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Major real-world problems such as climate change typically involve many heterogeneous agents
with conflicting interests, complex dynamic interactions, and possibly diverging information states
containing various forms of uncertainty.

The dominant formal methodology for studying these problems is game theory and economics,
where perceived failure of collective action is often explained by collective inefficiency of strategic
equilibria arising from the supposed selfishness and individual rationality of the agents. Correspond-
ingly, these analyses often (though not always) lead to rather pessimistic predictions (Barrett, 1994;
Heitzig and Kornek, 2018).

However, empirical evidence shows that real-world agents are also guided by moral principles (Fehr
and Gachter, 2000; Wang et al., 2017; Milinski et al., 2008). In the public debate on climate change
particularly the concept of responsibility is featured prominently (Billett, 2010; Lorenzoni et al., 2007).
While game-theoretic analyses tend to either ignore this or at best treat it as a form of signalling that
might influence equilibrium selection, the moral philosophy literature takes the concept much more
seriously. Building on foundational work on different forms of responsibility, focusing on thought
experiments and paradigmatic situations such as the trolley problem, some authors have started to
apply these concepts to more complex problems including climate change (Gardiner, 2004).

The literature and the public debate suggest there are different forms of responsibility, all of which
are relevant in the real world. Vincent (2011), for example, distinguishes six different basic forms of
the use of the term ‘responsibility’, such as being a responsible person or being blameworthy. We focus
here on those aspects of responsibility that are most closely related to specific actions and their possi-
ble consequences. For these, we start by making a basic distinction between ex-ante (forward-looking)
‘responsibility to’ take certain actions, which is related to the concepts of ‘obligation’ and ‘duty’, and
ex-post (backward-looking) ‘responsibility for’ certain consequences or outcomes, which is more related
to the idea of ‘blame’. For the latter we further distinguish between factual ex-post responsibility for
actually realized consequences of actions taken and counterfactual ex-post responsibility for potential
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consequences of actions taken that did however not actually materialize. This last concept is related
to the discussion about ‘moral luck’ (Nagel, 1979; Andre, 1983). The literature further suggests dif-
ferences between individual vs. collective responsibility and the responsibility assigned by an ‘ethical
observer’ vs. that perceived by the agents themselves — a distinction which is relevant for understand-
ing the psychological ‘diffusion of responsibility’ effect (Darley and Latané, 1968). Existing studies also
indicate that there may be quantitative degrees of responsibility (Chockler and Halpern, 2004). Still,
most of these variants are not sufficiently formalized to be clearly distinguishable, generally applica-
ble, or even measurable. Naïve ad-hoc measures of responsibility such as the direct identification of
‘historical responsibility’ for climate change with the amount of past cumulative greenhouse-gas emis-
sions (Botzen et al., 2008) are not readily generalizable and typically do not fulfill basic consistency
requirements, e.g., that degrees of responsibility should rather depend on the magnitude of effects
than on the magnitude of causes.

In this contribution, we are guided by the hypothesis that a mathematical theory of responsibility
with quantitative measures is needed, and will explore an approach that bases these measures on
probabilities and ethical evaluations of the uncertain consequences of possible and actual actions of
agents. Doing so, the resulting theory shall work well in combination with established concepts and
methods from game theory, control theory and Bayesian decision theory. A major challenge in this is
the proper treatment of different forms of uncertainties, in particular regarding the behaviour of other
agents. Assume it were regarded ethically correct if agents based their actions on beliefs about other
agents’ behaviour, e.g., encoded via subjective probability distributions as in Bayesian decision theory;
then this would result in an underestimation of responsibility in situations where agents can hope
others will solve a problem instead of themselves. So a proper theory needs to distinguish probabilistic
uncertainty with known probabilities from uncertainty due to free will, and from other forms, such as
when only probability intervals are given, as in the reports of the IPCC (Mastrandrea et al., 2011).

To approach this task, we first extend the existing tree-based data structure of extensive-form games
by nodes representing unquantified uncertainty in the form of ‘possibility sets’. Extending our work
done in (Heitzig et al., 2018), we then select some paradigmatic example situations and thought ex-
periments, translate them into the developed data structure, and analyse them regarding the above-
mentioned aspects of responsibility in order to relate these aspects to certain features of the formal
representation. For these example situations, we also formulate candidates for the assessment of the
various forms of responsibility the agents in these situations have individually and collectively, which
then serve as boundary conditions for prospective general qualitative and quantitative measures of
the various forms of responsibility. In addition, we postulate a small set of more general axioms rep-
resenting desirable properties of such measures. Finally, we present first quantitative formulas that
fulfill these boundary conditions and axioms and can thus serve as a proof of concept for our approach
and as a starting point for further discussions and comparisons of different flavours of responsibility
measures.

As an outlook, we will hint at natural connections of the above framework to possible-worlds se-
mantics for alethic and deontic modal logics, in particular stit logics (Broersen, 2011), which may lead
to a corresponding modal logic of responsibility.
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