfaithful table " [ w/ unfaithful table
Factual Table Unfaithful Counterfactual Table 3
c
© - 39.5
Year 2019 2018 Year 2019 2018 g 300 361 300 36.9
o
Revenue ($) 34,298 37,566 Revenue ($) 34,298 37,566 < 301 32
Q 25.0- . 25.0-
Cost ($) 4,550 6,240 Cost ($) 4,550 16,240 26 26.2
221
Net Profit ($) 29,748 31,326 Net Profit (§) 29,748 31,326 20.0 I_I- . 20.0 . .
’ EM F1 ’ EM F1
answer: 2018 answer: 2019 Compare-Summation Questions Other Questions

(a) (b)
Figure 3: Left: an example of the unfaithful counterfactual table. Right: performance comparison
on the stress test by adding unfaithful counterfactual tables.

observe that the performance significantly drops if we set either £, or L), to be 0. This validates
that both gradient regularization terms are critical to remove spurious correlations and enhance the
generalization performance on the stress test.

Rationality of using cosine regularization. As illustrated in Section we compare the regu-
larization terms implemented by dot product or cosine distance. From the results in Table [2] we
find that the dot product Ly, largely underperforms HTF with cosine regularization. We attribute
the significant difference to that dot product is norm-sensitive, for which the gradient norm is easily
increased while the direction is undermined.

Difference with GS. In our justification in Section [2.4] we reach a different conclusion from GS
(Teney et al., 2020) that the gradient loss should be calculated towards the changed label instead
of the factual label. We run a variant of GS by calculating the gradient towards the changed label
instead of the factual label to examine our justification, denoted as Lgs var. In Table @, we can find
that Lg yar clearly outperforms GS, thus validating the rationality of our justification.

Effect of unfaithful counterfactual tables. To validate our claim that counterfactual tables with-
out consistency checking potentially hinder the answer prediction, we conduct the experiments with
unfaithful counterfactual tables. We create unfaithful counterfactual tables by revising the factual
tables while ignoring the dependency between table entries. For example, in Figure [3a] the coun-
terfactual table is edited from the factual table under the assumption “if the cost for 2018 increased
to $16,240 instead”. Due to “revenue=cost+net profit”, only editing cost will cause inconsistency
between the table entries, leading to unfaithful counterfactual tables. If such unfaithful examples
in Figure [3a] are used for training with factual examples, the MRC model will wrongly attribute the
answer changes to the changed cost feature, fitting the spurious correlations. To validate that, we
hand-annotate 220 unfaithful counterfactual examples, then train a variant of m-OQ by adding the
unfaithful counterfactual tables into training data, and finally test it on the stress test. From the re-
sults in Figure we discover that for both the summation comparison questions (about 10%) and
the other questions, the performance has a clear drop, showing that the noisy unfaithful counterfac-
tual tables may confuse the model and it is necessary to guarantee the table consistency.

3.4 IN-DEPTH ANALYSIS (RQ3)

Sensitivity to semantic intervention. We investigate the sensitivity of the MRC model to semantic
intervention by counting the identical predictions on factual examples and hypothetical examples in
the stress test. Since the hypothetical examples in the stress test are created by minimally modifying
the factual examples to change its semantic and labels (an example in Figure [3)), fitting spurious
correlations will cause the model to ignore the semantic difference and give the same prediction for
a pair of hypothetical and factual examples. The experimental statistics in Figure 4a| shows that:
1) among all compared methods, HTF achieves the smallest percentage of identical predictions,
verifying its effectiveness in identifying semantic difference and avoiding spurious correlations. 2)
Using hypothetical examples (all methods except m-OQ) can reduce the percentage of identical
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Figure 4: (a) l()r)oportion of identical predictioés)for factual examples in TAT—Q(A) and the corre-
sponding stress test examples. Lower percentage is better, indicating more sensitive to semantic
intervention. (b) Performance on the stress test with changed number scale. w/o, small and large
refers to no scaling, slight scaling and large scaling, respectively. (c¢) Study on the spurious correla-
tion of “which year” questions and the top year answers. “w/o0” denotes no operation on the table.

(a) In which years did the net sales (b) In which year was the Deferred tax asset larger?
from America exceed $200,000?

Factual Table Stress Test Table Factual Table Stress Test Table
Year 2018 2017 Year 2018 2017 Year 2019 2018  Year 2019 2018
Net Sale in 224,05 Net Sale in Deferred ,, ;¢ Deferred
America ($) 259,105 6 America ($) 259,105 150,000 | g5y agset - tax asset 0.2 0.8
Gold Answer: 2018, 2017 Gold Answer: 2018 Gold Answer: 2019 Gold Answer: 2018
Predicted Answer: 2018, 2017 Predicted Answer: 2018 Predicted Answer: 2019 Predicted Answer: 2019
Prediction Score: Prediction Score: Prediction Score : Prediction Score:
2018: 99.94, 2017: 99.90 2018: 99.93, 2017: 3.81 2019: 99.90 2019: 99.92, 2018: 0.00

Figure 5: Case study of HTF’s predictions. The tables are shortened to save space.
predictions, showing the effect of hypothetical examples in reducing shortcuts. 3) For all methods,
there are still more than 60% of identical predictions, showing that all methods are still relying on
spurious correlations to some extent. This coheres with the large performance gap between stress
test and factual examples (TAT-QA) (c¢f. Table , which can be further improved in future work.

Generalizing to new semantic intervention. Apart from the stress test, we study the ability of HTF
to generalize to new semantic intervention on the tables. Firstly, we look into how HTF generalizes
to new tables with the numbers of unusual scale. We identify a type of questions asking about
numerical conditions, e.g., which values is larger/smaller than a threshold A?, and generate new
test cases by scaling the target numbers to be larger/smaller than A in the table. We increase the
target number by {2,3,4} times if it is larger than A and otherwise decrease it by {1.2,1.3,1.5} times
(named slightly-scaled test data). Besides, we construct the largely-scaled test data by increasing
the range of scaling by {10,11,12} times or decreasing {5,6,7} timesf’| We test HTF, CLO, and
the vanilla baselines m-OQ and m-OQ&HQ on the slightly-scaled and largely-scaled test data. As
shown in Figure Ab] we find that all methods are affected by the scaling operation because they
do not fully understand actual reasoning logic and rely on some spurious correlations. Among the
methods, HTF achieves the smallest performance drop between the factual examples and the scaled
examples for both settings, showing that HTF achieves the best understanding on the reasoning logic
of numerical condition questions by hypothetical training.

Next, we study the potential spurious correlations regarding the frequent answers in the dataset.
We conjecture that the MRC model might be inclined to predict 2019, 2018 and 2017 for questions
asking about “which year” because they are the most frequently appeared answers. We identify such
questions and create new testing examples by replacing 2019, 2018, and 2017 with 1994, 1993,
and 1992, respectively (denoted as subtraction) to break down the word correlations between the
questions and the answers. We also try reversing the order of the years by replacing 2019, 2018,
and 2017 with 1992, 1993, and 1994, respectively (denoted as sub&reverse) to examine the bias
toward predicting the earliest or the latest year. As shown in Figure we can observe that the
subtraction decreases the performance for all compared methods, revealing the existence of spurious
word correlations, while HTF achieves the smallest decrease thus the least affected by such spurious
correlation. Applying the reversion can further decrease the performance of HTF, but it is still
the least affected among the compared methods. For m-HQ and m-OQ&HQ, the further reversion
cannot cause larger decrease, thus they mainly rely on the word correlation. Generally, HTF is the
most robust to such semantic change with less than 3% decrease of F}.

Case study. We present two examples to demonstrate the effect of HTF on model prediction in Fig-
ure [} In example (a), HTF gives correct predictions to both the factual and the stress test examples.

SNote that the edited example maintains the answer of the original example.
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This indicates that HTF recognizes the semantic change, i.e., the lowered net sale value in 2017, and
in turn largely reduces the model prediction score w.r.z. 2017. It maintains high prediction scores for
the remaining answer and precisely reduces the score for the changed answer, showing the capability
of HTF in linking the semantic intervention to the answer change. We also present a failure case in
example (b), where HTF gives correct prediction to the factual example, but fails on the stress test
example due to failure to link the feature change i.e., the decreased value in 2019, with the answer
change. Since the stress test example only has a very tiny change of one digit (1.2 — 0.2), it poses
a larger challenge to HTF in its sensitivity of semantic change.

4 RELATED WORK

Counterfactual training. Stemming from the causal theory (Pearl et al., 2000), counterfactual
training has become a popular approach recently to avoid learning spurious correlation by doing in-
tervention on the observed data. Counterfactual examples have been applied to a wide range of task
such as Natural Language Inference (Kaushik et al.l [2020), Named Entity Recognition (Zeng et al.,
2020), Visual Question Answering (Chen et al., [2020a}; |Gokhale et al., [2020; [Teney et al.l 2020;
Liang et al.| [2020), Story Generation (Qin et al., 2019), Machine Reading Comprehension (Gardner
et al.| [2020), text classification |Choi et al.| (2022), language representation |[Feder et al.| (2021) and
information extraction |[Nan et al.| (2021)). Researchers also apply the idea of counterfactual into de-
signing training or inference frameworks (Niu et al.l 2021} Niu & Zhang| 2021} [Chen et al.| 2020a;
Wang et al., | 2021b; [Feng et al.,[2021; |Abbasnejad et al., |2020; Paranjape et al.| 2022)). Apart from
obtaining counterfactual examples via human-annotation, researcher also study automatically gen-
erating counterfactual examples (Paranjape et al., [2022; |Geva et al., [2022; |Ye et al.| [2021; [Longpre
et al.| [2021; Wu et al.| 2021} [Sauer & Geiger}, |2021). In this paper, we focus on tabular MRC with
complex reasoning process. Automatically creating counterfactual examples is infeasible and hu-
man knowledge is still essential. We are inspired by the hypothetical questions proposed in (Li et al.,
2022a)) which we think can be an economic alternative for counterfactual tables, and we are the first
to study removing spurious correlations with hypothetical examples.

Spurious correlation. The problem of spurious correlation has been studied by a wide range of
machine learning tasks, such as the unimodal bias in VQA (Cadene et al., 2019), the position bias
of MRC (Ko et al.;, |2020), the hypothesis-only of NLI (Poliak et al., 2018), the word alignment of
passage and options in QA (Yu et al.,|2020), which hinders the generalization ability of DNN models
to out-of-distribution test sets (Agrawal et al., [2018}; [Kaushik et al., |2020). Solutions have been
propose to solve the spurious correlation problems apart from the counterfactual training approaches
mentioned above, such as capturing the bias via fitting the bias (He et al., 2019} /Cadene et al.,|2019),
training multiple models (Teney et al., 2022; |Clark et al.| [2019), invariant learning (Arjovsky et al.,
2019; L1 et al.| 2022b)), and using causal inference techniques (Wang et al., 2021cza).

Tabular MRC. In recent years, new challenge in MRC has arisen to enable machines to understand
and reason over more complex context such as tables due to the overwhelming tabular data in the
real world. Many tabular QA dataset are proposed, such as FinQA (Chen et al.,2021), TAT-QA (Zhu
et al.| [2021), HybridQA (Chen et al., [2020b)), MultiHierrt (Zhao et al.| 2022)), and WikiTableQues-
tions (Pasupat & Liang|, 2015), where most of these datasets requires numerical reasoning ability,
thus solutions to these data often requires designing numerical calculation steps (Chen et al.| 2021}
Zhu et al, |2021) and table understanding techniques (Herzig et al., [2020). In our work, we adopt
the standard method of TAGOP on TAT-QA dataset.

5 CONCLUSION

In this work, we investigated the spurious correlations in MRC with tabular context. We proposed
to use hypothetical examples for hypothetical training, which teaches the MRC model the effect
of the semantic intervention on causing answer changes. By learning such effect, MRC models
could effectively remove the spurious correlations and achieve superior performance on the stress
test. This work leaves many promising directions for future exploration: 1) adopting HTF to other
language understanding and reasoning tasks that are costly to construct counterfactual examples; 2)
expanding HTF to model the semantic relationships between multiple hypothetical examples; and
3) simultaneously pursuing “both good” performance on TAT-QA and the stress test.
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A THE CREATION OF STRESS TEST SET

To evaluate the dependency on spurious correlation of tabular MRC models, we create a stress test
set by editing the factual tables in TAT-QA. Note that we define the stress test data as examples that
change the semantic of the factual context and lead to changed answers, which is different from the
definition of previous works (Veitch et al.,[2021). We believe the stress test set can be used to test
the model’s genuine understanding of the question and the context, which cannot be accomplished
if the model learns shortcuts.

We edit the table of a factual example according to the assumption of the corresponding hypothetical
question. First, we extract the new number in the assumption to put in the table by identifying
numbers from text strings, e.g., extracting 38,298 from if the revenue in 2019 were $38,298. Next,
we locate the position in the table, e.g., locating the table cell representing*“revenue in 2019”. Finally,
the stress test data is created by putting the new number into the location identified in the table, which
has the same answer as the hypothetical example.

we conduct a human evaluation to verify the quality of the stress test. We sample 70 instances
randomly from the stress test, and recruit two college students to examine the fidelity of instances
based on three questions: (1) whether the table follows the table-entry consistency (1 if agreed else
0); (2) whether the answer can be correctly derived from the context (1 if agreed else 0); and (3) the
complexity of answering the first two questions (0: easy;1:medium;2:hard). The average scores for
(1) and (2) are 0.91 and 0.97, showing that the annotators agree that most of the tables are consistent
and most of the answers can be correctly deducted. The standard deviation for the complexity score
is 0.59 and 0.63 respectively, showing that the stress test has diverse question difficulty. The Cohen’s
Kappa between the two annotators is 0.32, showing fair agreement between them.

B THE EXPANSION OF HQ WITH THE SAME ANSWER AS OQ

We identify the questions that involves numerical comparison via the following keywords: larger,
higher, highest, largest, exceed, less than. We extract the entity E and the number N within the
assumption of HQ which intervenes the factual context and changes the answer of OQ. We pair up
the hypothetical examples with the factual examples and compare their answers via some simple
rules. For example, the question asks about which entity has a higher value, and E within the
assumption is the answer to HQ which replaces the factual answer. We can largely decrease the
number N in the assumption to create an HQ with the factual answer. We set the range to decrease
N to make sure it satisfy the condition most of the times. We can process conversely if E equals the
factual answer by increasing N. In total, we create 693 additional HQ for training. We do not create
the additional HQ for validation data, and use the same validation set as baseline methods which is
a mix of OQ and HQ validation data.

C HYPERPARAMETER SETTING

We use one 32GB GPU. We set the batch size as 16, learning rate as le-4 for first-stage training and
le-5 for second-stage fine-tuning. We train 80 epoch for the first stage and 60 epoch for the second
stage. We select the checkpoint with the best validation F} result. For the fine-tuning, we wait for
10 epochs before the validation begin. We use Adam as the optimizer and gradient accumulation
step of 4. We select « = 0.07 and 3 = 1.3, both in the range of [0.01, 0.09] with step 0.01 and [0.1,
1.5] with step 0.1.

D IMPLEMENTATION DETAILS OF BASELINE METHODS

* CF-VQA: we adopt a table-only branch to learn the language bias where only the table is
remained in the input. We use the RuBi function as the fusion strategy. During inference,
the learned table-only bias is subtracted from the total effect. Since CF-VQA does not
require counterfactual data, we train it with the factual examples.

* xERM: it is an extension of the above CF-VQA with weights added. We use the empirical
risk of the MRC model to calculate the weight.
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* CLO: we intend to encode the semantic resemblance of HQ to its corresponding OQ since
they differ in a small semantic change. The contrastive loss use the corresponding OQ as the
positive example of HQ, and a randomly selected OQ as the negative example. Formally,

the contrastive loss is
edist(rh o)

Lclo = (7)

edist(rh,re) + edist(rh, roirr)
where 7,7, and 1, denotes the representation of hypothetical example, factual example
and an irrelevant factual example encoded by PrLLM, and dist denotes cosine similarity after
max-pooling the representation. The contrastive loss is added to the total MRC learning
objective and weighted as 1.

* GS: we calculate the gradient loss via a pair of factual and hypothetical examples and add
the gradient loss to the total MRC learning objective. We set the weight for the gradient
loss as 0.01.

Factual Table

from from  Average
Year 2019 2018 2018 to 2017 2017 to of 3
2019 (%) 2018 (%) years
Revenue ($) 34,298 37,566 -8.7 32,553 15.4 34805.7
Cost ($) 4,550 6,240 -27.9 5,256 18.7 5348.7

Net Profit ($) 29,748 31,326 -5.1 27,297 14.8 29,457

Question: In which year was the net profit larger?
Answer: 2018

‘%.o.

Creating Faithful Counterfactual Table

Change the revenue of
2017 to 38,553 to change
the answer to 2017

Counterfactual Table

from 2018 from 2017 Average of

Year 2019 2018 9o o) (1)”" 102018 () 3 years

Revenue ($) 34,298 37,566 -8.7 | 38,553 | 15.4 |36805.7|

Cost ($) 4,550 6,240 279 (2) 5256 (3)18.7 (4)5348.7

Net Profit ($) 29,748 31,326 -5.1 | 33,297 || -5.9 || 31,457|

Question: In which year was the net profit larger?
Answer: 2017

In which year would the net profit be larger
if the amount in 2017 were $38,553 instead?

Answer: 2017

Writing HQ

Figure 6: An example of annotation cost comparison for hypothetical example and faithful coun-
terfactual table. For the assumption to change the revenue of 2017 to $ 38533, creating the faithful
counterfactual table requires calculating and editing at least S numbers, while creating the hypothet-
ical question is much easier by merely writing the assumption in natural language and appending it

to the question.

E ANNOTATION EFFORT COMPARISON OF HQ AND FAITHFUL

COUNTERFACTUAL TABLE

We give an example to illustrate the distinction in annotation effort between creating faithful coun-
terfactual tables and HQ as shown in Figure [6] After reading the factual example and deciding
the intervention of changing the revenue in 2017 to $ 38533, the cost for creating HQ is simply
writing the assumption in natural language and appending it to the question. However, to create
faithful counterfactual table, at least 5 numbers need to be calculated and edited as highlighted in
the counterfactual table which is time consuming. As the table gets larger and more complicate,
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the annotation cost keeps increasing. This example illustrates that the effort for creating faithful
counterfactual table is likely to be much larger than writing HQ, thus HQ is an economical choice.
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