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ABSTRACT
Reasoning about actual causes of observed effects is fundamental to
the study of rationality. This important problem has been studied
since the time of Aristotle, with formal mathematical accounts
emerging recently. We live in a world where change due to actions
can be both discrete and continuous, that is, hybrid. Yet, despite
extensive research on actual causation, only few studies looked into
causation with continuous change. Building on recent progress, in
this paper we outline a definition of primary cause in a hybrid
action-theoretic framework, namely the hybrid temporal situation
calculus. Our definition formalizes causation through contributions,
which can then be verified from a counterfactual perspective using
a modified “but-for” test. We show that our definition of causation
have some intuitively justifiable properties.
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1 MOTIVATION
A fundamental challenge in dynamic domains is to identify the
causes of change, in particular, that of an observed effect becoming
true given a history of actions (the “scenario”), a problem known
as actual causation. Humean counterfactual definition of causation,
that “a cause to be an object, followed by another · · · where, if the
first object had not been, the second never had existed”,1 suffers from
the problem of preemption: the second might still occur without
the first, due to a subsequent third object. Halpern and Pearl’s
(HP) causal model [13–15] avoids preemption by performing selec-
tive counterfactual analysis under carefully chosen contingencies.
Since then, others have proposed various extensions to deal with
expressive limitations of causal models [1, 4–8, 11, 12, 17, 18, 23].

A distinguishing feature of the real world is that change can be
both discrete and continuous. However, despite the enormous body
of work on actual causality, almost all have focused on defining
1The second-half of the quoted definition is also known as the “but-for” test.
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causes in discrete domains. Recently in [25], we proposed a first
definition of actual cause in a hybrid action theoretic framework.
While that definition appeals to intuition,many argue that causation
should be rather defined in counterfactual terms. Note that there
is strong experimental evidence that humans understand causes
using counterfactual reasoning [9, 10].

To deal with this, in this paper we propose a new definition of
actual cause in the hybrid temporal situation calculus [2, 3]. We
focus on actual primary cause and study causation relative to primi-
tive fluents exclusively. Differently from our previous proposal, our
definition formalizes causation through contributions, which can
then be verified from a counterfactual perspective using a modified
but-for test. Namely, we show that if one were to remove the iden-
tified cause along with some contingencies –in particular, actions
that are currently preempted by the actual cause– from the given
scenario, the outcome would no longer follow. We prove that the
proposed definitions are indeed equivalent and that our definitions
of causation have some intuitively justifiable properties.

2 ACTUAL ACHIEVEMENT CAUSE
Khan and Lespérance’s (KL) recent account of achievement causa-
tion [21] in the situation calculus (SC) [26] builds on the original
proposal by Batusov and Soutchanski [4]. Both of these assume
that the scenario is a linear sequence of actions (modeled using a
situation). Since all changes in the SC result from actions, causes
are action instances, which are computed relative to a causal setting
⟨D, 𝜑, 𝑠⟩; here D is a basic action theory (BAT) specifying action
dynamics, 𝜑 is the observed effect, and 𝑠 is the scenario (history of
actions). Also, it is assumed that 𝑠 is executable, and 𝜑 was false
before the execution of the actions in 𝑠 , but became true afterwards.

The idea behind how causes are computed is as follows. Given
an effect 𝜑 and scenario 𝑠 , if some action of the action sequence
in 𝑠 triggers the formula 𝜑 to change its truth value from false
to true relative to D, and no subsequent actions in 𝑠 change the
value of 𝜑 back to false, then this action is the actual primary or
direct cause of achieving 𝜑 in 𝑠 . Now, note that a (primary) cause 𝑎
might have been non-executable initially. Also, 𝑎 might have only
brought about the effect conditionally and this context condition
might have been false initially. Thus earlier actions on the trace
that contributed to the preconditions and the context conditions of
a cause must be considered as causes as well. KL showed how one
can inductively capture both primary and indirect causes; see [21].

In [25], we adapted this definition for the hybrid temporal situ-
ation calculus (HTSC) [3], which supports both discrete and con-
tinuous change. The HTSC takes inspiration from hybrid systems
in control theory, which are based on discrete transitions between
states that continuously evolve over time. In HTSC, (atemporal) SC
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fluents are preserved to provide a context within which the values
of temporal fluents can change. Contexts are mutually exclusive to
make sure continuous fluents do not assume two different values at
the same time. HTSCmodifies SC’s BAT by including the axioms for
time of actions and start time of situations. Moreover, in addition to
successor-state axioms [26], which specify how fluents change as a
result of actions, HTSC introduces state evolution axioms (SEA) [2],
which defines how a temporal fluent’s value changes over time.

In HTSC, we first defined a notion of causal setting. In a hybrid
domain, in general, one can query the causes of an observed effect
at any time-point within a situation 𝑠 , i.e. at any time-point in
between the start-time and the end-time of 𝑠 , inclusive. To simplify,
we assumed that the query is posed relative to the starting time of
𝑠 . Also, we dealt with effects 𝜑 that are conditions on the values of
primitive temporal fluents (e.g. temperature(𝑃) > 1000) exclusively.

For temporal effects, unlike discrete ones where the primary
cause acts immediately, the effect may be realized only after some
delay and intervening irrelevant actions. This requires the identifi-
cation of the situation in which the effect is actually achieved (the
“achievement situation”). Recall that in the HTSC, the values of tem-
poral fluents can change only when certain relevant contexts are
enabled, which in turn are affected as a result of action execution.
Thus, when determining the primary cause of some temporal fluent
having a certain value, we first need to identify the last context 𝛾
that was enabled before the fluent acquired this value, i.e., the con-
text 𝛾 which was true in the achievement situation 𝑠𝜑 of the effect
𝜑 , and then figure out the action 𝑎 that caused/enabled this context
in 𝑠𝜑 . Since contexts are mutually exclusive (no two contexts can
be true at the same time) and discrete, 𝛾 must have been the only
enabled context in the achievement situation 𝑠𝜑 , which ensures
that the action 𝑎 is unique. Additionally, 𝑎 must have been the last
action that enabled 𝛾 , and whose contribution brought about the
temporal effect under consideration.

Following this logic, we defined an action instance 𝑎 to be the
direct cause of an effect 𝜑 in scenario 𝑠 iff the achievement situation
of 𝜑 in 𝑠 is 𝑠𝜑 , and 𝑎 executed in some earlier situation directly
(discretely) caused the active context 𝛾 𝑓

𝑖
for the temporal fluent 𝑓

mentioned in 𝜑 in scenario 𝑠𝜑 . See [22] for a formalization.

3 A MODIFIED DEFINITION & BUT-FOR TEST
The above definition of actual cause of temporal effects appeals to
intuition, but it neither formalizes an actual cause in counterfactual
terms [19, 20], nor does it relate to the regularity accounts (e.g. [24]),
the twomost popular formalizations of causation. As a consequence,
it is not clear how this definition compares with these common but
different approaches to actual causation. To deal with this, we now
give a second definition using the notion of contributions, which
can then be related to counterfactuals.

As detailed in a longer version [22], to this end we can first
define direct possible contributors as actions that directly initiate
the required change in the values of temporal fluents. Using this,
we can define direct actual contributors, which are direct possible
contributors that are contained within a given setting/scenario.
Finally, we define primary cause as a direct actual contributor such
that, after its contribution, the effect is achieved and persists until
the end of a scenario—i.e. a direct actual contributor to the active

context in the achievement situation. Formally, an action instance
𝛼 is the primary cause of an effect 𝜑 in scenario 𝜎 iff 𝑠𝜑 is the
achievement situation of 𝜑 in 𝜎 , and 𝛼 executed in some situation
𝑠𝛼 is a direct actual contributor of 𝜑 in 𝜎 . We can show that this
new definition is equivalent to the previous one.

In our attempt to intuitively justify the proposed definitions, we
now formalize a modified but-for test for validating actual cause.
Recall that the but-for test fails due to the presence of preempted ac-
tions. Namely, even if one were to remove the actual cause from the
scenario, the effect might still follow due to a subsequent action in
the scenario whose effect in the original scenario was preempted by
the actual cause. Our modification handles this issue by removing
all such preempted actions before testing for the effect. A particular
complication that arises in the context of hybrid domains is that
such preempted actions can even occur before the direct cause. To
address this problem, we first define counterfactual scenarios, which
are worlds that would have been realized had actions/events been
different from what actually occurred. Using this, we identify the
preempted contributors, i.e. actions/contributors that would have
still caused the effect if the actual cause was absent. Technically, the
primary preempted contributor is the primary cause in the coun-
terfactual scenario obtained by removing the actual cause from the
given scenario; this idea can be used to inductively find all pre-
empted contributors. We then introduce the concept of a “defused”
situation, where the actual cause along with all preempted contrib-
utors are replaced with noOp actions, i.e. actions that are always
possible and that have no effect, thereby removing their effects.
This substitution allows us to isolate the impact of the primary
cause by removing the influence of the cause and its preempted
contributors. See [22] for a formalization.

In [22], we show that: (1) as expected, the but-for test fails; that
is, if an action instance 𝑎 is a cause of 𝜑 in scenario 𝑠 , it is not
guaranteed that removing 𝑎’s effect yields either a non-executable
counterfactual situation or one in which 𝜑 no longer holds. (2) In
hybrid domains, there may be no primary causes (e.g. when the
context of the achievement situation was enabled initially). (3) If
there is a primary cause, there is a unique defused scenario. (4)
If additionally it is known that all the contexts of 𝜑 are inactive
initially, then it must be the case that 𝜑 is false in the defused
situation 𝑠′, unless 𝑠′ has become non-executable. Theorem (4) can
be viewed as a modified but-for test stating that if one removes
causes and preempted actions from the scenario, under certain
reasonable and intuitive conditions (i.e., that no context of the
temporal fluent holds initially and that the actions in 𝑠′ are still
executable), the effect will disappear.

4 CONCLUSION
We showed that causation in hybrid domains, even in relatively sim-
ple settings, requires careful modeling and reasoning. Also, a useful
variant of the but-for test can be formulated. To our knowledge,
the only other work connecting actual causation with continuous
change is Halpern and Peters’ generalized structural equation mod-
els (GSEM) [16], which allow variables indexed by time or other
continuous parameters but do not provide a definition of actual
cause. In future work, we plan to study direct and indirect causes
of arbitrary compound effects, both discrete and temporal.
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