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Abstract

Understanding the predictions made by deep learning models remains a central
challenge, especially in high-stakes applications. A promising approach is to
equip models with the ability to answer counterfactual questions — hypothetical
“what if?” scenarios that go beyond the observed data and provide insight into a
model reasoning. In this work, we introduce the notion of causal interpretability,
which formalizes when counterfactual queries can be evaluated from a model
and observational data. We analyze two common model classes — blackbox and
concept-based predictors — and show that neither is causally interpretable in general.
To address this gap, we develop a framework for building models that are causally
interpretable by design. Specifically, we derive a complete graphical criterion that
determines whether a given model architecture supports a given counterfactual
query. This leads to a fundamental tradeoff between interpretability and predic-
tive accuracy, which we characterize by identifying the unique maximal set of
features that yields an interpretable model with maximal predictive expressiveness.
Experiments corroborate the theoretical findings.

1 Introduction

Despite the remarkable success of deep learning models across a wide range of tasks — including
image recognition [5, 8], natural language processing [2, 24], and reinforcement learning [22, 23] —
these models remain fundamentally opaque. Although they are highly effective at predicting labels
based on statistical correlations in the data, they lack the capacity to explain the reasoning behind their
predictions, earning them the colloquial label of “black boxes.” In other words, current models are
difficult to interpret: they lack the ability to justify why a particular decision was made, identify which
input factors were most influential, or reason about how outcomes might differ under alternative,
counterfactual conditions. This interpretability gap raises concerns in high-stakes domains such as
healthcare, law, and scientific discovery, where understanding how and why a model makes a decision
is as important as the decision itself.

A rich body of research on explainable AI (XAI) has been developed to better understand the behavior
of learned models. For instance, post-hoc explanation methods such as LIME [20], SHAP [10], and
Grad-CAM [21] generate local or visual attributions in terms of pixels or extracted features to help
interpret predictions. Other approaches aim to build intrinsically interpretable models, such as those
that impose sparsity constraints [12], restrict final layers [27], or leverage decision tree structures [26],
often trading off model complexity for greater transparency. While these techniques offer useful
insights, they fail to bridge the gap between low-level features and high-level, human-understandable
features that might explain the behavior of a model.

One promising avenue for bridging this gap is counterfactual reasoning. Answering what if questions
— such as “Would the diagnosis have changed if a different treatment had been administered?” or
“Would the person have been classified differently if their income were higher?” — plays a central
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Figure 1: (a) Illustration of different model classes: counterfactually consistent models (blue) and
blackbox/concept-based models (yellow). (b) Original input image and corresponding predictions
from each model. (c) Counterfactual predictions: models in the top row predict consistently across
instantiations within the class, while those in the bottom row produce inconsistent predictions.

role in human reasoning and forms the basis of many explanatory and decision-making processes
[1, 16, 17]. Enabling Al systems to reason counterfactually opens the door to more interpretable
models — ones that can not only predict outcomes accurately but also explain their decisions in a
meaningful, human-aligned way.

Recently, concept-based prediction models [7, 13] have been proposed to improve interpretability by
enabling reasoning over human-understandable features. These models aim to answer counterfactual
queries of the form: “Given an input x, how would the model’s prediction change if a feature W were
modified from w to w’?” Such queries allow users to explore the influence of high-level features —
like the presence of a smile or the existence of a tumor — on a model’s prediction, providing a possible
route to assess whether the model reasoning aligns with human expectations.

Despite their appeal, existing concept-based approaches are oblivious to the causal relationships
between features. As a result, they may not reflect the real-world mechanisms or incorporate common-
sense knowledge faithfully. While some recent methods attempt to introduce causal structure into
concept-based models [3], they frequently lack guarantees of counterfactual consistency — that is, the
property that models within the exact class yield consistent answers to the same counterfactual query.

To illustrate this limitation, consider a task of predicting facial attractiveness. Suppose two models, C
and D, from the same concept-based class, represented by the yellow circle in Fig. 1-(a), are trained
on the same dataset. They first will have the identical attribute prediction, for example, both will
predict a lower attractiveness score for the given image (Fig. 1-(c), yellow). However, when they
evaluate the counterfactual question “What would the attractiveness be had the person smiled?”,
model C will maintain the low attractiveness score while model D will raise the attractiveness score
(Fig. 1-(c), yellow). This discrepancy reveals a deeper issue: the model class is not counterfactually
interpretable, as it does not constrain the space of counterfactual responses. In such cases, users have
no principled way to determine which answer to trust, rendering the query effectively unanswerable.
In contrast, the model class in blue is desirable since any pair of models — such as Model A and B —
will give the exact same answer for both attribute and counterfactual predictions. In this case, one
can assert that the attractiveness would be raised had the person smiled, which indicates the model
made the decision based on the feature “Smile” and this is aligned with human understanding [6].



In this work, we introduce the notion of causal interpretability, which concerns whether a prediction
model can be interpreted consistently across counterfactual scenarios — drawing a connection between
XAI and causal inference [1, 16]. Intuitively, a model class is said to be causally interpretable if all
models within the class yield consistent predictions under counterfactual interventions, as illustrated
in blue in Fig. 1. We then show that a blackbox model, which maps inputs directly to labels, is
never causally interpretable. That is, such models fundamentally lack the structure needed to answer
counterfactual questions. We also demonstrate theoretically that concept-based models [7], which
rely on all observed features for prediction, are also not guaranteed to be causally interpretable.
Interestingly, causal interpretability can be recovered by constraining to use only a subset of features.

Against this background, we develop a general approach for building causally interpretable models
that can answer counterfactual queries by design. Specifically, we propose a complete graphical
criterion for determining whether a model that uses a given set of features for prediction is causally
interpretable with respect to a counterfactual query. This enables the understanding of (i) which
counterfactual questions a given model can answer, and (ii) which models can answer a given counter-
factual question. Our framework also reveals a fundamental tradeoff between causal interpretability
and predictive accuracy. We characterize the unique maximal set of features that preserves causal
interpretability, thereby providing a principled method for building models with maximal expressive
power under interpretability constraints. A notable practical implication is that our approach does not
require full specification of the causal graph or modeling of unobserved confounders; it only involves
the descendants of the target features in the counterfactual query. Experimental results corroborate
the proposed theory. More specifically, our contributions are as follows:

* (Sec. 2) We introduce the notion of causal interpretability (Def. 2), which states whether we can
evaluate the prediction of the model under counterfactual conditions from observational data. Based
on this formulation, we show that a blackbox model is never interpretable (Prop. 1), whereas a
concept-based model is also often not interpretable, in contrast to prior belief.

* (Sec. 3) We develop a graphical criterion that determines whether the model is interpretable
with respect to the query (Thm. 1). We characterize the unique maximal set of features yielding
interpretable architecture (Thm. 2) and provide a practical way of evaluating such queries from the
data (Thm. 3). Finally, these results reveal a fundamental tradeoff between the causal interpretability
and predictive accuracy (Thm. 4).

Preliminary. Here, we introduce notations and terminologies used in the paper. We use bold letters
to denote a set of random variables or their assignments. We use capital letters to denote a random
variable or a random vector (e.g., X) and lower case letters to denote their assignments (e.g., X).

We employ a structural causal model [1, 16] as our semantical framework. A structural causal
model (SCM) M is a 4-tuple (U, V, F, P(U)), where U is a set of exogenous variables, V =
{V1,---,V,} is a set of endogenous variables, F = { fv,,- - fv, } is a set of functions determining
VasV; « fy,(Pay,, Uy,), where Pay, C V\ {V;} and Uy, C Uforall V; € V,and P(U)isa
distribution over U. An SCM M induces a causal diagram G and a distribution over the endogenous
P (V). We use graphical kinship to represent the relationships between the variables. We now define
an SCM that describes a generative process that includes images X and labels prediction Y [14].
Definition 1 (Augmented SCM). An augmented SCM (ASCM) over a generative level SCM My =
(U, Vo, Fo, P°(Ug)) is a tuple M = (U, {V, X, Y}, F, P(U)) such that

(1) exogenous variables U = {Uy, Ux };

(2) V = Vg are labeled observed endogenous variables, X is an m-dimensional mixture variable,
andY isa (predicted) label;

(3) F = {Fo, fx, fy}, where fx maps from (the respective domains of) V.U Ux to X and a

classifier fo maps from (the respective domains of) the subset of {V, X} to Y; and
(4) P(Up) = P°(Uy).

An ASCM M represents a sequential generative procedure of latent generative factors (i.e., concepts)
V, the image X, and the label prediction Y. First, the latent features V are generated by the
underlying M. The induced causal diagram Gy is called a latent causal graph (LCG). The high-
dimensional mixture X (e.g., image) is then generated from V (and Ux), and subsequently, Y is
generated from the subset of {V, X}, where fo is a classifier that predicts the label. We let () :=
{M : ASCM over M} be the space of ASCMs. Omitted proofs are provided in Appendix A.2.



(a) Blackbox prediction (BP). (b) Concept-based prediction (CP). (¢) Generalized CP (GCP).

Figure 2: Causal diagrams for different types of predictive models.

2 Causal Intepretability — Foundations

In this section, we formalize the notion of causal interpretability and examine whether existing
approaches could elicit counterfactual questions in a valid manner.

We start by analyzing two important classes of predictive models: blackbox and concept-based
models. As illustrated in Fig. 2a, blackbox prediction (BP) models make a prediction on the label

from the image X (i.e., fy : D(X) — D(Y')). This means that a blackbox does not have access
to any of the causal factors that generated the data. In contrast, concept-based prediction (CP)

models predict the label based on the generative factors of the image (i.e., fy : D(V) — D(Y)), as
illustrated in Fig. 2b. In other words, the classifier of a concept-based model uses the features to
make the predictions, instead of the image itself. Formally, a class of BP models and a class of CP

~

models are respectively denoted as Q2gp and Q2cp, where Qpp '= {M € Q| fp : D(X) = D(Y)}

~

and Qcp = {M € Q| fp : D(V) — D(Y)}. The following examples illustrate the generative
process of BP and CP models.

Example 1 (Blackbox Model). Consider a task of estimating the attractiveness of a human face
represented in an image X. Augmented generative process (ASCM) of the prediction by a BP model

is given as Mgp = (U = {Up,Us,Uc,,Uc,, Ux }, {{F, S,C}, X, Y}, FB2_ PBP(U)), where

F+Upr®Ug
S(—US

FBP ) C+ (=SANUg) ®(SAUg,) 1)
X fx(l'?7 S7 C,Ux)

Y« fo(X),

Y is the label (attractiveness) prediction, the exogenous variables Ur,Us, Uc, , Uc, are independent
binary variables, and PP*(Up = 1) = 0.4, PP (Us = 1) = 0.6, P?* (U, = 1) = 0.3, PP (U, =
1) = 0.6. The exogenous variable Ux (representing other generative factors) can include (or be
correlated 10) {Ur,Us,Uc,,Uc, }. The causal diagram induced by Mgp is shown in Fig. 2a.

In terms of prediction, the process of obtaining Y has three steps. First, latent generative features
F (gender), S (smiling), and C (high cheekbones) are generated. Then, fx maps the observed
generative features { F, S, C'} and unobserved generative factors Ux to the images X in the pixel

levels. Finally, the predictor fy takes these pixels as input to estimate Y in the corresponding model.
The functions fx and fo can be aggregated as Y « Iy o [x(F,S,C,Ux). This illustrates that the
prediction of % by a BP model is made based on all observed features {F, S, C'} and unobserved
features Ux. [ |

Example 2 (Concept-based Model). The main difference between the class of CP models Q¢cp and
the class of BP models Qgp is the form of the classifier fo. Consider the same generative process

of observed features Vo = {F,S,C}' and the image X in Ex. 1. Let us consider a CP model

'In practice, the annotations of the features are provided in many real-world datasets across various domains,
e.g., human face [9], medical images [11], and animal species [25]. Otherwise, the common practice is to extract
their annotations with vision-language models [19], which is shown to be effective [13, 28].



Mcp = (U = {Up,Us,Uc,,Uc,, Ux }, {{F, S,C}, X, Y}, FCF, PP(U)), where the generative
process of F, S, C, X is the same as Eq. (1), Y is generated as

Y « f5(F,8,0), @

and P°?(U) is equal to PPP(U) in Ex. 1. In words, this means that instead of predicting Y based on

pixels (i.e., image X), the classifier fo directly predicts Y based on observed features F, S, C. The
causal diagram induced by M cp is shown in Fig. 2b. |

Examples | and 2 illustrate two different types of predictive models, where the classifier predicts
the label directly from the image X (i.e., {2gp) or from the generative features V (i.e., Qcp). While
both types have showcased their capability to achieve reasonably high predictive accuracy in many
domains [7, 8, 13], it is unclear at this moment whether we can interpret how they would predict under
counterfactual scenarios, such as “how attractive the person would be had the one been smiling?”.
The following notion of causal interpretability formally states whether the counterfactual questions
can be answered from the model.

Definition 2 (Causal Interpretability). Consider a specific model class Q' C §, where ) is the
space of ASCMs. We say the class €Y' is causally interpretable w.r.t. a query Q if Q™ = QM for

VM, My € @ s.t. PMU(V,X,Y) = PM2(V, X, Y).

In words, € denotes a certain design choice of the models for predicting the label, that is, it is a
space of prediction model candidates. €', for instance, can be Q2gp, when we want to predict the label
directly from the image (Fig. 2a), or Qcp, when the classifier uses all observed features (Fig. 2b).
For a query ), we are concerned with the counterfactual questions such as “What if the person had
smiled?”, which is written in counterfactual notion as P(?szl | X = x), and more generally as
QW) = P(Yw | X).?

In other words, the notion of causal interpretability states whether one can understand the behavior
of the model under different counterfactual conditions. If the model is causally interpretable, the
counterfactuals can be evaluated from the observational data (Fig. 7, left). Otherwise, the model
fundamentally cannot answer the counterfactual question from observational data, and thus, we cannot
interpret their behavior under counterfactual scenarios (Fig. 7, right). We now analyze two types of
predictive models discussed above (i.e., BP model in Ex. 1 and CP model in Ex. 2) and examine their
causal interpretability, i.e., whether they can evaluate counterfactuals from observational data.

Example 3 (Continued from Ex. 1). Consider the BP model Mgp in Ex. 1. Let Ux includes
another independent variable, namely, Ux = {Us, U}, let the observational quantity P(F =
0,5 =1,C =1| X =x) = 1, which means that the face is of a male (F' = 0), who is smiling
(S = 1), and with the cheekbones high (C' = 1), given in an image X = x. The generative
process of Y is as Y <« fo o fx(F,S,C,Ux) = 1[S > 0.5]. Consider another BP model
Mp with the same generative process of Mgp, but for in My, the classifier f;? is given by:
Y «+ fy o fx(F,S,C,Ux) = 1[Us > 0.5]. Since S = Ug, the two BP models Mpgp and Mpp
agrees with the observational data, i.e., P (V,X, ?) = pMiw (V,X, }A/), which will lead to the
same predictions (and corresponding accuracy).

Now, consider the counterfactual quantity "Given the image X = X, would the prediction still be
attractive (Y = 1) had the person not smiled (S = 0)?", namely, Q(S) = P(Ys—o =1 | X = x).
Intuitively, a smaller value of P(Ys—o = 1 | X = x) implies the model is more reliable since
changing a face to non-smiling reduces the attractiveness in general based on common sense
knowledge [6]. For the first BP model Mpgp, Q(S) evaluates as PM#(Yg—g = 1 | X = x) =

1[S = 0 > 0.5] = 0. However; for the second BP model My, Q(S) evaluates as PMir (Ys_o =
1| X =x)=1[Ug =1 > 0.5] = 1. Details for these derivations are provided in Appendix A.

Note that each BP model evaluates the counterfactual query in a completely different way, and
the two models are somewhat inconsistent. In practice, if one chooses the class of BP models
Qpp for this prediction task, the above counterfactual question cannot be answered correctly, since

Note that the definition is general in terms of the query @, which could vary across different domains, e.g.,
natural direct effect in fairness analysis [18].



two BP models can give an exact opposite answer even if the two models agree perfectly with
the observational distribution and their predictions. In other words, the blackbox models cannot
answer counterfactual Q(.S) from observational data, and their behavior cannot be interpreted under
corresponding counterfactual conditions. |

One may surmise that Ex. 3 is a pathological case, which for some reason does not allow the
evaluation of counterfactual queries in a consistent manner. The next result shows that this is not the
case for an arbitrary query Q(W) and a latent causal graph Gy .

Proposition 1 (Non-interpretability of BP). For any latent causal graph Gv;, Qpp is not interpretable
wrt. Q(W) forany W C V.,

Given this impossibility results for the class of blackbox models, one may be tempted to believe that
a CP architecture is causally interpretable, as it predicts the label directly from the features where the
unobserved factors Ux are filtered out. However, the following illustrates that this is not the case.
Example 4 (Continued from Ex. 2). Consider the CP model M cp in Ex. 2. Similar to Ex. 3, consider
an observational quantity P(F = 0,5 =1,C = 1| X = x) = 1. Y is generated as follows:

Y ¢ fo(F,8,0)=1[S + C > 0.5]. 3)
Now consider another CP model Mp that is the same as Mcp, except for C' < f(.(S,Uc,) =
(SVUe, ) AUg, and P(Ug, = 1) = 0.5. We have PMe*(V, X, Y) = PMor(V, X, Y) and My is
compatible with the graphical constraints in Fig. 2b. Now consider the same counterfactual quantity
P(i}szo = 1| X =x) in Ex. 3. For Mcp, we have PMC”(?S:O =1|X =x)=PMr(Cg =
1| F=0,8=1,C=1) = 0.2. However, for the second CP model, PM»(Ys_y =1 | X =
X) = PMor(Cg_g =1 | F = 0,8 = 1,C = 1) = 0.5. This implies that the two CP models
are also inconsistent w.r.t Q(S). In other words, even prediction using features V, not pixels X,
counterfactual queries induced by the CP models can still differ from each other. |

3 A Causal Approach Towards More Interpretable Models

In this section, we establish a principled way of understanding causal interpretability from a graphical
point of view and propose a generalized framework for building causally interpretable models.

3.1 Generalized Concept-based Models

We first define generalized concept-based prediction (GCP) models, a broader class that predicts the
label from an arbitrary set of observed features.

Definition 3 (Generalized Concept-based Prediction). Let T C 'V be a set of features that is used as
a predictor of the label. That is, a classifier fo makes a prediction on a label based on 'T. We say
such predictive models as generalized concept-based models. A class of GCP models that employ the

-~

features T for prediction is denoted as Qgcp(ry = {M € Q| fp : D(T) = D(Y)}.

Compared to CP models, GCP models employ a selected set of features T C 'V as a predictor of the
label, which relaxes the requirement of CP where all features are considered.

The selection of the features T in a GCP model should be specified during the model building stage,
and our goal is to understand the implications of different choices of T and which ones could lead
to causally interpretable models (i.e., satisfying Def. 2). To answer this question systematically, we
introduce a graphical criterion for determining whether a model satisfies causal interpretability.

Theorem 1 (Graphical Criterion). Consider GCP models that employ a set of features 'T' as a predictor
of the label. Qgcp() is causally interpretable w.r.t. a query Q(W) if and only if T € WUN D(W).

In words, this result says that a query QQ(W) can be evaluated if the model uses the features among
‘W or non-descendants of W to make a prediction on the label. In other words, the models that use
any descendant of W cannot answer counterfactual question and no guarantee can be provided on
how they would make predictions under the corresponding counterfactual scenarios.’

3Note that for the case of X = T, Qgp is not interpretable w.r.t. any Q(W) since X is a descendant of W
for any W C V, generalizing Prop. 1. Similarly, Qgcep(r) is also never interpretable if X € T, i.e., hybrid
models that make predictions based on the combination of the image and features.



Thm. | enables one to identify the architectures (associated with T') that are causally interpretable
with respect to given counterfactual queries. Interestingly, the models that are potentially causally
interpretable are not be unique. The following formalizes the notion of admissible architectures.

Definition 4 (T-Admissible Set). We say T is T-admissible w.r.t. W, = {W1, Wy, --- } if Qgcp(T)
is interpretable w.r.t. Q(W,;) for all W; € W,. A set of T-admissible sets w.r.t. W, is denoted as
T-Ad(W,).

To illustrate, T-admissible set represents model architectures that can answer (potentially multiple)
counterfactual queries Q(W1), Q(Wy), - - -. For example, in Fig. 2, eligible models that one can
evaluate (.5) is GCP models whose classifier employs {S}, {F'}, or {S, F'} as a predictor of the
label, i.e., T-admissible set corresponds to the query Q({S}) is TTAd({S}) = {{S},{F'}, {S, F'}}.

Given the multiplicity of admissible models, our goal is to find the models that use as many features
as possible to predict the label Y, i.e., maximal T, as it would be beneficial in terms of predictive
accuracy. We denote it as a maximal T-admissible set, which is formally defined below.

Definition 5 (Maximal T-Admissible Set). Suppose S € T-Ad(W,.) and S' ¢ T-Ad(W ) for any
S’ 2 S. We denote such S as Max-T-Ad(W ).

In other words, a maximal T-admissible set is a T-admissible set that would cease to be T-admissible
if any additional variable were added to it. Identifying a maximal T-admissible set would lead to
a model with maximal predictive power while retaining causal interpretability. One might suspect
that multiple maximal T-admissible sets could exist, making it unclear which to select to maximize
the predictive expressiveness. However, the next result says that this is not the case, since we can
establish the uniqueness of the maximal T-admissible set.

Theorem 2 (Uniqueness of Maximal T-Admissible Set). For the queries Q(W.), a maximal T-
admissible set is unique and can be written as:

Max-T-Ad(W,) = Nw,ew, (W1 U ND(Wi)) . (@]
Also, T € T-Ad(W,,) if and only if T C Max-T-Ad(W ) .

To illustrate, for the group of queries Q(W1), Q(W3), - - -, the maximal T-admissible set is unique
and it is the intersection of non-descendants of W; plus W. Interestingly, identifying a maximal
T-admissible set only requires the descendants of W and does not rely on the full specification of the
causal graph. For example, given the features {cheekbone, smiling, gender} and the query “What
if the person had smiled?”, it only requires the knowledge of descendants of "smiling", which is
“cheekbone”. This does not rely on the full latent causal graph, which is often challenging to obtain.

So far, we have described how to find causally interpretable models that can answer counterfactual
queries. We now describe a practical way of evaluating such queries from the data.

Theorem 3 (Closed Form). If Qgcp(r) is causally interpretable w.r.t. Q(W), the following holds:
P(Yir | %) =Y P(Y | W NT,t\ W)P(t | x). (5)
t

This implies that the counterfactual quantity can be elicited from a two-step prediction — (1) a
classifier P(Y | T) and (2) a feature extractor P(T | X). For example, Q() introduced in Ex. 3
can be computed using observational data and the maximal T-admissible set {S, F} as: P(}Afszo |
X)=2> s P(Y | S=0,f)P(s, f | X). Specifically, {S, F'} are extracted from P(S, F | X) and

the prediction is made by classifying P(Y | S =0, F), conditioning S = 0. Note that Eq. (5) only
holds when the model is causally interpretable, and it does not hold for non-interpretable ones.

3.2 Fundamental Trade-Off between Causal Interpretability and Accuracy

So far, we have developed the machinery for building causally interpretable models that can answer
counterfactual queries. Now, we discuss which queries can be read from the given predictive model
architecture. The following formalizes such notions of admissible queries.

Definition 6 (W-Admissible Set). We say W is W-admissible w.r.t. T if Qgep(t) is causally
interpretable w.r.t. Q(W). A set of W-admissible sets w.r.t. T is denoted as W-Ad(T).
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Figure 3: (Left) As we want a model to answer more counterfactual queries (W' C W?2), the predic-
tive power would decrease (Max-T-Ad(W?2) C Max-T-Ad(W1)). (Right) As the predictive power
increases (T; C T'), interpretable counterfactuals would decrease (W-Ad(T2) C W-Ad(T)).

For example, in Fig. 2b, CP model that uses the features {F, S, C} as the predictor of the label
can answer counterfactual queries Q({F'}), Q({C}), Q{F, S}),Q{F,C}) and Q({ F, S,C}), i.e.,
W-Ad({F,S,C}) = {{F},{C},{F, S} {F,C},{F,S,C}} by applying Thm. 1. Similarly, in
Fig. 2c, we have W-Ad({S,C}) = {{F'},{S}.{C},{F,S},{F,C},{S,C},{F,S,C}}. Here,
one might notice that the model using a larger set of features can answer a smaller number of
counterfactual questions. Our next result establishes a trade-off between accuracy and interpretability.

Theorem 4 (Interpretability-Accuracy Trade-Off). The following holds:
(i) IfT1 C Ty, then W—Ad(Tg) - W—Ad(Tl).
(ii) f WL C W2, then Max-T-Ad(W?) C Max-T-Ad(W?}).

In other words, Thm. 4-(i) states that the counterfactuals that can be evaluated from the model
decrease (W-Ad(T2) C W-Ad(T)) as the predictors increase (T7 C Ts). Similarly, Thm. 4-(ii)
states that the predictive power would decrease (Max-T-Ad(W?2) C Max-T-Ad(W})) as we want
the models to answer more counterfactual queries (Wi C Wf). This reveals a fundamental trade-off
between causal interpretability and accuracy, where better predictive power would compromise the
interpretability, and vice versa, as illustrated in Fig. 3.

4 Experiments

In this section, we evaluate our framework for estimating counterfactuals and compare it with prior
approaches. Experimental details and additional experimental results are provided in Appendix B.

4.1 Synthetic datasets

We design the BarMNIST dataset where the digits are colored and a bar appears at the top of the
image, as shown in Fig. 4a. Specifically, we consider the features “bar” (B), “digit” (D), and “color”
(C), where D, C are correlated and D has a direct causal effect on B, as illustrated in Fig. 4b. The
true label is generated from all of the features and unobserved factors.

The dataset allows us to compare the estimation of counterfactuals from each model with the ground-
truth. We trained 4 different models, each using T = {B, D,C}, {B, D}, {D,C}, and {D} as
the predictor of the label. As shown in Fig. 4c, the model using T = {B, D, C'} achieves the best
accuracy, followed by T = {B,D} and T = {D, C}, and the model using T = {D} shows the
lowest accuracy. On the other hand, the best model (T = {B, D, C}) in terms of accuracy shows a
high estimation error on the counterfactual query of changing the digit. Thm. | suggests that any
estimation using observed data cannot capture the true counterfactual prediction of this model, since it
uses B, which is the descendant of D. For the same reason, T = {B, D} is not causally interpretable,
in contrast to T = {D,C} and T = {D}. Our theory (Thm. 2) also suggests that there exists a
unique maximal set of features that maintains causal interpretability, in this case, T = {D, C}.

In Fig. 5, we take a closer look at how these models estimate counterfactuals. As shown in Fig. 5a,
T = {D,C} and T = {D} are admissible models for the counterfactual query of changing the
digit. On the other hand, for changing color (Fig. 5b), all models are admissible and output a correct
estimate of the counterfactual query, since C' is not a descendant of any other features.
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Figure 4: (a) Example images of BarMNIST dataset. (b) Causal diagram of GCP models. Red arrows
represent the possible usage for predicting the label. (c) Interpretability-accuracy trade-off.
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Figure 5: Estimation of counterfactual queries. Blue dots and orange marks denote estimation of
counterfactual queries and ground truth value, respectively.
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Figure 6: Visualization of interpreting counterfactual predictions on CelebA examples.

4.2 Real-world datasets

CelebA dataset [9] contains human face images with the annotations on facial expressions and
attributes, such as “smiling”, “age”, “gender”, etc. We consider a model predicting the label
“attractiveness” and examine how a model makes a prediction under counterfactual conditions
“Would the person look attractive had they smiled?”. In the real world, it is impossible to observe a
counterfactual outcome, but our theory allows us to interpret the behavior of (causally interpretable)
models under counterfactual conditions. Based on Thm. 1, we choose the features that are not
the descendants of smiling. Fig. 6 illustrates the counterfactual prediction of the model using
non-descendant features (i.e., “smiling” and “gender”’). We can interpret its behavior under the
counterfactual condition that it predicts a higher attractiveness had the one smiled, which is aligned
with human common sense.

5 Conclusion

In this work, we introduced the notion of causal interpretability, which states whether counterfactual
queries can be evaluated from a model and observational data. By examining commonly used model
classes — blackbox and concept-based models — we demonstrated that neither is causally interpretable.
To this end, we developed a graphical criterion that determines whether the model is interpretable
with respect to the query (Thm. 1). We characterize the unique maximal set of features yielding
interpretable architecture (Thm. 2) and provide a practical way of evaluating such queries from the
data (Thm. 3). Our results reveal a fundamental tradeoff between the causal interpretability and
predictive accuracy (Thm. 4). Theoretical findings are corroborated by the experimental results.
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A Proofs and Additional Examples

A.1 Derivations in Examples
A.1.1 Derivation in Ex. 3

In Ex. 3, for the first BP model Mgp, we evaluate Q(S) from Magp as follows:

PM(Ys_g=1]X =x)

=Y PM¥(Ys_g=1|F=fS=5C=cX=x)P""(F=fS=5C=c|X=x)
f,s,c

—PM (Ve o=1|F=0,5=1,C=1,X=x)

=PMw(f5 0 fx(F,S,C,Ux)s—0=0|F=0,5=1,0=1,X =x)

=PM(1[S > 0.5]5—0=0| F=0,S=1,C =1,X = x),

=1[S =0 > 0.5] = 0.

However, for the second BP model, we evaluate Q(S) from My as:

PMir (Yoo =1|X =x)
=PMor(fL o fx(F,S,C,Ux)s—0=0| F=0,§=1,C =1,X =x)
=PMir(1[Us > 0.5]5—0 =0 | F=0,5=1,C =1,X = x)
:ZPMQP(I[US > 0.5]g—0 = 0| u)PMer(u| F=0,§=1,C=1,X=x)) (summing over U)

=PMer(1[Ug > 0.5]9—0 = 0 | Ug = 1) (S =Us)
=1[Us=1>05] = 1.

12
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Figure 7: (Left) Q' is causally interpretable if a query can be uniquely computed from the observa-
tional data. (Right) A query cannot be uniquely computed from the observational data if £’ is not
causally interpretable.

A.1.2 Derivation in Ex. 4
In Ex. 4, for Mcp,

PMe (Yoo =1|X =x)
:PMCP(?S:O: 1 | F:()’S: 1,0:17X:X)
=pMe (Vg o =1|F=0,S=1,C=1) Y LX|V)

=Y PMO(Yoop =1 Csmg = ) PM¥(Comg = ¢| F =0, =1,C = 1)
=Y " PMe(Vog=1|Cs—9 =) PM*(Cs—n=c| F=0,5=1,C=1)

=pMer(C4_g=1|F=0,§=1,C=1) (Eq.3)
=0.2

A.2 Omitted Proofs

In this section, we present the proofs of our theoretical results in Sec. 2 and 3. We first formally
introduce the causal diagram induced by an SCM.
Definition 7 (Causal Diagram [1, Def. 13]). Consider an SCM M = (U, V, F, P(U)). We construct
a graph G using M as follows:

(1) add a vertex for every variable in V,

(2) add a directed edge (V; — V;) for every V;,V; € V if V; appears as an argument of
f% e F,

(3) add a bidirected edge (V; «<—— V;) for every V;, V; € V if the corresponding UV;, UV; C
U are not independent or if fy, and fv, share some U € U as an argument.

We refer to G as the causal diagram induced by M (or “causal diagram of M” for short). |

We then formally introduce the identifiability of a counterfactual query given an observational
distribution and a causal diagram G.

Definition 8 (Counterfactual Identification). A counterfactual query P(yi(x,], Y2[x,]; ---) IS said to be
identifiable from P(V) and G, if P(Y1[x,]> Y2[xs] ---) is uniquely computable from the distributions
P(V) in any SCM that induces G.

Then we start from two lemmas as tool for the proof of Thm. 1.

13



Figure 8: Diagrams used in the proof of Thm. 1.

Lemma 1. Consider an SCM M over V. Suppose that there exists a path made entirely of bi-directed
edges between V;,V; € V in G. Consider two sets A,B C 'V and A N B = (. Let the intervened
values are not consistent with the factual values, namely, b < v. Then the query P(ay | V) is
identifiable from P(V) and G if and only if A C ND(B), where ND(B) = Np,eg ND(B;).

Proof. (=) Suppose A C ND(B). We have P(ay | v) = P(a | v) = 1[a = v] which implies that
P(ap | v) is uniquely computable.
(<) Suppose there exists A € A such that A € Des(B). By Thm 3 in [Correa et al., 2021],

P(ayp, | v) is an inconsistent factor since B C V and b C v, and thus, it is not identifiable from
P(V). O
Lemma 2 (Lemma 1, Correa et al., 2021). Consider an SCM over V induce observational distri-
bution P(V') and diagram G. Suppose Ay takes input as Ay. Then ), P(Aip,]; Azpy)v; ) is
identifiable if and only if P(A1[b,], Az[b,]|v; ---) is identifiable.

Now, we are ready to proceed to the proof of Thm. 1.

Theorem 1 (Graphical Criterion). Consider GCP models that employ a set of features T as a predictor
of the label. Qgcp(t) is causally interpretable w.r.t. a query Q(W) if and only if T € WUN D(W).

Proof. According to Defs 2, 3 and 8, this is equivalent to prove that query P(Yw | %) is identifiable
ifft T C ND(W)UW given the observational distribution P(V, X Y) and the diagram GA"® over
{V,X,Y} (shown in Fig. 8). To illustrate, the diagram G over V is an arbitrary given DAG; for any

Vi € V, V; point to X and bi-directed connected to X; only a subset T C V point to Y. Denote
Z=T\W.

P(:/‘/\w’ |X)
= Z P(yw | v,x)P(v ]| x) (summing over V)

= Z P(Gw | thy, v, x)P(ty, | v,x)P(v | x) (summing over Ty, in M, world)

V.t

= P@w | tw) Pty | v,x)P(v|x) (Yo L {V, X} | Tw)
vt

= Z P(Gw | 2 P(2ly | v, x)P(v | x) (consistency)  (6)
vt

= Z P(Gw | Zuy )P (Zgy | v,x)P(v | X) (summing over T U W)

= Z P(y|z",w)P(zl, | v,x)P(v | x) (do-calculus [15])  (7)

Eq. 6 holds since the T N 'W should be consistent w1th the intervened value in w; Eq. 6 holds since
Y are 1ndependent with X and V since all parents of Y (which is T,) are conditioned on. Eq. 6
holds due to Y 1 W | T in Gy, where QW is the graph removing outgoing edge of W. Using
do-calculus, we have:

P(fw | 2g:) = P(§ | 2", w'). ®)
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We will prove that Eq. 7 is identifiable if and only if T C N D(W)UW, which is equivalent to prove
Eq. 7 is identifiable iff Z C ND(W) since Z T N'W. According to Eq. 7, the only undermined
term is P(z,,, | v,x). Since V and X are bi-directly connected, Lemma 1 suggests P(z,,, | v,X)

is identifiable iff Z C ND(W). Then, P(y | z",w')P(zy,, | v,x)P(v | x) is identifiable iff
Z C ND(W). According to Lemma 2, Eq. 7 is identifiable iff T C ND(W) UW. O

Proposition 1 (Non-interpretability of BP). For any latent causal graph Gv;, Qgp is not interpretable
w.rt. Q(W) forany W C V.

Proof. For any latent causal graph Gy and any W C 'V, we have X C De(W) \ W. Therefore, for
the same reason in Thm. 1, Q(W) = p(Yw | X) is not identifiable from P(X,V,Y). O

Theorem 2 (Uniqueness of Maximal T-Admissible Set). For the queries Q(W.,), a maximal T-
admissible set is unique and can be written as:

Max-T-Ad(W*) = Nw,ew, (Wl U ND(WZ)) . 4)

Also, T € T-Ad(W,) if and only if T C Max-T-Ad(W,,) .

Proof. (i) First, we will show that S := Nw,ew, (W; UND(W;,)) is a T-admissible set w.r.t
Q(W,). For each W; € W, we have

Nw.ew, (W; UND(W,)) C W, UND(W,).

Therefore, by Thm. 1, Nw,cw, (Wl UN D(WZ)) is a T-admissible set w.r.t Q(W;) for all W; €
W,. Thus, we have S € T-Ad(W,).

(i) Now, we will show that S is a maximal T-admissible set w.r.t W... Suppose there exists S’ such
that S’ € T-Ad(W,,) and S’ 2 S. Since S’ € T-Ad(W,), S’ € T-Ad(W;) for all W; € W,.
Hence,

S"CW;UND(W;) forall W, e W,.

Therefore, S’ C Nw,cw, (WZ UN D(WZ)) = S, which contradicts S’ 2 S. Therefore, S is a
maximal T-admissible set w.r.t W .

(iii) Now, we will show that S is a unique maximal T-admissible set. Suppose there exists another
maximal T-admissible set S’. Since S’ € T-Ad(W,.), we have S’ C S by the same reason in (ii).
If S’ C S, then it contradicts that S’ is a maximal T-admissible set, since S is a T-admissible set.
Therefore, we have S = S’. In other words, a maximal T-admissible set is unique and can be written
as Max-T-Ad(W,.) = Nw,ew, (W; U ND(W,)).

(iv) Now, we will show that T € T-Ad(W,) if and only if T C Max-T-Ad(W,). Suppose
T € T-Ad(W,). Then, by (ii), we have T C Nw,ew, (W; UND(W,)). Also, we showed
that Max-T-Ad(W,) = Nw,ew, (W; U ND(W,)). Therefore, we have T C Max-T-Ad(W,.).
Now, suppose that T C Max-T-Ad(W,). We have T C Nw,ew, (W; U ND(W;)), and thus,
T C W, UND(W,) for all W, € W,.. Therefore, T € T-Ad(W;) for all W, € W,, and thus,
T € T-Ad(W,). O

Theorem 3 (Closed Form). If Qgcp(r) is causally interpretable w.r.t. Q(W), the following holds:

P(Yo |x)=> PY | W NT,t\W)P(t|x). (5)

Proof. From Eq. 7, we have

P(fw | x) =Y P@F 2", w)P(zy | v,x)P(v | x). ©)

v,z
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Note that this equation is identifiable if only if Z C W U N D(W). Then

=Y PG|z w)P(zy, | v.x)P(v]|x)

= Z”P(ﬂ\ 2, w)1[z" = v]P(v | x) (Lemma. 1)
= EP(ﬁl t\w,w)P(v|x) (where z = (t\ w) € v)
:zv:p(y|t\w,w’mt)P(v|x) (Y LWA\T|T)
:Z::P(y|t\w,w’mt)P(t|x). (10)

This conclude P(Yy | x) = PN P(Y | w' NT,t\ W)P(t | x) since Eq. 10 holds for any t and
w. O

Theorem 4 (Interpretability-Accuracy Trade-Off). The following holds:
(i) IfT1 C Ty, then W—Ad(Tg) - W-Ad(Tl)
(i) IF WL C W2, then Max-T-Ad(W?) C Max-T-Ad(W}).

Proof. (i) Let T; C Ts. Suppose W € W-Ad(T5). By Def. 6 and Thm. I, we have Ty C
W U ND(W). Since T C Ta, it follows that T; C W U ND(W). Therefore, by Def. 6 and
Thm. 1, W € W-Ad(T;). Thus, for all W € W-Ad(T2), we have W € W-Ad(T;). Hence,
W-Ad(T5) C W-Ad(T)).

(ii) Let W} C W2, Then, we have Nw,cw2 (W; U ND(W;)) C Nw,ew: (Wi UND(W,)).
Therefore, we have Max-T-Ad(W?2) C Max-T-Ad(W}) by Thm. 2. O

A.3 Additional Examples

The following example illustrates how GCP and CP models compare.

Example 5 (GCP). Consider the generative process of observed concepts Vo = {F, S, C} and the
image X, as in Ex. 1 (BP model) and Ex. 2 (CP model). Consider a GCP model Mgcp = (U =

{Ur,Us,Uc,,Uc,, Ux}, {{F,S,C},X, Y}, FOP PGCP(U)), where

F+«Up®Ug
S« Ug

FGCP _ ) C+ (=SAUq) @ (SAUg,) (11)
X fX(F7 S, CvUX)

Y « f9°(8,F)

and PCCP(U) is equal to PF(U) in Ex. 2. The causal diagram induced by GCP model Mgcp is
shown in Fig. 2c. To illustrate, instead of predicting the label based on pixels in images X (BP
models) or all observed features {F, S, C'} (CP models), GCP model makes a prediction using a
selected subset of features T = {S, F'} (i.e., smiling and gender) in this case. |

The following example illustrates the case where the GCP

model is causal interpretable. F S C PESC=1
Example 6 (Continued from Ex. 5). Consider Qcp in Ex. 4. 8 8 (1) 8 (l)gg
Thm. 1 suggests Qcp is not interpretable w.r.t. to query 0 1 0 0:096
Q(S) P(Ys—o | X). This is because C € De(S), where 0 1 1 0.144
W = {8}, i.e., the prediction of Y is made based on C, a 1 0 0 0.112
descendant of S. In contrast, Qgcp((s,ry) in Ex. 5 is said 1 0 1 0.048

: ' 1 1 0 0.144
to be causally interpretable w.r.t. to query P(Ys—o | X) 1 1 1 0216

since fgcp only takes T = {S,F} C SUND(S) as
input. To illustrate, let us consider the GCP model M¢cp Table 1: Probability table in Ex. 6.
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in Ex. 5. Similar to Examples 3 and 4, let the observational
quantity P(F = 0,5 =1,C = 1| X =x) = 1 and let f3 be:
Y « f9(8,F) = 1[S + F > 0.5]. (12)

Now, consider another GCP model

M/GCP = <U/ = {U;Tv Uélv Uél ) UlCl ) U/C'27 /X}v {{F, S, C}v X, ?}7 fGCP/v PGCP/ (U)>7 (13)
where
F+ Upg
S« ((-UR) AUs,) & (Up AUs,)
FOP = L O+ (~SAUL,) @ (SAUL,) (14)
X « fx(F,S,C,Ux)
Y « 1[S+ F > 0.5]
and P(Up = 1) = 0.52, (U}, = 1) = 0.5, P(U4, = 1) = 9/13, (U}, = 1) = 0.5, P(U},, =
1) = 0.6. It is verifiable that PMocr (V') = PMacr (V) as shown in Table 1. Since [y is the same in
both Mgcp and Ml;p, PMocr (V| Y) = PMoce(V,Y). Let the distribution of Ux satisifies that
PMoer(V X, Y) = PMacr (V,X,Y). My p is compatible the graphical constraints induced by
the model in Fig. 2b. Notice that ff, fg, f& in Mgcp are totally different to fr, fs, fc in Mgcp.
For the first GCP model Mgcp,

PMocr(Yg_g=1|X =x) = PMor(Fg_g=1|F=0,5=1,C=1)=0.

Similarly, for the second GCP model Mg p,

PMaocr(Y_g=1]|X =x) = PMor(Cs_g=1|F=0,§=1,0=1) = 0.

This shows that the two GCP models are consistent with the query. In other words, if one uses the

features {S, F'} to predict Y , the model architecture in Fig. 2¢ is guaranteed to provide a unique
answer for the counterfactual question "What would the attractiveness prediction be had the person
not smiled?" (i.e., P(Ys—q | X)). Then one can trust the counterfactual quantities induced by any
model with this architecture. ]

B Experiments

In this section, we describe the details for the experiments and provide additional experimental
results.

B.1 Dataset
B.1.1 BarMNIST

For BarMNIST experiment discussed in Sec. 4.1, the data generating process is as follows:
D + UD
C+Up®Uc
F={ B+ (Up AND)® (Up, NUp,) ® ((-Usp,) A\Us,) (15)
X + fx(B,D,C,Ux)
Y« (D& C)VB)®Uy,

the exogenous variables Up, Uc, Up, , Up,, Up,, Uy are independent binary variables, and P(Up
1) = 05,P(Us = 1) = 04,P(Ug, = 1) = 09,P(Up, = 1) = 1/18, P(Up, = 1) =
0.5,P(Uy =1) =0.1.

Following this process, we generated 60,000 images and corresponding labels, where each image is
annotated with 3 binary features, i.e., bar (B), color (C), and digit (D). Here, D = 0 represents the
digits from O to 4 and D = 1 represents the digits from 5 to 9.
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(a) Causal diagram. (b) Estimation of counterfactuals.

Figure 9: (a) Causal diagram of GCP models. Red arrows represent the possible usage for predicting
the label. (b) Estimation of counterfactual queries. Blue dots and orange marks denote estimation of
counterfactual queries and ground truth value, respectively.

B.1.2 CelebA

CelebA dataset [9] contains 202,599 celebrity facial images, where each image is annotated with 40
different attributes. In our experiments, we used the attribute “attractiveness” as the label, where the
label and all other features are binary.

B.2 Experimental Details

In BarMNIST, we used ResNet18 for the feature extractor. For the classifier, we used a three-layer
MLP with the hidden dimension of 32 and leakyrelu activation. We set the batch size to 1024 and
trained the models for 100 epoch. We used Adam optimizer with a learning rate of 0.0003.

In CelebA, we used ResNet34 for the feature extractor and used linear classifier. We set the batch
size to 512 and trained the models for 100 epochs. We used SGD optimizer with the learning rate of
0.001. We resized the image with center crop into 64 x 64 for training.

For the training of our model and baselines, we used binary classification loss for both the feature
extractor and the classifier, where they are trained simultaneously in an end-to-end manner. All
experimental results are averaged over 5 independent runs. We report a standard error as the error
bar in Figs. 5, 9 and 10. All experiments are conducted on a single NVIDIA A100 GPU. For
the implementation, we utilized publicly available code from [4]. We used gpt-4o0 to generate
the counterfactual images shown in Figs. 6 and 10 to provide an intuitive understanding of the
counterfactual questions.

B.3 Additional Experimental Results
B.3.1 BarMNIST

To validate our theory with a different graph structure, we consider a causal diagram in Fig. 9a where
the goal is to predict the digit D from the image. The data generating process is as follows:
B+ U B

C+ BVvUc, ®Ug,

D+ (BvC)aUp

X + fx(B,D,C,Ux),

(16)

where the exogenous variables Up, Uc, , Ue,, Up are independent binary variables, where P(Up =
1) =0.6,P(Uc, =1)=0.5,P(U¢c, =1)=0.1,P(Up =1) =0.1.

The baseline model uses the features B and C' for predicting the label, and our model uses B for
making a prediction. Our theory (Thm. 1) suggests that our model is causally interpretable, but not
the baseline which uses C, a descendant of B. We compare our model and baselines for estimating

the counterfactual prediction of the model, where the query is to change the bar, i.e., P(lA) B=0 | X).

Fig. 9b illustrates the estimation of counterfactual queries (blue dots) and ground truth values (orange
marks). This shows that our model correctly estimates counterfactual queries. In contrast, the
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Figure 10: (a) We examine the prediction of the models under counterfactual condition. We use
causal prior knowledge that smiling has causal effects on the features “cheekbones” and “opened
mouth”. (b) Average difference between the estimated counterfactual prediction and the prediction
on the observed (factual) image. (c) Qualitative examples for our model and baselines.

estimation of the baseline significantly differs from the ground truth. This corroborates our theory
that our estimation can properly interpret the counterfactual behavior of the causally interpretable
models, but it is not possible for non-interpretable ones.

B.3.2 CelebA

Here, we provide a detailed analysis of CelebA experiments in Sec. 4.2. Fig. 10-(a) illustrates the
counterfactual question and causal prior we utilized to construct our model. Specifically, we leverage
the common-sense knowledge that smiling has direct causal influence to the features “cheekbones”
and “opened mouth”. To construct our model, we choose features that are non-descendants of smiling,
specifically “smile” and “gender” as feature set V. Baselines include descendant features. In Fig. 10,

CLINNT3

baseline 1 uses the features “smiling”, “gender”, and “cheekbones” and baseline 2 uses the features

CEINT3 CLINNT3

“smiling”, “gender”, “cheekbones”, and “opened mouth”.

Fig. 10-(b) shows the average difference between the estimated counterfactual prediction and the
prediction on the observed image. Fig. 10-(c) shows qualitative examples comparing our method and
baselines. The first column in Fig. 10-(c) shows the input image, and the second column illustrates
the counterfactual image, as a reference to provide a better understanding of the counterfactual query.

The theory suggests that a causally interpretable model can properly estimate its prediction under
counterfactual conditions. As shown in Fig. 10-(b) and (c), our model, which is causally interpretable,
consistently increases the attractiveness across the instances, which is also aligned with human
reasoning. In contrast, as illustrated in Fig. 10-(c), the estimation of the baselines (which use similar
feature set as ours) shows that smiling often does not increase attractiveness (red boxes). In fact, our
theory suggests that it is not possible to interpret the counterfactual behavior of non-interpretable
models using only observational data, and any attempts to estimate it would lead to inconsistent
results.
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