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Chapter 8

Conclusions and Outlook

8.1 General Conclusions

The dynamic calculi of questions developed in this thesis show how dynamic-
epistemic logic can incorporate a wide range of questioning and ‘issue manage-
ment’ actions beyond mere information handling. Our contribution is showing
how this can be done precisely, leading to complete dynamic logics that fit well
with the general DEL methodology and connects to existing systems.

Moreover, we have indicated how these systems can be used to explore prop-
erties of issue management beyond what is found in traditional approaches of
questions, including complex questioning and resolution actions, genuine multi
agent settings, explicit dynamics of raising and solving issues, and temporal pro-
tocols for inquiry and questioning games.

Let us have a final retrospective overview of the main topics that emerged
from the entire storyline of the thesis and draw the final conclusions. This will be
our starting point for the emerging agenda of further research topics and also for
comparisons with alternative approaches in light of the desiderata that motivated
our approach from the very beginning.

In Chapter 2 we have shown how dynamic logics of questions can analyze
various aspects of private and public inquiry. We extend the standard epistemic
models with equivalence relations for questions. We introduce a static logical
language to describe such structures by means of corresponding modalities, most
important being the resolution modality which uses the intersection of the two
equivalence relations for information respectively questioning partitions.

The main contributions contained in Chapter 2 are the following:

- A rich system of dynamic issue-management actions,

- Complete dynamic logics for questioning in DEL style,

- Extension to privacy and product update for questions,

- Extension to temporal protocols for inquiry.
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198 Chapter 8. Conclusions and Outlook

These systems fit entirely within the methodology of dynamic-epistemic logic,
and they seem to form a natural complement to what already exists in this area,
making the questioning an explicit entity that drives and guides public announce-
ments and other informational events.

In Chapter 3 we complemented this theoretical perspective with an implemen-
tation for our logic of questions. This was literate Haskell program that extends
the previous implementation for epistemic model checking from DEMo [107, 108]
with questioning specific functionality.

The main new extensions that we provide in this chapter are:

- A richer, more expressive language that includes formulas with intersection
modalities describing the interaction between questioning and knowledge,

- Model checking utility for resolution, questioning and epistemic formulae,

- A general and extensible implementation for complex questioning and res-
olution dynamic actions that emerge in this framework.

We also showed how the implementation is useful by analyzing some paradig-
matic examples of questioning scenarios in epistemic settings.

What we did in chapters 2 ans 3 provides a setting in which questions are
analyzed and understood in their intricate conceptual, logical, and practical in-
terdependence and essential connection with knowledge and information dynam-
ics. This connection is made explicit within a language that can describe both
aspects and their intersection with adequate modalities. We have studied issue-
knowledge resolution both at a static level, expressed by an intersection modality,
and a dynamic one, by modeling the intersection between relations.

We return to a theoretical approach in Chapter 4 by defining and investigating
games with questioning moves. We first look at strategic games with two play-
ers and question-answer moves. We then extend this basic approach to settings
with more players, sequential moves, and oracles encoding interactions between
imperfectly informed agents or limitations in external information sources or mea-
surement instruments and experimental procedures.

The most noteworthy contributions in this chapter are:

- Definitions for games with questioning moves and their solution concepts,

- We give a tripartite interpretation for questioning moves and use it show
first why questioning phenomena in multi-agent contexts are more com-
plex than traditionally understood and second to distinguish games with
questioning moves from games with informative actions.

- We analyze illustrative examples and present an inexistence result for Nash
equilibrium with pure strategies in questioning games with oracles,
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- We identify the difraction property and show why it is important for de-
scribing strategic abilities in extensive questioning games.

In Chapter 5 we return to implementation by presenting and discussing the
Haskell scripts behind the questioning games introduced in the previous chapter.
These also extend basic epistemic functionality from [109] to include strategic
aspects specific for a game theoretic approach of questioning actions.

Some of the most noticeable new functionalities include the following:

- Our implementation provides ‘expressive harmony’ for questioning moves in
our games by linking the semantic level based on partitions of the domain
with a corresponding syntactic level using disjunctions of nominals,

- We compute complete game matrices for games with questioning moves,

- We give an algorithm for minimizing issue-epistemic models using a notion
of behavioral equivalence that is adequate for the questioning language.

What we did in chapters 4 and 5 provides a formal setting in which questions
arise in an interactive multi-agent environment in which the epistemic aspects
plays an important role. We have also studied the strategic aspects that emerge in
such a setting both in strategic games with questioning moves and in questioning
games in extensive form providing model for long term interactive inquiry.

Chapter 6 approaches the topic of designing questioning strategies in problem
solving from a theoretical perspective. We take again solving games as our point
of departure and a rich test case representative for a more general theory. In this
context we investigate the problem of solving the location game played on a line.
Our solution concept of choice will be Nash equilibrium with pure strategies.
We also discuss the general relevance of this approach for designing querying
strategies in problem solving by using oracles of operational properties to solve a
principal problem using efficiently available sources of information.

The most noticeable contributions contained in this chapter are:

- We give a characterization of NE by means of local properties in the game,

- We use an approach based on querying an oracle of local properties and
matching of strategy profile fragments to design questioning strategies that
solve the game in an efficient way.

In the final section we provide a minimization algorithm for probabilistic issue
models based on partition refinement solving the birelational coarsest partition
problem and in accordance with the adequate notion of behavioral equivalence
for probabilistic issue models and probabilistic questioning actions.
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In Chapter 7 we present a Haskell implementation illustrating how queries of
local properties in the game can search for equilibrium strategy profiles using list
comprehension. This assumes the existence of oracles of local properties and uses
this to search for Nash equilibria in pure strategies.

The result needed to show that the query strategies are correct is the following:

- We give an Alloy Analyzer implementation for building coutermodels for
the location game and checking assertions about logical entailment within
a predetermined scope between facts expressing local properties and NE.

What we did in chapters 6 and 7 provides a setting in which the connec-
tion between a questioning theory and the process of designing efficient querying
strategies is investigated in the context of a concrete example. The interactive
location game studied and the solution concept investigated have also an inde-
pendent interest and relevance. Besides this we provide a bridge between a theory
of questions and known search heuristics using backtrack oracles.

The final Chapter 8, shows how our approach gives rise to a coherent research
agenda with a broader scope, and points to some further directions for future
research and comparisons with alternative approaches.

8.2 Future Research and Outlook

So far in this thesis, we have shown how dynamic logics of questions can analyze
various aspects of private and public inquiry. These systems fit entirely within
the methodology of dynamic-epistemic logic, and they seem to form a natural
complement to what already exists in this area, making the questions explicit
that drive public announcements and other informational events. In line with
this first finding, many lines of investigation open up:

Further general issues that emerge from our research agenda are the following:

Further types of questions: Wh-questions. One obvious next step in
developing our approach would be an extension to more complex types of ques-
tions beyond propositional ones. The next step would be to study objectual or
wh-questions in our framework. This will require an extension to a modal setting
for first order logic provides more expressive power but is undecidable. However
there are other possible extension which could consider various well behaved sub-
systems: like the fragment with monadic predicates, alternation free fragments,
guarded fragments or query languages with safe recursion.

Questions, decisions and information. Another connection, with both
information theory and decision theory, defines the ‘value of a question’ as its
role in resolving decision problems by means of the information contained in the
available answers. These aspects were introduced and discussed, for instance, in
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[113, 112, 111]. This connection can become even more relevant in a setting that
makes explicit use of both an information partition and issue-structure for the
answers considered relevant by an agent.

Quantitative approaches. Another interesting direction for future research
is the relevance of questioning actions to notions of entropy of questions in multi-
agent contexts [113, 112, 110, 111] when this measure does not presuppose that
all information is always available to be directly accessed. We have considered
contexts in which agents have conflicting epistemic interests and incentive to
deceive or withhold information. Therefore, it is for such reasons desirable to have
a notion of entropic value of a question that can serve as a reference for designing
questioning mechanisms that capture both epistemic and strategic aspects.

There are still more fundamental limits to the information that can become
available by questioning. In quantum physics experiments there is a fundamen-
tal limitation with regard to the information that can be obtained by questions
and measurements. A more general notion of entropy that considers such infor-
mational limits might be also relevant for such contexts. The ultimate test of
the value of these definitions has to be assessed by weather they arise as natural
answers to a number of useful questions about questioning scenarios in inter-
active situations and weather they are useful generalizations that also capture
traditional notions as particular cases.

Further agent attitudes: beliefs and preferences. We have studied the
interaction of questions with knowledge. But of course, agents’ beliefs are just
as important, and we can also merge the preceding analysis with dynamic logics
of belief change. In fact, in addition to conveying hard information, asking a
question can also be a subtle way of influencing beliefs of agents. For instance,
we said earlier that not all questions impart knowledge that the speakers does
not know the answer. But we might say that, barring further information, they
induce a defeasible belief of the audience that this is the case. Thus, our question
dynamics might be added to the DEL-style belief logics of [10, 96].

Beyond beliefs, questions can also affect other agent attitudes. For instance,
a question can give us information about other agents’ goals and preferences, and
indeed, “Why” questions explicitly concern such reasons for behavior. Just as
information dynamics does not stop at purely informational attitudes, but also
extends to the way in which agents evaluate situations and actions, the same
extension makes sense for questions. This would come out concretely by adding
question dynamics to the preference logics of [33, 66].

There are also formal analogies between our question update operation and
the ‘ceteris paribus’ preferences from [98].

Update, inference, and syntactic awareness dynamics. While DEL
has been largely about observation-based semantic information, some recent pro-
posals have extended it to include more finely grained information produced by
inference or introspection. One can interpret the effect of asking a question as
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making agents aware that something is an issue. Raising an issue makes agents
aware that some proposition is important. In that case, we can think of a finer
dynamics of questions, where they increase some current set of ‘relevant proposi-
tions’ whose truth value needs to be determined. This would work well in the syn-
tactic approach to inferential and other fine-grained information in [115, 114, 95],
with questions providing one reason for their acts of ‘awareness promotion’. The
latter take would also fit well with Hintikka’s emphasis on the combination of
questions and deductions as driving inquiry. In a dynamic perspective, merg-
ing semantic observational information and inferential syntactic information will
become even more natural when questions come into play. Instead of using the
phrase “Observation enables realization” we can consider a weaker slogan “Ques-
tioning and observation enables partial realization”: [p?][p → q!]〈+q〉Iq With
these preconditions, a formula can be promoted into the access set even if it was
not yet announced. This would also work in the setting that uses both formulas
and rules of inference. If some premises of a rule have been announced already
and the rest are already part of the current issue, the rule can be applied.

Structured issues and agenda dynamics. Surely, both in conversation
and in general investigation, the agenda of relevant issues is much more delicate
than just some equivalence relation, see also [26, 31, 72]. For instance, there are
more important basic issues to be solved, and less important secondary issues.
Again, this reflects a more general point also on the purely informational side,
where logics of ordered propositions have been used to model belief revision and
preference ordering. The primary fact seems to be rather that we are usually
maintaining a ‘structured agenda’ – and it is this agenda that gets modified by
successive events of either resolving old questions, or raising new ones. If we are
to have any realistic logical account of, say, the development of research programs,
we need to understand this more finely-grained dynamics.

Moreover, there are already models that allow for this sort of dynamics. Both
[33, 66] consider, essentially, ‘priority graphs’ of ordered relevant propositions
(first proposed and studied in [3]) that can be used for this purpose. Priority
graphs can encode a structured family of issues, and they allow for a larger reper-
toire of inserting or deleting questions. The cited authors have suggested that
they would be suited for studying the structured agendas of research programs in
the philosophy of science, and indeed, it is an appealing thought that ‘theories’
in science consist not just of propositions encoding the answers to past questions,
but also a representation of those guiding questions. Being good at research seems
to imply being able to ask good questions just as much as giving clever answers.

Multi-agent behavior over time. We have already indicated that, just as
with assertions, questions make most sense in the context of some longer temporal
process of inquiry and discovery. A single question is hard to ‘place’ outside of
the setting of some scenario. For instance, questions as much as arguments drive
argumentation, and serve as ways of either underpinning assertions, or calling
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them into doubt. To deal with this formally, we need temporal logics that can
talk about sequences of questions and their effects on the current history.

Our study of protocols was one step in this direction, but obviously, we also
need to make our dynamic logics of questions work for analyzing extended conver-
sations, and especially, games. Another long-term perspective where this makes
eminent sense are learning scenarios, where asking successive local questions
would be a natural addition to the usual input streams of answers (cf. [56])
contributing to one unchanging grand question which global hypothesis about
the actual history is the correct one.




