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The goal of this paper is to understand and generalise modern model-checking techniques based on fixed point
characterisations. To do this, we leverage the general coalgebraic view of processes, and study order structures
that may arise.

We encode branching structure in process types, additional logical structure in process-predicate types and
fixed point problems as process-predicate types with leaf structures. Moreover, we approximate processes by
simpler kind of processes by comparing process-predicate types with shape structures.

This paper has two main contributions, which can be used as recipes for value iteration (VI) and bounded
value iteration (BVI) algorithms.

The first main contribution is a theorem simplifying the verification of monotonicity hypotheses at the heart
of VI algorithms.

It is striking that solutions of most problems about processes can be characterised as fixed points of weakest-
precondition transformers, defined on well-chosen modalities. We understand this through the notion of leaf
structure, which encodes sufficient conditions that make predicate transformers be monotone, thus proving the
existence of fixed points through the Knaster-Tarski theorem.

In particular, we generalise the result that, even with infinite state space and branching, transfinite value
iteration solves the reachability problem for stochastic games.

The second main contribution is a double approximation theorem based on comparison of process types.

In model checking, it is useful to model complex processes with simpler kind of processes, using surrogate
models. Problems in games and decision processes can be related. Problems in infinitely and finitely branching
transition systems can be related. Reachability in Markov Decision Processes can be related to widest paths in
weighted graphs [1].

The notions of shape structure, connection and tight connection help us to understand those relations, which
are more than a theoretical tool: they allow for approximate computations, used to improve value iteration
with speed-ups and bounds.

In particular, we prove that when a process-predicate 7; with both shape and leaf structure has a “tight
overapproximation” 7y, least fixed points (suprema) in the lower model can be described as infima of a sequence
of least fixed points in the higher model, thus paving the way for BVI through surrogate models.

Finally, this theory lays the foundation for future results, e.g. for continuous value iteration and towards a
broader class of surrogate model algorithms for model checking.
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1 Introduction

The goal of this internship, described in the abstract, is to find theoretical structures helpful in generalising
modern model checking techniques, in particular based on value iteration and surrogate models.

This introduction is divided in five sections. The scientific context is broadly described in Section 1.1. Our
main contributions are listed in Section 1.2, and lines of research left open are then discussed in Section 7.1.
To simplify navigation in this report, its plan is described in Section 1.3. Finally, Section 1.4 is devoted to
acknowledgements.

1.1 Scientific context
1.1.1 Formal methods — Societal relevance

This internship — and the corresponding report — takes place in the context of formal methods, automated
verification and static analysis. Those fields, broadly construed, aim at tackling the following questions. Given
a formal model and a specification described as a logical formula, how can we know if the specification holds?
Given a specification, can we synthesise a controller that fulfils its requirements? How can we know if a
specification is satisfiable? Can we always know it? How fast? More generally, how can we analyse the
behaviour of a formal model, especially of computer programs?

1) No power blackout
2) Enough electricity for all

Requirements
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Mustration — We want to check if the model of a system satisfies a formal specification.

Those questions are not only deep and interesting from the point of view of computer science and logics.
They have tremendous societal relevance.



First, formal methods can be used to chase bugs. In applications that require high level of confidence, bugs
can have a huge cost, both from a human and financial point of view. How can we bet our lives on automated
railways, autonomous cars, nuclear power stations, biomedical devices, etc. if they contain programs that could
be faulty? What about trusting websites and cryptographic protocols dealing with private data, or spacecrafts
that have cost billions? Over and over, examples have shown that testing is not enough for safety critical
systems, especially against malicious users.

However, formal methods are more than defensive tools that improve quality and reduce debugging costs.
They can be used as engines making algorithms possible, e.g. to generate control strategies, synthesise hardware,
or optimise compilers.

It must be emphasised that formal methods are not only about “computer programs” in the sense of OS
kernels, compilers and difficult algorithms. Formal methods are also used to study communication protocols,
(cyber-)physical systems, biochemical networks, games, safe machine learning, etc. Although some of those
cases are contemporary scientific challenges, formal methods may be used to deal with systems that are non-
deterministic, probabilistic, continuous or concurrent. Application fields include public transports and energy,
to safely control complex infrastructures like railway networks or continental-scale electrical grids.

To give one example among others, we can mention that many recent papers, including Section 6.6.1 of [2],
[3] and [4], wield model checking and stochastic games to study strategies in electrical grids with demand-side
management and renewable energy sources.

1.1.2 Formal methods — A broad set of techniques

Formal methods consist of a fairly broad set of techniques stemming from theoretical computer science and
applied logic. This report focuses on the model checking perspective, but many other approaches tackle the
problems studied by formal methods. While those subfields are strongly related together, we can isolate and
mention some of them.

e Deductive verification. In mathematics, it is usual to prove properties by manipulating specifications
as syntactic objects, through the use of a proof calculus and axzioms. In the context of systems’ verification,
this often leads to proof obligations, invariants, preconditions and postconditions. Proofs may be done
with a high level of confidence by using an interactive theorem prover, such as Coq [5] (based on the
calculus of inductive constructions), Agda [6], Isabelle [7] or Lean [8]. Human interaction is required.

e Automated theorem proving. For some logics, proof calculi and models, the above process may be
completely or partially automated. For example, while the general question of satisfiability of first-order
logic is undecidable ([9], [10], [11]), it is decidable for particular first-order theories [12]. Similarly, several
modal logics [13] have been introduced as efficiently decidable fragments of first-order logic. The field of
descriptive complexity [14] provides valuable insight on the relationship between logics’ expressiveness and
computational complexity. Automated theorem prover include SAT solvers [15] and SMT solvers (such as
Alt-Ergo [16], CVC4 [17] and Z3 [18]).

e Model checking. This technique focuses less on the syntactic structure of the logic, and more on
exhaustive exploration of the model itself. An emphasis is put on exploration of the state space through
efficient algorithms. While graph and automata algorithms are central, model checking is not only about
these. To avoid state explosion, model checking tools may simplify the model, use partial order reduction,
take advantage of symmetry, find clever abstractions, use symbolic algorithms, etc. Tools include PRISM
[19], SPIN [20], TLC model checker for TLA+ [21] and UPPAAL [22].

e Abstract interpretation. Since analysis of computer programs and formal models is often undecidable
([23], [11]) or computationally intractable, sound abstractions are required. Abstract interpretation, based
on order theory, provides many tools to efficiently obtain partial information. Abstract interpretation is a
general theory of sound approximations of semantics, and is based on abstract domains, which can often
be given geometric interpretation. First developed in the late 1970s [24], it is extensively used in static
analysis (e.g. for compiler optimisation or verification) and in cooperation with other formal methods.
Tools based on abstract interpretation include Astrée [25], FLUCTUAT [26], or more recently neural
network verifiers like ERAN [27] or Sherlock [28].

When applying formal methods, several architectural choices are to be taken into account: the modelling
language, the specification language, and the verification tool.



1.1.3 Semantics

Semantics is a field of theoretical computer science, which may be described as the rigorous mathematical study
of the meaning of programming languages. In particular, it provides techniques to formally define this meaning.
This avoids relying on definitions made in prose, which are imprecise, subjective and impossible to analyse.

Over the years, semantics has found applications both to formal verification and to the design of new pro-
gramming languages, by providing insight and inspiration.

The long-term goal pursued in our paper is to understand the essence of state-of-the-art model checking
techniques and to generalise them to new instances. To achieve this goal, we have several reasons to tap into
semantics literature. Indeed, semantics is necessary to capture the essence of model checking, and provides
valuable tools for generalisation. In particular, we rely extensively on work in denotational semantics based on
category theory and order theory.

Three major approaches to semantics can be described.

e Operational semantics. Operational methods define the meaning of the language directly through a
term rewriting system, working directly on the syntax. They are usually easy to write (this may be seen
as describing a low-level interpreter of the language), useful for some applications, but are hard to analyse,
debug, and are tightly linked to a low-level description of an inefficient implementation. Examples include
small-step and big-step semantics for untyped lambda calculus, also used for LISP [29].

¢ Denotational semantics. Denotational methods try to give a mathematical meaning to the language, by
associating mathematical objects (denotations) to language constructs. They are high-level, more powerful
and less rigid than operational semantics, but can be much harder to design. Denotational semantics are
rather easy to analyse mathematically and amenable to techniques like abstract interpretation. Moreover,
they are often compositional, which gives them great structure and flexibility.

e Axiomatic semantics. In this third, coarsest method, no distinction is made between a phrase’s meaning
and its properties: its meaning is exactly what can be proven about it in some logic. A classical example
is Hoare logic [30], based on Hoare triples.

The case of denotational semantics is our main inspiration.

Category theory is an excellent tool for it, since it is especially well-suited to enforce compositionality. A
good general introduction to category theory is [31]. Many examples of categorical semantics can be given, e.g.
relying on the Curry-Howard-Lambek correspondence.

In the general study of processes (such as transition systems, automata, Markov chains, stochastic games,
etc.), categorical methods have given rise to the field of coalgebra [32].

Another complementary approach is by order theory, giving rise to domain theory [33] whose methods have
much interaction with the theory of abstract interpretation. A recurring theme in domain theory is the notion
of fixed points.

In this report, we benefit from the categorical perspective of coalgebra theory and the extensive results in
order theory obtained in the context of domain theory.

Moreover, we take inspiration from predicate transformer semantics [34], Dijkstra’s reformulation of Hoare
axiomatic semantics, which has been studied in the coalgebraic context by Ichiro Hasuo [35].

1.1.4 Coalgebra

The theory of coalgebra can be seen as a way to study processes (e.g. transition systems, automata, Markov
chains, stochastic games, etc.) and infinite structures (e.g. streams, infinite trees) in a generic way.

Since the initial goal of the internship was to generalise a result about surrogate models in the context of
stochastic games and weighted graphs, this theory of processes is a central foundation to our work. This is
discussed in Section 2.

An introduction to this theory can be found in the book “Introduction to Coalgebra — Towards Mathematics
of States and Observation” [32], written by Bart Jacobs, a founder of the field.

Since coalgebra generalises models that are central in computer science, such as automata, it has found
several applications over the years, not only to semantics but also to algorithmics. The following are only a few
examples.



It helps to efficiently define notions of simulation and bisimulation in new contexts [36], [37]. (Bi)simulations
have several uses in theoretical computer science, and are especially useful to design model minimisation
algorithms that fight state space explosion in model checking.

In particular, efficient algorithms for partition refinement have been found [38].

It found applications to automata learning, where languages and models are learned from observations
[39].

It has been used to implement coinductive types in functional languages, as illustrated by CoCaml [40].

Coalgebra theory, born in the late 90s, is thus one of the few major categorical fields in computer science.
However, classical coalgebra’s power is limited, since it mainly deals with the branching structure of processes.
Many modern model checking algorithms manipulate extensively predicates on the state space, and even (alter-
nating) fired points as a core technique. For example, this can be used in incremental or approximate methods.

To account for this fact, there are proposals to extend the field of coalgebra with new, more expressive objects,
based on the study of fibrations ([41], [42], [43], [44], [45]).

In our work — mainly by lack of time — we don’t introduce explicitly the formalism of fibrations, even if it can
be found implicitly. Formalising the role of fibrations here could simplify our theory and ease its relationship
with other work in the coalgebraic field. However, this is left for future work.

1.1.5 Approximate and incremental methods — value iteration

Now that formal methods and foundational theoretical tools have been introduced, let us mention the kind of
algorithmic techniques we want to model.

It is increasingly understood that, for the practitioner, it is not always desirable to focus on finding an optimal
or exact solution to a problem. In some cases, optimisation or function problems have huge computational
complexity, whereas it is possible to find approximate solutions very efficiently.

The theoretical study of approximability and inapproximability is an active field of research. For example,
there are NP-hard optimisation problems — such as the knapsack problem — which enjoys Polynomial-Time
Approximation Schemes (PTAS), that compute an arbitrarily precise approximation of the optimal solution in
polynomial time [46]. On the other hand, inapproximability results can be obtained — a central conjecture is
the Unique Game Conjecture [47]. Interestingly, even undecidable problems like the halting problem may be
studied from an approximability standpoint [48].

In our case, we are especially interested in iterative incremental methods, the most known of which being
value iteration (VI) [49]. As explained in Section 4, when the solution of an optimisation problem can be
characterised as an extremal fixed point of a monotone function, this provides a VI algorithm, which computes
a sequence converging to that solution.

For example, it is possible to compute reachability probabilities in stochastic games — written V(G) — by
iterating the Bellman operator B. We have V(G) = sup,,cy B™(L) ([49], [1]), where the sequence (B"(L))nen is
increasing, providing lower bounds L,, = B™(L). Notice that V(G) appears as the least fized point (lfp) of B.

L=Ly<Li <Ly <--- <V(G).

For the practitioner, this algorithm has the advantage of being easily tuned for speed versus precision. How-
ever, an issue is that, at every step, it is impossible to know how close the current approximation is from the
solution. A natural heuristic would be to fix a threshold € and stop the algorithm once L, 1 — L,, < €, but this
has been shown to provide arbitrarily bad approximations [50].

To solve this problem and provide precision guarantees, bounded value iteration (BVI, also called interval
iteration) algorithms have been introduced ([50], [51]) Since a monotone operator (here B) is used, we may also
compute the decreasing sequence of upper bounds (U, )nen where U, := B™(T).

IN

Ly < Ly <

V(G)

T=Up > U, > U, o
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An issue is that (U,,) may not converge to V(G), since it converges to the greatest fized point (gfp) of B, where
Ifp and gfp might differ. It is thus not obvious how to define a good stopping criterion.

-
U, == gfp B

In the case of stochastic games, this can be solved by computations of end components ([50], [51]), but this
quickly becomes a bottleneck. A novel approach proposed in [1] is to introduce a surrogate model to create
upper bounds U,, that do converge to the Ifp V(G).

Moreover, in the general case, transfinite value iteration may be needed. This is discussed in Section 4.

1.1.6 Surrogate models

The concept of surrogate model comes from engineering, e.g. in chemistry [52], where there are used for
modelisation and simulation.

Surrogate model are simple models that mimic the behaviour of complex systems. While developing them
can be expensive and requires expertise, they approximate the behaviour of the underlying system to a good
precision and are much cheaper to evaluate.

A way to understand this idea is “improve our knowledge about the solution to a difficult problem by solving
simple problems”.

Even if this idea is very simple and powerful, it is very new to the field of model checking as a design principle.

An early result that may be seen as a simple example of this principle is the fact that many qualitative
properties about finite Markov chains can be computed purely by graph analysis, forgetting about transition
probabilities [13].

To the best of our knowledge, the only other example is found in the 2020 paper [1], where relations between
stochastic games, Markov decision processes, Markov chains and, most interestingly, weighted graphs, are used
to create a BVI algorithm for reachability probabilities in stochastic games.

A long-term goal pursued in this internship is to build a good theoretical understanding of this “base model
/ surrogate model” design principle, with the perspective of finding new instances and creating new model
checking algorithms.

1.2 Contributions

Our contributions are the following, the first three being the main ones.

e We propose a generic framework, based on the coalgebraic point of view and on order structures, to study
value iteration and surrogate models in processes.

Those recipes are summarised in Section 6.3.
e We provide a general theorem which packages all assumptions enabling VI algorithms, making them easy

to check (Theorems 4.1 and 4.5). In particular, this generalises the result that value iteration solves the
reachability problem in all stochastic games.

The structure enabling VI, which we call leaf structure, is understood as the lifting of a Set-endofunctor
to a monotone Preord-endofunctor (Definition 3.15).

We notice (Proposition 4.2) that the least fixed point and greatest fixed point operators are both functorial

and monotone.

e We provide an approximation theorem (Theorem 5.22) describing a particular kind of BVT algorithm using
surrogate models.



1.3

More generally, we study how branching structures impact value functions (Proposition 5.1, Corollary
5.15).

Order structures based on branching structures, which we call shape structures, are understood as the
extension of a Set-functor to Preord (Definition 3.17).

Moreover, a notion of connection and tight connection between several process types is studied in Sections
5.2 and 5.3 to gain a first understanding of surrogate models.

Several instances of the general definitions and results are given throughout the paper, especially in
Sections 2.2, 3.1 and 6.

In the study of preorders, a special place is given to the Egli-Milner and tailwise preorders (Examples 3.18
and 3.19), related to the suprema, infima and expectation modalities. Several monotonicity properties are
proven about them.

Among other things, we give a description of the Bellman transformer as a weakest precondition trans-
former (Example 3.7).

We explain why some of our results are optimal by providing counter-examples.

Two simple examples of connections are given, one related to the approximation of a player’s strategy in a
multiplayer game, the other to the optimal scheduler in infinitely branching transition system (Examples
5.10 and 6.18).

Overview

This internship report is divided in several sections.

e You are currently in the introduction (Section 1), which discusses the scientific context and our contribu-

tions. It also gives an overview of the report and contains acknowledgements.

Possible lines of research for future work will be discussed in the conclusion (Section 7).

e Section 2 explains how we use the coalgebraic language to describe processes (such as transition systems,

automata, Markov chains and stochastic games) in a general way.
o Important definitions (process types, processes, coalgebra) are in Section 2.1.

o Intuition and illustrated examples are provided in Section 2.2.

e Section 3 then explains how to turn processes into problems with semantics.

o The base logical structure consists of predicates, truth objects and weakest precondition transformers,
and is explained in Section 3.1.

This section also gives many examples of what is meant by “a problem”. In particular, it explains
how the Bellman operator can be seen as a weakest precondition transformer in Example 3.7.

o Section 3.2 then explains how order structures can be added to process type, and is inspired by other
works, including that of Balan and Kurz [64], Jacobs [36] and Hasuo [35].

To do so, it starts by introducing relevant concepts from order theory and enriched category theory.

It then describes the two main order structures studied in this report. First, leaf structures, that
enable monotone predicate transformers, thus paving the way for VI algorithms. Then, shape struc-
tures that enable comparison of the branching structure of processes, thus paving the way for BVI
algorithms based on surrogate models.

Those two notions are then studied in Sections 4 and 5.

e Section 4 studies more precisely the notion of leaf structure, which gives us our first main result (Theorems

4.1 and 4.5).



o Section 4.1 explains why leaf structures are interesting.

When they exist, Knaster-Tarski and Cousot-Cousot theorems apply, thus making fixed point theories
possible (Theorem 4.1), even if transfinite iterations may be needed.

Then, a simple but important functoriality and monotonicity result (Proposition 4.2) is proven. It
will be used throughout the paper.

Finally, the question of convergence speed is studied.
o Section 4.2 then gives a large class of examples of leaf structures.

Anything defined on non-deterministic or stochastic branching with modalities based on suprema,
infima and expectation can be given a leaf structure by using Egli-Milner and tailwise preorders.
(Theorem 4.5).

o This theorem is proven in detail in Section 4.3.

e Section 5 then studies the notion of shape structure, going towards our second main result (Theorem
5.22).

o In Section 5.1, a shape-monotonicity results explains how shape structures may be used to compare
processes inside a process-type.

For example, this generalises the result that, in a stochastic game, reachability probabilities decrease
if Minimizer loses power.

o Section 5.2 then bridges the gap between multiple process-types by introducing connections (between
process-types) and comparison chains (between processes of different type).

o However, connections are not enough to smoothly obtain BVI algorithms. An additional, tightness
hypothesis is introduced and explained in Section 5.3, and we are finally able to prove Theorem 5.22.

e Finally, Section 6 is devoted to examples, applications, and discusses possible directions that could be
pursued to improve our theory.

o Section 6.1 gives instances of process-predicate types with leaf and shape structures, such as problems
on games, transition systems and graphs.

o Section 6.2 gives examples of connections between process-predicate types with shape structure,
thus showing to which extent our theory can go to accommodate base model / surrogate model
relationships.

o Section 6.3 takes a step back, and sums up how our theory can be used by the practitioner: it provides
recipes for VI and BVI algorithms.

o Finally, Section 6.4 discusses how we could extend the scope of our work, by accommodating new,
more interesting examples of surrogate models.
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2 Processes

In computer science in general, and in model checking in particular, many kinds of processes are of interest:
(in)finite transition systems, (non)deterministic automata, possibly non-terminating computations, multiplayer
games, Markov chains, Markov decisions processes, stochastic games, etc. The theory of coalgebras ([53], [54],
[32]) makes it possible to deal with such processes in a generic, categorical way.

The branching structure (non-deterministic, probabilistic, etc.) of such processes is encoded in what we call
process types, which we introduce in this section.

In the rest of the paper, we will put additional structure on process types to deal with modern model checking
techniques. Using logical structure and order structure, we will express predicates on the state space of processes,
give characterisations as fixed point problems, and model processes by simpler kinds of processes.

Order i Leaf structure Shape structure
Logic i Process-predicate type
Branching i Process type

The branching strucure corresponds to the process-type. Logical and order structures are put above the
branching structure. Logical structure will turn a process (which has a process type) into a problem (which
has a process-predicate type) by adding semantics. We will see two kinds of order structure put above the
logical structure. The first (leaf structure) mixes branching and logical structures. The second (shape structure)
deals only with the branching structure (shape structure). In the next sections, we will see that leaf and shape
structures interact together.

2.1 Main definitions
Definition 2.1 (Process type). A process type T : Set — Set is simply a Set endofunctor.

Definition 2.2 (Processes and coalgebra).

A process is a function g : X — TY where T is a process type.

More precisely, it is a tuple (7" : Set — Set, X : Set, Y : Set, g : Hom(X,TY)).

A coalgebra (or endoprocess) is a process where X =Y.

When T : Set — Set is a process type, the category of T-processes Pr(T) is the category whose objects are
processes of type T and whose arrows between g : X — TY and ¢’ : X’ — TY" are all pairs of functions (¢, )
making the following diagram commute.

X 2 71Y
ol
X 2Ty
The category of T-coalgebras (or T-endoprocesses) Coalg(T') is the (neither full nor wide) subcategory of

Pr(T) whose objects are coalgebras on T and whose arrows between g : X — TX and ¢’ : X' — TX' are all
functions ¢ making the following diagram commute.

X 257X

| | |re

X 47X

11



Remark 2.3 (Base category). Note that we are restricting ourselves to the category Set.

We may restrict further to the category of finite sets, Setg,, and define finite process types T : Setg, — Setgy,
finite processes g : X — TY with T : Setg, — Setgn, X,Y : Setq,, and finite coalgebras g : X — TX with
T : Setg, — Setg,, X : Setg,. Finite processes can be seen as processes on finite state space.

In other sections, we will add order structure to process types. Using the category Preord of preorders
and monotone functions, instead of the family Hom(Set, Set) of Set-endofunctors, we will consider the family
Hompyeorda (Preord, Preord) of monotone Preord-endofunctors, where “monotone” means that we restrict
ourselves to Preord-enriched functors.

More generally, we could study processes with type constructed on an arbitrary category, but this is outside
the scope of this paper, and all of our examples of process types come from Set.

The coalgebraic language of processes can be used to present and unify many results in automata theory,
game theory, etc. Before going further, we will describe how this formal notion of “processes” can be interpreted.

2.2 Intuition and examples

Example 2.4 (Intuition about processes). Let g : X — TY be a process.

X can be interpreted as the initial state space and Y as the final state space. g describes possible transitions
and observations. If z is the current state, g(z) is the “tree” of all properties locally observable (attributes of
the current state and possible next states). Coalgebras (endoprocesses) are simply processes with constant state
space.

For example, directed graphs can be seen as coalgebras on the covariant powerset functor P.

The following directed graph, on the left, would be represented as the following coalgebra, on the right.

g: {QOaQ17QZaQ37Q4} — P{q07QI7q2aQ37Q4}

3_} q0 = {0, 1}
(=) o)

a = {q}
qq — I

This can also be presented with trees.

qo 1 q2 g3 q3 g4 q1
9(qo) g(q) 9(q2) g(g3) 9(qa)

We can “enrich the signature” to observe new phenomena. For example, to distinguish accepting states, we
can replace P by 2 x P(—). Here are three representations of a coalgebra on this functor.
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@ 9:{%00,a1,92,43,94} = 2 X P{qo,q1,42,93, 4}
q0 = (L, {90, q1})
g (T, {az,43})
g2 — (L, {g3,q4})
(
(T,

g3 —~ (L, {q1})
44 — )
90 q1 q2 g3 q3 44 q1
\/ \/ \/
A2V VAR VARY
9(qo) 9(q1) 9(q2) 9(gs) 9(qa)

Remark 2.5 (Algebras and coalgebras). You may be starting to notice how convenient endofunctors are to
describe the “signature” of processes. The situation is similar to that of algebras for inductive data.

For T : Set — Set, T-coalgebras are g : X — TX, while T-algebras are a: TX — X.

The distinction algebras versus coalgebras may be understood as the distinction data versus machines, or
construction versus observation, or (definitions and proofs by) induction versus coinduction.

This idea is presented in [54]. For our current purposes, the main insight to remember is that coalgebraic
objects have several observers (or destructors), in the same way as algebraic objects have multiple constructors.

The 2000 expository paper “Universal coalgebra: a theory of systems” [53] provides a great introduction to
the language of coalgebras, which unites the study of processes in computer science. This theory enjoyed many
successes over the years, some of which stemming from its approach of coinduction, bisimulation and process
minimisation.

To highlight the generality of this theory of processes, here are a few examples of process types.
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Example 2.6. e Traditionally, (unlabelled) non-deterministic transition systems are described by a tuple
(S : Set,—: P(Sx9)). As we have already seen, NTS (or graphs, or Kripke structures) can be equivalently
seen as coalgebras of the covariant powerset functor P.

e Similarly, we choose to see NTS labelled on the alphabet ¥ as coalgebras of process type P(X x —). Recall
that traditionally, they were represented by a tuple (S : Set,> : Set,—: P(S x £ x 9)).

e If like in many textbooks, we want to see Kripke structures as NTS where states are labelled with
atomic propositions from a set AP, we can define Kripke structures as coalgebras on P(AP) x P(—).
Adding P(AP) X - to a process type is the most general way of dealing with state attributes. We already
encountered the case Card(AP) = 1 when we wanted to distinguish goal states, and described NTS with
goal states as coalgebras on 2 x P(—).

e Various restrictions can be encoded in the process type. NTS that are only finitely branching are modelled
by the finite powerset functor Ps. NTS without deadlocks are modelled by the non-empty powerset functor

Pig.
e Deterministic (unlabelled) transition systems (DTS) are simply coalgebras on the identity functor of Set.

e Markov Chains (MC) are modelled by the distribution functor D. The definition of D is given below at
Definition 2.8, and Example 2.9 is an example of MC.

e Possibly non-terminating computations, or (unlabelled) DTS with possible deadlock, can be seen as coal-
gebrason £: X — 1+ X.

This illustrates how coproducts can be used to model different possibilities in branching.

e Labelled DTS with possible deadlock can be modelled on 1+ ¥ X (—). An example of coalgebra on this
typeis y: 2% — 1+ 3 x X%, where % is the set of finite and infinite strings on 3 and v takes an empty
word to the first * and a non-empty word to the tuple given by its head and tail.

e Composition is useful as well: (discrete) Markov Decision Processes (MDP) can be modelled by 2xPD(-),
where both non-deterministic and stochastic branching are observed, and we distinguish goals.

e Alternating stochastic games (ASG) can be modelled by 2 x PDPD(—).

e Stochastic games (SG) can be modelled by 2 x 2 x PD(—), where the first attribute distinguishes between
the two players, and the second attribute distinguishes between goal and non-goal states.

e For a more complete example, consider deterministic finite automata (DFA), on the finite alphabet 3,
with possible deadlocks and distinguished accepting states (but no distinguished initial states) can be
modelled by the Setg,-functor X + 2 x (1 + X)*.

Obviously, if we remove the finiteness hypothesis of the state space for DFA, we can simply use the
corresponding Set-functor 2 x Hom(X, 1+ (—)).

e Similarly, for non-deterministic finite automata (NFA), we can use the Setg,-functor 2 x P(X x (—)).

If we remove the finiteness hypothesis, we can use the corresponding Set-functor. If we want infinite state
spaces but only finite branching, we can use 2 x P¢(X x (—)).

e Deterministic and non-deterministic (infinite) automata which have both input and output in ¥ can be
modelled by 2 x Hom(3,1 4+ (— x X)) and 2 x P(X x (=) x X) respectively.

e Weighted directed graphs (WG) with weights in a monoid W, modelled on the covariant functor Homg, (—, W)
of Definition 2.10, can be seen as generalisations of MP modelled on D.

Note that WG can also be seen as NTS with labelled transition, i.e. as coalgebras on P(W x —). Those
two point of view are very different! It can be seen by the fact that there is no natural isomorphism
between Homg, (—, W) and P(W x —). Transitions can be summed and related together in the first case,
while no such structure naturally exists in the second case, making transitions totally independent of each
other.
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To end this section, we develop a few of those examples, which will be used again later.

Example 2.7. Counsider the following decision process (or unlabelled NTS, or Kripke structure), which has an
infinite state space.

It can be described as a coalgebra g : X — PX on the powerset functor, with X = [0,w - 2] the set of
ordinals smaller or equal than w - 2, by setting ¢g(0) = {0}, g(w) = [0,w), g(w-2) = [w,w - 2], and, for all n < w,
g(n+1) = {n}, glw+n+1) = {w+n}.

A similar example will be used later. Notice that 0 is reachable from all states, and that all executions starting
at a state a < w - 2 eventually reach 0 in a finite number of steps. However, not all executions starting at w - 2
eventually reach 0, since it is possible to loop at w - 2 forever.

Definition 2.8 (Distribution functor). To describe stochastic branching, we use to distribution functor D,
which assigns to a set X the set of all probability distributions on X with finite support.

An element d : DX can be described as a function d : X — [0, 1], with finite support d=1((0,1]), such that
> wex d(z) = 1. It may also be represented as a finite set of tuples {(z,d(z))|d(x) > 0}, which enjoys that
property that if (z,a), (x,b) both belong to this set then a = b.

The functor D takes functions f: X — Y to

Df : DX — DY

d— (yr—> Z d(m))

z€f~1(y)

Example 2.9 (A Markov Chain).

An elementary type of processes with stochastic branching is the type of Markov Chains.

The following Markov chain, presented by Baier and Katoen in their Principles of model checking [13], is
attributed to Knuth and Yao and simulates dice with a fair coin. We present it visually as a graph, as an
explicit D-coalgebra, and with a tree representation of the coalgebra.
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n
(SIS

1 .f / ’
@ 5 X :={50,51,2.3,57 2,35 52,3, 56,455 54,55 56,4,5

41,42, 93, G4, 95, 46 }

1 1

2 2
@ @ g: X -DX
. ) So — {(51 2,3, 0. 5) (8475)6, 05)}
2/ \2 :

Sa,b,c = { a b, c7 ) (sb707 05)}

(sc
Sube F 1(8a,b,e,0.5), (¢a,0.5)}
@ @ @ Sp.c — {(45,0.5), (¢¢,0.5)}
i — {(@,1)}

1 1 1 1 1 1
51,2,3 S6,4,5 S;’b,c Sb,c Sa,b,c YGa dv 4c q;
T 1 1 1 1 1 1
5\/; \/5 §VE 5\/5
[ ] [ ] [ ] [ ]
g(s0) 9(5a,b,c) 9(80p,c) 9(sb,c) 9(q:)

The following definition is non-trivial, and hides additive structure in the functor’s behaviour on arrows.
Moreover, it does define a covariant functor (whereas the usual Hom(—, X) is a contravariant functor).

Definition 2.10. We can generalise the distribution functor D by considering weights in an arbitrary monoid
(W, +) and removing the requirement »__d(z) =1
Let (W, +) be a monoid with identity element 0. We define the covariant functor

Homg, (—, W) : Set — Set.
It takes sets X to the set of all functions d : X — W such that d=1(W \ {e}) is finite, i.e.
Homg, (X, W) = {d: X — W |d (W \ {e}) is finite},
and takes functions f: X — Y to

Homgy, (f, W) : Homg, (X, W) — Homg, (Y, W)

d— (yb—> Z d(x))

z€f~1(y)

Remark 2.11. Note that elements d : Homg, (X, W) can be represented as element of P¢(W x X), but that
this representation is not natural.

D is a subfunctor of Homg, (—, (R4, +)), with the additional requirement that distributions take weights in
[0,1] € Ry and have the sum of their values equal to 1. A generalisation of the probabilistic framework to other
effect monoids can be found in [55].

In this way, Markov chains (Coalg(D)) can be seen as weighted graphs (Coalg(Homg,(—, W))) with additional
requirements.

Example 2.12. An application we are especially interested in is that of stochastic games. In that case, there
is both non-deterministic branching and stochastic branching, and two attributes “current player” and “goal”.

Stochastic games can be described as coalgebras on the functor 2 x 2 x PD(—). Such games are interpreted
as 2-player games, where the players are called Maximizer and Minimizer. Each state belongs to a single player,
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and the next move is played by the player designated by the current state. At each turn, a player chooses an
action, which has a random outcome, with probabilities known in advance. Minimizer tries to minimise the
probability of reaching a goal state, and Maximizer tries to maximise this probability. In a play (finite or infinite
sequence of states),

e Maximizer wins if a goal state is reached or Minimizer enters a deadlock,

e Minimizer wins if goal states are never reached or if Maximizer enters a deadlock before the goal.

X :={s1,51,52,0,1}

g: X »2x2xPDX
st (0L {0, 1)),
{(51,0.7), (52,0.3)}, {(s51,0.4), (52,0.6)} } )
O, L {{(s2, 1)}, {(1,0.8), (0,02)}})
0, 1, {{(1,0.9), (0,0.1)},{(0, 1)}, })
O, L. {{(0,1)}})
0.7 {{LD}})

S1 >

So >

0—

NN N N

1—

S1  S1 82 Sy So So 10 1 0 0 0 1
1 0 7\/0.3 0.4\/0 6 1 0 8\/0~2 0 9\/0 1 1 1 1
[ ] [ [ ) [ ] [ ) [ ) [ ) [ ) [ ]
o 1 . O 4L . o 1 . O L e O T e
[ ] [ ) [ ) [ ) [ ]

g(s1) g(s1) g(s2) g(0) g(1)

Here is a possible run of this game. We start at s;. Maximizer () plays 3, and reaches s; (this outcome had
probability 0.7). It is now Minimizer’s () turn. He plays «, and reaches so. [J then plays «, and reaches 0
(this had only probability 0.1). From then on, () is the only player and can manage to stay at 0 forever, which
is not a goal state: Maximizer has lost.

Another possible run loops forever at s;: in that case, Mazimizer loses as well. This may happen if Maximizer
chooses the strategy “play v as long as possible”, but only with probability 0.

One interesting question about this game is the following: assuming that players play optimally, if we start
at state x, what is the probability that Maximizer will win? In other words and in the language of modal logic,
can we compute P(¢01) : X — [0, 1]?

In the next section, we will study generalisations of this question.

At this point of the paper, we will only state that P()1) can be characterised as the least fixed point of the
Bellman operator B : [0,1]X — [0,1]*.

The interested reader may prove by hand that P(¢1)(0) = 0, P(01)(1) =1, P(01)(s2) = 0.9, P(01)(s1) = 0.8
and P(01)(s;) = 0.9. The situation becomes much harder when we increase the number of possible “loops”
between several states.

Remark 2.13. It is interesting to note that the study of processes with both non-determinism and stochasticity
is especially hard. A theoretical reason that explains this difficulty is that while P and D have monadic structure,
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there is no monadic structure on the combination PD [56]. A monadic structure exists on the combination of
the multiset functor and distribution functor [57], but applications have not yet been extensively studied.

In the current paper, we don’t use any sort on monadic structure of process types T : Set — Set. They are
however extensively used in the literature, especially in the study of program semantics [58]. A big difficulty is
that while monadic structures can be summed or tensored, they cannot be composed in general, and this fact
has been the motivation of much research [59], [57], [60], [61].

Nevertheless, useful structure arises from monadicity of process types. For example, when (T, 7, 1) is a monad,
processes f : X — TY and g : Y — TZ can be composed to g ® f :=poTgo f: X — TZ, giving rise to the
Kleisli category KC(T). This may also provide fruitful categorical insight, such as in [35], whose ideas about
predicate transformers and order enrichment are one of the roots of the current paper.

3 Predicates on processes and preorder-enrichments

In the preceding section, we have introduced the notions of process type and coalgebras, to model various kind of
processes, and gave examples such as transition systems (TS), automata, Markov chains (MC), Markov decision
processes (MDP) and stochastic games (SG).

In this section, we introduce the necessary additional structure to explore questions about processes. Process-
predicate types will contain logical structure to talk about predicates on processes, modalities and weakest-
precondition predicate transformers. We will then study how order structures can be introduced. This in-
vestigation will lead to fixed point characterisations and approximations of process types in Sections 4 and
5.

3.1 Logic on processes

For the moment, process types are only defined by transitions g : X — TY, with state spaces and some sort
of constant attributes and branching type. In our last example on stochastic games g : X — 2 x 2 x PDX,
we were interested in the study of a predicate P(01) : X — [0, 1], which described a reachability probability
under some hypotheses on the behaviour of players. More generally, we are interested in asking questions of
reachability, safety, distance, etc. in our models. To do this, we introduce process-predicate types.

Definition 3.1 (Process-predicate type). A process-predicate type (ppt) T := (T,Q,7) is a triple composed of
a process type T : Set — Set, a truth object Q : Set and a modality T : Hom (T, ).

Modalities are used to state a weakest-precondition semantics.

Definition 3.2 (Predicates and predicate transformers). Let T = (T,Q,7) be a ppt.
For all sets X, Y, elements of the form p : X — Q are called predicates, and elements of the form ® : Q¥ — QX
are called predicate transformers.

Definition 3.3 (Weakest-precondition transformer). Let 7 = (T,9Q,7) be a ppt and g : X — TY be a
T-process.
The weakest-precondition transformer corresponding to g under the modality 7 is the predicate transformer

g Q¥ - of
p—ToTpog.
Process-predicate types may be thought of as a basic structure (a process type encoding attributes and
branching) additionally equipped with a semantics (giving meaning to attributes and to notions like reachability,

possibility, behaviour of players, interpretation of randomness, etc.).
We will now show how those definitions are used on simple examples.

Example 3.4 (Reachability and safety in Kripke Structures). Counsider the following Kripke structure, defined
as a P-coalgebra by X = [0,w-2], g(0) = {0}, g(w) = [0,w), g(w-2) = [w,w-2], and, for all n < w, g(n+1) = {n},
gw+n+1) ={w+n}.
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Let Q = {L, T} be the set of booleans, and define the modalities may 73 and must 7y by

T3:PQL—Q Tv : PQ—Q
@, {1} — L g AT—=>T
{TH{L T} T {Lh{L, T} L

This thus defines two process-predicate types: P3 = (P, Bool, 73) and Py = (P, Bool, 7v).

Suppose that p : X — € in the indicator function of a set A C X. g7_(p) is then the indicator function of the
set of states from which A is reachable in one step, while g (p) is the indicator function of state which must
enter A in the next step or reach a deadlock.

For example, if 179y : X — Q is the indicator function of {0}, g7 (1501) = 140,1,w}, since 0 is accessible
from all of those three states. However, g7 (1703) = 140,13, since it is possible to avoid 0 from w. To describe
accessibility in several steps, we can iterate g;. For example, (g;,)"(110}) is the set of states from which 0 is
reachable in exactly n steps.

If we consider paths of arbitrary length, it is clear that 0 is actually reachable from all states, and that paths
starting at all states except w - 2 must eventually reach 0. We will understand this in Section 3.2 by doing
transfinite iterations of ¢* and studying fized points of g.

Remark 3.5 (Order structure of booleans). Notice that if we see Q@ = {1, T} as the complete lattice with
1 < T, then 73 and 7v are simply sup and inf, respectively.

Example 3.6 (An example on Markov Chains). Another simple example is the process-predicate type of
Markov chains with probabilities and expectations (D, [0, 1], E), where

E:D[0,1] — [0,1]
d— Y p-dp).

p€el0,1]

For example, consider the following Markov chain.

1 1
2 2
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Suppose that we want to compute the likeliness to reach an even number from each state.

We may start by setting p : X — [0, 1] to be the indicator function of {gs, ¢4, g6 }. p is the probability to reach
an even number in 0 steps.

(g5)"(p)(x) is then the probability of reaching an even number within n steps when we start from z. We
compute it in the following table.

(98)"(P)(@) | @1 @2 g3 g1+ g5 g6 Sio3 S23 Sa5 Sgas 5123 S645 S0
0 o 1 0 1 0 1 0 0 0 0 0 0 0
1 0o 1 0 1 0 1 0 /2 1/2  1/2 0 0 0
2 01 0 1 0 1 0 1/2 1/2 1/2 1/4 1/2 0
3 0 1 0 1 0 1 1/8 1/2 1/2 3/4 1/4 1/2 3/8
4 0 1 0 1 0 1 1/8 1/2 1/2 3/4 5/16 5/8 3/8
w 0 1 0 1 0 1 1/6 1/2 1/2 5/6 1/3 2/3 1/2
w+l |0 1 0 1 0 1 1/6 1/2 1/2 5/6 1/3 2/3 1/2

Notice that this local computation converges by increasing to the correct probabilities at infinity, and that
the solution is a fixed point of gj.

In Section 3.2, we will make sense of the notation (g5)“(p). Later, we will prove that the chain ((¢5)%)a:0rd;
indexed by ordinals, always converges to the correct probability, even for infinite state spaces.

At this point, we have actually already encountered all three basic modalities that will be the main building
blocks of all modalities used in this paper, through the examples of the process-predicate types (P, Bool, sup),
(P, Bool,inf) and (D, [0,1],E).

We will now mix those modalities together, explain what we have asserted in the last section. We said that
reachability in stochastic games could be computed using the Bellman operator B. We will now explain how B
arises as the weakest-precondition transformer defined by a well-chosen modality.

Example 3.7 (Bellman operator). Stochastic games with distinguished goals can be seen as coalgebras on
2 x 2 x PD. Since we want to compute probabilities, we will use the truth object Q = [0, 1].

Since players want to optimise the expectation of the outcome of their actions, we will build B out of the
modalities E : D[0, 1] — [0, 1], inf : P[0, 1] — [0, 1], and sup : P[0, 1] — [0, 1]. To take into account distinguished
goals, we also use the constant modality 71 : 2 — [0,1] defined by 7 (L) = 0 and 71(T) = 1. The Bellman
modality can then be defined as

B:2x2x PD[0,1] - [0,1]
('aTa')Hl

(O, L,t) — supE(d)
det

(O, L.#) = inf E(d).

For a stochastic game g : X — 2 x 2 x PDX, the weakest-precondition transformer g is then the usual
Bellman operator B, where §(z, a,y) denotes the transition probability from x to y when action a is chosen.

B=g;:[0,1]% > [0,1]%
1 if x is a goal state
p— | @ gsup, >, d(z,a,y)p(y) if x belongs to Maximizer
inf, Zy 0(z,a,y)p(y) if x belongs to Minimizer

Note that “reader-monad-like notations”, with letters a used in transitions, are only used here for ease of
comparison with the usual Bellman operator. Choice is really modelled here with the powerset monad.

If we want to be precise, we can say that a denotes a distribution of states. The function § : (z,a,y) — a(x)
takes elements x € X, a € m3(g(x)) € DX and y € X to the probability a(x) € [0, 1].
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Predicates could also be used for other quantitative results. For example, distance, progress functions, etc.
can be computed using the truth object N.

Example 3.8 (Shortest distance in graphs).

Consider once again the case of Kripke structures, here seen as (unweighted) directed graphs.

The Bellman-Ford algorithm (in the dual graph) can then be described as the computation of the sequence
(¢2)"(L), in the process predicate type (2 x Id x P(—),Ny,7), where No, = NU {oco}, L : X — N is the
constant function x — oo, and 7 is the “shortest distance to goal” modality

7:2 X Ny X PNy — Ny
(Ta B ) =0
(L,d, D)~ min(d,1 4+ min(D)).

More specifically, if we put the order co < --- <n<n—1<--- <1< 0on Ny, the shortest distance to a
goal can be seen as the least fived point of g7.

Notice that we have been forced to introduce Id to the process type to make each node x able to observe itself
in g(z). We may also prefer to avoid modifying the directed graph process type, and formulate our problem as
the ppt (2 x P(—), Ny, 7) where

7:2 X PNy — Ny
(Ta K ) =0
(L, D)~ 1+ min(D).
The solution then appears as the lfp of p — min(p, g¥(p)) (with min computed pointwise).

Other interesting modalities can be computed on the truth object N, to model other local computations in
graphs.

Example 3.9 (Widest path in weighted graph). Consider the case of weighted graphs with distinguished goals
on the monoid W = ([0, 1], max), modelled by the process type 2 x Homg,(—, W).

The widest path problem, also called the maximum capacity path problem, asks what is the widest path from
each state to a goal state.

For example, consider the following weighted graph. Note that the quantities above edges don’t represent
probability transitions anymore, but simply weights, which don’t have to sum to 1.

X :={sy,s1,52,0,1}

g: X =2 x Homg, (X, [0, 1])
sr i—>(J_, {(51,0.9), (51,0.83), (s2, 0.9)})

sr 81 52 01 01 1

1 ° 1 . L ° 1L e T e
N VAR Y,
g(s1) g(s1) g(s2) 9(0) 9(1)
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Any widest path from sy to 1 has width 0.9. An example of such widest path is s; — so — 1, whose width is
indeed max(0.9,0.9) = 0.9. Another example of widest path between sy and 1is sy = sy — s -1 —1— 1.
Any other path has a smaller width. For example, s; — s; — 1 has width max(0.83,0.8) = 0.8.

You may have noticed that 0.9, the width of a widest path from s; to 1, is the same as the probability
P(01)(sy) from the stochastic game in Example 2.12. Similarly, in this weighted graph the width of a widest
path is 0.8 from s; to 1, 0.9 from s, to 1, 1 from 1 to 1, and 0 from O to 1.

There is a good reason why widest path and reachability probabilities coincide in this example. The WG
above was constructed by transforming the SG of Example 2.12, first into a MDP, then into a WG, using the
method described in paper [1]. Similar connections, relating SG and MDP, or other kinds of process-predicate
types related together, are studied in Section 5.

Like before, the solution to this widest path problem enjoys a fixed point characterisation, and can be
computed as sup g% (0), in the process-predicate type (2 x Id x Homg, (—, W), W, 1), where 0 :  — 0 and 7 is
the widest path modality

T:2x W x Homg, (W, W) - W
(Ta'a')'_)l

(L, wo, d) — max (wo, lrunea‘;é(min(w, d(w)))).

Like in the previous example, Id was necessary to make nodes able to observe themselves, but we may also
choose to reformulate our problem on 2 x Homgy, (—, W) and compute the lfp of the new p — max(p, g (p)).

A useful property on this example is that the problem can be solved directly by graph analysis, in time
O(|E| + |V|log|V]). Relating the difficult problem of reachability probabilities in SG to the simple problem
of widest paths in WG is the main technique developed in [1]. Fixed-point characterisations are the main
ingredient making this possible, and generalising this method is one of the goals of the current paper.

In 3.1, we have introduced process-predicate types, a structure extending that of process types with truth
objects and modalities, allowing for predicates and weakest-precondition transformers.

We have noticed that many interesting quantities could be computed as fized points of weakest-precondition
transformers. We gave a few examples, but it is possible to go much further, e.g. by studying alternating fized
points semantics for modal p-logic (a generalisation of modal logics like LTL, CTL and CTL*) [62], [63].

So far, we have introduced half of the structure used in this paper, by adding logic to process types. However,
we have already noticed, on examples, the role of fixed point characterisations, which require additional order
structure: something is missing. In Section 3.2, we give the remaining half, by exploring how order structures
can be added to process(-predicate) types. This will give us not only a theory of fixed points, in Section 4, but
also a theory of process type approximation in Section 5.

3.2 Preorder-enrichments

Ordered structures like preorders, partial orders, complete lattices, etc. are highly used in computer science
to study iterative processes, incremental methods or (co)inductive definitions. In this section, we explain how
they can be used to study processes.

Recall that process types are simply endofunctors T : Set — Set. Balan and Kurz [64] studied how to
extend and lift such endofunctors to Preord and Poset, focusing on the case of finitary functors. We make
use of those ideas, but not of their methods, since we are interested in some non-finitary functors. Lifting and
extension of T : Set — Set to order categories appear regularly in coalgebraic studies. Extensions to Preord
are at the heart of the theory of (bi)simulation studied in [36]. Liftings to categories enriched on Poset and
Cppo appear [35] in the study of weakest-precondition semantics. Those last two examples are very similar to
what we will call shape structure and leaf structure in the rest of this paper.

We start from the tree representation of elements g(x) : TY of processes g : X — TY, and try to see which
kinds of order structures may arise.
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<2 N < S

to : T[0,1] ty : T[0, 1] te: T[0,1]

There are two natural ways of putting a preorder structure on 7Y
(i) Directly use the preorder structure of Y if it is available.
(ii) Compare elements of TY without using any sort of structure on Y.

We call the first preorder structure a leaf structure, and the second preorder structure a shape structure.

Leaf structures are described by a lifting of the endofunctor T' : Set — Set to a monotone endofunctor
T, : Preord — Preord. Monotone endofunctors are simply endofunctors enriched over Preord.

Shape structures are defined by an extension of T : Set — Set to T : Set — Preord.

In Section 4, we will study leaf structures, see how they can be used to recognise situations with fixed point
characterisations, and use them to give conditions for predicate transformers to be monotone.

In Section 5, we will study shape structures, and use them to design a generic way of comparing predicate-
process types together, with the goal of approximating complex processes by simpler ones.

3.2.1 Reminders about order theory and enriched category theory

The reader acquainted with order theory and enriched category theory may choose to skip Section 3.2.1.

Before stating the definition of leaf structures, we need to recall the definition of an enriched category over
Preord. The concept of enriched categories is a generalisation of the concept of categories, where sets of
morphisms are replaced by an object from a different category. A general introduction to enriched category
theory can be found at [65], along with precise definitions. Here, we simply unwind those definitions in the case
of Preord.

Definition 3.10 (Notions for Preord). A preorder (A, <) consists of a set A and a relation < € A x A that
is reflexive and transitive (but not necessarily total nor antisymmetric).

A monotone function f : (A, <) = (B,<) between two preorders is a function f : A — B such that
Va,a' € A, a<d = f(a) < f(d).

Preord is the category whose objects are preorders and whose arrows are monotone functions. It is known
to be complete, cocomplete, and cartesian closed. In particular, it is monoidal and symmetric.

The internal hom-object between two elements A, B : Preord is the preorder [A4, B] := (Hom(A, B), <)
defined by the pointwise order

Vf,g:Hom(A,B), f<g <= Vae A, f(a) <p f(D).

Note that <4 does not appear in this definition. Moreover notice that there was no other choice for the
order structure of Hom(A, B). It is uniquely defined (up to natural isomorphism) by the enrichment. Indeed,
internal hom-objects are defined by a product-hom adjunction, and adjoint functors are unique up to natural
isomorphism.

The product of Preord is called the product (pre)order. For (A,<4), (B,<p) : Preord, the product
(A x B,<axp) is given by Va,a’' : AVb, V' : B, (a,b) <axp (d/,V) <= a<sd ANb<pl.

We have a sequence of discrete-forgetful-trivial adjunction

DFUFT,

where U : Preord — Set is the forgetful functor U : (A,<) — A, D : A— (A, =) puts the discrete preorder,
and T : A— (A, A x A) puts the indiscrete preorder.
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We will also use the notion of up-set. In a preorder (X, <) an up-set U C X is a subset such that
Ve, e X, 2 cUNzx <2 = 2’ cU.
The following definition unwraps the general definition of enriched categories.

Definition 3.11 (Preord-category). A Preord-category A consists of a class of objects ob(A) and a Preord-
object A(A, B) for each A, B : ob(A). Moreover, we need to satisfy usual composition, associativity and unit
laws.

Furthermore, we ask for composition

My pc: AB,C) x A(A,B) — A(A,C)
to be monotone.

Remark 3.12. Since Preord is cartesian closed, it is enriched over itself, i.e. it has a structure of Preord-
category given by pointwise orders (internal hom-preorders).

Note that this proves that the composition operation in Preord is monotone. In other words, postcomposition
by a monotone function is a monotone operation, and similarly for precomposition.

Definition 3.13 (Preord-functor). A Preord-functor F' : A — B between Preord-categories is given by
functions F' : ob(A) — ob(B) and monotone maps F : A(A,B) — B(FA, FB) for all objects A, B of A,
satisfying additional, usual coherence laws (relative to composition and units).

We note Hompyreord (A, B) the class of all such functors, and Homget (A, B) the class of usual Set-functors
between the underlying categories A4y and By (forgetting about structure on homsets).

Preord-functors will also be called monotone functors.

In particular, the class Hompyeorda (Preord, Preord) of monotone endofunctors on Preord is a class of
Preord-endofunctors.

To complete Section 3.2.1, we will recall Knaster-Tarski’s theorem and its Cousot-Cousot counterpart.

Theorem 3.14 (Knaster-Tarski and Cousot-Cousot).
Let (A, <) be a complete lattice (a partial order such that every subset has (unique) infimum and supremum).
Then, for every monotone function f : (A, <) — (A, <), the set of fized points of f is itself a complete lattice.
In particular, f has least and greatest fized points, written Up(f) and gfp(f) respectively.
Moreover,

lfp(f) = inf{a € Ala > f(a)}
gfp(f) = supfa € Ala < f(a)}

and

lfp(f) = sup f*(1)
a:Ord

gp(f) = inf f(T)

where 1 = inf & is the least element of A, T = sup @ is the top element of A, and a goes over all ordinals,
where the transfinite iteration f is defined by transfinite induction: f° =id4, Yo fot' = fo f*, and for each
limit ordinal X\, f* = sup, <y [, where Hom(A, A) is equipped with the pointwise order (making it a complete
lattice).

Moreover, (f*(L))q is increasing, and (f*(T))q is decreasing.

3.2.2 Leaf and shape structure

With all this vocabulary, we are finally ready to introduce the characterisation of leaf and shape structures.

In Section 3.2.2 we will define leaf structures and shapes structures through lifting and extension of process
predicate types. After this general definition, examples of those structures will be given in elementary cases, on
functors of interest like P and D, and in cases of interest like MDP and SG.

Leaf structures are obtained by putting an order structure on each TQ2 where (2, <) is a preorder. Moreover,
we ask for € to be a lattice, and for 7 to be compatible with this structure. This is an order-enrichment of
process types that is based on the order structure of the truth object.

24



Definition 3.15 (Leaf structure). We say that a process-predicate type T = (T,Q, 7) has leaf structure when-
ever we have a 7; = (11,0, ;) such that the following hold.

e T; : Endpreord(Preord) is a lifting of T, i.e. the following diagram commutes.
Preord L> Preord
lv lv
Set — L Set

e O is a complete lattice (partial order with all sup and inf) with underlying set €.

UQ, =0

o 7;: 1) — € is monotone, and is a lifting of 7, i.e.
U 5 Q) = (TS5 Q).
The following characterisation makes it easier to check that T is a Preord-lifting of T', without going through

all assumptions of the general case of enriched category theory. This is rather easy to prove, using D + U and
the fact that U : Preord — Set is faithful.

Proposition 3.16 (Lifting from Set to Preord). An “assignment on objects” T; : Preord — Preord is a
Preord-lifting of T : Set — Set if and only if all of the following hold.

(i) T, is a functor, i.e. for all monotone functions f, T, f is monotone.

(1t is unnecessary to check Tiid = id and T)(f o g) = T, f o Tig when it is known for T.)
(ii) Ty is a lifting, i.e. TU = UT,.
(iii) For all X : Set, (B,<p) : Preord,
Ti(—) : (Hom(X, B),<p) - (Hom(TX,T;B),<7,B)
f=Tf
is monotone (where pointwise order are used). This can be checked pointwise for eacht : TX.

Leaf structures will be studied in Section 4 to give sufficient conditions for the construction of a fixed point
theory.

Before giving a few examples, we will state how we describe the second kind of order enrichment for process
types, the one that does not use at all the structure of the truth object, and uses only the branching structure.

Definition 3.17 (Shape structure). We say that a process-predicate type 7 = (T,Q,7) has shape structure
whenever we have a T, = (T, Qs, 7s) such that the following hold.

e T, :Set — Preord is an extension of T, i.e. the following diagram commutes.

Preord

2

Set — L Set

e (s is a preorder with underlying set ).
UQs =Q

o 7, : T — Qg is monotone, and is a lifting of 7 (coincides with 7 on elements), i.e.

UTN 3 Q)= (TQ5 Q).
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Shape structures will be studied in Section 5. There, we will construct a notion of comparison between ppt
with shape structure, on which approximation algorithms can be based.

Before starting this deeper study, we exhibit a few examples of process-predicate types with leaf or shape
structure, so as to know what to have in mind when reading the general theory.

Example 3.18 (Leaf structure on P — Egli-Milner preorder). Let (Q,<) be a preorder. The Egli-Milner
preorder on (2, <) is the preorder (P2, X) defined by

VA, BePQ A<B <= (Vac A, b€ B,a<bh)
ANVbe B,Ja€ A, a<hb).

In other words A < B iff there exists an increasing i : A — B and decreasing j : B — A.

Note that if € has a least element L, then for all A € P, X, {L} < A, and similarly if there is a greatest
element T. @ is never comparable to any other subset.

Write Pep : (2, <) — (PQ, <) the functor which assign to each preorder the Egli-Milner preorder on Pf2.

It can be shown (cf. Propositions 4.10 and 4.11) that Pey, is a Preord-functor that is a lifting of P, and that
we obtain leaf structures for the modalities sup and inf for all complete lattices €.

e (Pom, Q,inf) is a ppt with leaf structure.
® (Pem, §2,sup) is a ppt with leaf structure.

To see how the Egli-Milner preorder behaves on an example, let (2, <) = ([0,1], <) be the unit segment
with the usual order (which is a complete totally ordered lattice). For 0 < a < b < ¢ < d < 1, we have
[a,c] < [b,d], but [b,d] £ [a,d]. [a,b] =X [c,d], but the opposite is false. [b,¢] and [a,d] are not comparable
through <. [a,c¢) =< [a, ] < (a,c], but the opposite is false. [a,d] and [a,b] U [c,d] are equivalent through =, i.e.
[a,d] < [a,b]U]c,d] = [a,d]. This shows that < can be only a preorder even when < has very strong regularity
properties.

The notions of suprema, infima and continuity for Egli-Milner preorder are interesting, but left for further
research. This is related to conjectures mentioned in Section 7.1.

Example 3.19 (Leaf structure on D — Tailwise preorder). Consider a preorder (2, <). The tailwise preorder
of (2, <) is the preorder (D2, <) defined by

Vd,d € DO, d < d (VU CQ Uisanupset = > dy) < d’(y)).
yeU yeU

= may be seen as the pointwise order on the tail distributions « — d(1,) where 1,:= {y |z < y}, with additional
hypotheses.

Write Dy : (2, <) — (DQ, <) the functor which assign to each preorder the tailwise preorder on D).

It can be shown (cf. Corollary 4.17) that Dy is a Preord-functor that is a lifting of D, and that we obtain
leaf structures for the expectation modality on ([0, 1], <).

e (Dy,[0,1],E) is a ppt with leaf structure.

Example 3.20 (Inductive construction of leaf structures). It will be shown in Section 4 that leaf structures
can be added, multiplied, composed, etc. They can thus be put on a large family of functors.

In particular, stochastic games (modelled on 2 x 2 x PD(—)) and MDP (modelled 2 x PD(—)) enjoy a leaf
structure for the reachability modality, composed using the tailwise order on D[0, 1] and the Egli-Milner preorder
on PDI0,1].

Unwinding this definition, for ¢,¢' : PDI0, 1], we will write that ¢ < ¢’ if and only if

Vdet, 3d et', Ve el0,1],d(ts) <d(1z) and Vd' et Idet, Vo € [0,1], d(t.) < d'(T2).
For shape structures, a few simple examples will be enough for us.

Example 3.21 (Some shape structures).

e For any process-predicate type (T, €, 7) and every €2, : Preord, we may always construct a shape structure
by putting the discrete preorder on every TX.
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e For any process-predicate type (7,2, 7), if Q5 is the indiscrete preorder on €2, then every extension of T
to Preord (including the one that puts the indiscrete order everywhere) induces a shape structure.

e More interestingly, inclusion preorder induces a shape structure for (P, €, sup).
e Similarly, reverse inclusion preorder induces a shape structure for (P, €2, inf).

e Because of this, MDP := (2 x PD(—),[0,1], 8) (where f is the Bellman modality) may be equipped with
a shape structure defined by inclusion.

VX Set7 th,tg c2x PDX, t1 Cty < (7T1t1 = 7T1t2) A (7T2t1 - 7T2t2).

On MDPs g1,92 : X — 2 x PDX, this can be interpreted as g1 C ¢go if and only if there are more choices
in go than in ¢;.

e Similarly, we may define a shape structure on stochastic games (SG := (2 x 2 x PD(—), [0, 1], 8)) by using
reverse inclusion for Minimizer’s choices, and equality for Maximizer’s choices.

VX : Set, Vt1,ts € 2 x 2 x PDX,

t E to (7T1t1 = 7T1t2) A (ﬂ'gtl = ’/Tgtg) A ((7T1t1 =0 A 7T3t1 = 7T3t2) vV (7T1t1 = O A 7T3t1 :_) 7T3t2)).

On stochastic games g1,92 : X — 2 x 2 x PDX, this is interpreted by saying that g; T g¢o if and only if
Maximizer has the same choices in both games and Minimizer has fewer choices in go than in g;.

In Sections 5 and 6, those shape structures on MDPs and SGs will allow us to connect the computations
of reachability probabilities P()1) in those two types of processes. We will then work toward a similar goal
to create a connection between shapes structure of finite and infinite branching (P and Pf). Relating MDPs
with WGs is discussed in Section 6.4.2, but left for further research. Finding additional examples is also left to
further research, and could lead to new model checking algorithms based on surrogate models.

4 Fixed-point computations — leaf structure

We are now going to explain how the existence of a leaf structure on a process-predicate type, introduced in
the last section, can be used as a sufficient condition to construct fixed points of the predicate transformer.
The role of this structure, defined by a lifting of 7' : Set — Set to a monotone 7; : Preord — Preord and a
monotone modality, is to package all assumptions making Theorem 4.1 be true.

Thanks to that, for applications, it will be easy to construct process-predicate types on which the predicate
transformer ¢* has fized points, computable by transfinite induction: it is enough to build process types and
modalities out of the examples of Theorem 4.5. The hardest part of the theory of leaf structures will actually
be to prove that those canonical examples fit all assumptions to enjoy a leaf structure.

In Example 4.4, we will emphasise that transfinite induction is really needed, since an arbitrary number of
limit cases may be necessary. Those speeds are measured using convergence times, defined in 4.3.

4.1 Leaf structures induce monotone predicate transformers

Theorem 4.1 (Monotone predicate transformers). Let T = (T,9Q,7) be a process-predicate type. If T admits
a leaf structure, then for all processes g : X — TY, the predicate transformer gt is monotone.
Thus, by the Knaster-Tarski theorem, if g : X — TX is a coalgebra, fized points of g% form a complete lattice.
In particular, gt then admits a least fixed point and a greatest fized point which can be computed by transfinite
induction.

V(g) :==1lip(g7) = sup g7 (L) and gip(gy) = inf g2(T)
a:0Ord a:Ord

More precisely, those lfp and gfp are computed in the lattice (Hom (X, ), <q,) with the pointwise order
induced by the leaf structure.
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Proof. Suppose that T = (T,Q, 7) is a process-predicate type with leaf structure 7; = (T3, Q, 7).

Let g: X — TY be a process. Recall that g% := (p: Q¥) = (t0Tpog: Q¥X).

Notice that for the pointwise (pre)order, precomposition by arbitrary functions and postcomposition by
monotone functions preserves monotonicity.

Since by hypothesis both T'(—) : Hom(Y, ;) — Hom(7TY, T;€;) and 7; : T;€; — €; are monotone, we deduce
that ¢ : Hom(X, Q;) — Hom(Y, ;) is monotone. O

The following properties will be used in many proofs about least fixed points of weakest-precondition trans-
formers. Of course, the same holds for greatest fixed points.

Proposition 4.2 (Functoriality and monotonicity of value). Let T = (T,Q,7) be a process-predicate type with
leaf structure T;.

o Then,

V : Coalg(T) — Set /2
g — supg?(L)

@

X ——Y X — 72 .y
lc l — \ /

To V(d)
TX —— TY

is a well-defined Set-functor.

In other words, for any two ¢,d : Coalg(T), whenever the diagram on the left commutes, the diagram on
the right commutes as well, and V(d) can be known from V(c).

X —* 5y X — % vy
lc ld \\\\N Z////

T @
TX —*5 TY

e Moreover, if ¢t < d (pointwise, for the order of Hom(X, <)), then V(c) < V(d) (pointwise, for the order
QfQU-

Proof. We will check each hypothesis making V' : Coalg(T) — Set/ a Set-functor, and then prove that it is
monotone in the sense of the theorem.
e The main thing to do is to prove that V' is actually well-defined on Coalg(T")-arrows.
Let ¢ : X — Y be a (Set)-function.
First, notice that for any f:Y — Q, ¢(f o) = d=(f) o o.
Indeed,
¢(fog)=roTfoTpoc=ToTfodop=di(f)og.

Then, define two chains of functions f, : ¥ — Q, go : X — €, indexed by ordinals «, by fo = L,
far1 = d2(fa), fx = supacp fa, and always setting go = fa 0 .
By definition,
sup fo = V(d)

Notice that go = Liom(x,0,)- Indeed, for all z € X, go(z) = fo(e(z)) = La,.
Moreover, for each «,

Jat1 = d7(fa) oo = cz(fa 0 ) = c7(a)-
Additionally, for limit ordinals A,

gx = frop = (sup fo) o p = sup(fo 0 @) = sup ga,
a<< a< a<
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where precomposition by ¢ is continuous (commutes with sup) by definition of the pointwise order.
Thus, sup g, = V(c). Therefore,

V(e) = sup(fa 0 @) = sup(fa) 0 o = V(d) o,
where we once again used the continuity of precomposition.

o Now that we have proven that V is well-defined both on Coalg(T)-objects and Coalg(T)-arrows, it is
straightforward to prove that it preserves identities and compositions.

Indeed, for each g : X — TX,

x dx X

X — 4 Lx
V(idCOalg(T)) -V SEt/Q
9 - lg \ / V(g) ‘

TX TldX

Moreover, given two arrows f — g and g — h in Coalg(T) described by ¢ : X - Y and ¢ : Y — Z|

y ¥ .z X2,y x v,z
A R
Ty s 1z rx e 7y rx TR gy

X ¥ .z

N

y — Y 7 X —F .y

Vm /h) V% %g

YLZ X % .y
SR
Ty 2, 17 X 22,y

o Finally, we will now prove our monotonicity result. Suppose that ¢& < d¥.

Set Pu,ga two chains of functions so that V(c) = supps, V(d) = supg, like in 4.1. By transfinite
induction, p, < ¢, for each ordinal a.

Indeed, pg = L = qo.
If po < Gay then pay1 = (¢5)(Pa) < (€5)(qa) < (d5)(4a) = Gat1-
Finally, if A is a limit ordinal and if we have p, < ¢, for each a < A, then

DX = SUP Po < SUP Go = GA
a< a<

by the properties of sup.
In conclusion, V(¢) = supp, < sup g, = V(d).
O

Definition 4.3 (Convergence time). Let (€2, <) be a complete lattice, and let (x4 )q.0ra be a (monotone) chain
of elements of (2.
We define the convergence time of (z4)q as

min{a : Ord | 2441 = 24}
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As was explained in the introduction, convergence time to lfp and gfp may be arbitrarily long, and involve
arbitrarily many limit cases.

Example 4.4 (Late convergence). Let oo > 0 be an ordinal.
Consider the case of the ppt (2 x P(—),Bool, 7) where 7(T,:) = T and 7(L,¢) = inf ¢, which can be seen as
a game where only Minimizer is playing, trying to avoid goal states.
We can construct a process g where the convergence time (¢g2)(L), which converges to V(g), is exactly a.
Let X = [0, @) be the set of ordinals strictly smaller than a. Define the coalgebra

g: X —-2xPX
0~ (T,{0})
B (L,]0,8)) otherwise.

Here, V(g) = T. (constant everywhere).
Moreover, for each 8 < a, (¢2)(L) = 1j0,8)-

The case a = w + 2, with convergence in w + 2 steps.

Notice that in the example above, after w steps, the row below is full of T, but all other nodes are still at
1. We may interpret this example by saying that Minimizer is trying to avoid the goal state. After n < w
iterations, i.e. at g7'(L), she knows the consequences of her actions only up to n time steps, and so still believes
that if she starts at w, she can transition to states m with n < m < w (m much greater than n) and avoid a
disaster . It takes an induction (a transfinite iteration to the limit case w for g¥ (L)) to realise that the whole
first row if off-limit. The consequences of this fact for w and w + 1 are only discovered at step w + 1 and w + 2:
two more successor cases after a limit case.

Recall that for applications, we are interested in techniques like value iteration (VI). We want to compute an
increasingly better approximation of a value V' (g) through a sequence of lower bounds (¢7(L))nen. However,
we just saw that the number of steps required for convergence could actually be transfinite, and that limit cases
(inductions) must be performed by the implementation.

Transfinite value iteration has been studied before, e.g. for MDPs in [66], [67], but it is unclear how to use it
directly in implementations.

To avoid this difficulty, we may prove by hand that predicate transformers are also continuous, or introduce
additional continuity hypotheses to our leaf structures. This is left for further research.

4.2 A family of examples

The rest of this section is dedicated to the proof of the following theorem, providing a large class of examples
of ppt with leaf structure.

Theorem 4.5. The family Fi, defined inductively, is a family of process-predicate with leaf structure.
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Q:CLat, A:Set, 7: DA — Q Q: CLat, A: Set, 7 : Hom(A4,Q) —
(Constant ppt)

Q
(Reader ppt)

(Aa,Q,7): Fy (Hom(A, —),Q,7) : Fy
Q : CLat (M ) Q) : CLat (Mi ) (Rand )
PonSsup) 7 ar game Pominl) - in game Do 01LE) 7 andom process

(W, +) : Monoid, (W, <) : CLat, 7 : (Homg,(W,W), <y) = (W, <;)
(Homﬁn(fa W)a VVaT) : fl

(Generalised random process)

Ta = (TavgavTa) 2 FL, Ty = (Tb»Qb’Tb) :F To = (Ta»QyTa) P, Te = (TbaQaTb) :F1
(Product) (Coproduct)
Ta X Tp i= (T X Ty, Qo X Dy, T X 1) 2 F1 Ta+To = (To+Tp, U1 +7) : Fi
To = (TaanTa) cFL Ty = (Tb;Qva) :
7710777 = (TaoTbaQ;TaoTaTb) :fl

T=T,Q71): F1,7:TQ — Q

Fi (c tion)
omposition
p (T,90.,7): Fi

(Modality replacement)

Note that the following definitions and conventions are used.

e CLat is the category of complete lattices.
The truth object Q of a ppt with leaf structure will thus always be a complete lattice.

o Modalities used in the hypotheses, which are written 7 : A — B, with A, B two preorders, are always
supposed monotone (1 : A — B is a Preord-arrow).

e Constant ppt. For any A : Set, Ay is the constant functor to the discrete order on A.

A4 : Preord — Preord
X — DA
(f: X —=>Y)—ida

(Ax,Q,7T) is a ppt with leaf structure for any application 7: DA — Q.

In particular, we may choose to use the terminal complete lattice Q@ = {x} and get the ppt with leaf
structure (A4, 1,1).

e Reader ppt. For any A : Set, Hom(A, —) is the functor

Hom(A, —) : Preord — Preord
X — Hom(4, X)
(fX=>Y)—»((9g:A—=X)—(fog:A—=Y))

where the pointwise preorder is put on Hom(A, X). (Hom(A, —),Q,7) is a ppt with leaf structure for any
monotone T : Hom(A, Q) — Q. Ezamples include function application 6, : (f : A — Q) — (f(a) : Q).

e Covariant powerset functor with Egli-Milner preorder. Cf. Example 3.18.
e Distribution functor with tailwise preorder. Cf. Example 3.19.

e Hompg, (—, W) with tailwise preorder. Cf. Definition 2.10. (W,+) is a monoid such that (W,<y) is a
complete lattice, where we define

Ve,ye W,a <,y < JzeW, z+2z=y.
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Note that this “monoid preorder” coincides with the usual order in the cases of ([0,1], max) and (Ry,+).
For d,d : Homg, (X, W), d 2y d <= YU C X up-set, d(U) < d'(U).

(Homg, (—, W), W, T) is then a ppt with leaf structure when 7 : Homg, (W, W) — W is monotone for the

leaf structure. Examples include expectation E for W = (Ry,+) and W = (N, +).

e Product. The product of two ppt with leaf structure T, = (Ta, Qay7a), To = (Th, Q, 7), where the lattices
Q. and Q, may be different, is defined using the product order (cf. Definition 3.10), as

(Ta X Tb,Qa X Qb,Ta X Tb).

e Coproduct. Similarly, if T, and Ty share the same complete lattice 2, we may define their coproduct

7;""7;): (Ta+Tb;QzTa+Tb)~

e Composition. Similarly, if T, and T, share the same complete lattice ), we can define the composition

7:1 o 77) = (Ta o Tb7977—a o TaTb)~

e Constant modality. If T = (T;,, 7) : Fi, we may replace T by any increasing modality. Trivial examples
include constant modalities &, : (t : T;Y) — u, where u € Q is a constant. We write this (T}, 8y).

This theorem will be proven in the rest of the section.

Remark 4.6 (Interpretation of Theorem 4.5). We may interpret Theorem 4.5 by saying that “anything con-
structed on” modalities sup, inf and [E, using Egli-Milner preorder and tailwise preorder, induces a leaf structure.

Thus, for any process type T constructed (in a polynomial way) on P and D, and for any modality 7
constructed on sup, inf and E, for all g : X — TX, g* has fixed points reachable by (transfinite) value iteration.

Example 4.7. Stochastic games modelled on {{J, O} x {L, T} x PD(—) can be given a leaf structure by the
following construction.

({D’ O} X {J—a T} X ,Pcthl(*)a [Oa 1]75)

+
////\
{3, 0} X PewmDu(-),[0,1], 5) ({0, 0} x PemDu(-), [0,1], 1)
!
(Pem Dy, [0, m 1],inf o PE)
| |

/\ A

(Pem, [0,1],8up) (D1, [0,1],E)  (Pem, [0,1],inf) (Dy, [0,1],E)

Notice that we obtain the Bellman modality.
This proves that the reachability probabilities P(01) in SG can be computed by value iteration of g5, even
for infinite state spaces, i.e.

Ppy(01) = sup gg(L).
a:Ord
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4.3 Proof of Theorem 4.5

We will now prove all ingredients of Theorem 4.5.
We start by a trivial case to remember what there is to prove. It may be a bit wordy: we will allow ourselves
to skip some details in the next cases.

Proposition 4.8 (The discrete constant ppt has leaf structure).
Let A be a set, 0 be a complete lattice, and 7 : A — Q be an application.
Then, (Aa,Q,7) is a ppt with leaf structure.

Proof. We will use Definition 3.15 and Proposition 3.16.
First, we check that A4, the constant functor to DA, is a Preord-functor.

e Indeed, A4 : Preord — Preord is a lifting of the constant functor A4 : Set — Set.

e Moreover, if f : X — Y is a monotone function between preorders, A4 f = idpa is monotone (for all
a,be A, if a <b,idga <idab).

e Finally, let X be a set, (B, <p) be a preorder, and let f,g: X — B be two functions such that f <p g
pointwise. Let t € A4 X.
We want to prove that (Aaf)(t) < (Aag)(t). This is obvious, since Ay f = Ayg =ida.
There is one more point to prove: 7 : A Q — € must be monotone. This is obvious as well, since A4£)

is discrete, so whenever x,y € A4 are such that x < y, we have x = y, and thus 7z = 7y. In particular
T < TY. O

Proposition 4.9 (The reader ppt has leaf structure).
Let A be a set, Q be a complete lattice, and 7 : Hom(A, Q) — Q be a monotone application.
Then, (Hom(A, —),Q,7) is a ppt with leaf structure.

Proof. T is monotone by assumption, so we only have to prove that Hom(A, —) (with the pointwise order) is a
Preord-functor.

e Hom(A, —) : Preord — Preord is a lifting of the constant functor Hom(A4, —) : Set — Set.

e Let f: X — Y be a monotone function between preorders. Let g, h : A — X be such that g < h pointwise.
Then, for all a € A, f(g(a)) < f(h(a)), thus Hom(A4, f)(g) < Hom(A, f)(h).

e Let f,g: X — Y be two monotone functions between preorders such that f < g pointwise. Let h : A — X
be a function. For all a € A, we have f(h(a)) < g(h(a)), thus Hom(A, f) < Hom(A4, g).

O

For the cases (Pem, 2, sup) and (Pem, €2, inf), we will start by checking that Pey, is indeed a Preord-lifting
of P, and then check that sup and inf are indeed monotone for the Egli-Milner preorder.

Proposition 4.10 (Egli-Milner lifting of P). The covariant powerset functor with Eqli-Milner preorder Pep, :
Preord — Preord is a Preord-lifting of P : Set — Set.

Proof. e It is clear that UPem = PU.

e Let f: X — Y be a monotone function between preorders. Let A, B : PX be to subsets of X such that
A < B (for the Egli-Milner preorder). We have an increasing ¢ : A — B and a decreasing j : B — A. If
A = @ = B there is nothing to prove, so we suppose A # & # B.

Let z € f(A), and let a € f~1(x) N A. Then, z = f(a) < f(i(a)) € f(B).
Let y € f(B), and let b € f~1(y) N B. Then f(A) > f(4(b)) < f(b) = y.
Thus, f(A) < f(B).
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e Let X be a set, (B,<p) be a preorder, and f,g: X — (B, <p) be functions such that f <p g pointwise.
We want to prove that Pf < Pg. Let A € PX. If A = & there is nothing to prove, so we suppose A # &.

Let z € f(A), and let a € f~1(z) N A. Then, x = f(a) <p g(a) € g(A).
Let y € g(A), and let a € g~ (y) N A. Then, f(A) > f(a) <p g(a) = y.
Thus, f(A) < g(A).
O

Proposition 4.11 (inf and sup are monotone for the Egli-Milner preorder). Let Q be a complete lattice.
inf : Pern Q2 — Q and sup : Pem Q2 = Q are monotone.

Proof. e sup. Let A, B € PQ be such that A < B for the Egli-Milner preorder.
If A=2 = B, sup A =sup B = 1 and there is nothing to prove.

Otherwise, let i : A — B be increasing. We have

sup a < supi(a) < supb.
a€A acA beB
e inf. Let A, B € P2 be such that A < B for the Egli-Milner preorder.
If A=2 =B, inf A=inf B =T and there is nothing to prove.
Otherwise, let j : B — A be decreasing. We have

inf a < inf j(b) < inf b.
a€A beB beB

Corollary 4.12. (Pem, Q,sup) and (Pem, 2, inf) are ppt with leaf structure.

We will now prove that Homg, (—, W) is indeed a Preord-functor for the tailwise order, and that expectation
E : Homg, (W, W) — W is monotone for some particular .
From this, we deduce the corresponding results for Dy and E : D[0, 1] — [0, 1].

Proposition 4.13 (Homg,(—, W) is a Preord-functor). Let (W,+) be a monoid. Consider the “monoid
preorder” (W, <) defined by
Ve,ye W,z <y <= JzeW,z+z2=y.

Then, Homg, (—, W) is a Preord-functor for the tailwise preorder based on the monoid preorder.

Proof. o It is easy to check that Homg,(—, W) : Set — Set is indeed a functor. This implies that the
version defined from Preord to Preord will then satisfy basic identity and composition axioms as well.

e Let f: X =Y be a monotone function between preorders. Let d,d’ : Homg, (X, W) be such that d < d’
for the tailwise order, i.e. YU C X up-set, d(U) < d'(U).

Let V C Y be an up-set. We have
Homﬁn(fa W) (d) (Y) = Z d(.’t) S Z d,(x) = Homﬁn(f7 W) (d/)(V),
zef-1(V) zef-1(V)

where the middle inequality comes from the fact that f~1(V) is an up-set, by monotonicity of f. Indeed,
if ,2’ € X are such that x < 2’ and f(x) € V, f(z) < f(z'), thus f(z') € V.

Thus, Homg, (f, W) is monotone.

o Let X be a set, (B,<pg) be a preorder, and f,g: X — B be two functions such that f <p g pointwise.
Let d € Homg, (X, W) and U C B be an up-set. We have

Homgu(f,W)(@d)(U) = Y dl@)< Y d(z)=Homgau(g, W)(@)(V),

zef-1(U) zeg—1(U)
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where the middle inequality comes from the fact that f=1(U) C ¢~ 1(U) by f < g. Indeed, let z € f~1(U).
We have f(z) <p g(x), thus g(x) € U, i.e. x € g~ 1(U).

Thus, Homg, (—, W) is monotone on functions.
O

In both of the following propositions, No, = NU {400} and R, = R, U {+00} are equipped with the usual
sum and the usual product. We use the convention 0 x co = 0.

Lemma 4.14 (Tail integration). o Let W = (N, +). The monoid order is the usual order (Noo, <).
For all d : Homg, (W, W), we have
E(d) =) d((n,+00]).

neN

o Let W = (R4, +). The monoid order is the usual order (R <).
For all d : Homg, (W, W), we have

E(d) = / d((z,+o0]) de.
z€[0,4+00)
Proposition 4.15. o
E : Homg, (W, W) — W is monotone for the tailwise order when W = (Noo, +) or W = (R, +).
Proof. Let d,d’ : Homg, (W, W). In the case W = (N, +), we have

E(d) = Y d((n,+5]) < 3 d'((n, +oc]) = E(d),

neN neN

and in the case W = (R4, +) we have

E(d) = /av€[0,+oo) d((z, +o0]) dx < /ze[o,+oo) d'((x,+00]) dz = E(d').

The positivity of d and d’ is used to make sure that the sums and integrals are well-defined, and the fact that
(n, +00], (x,400] are up-sets provides local inequalities. O

Corollary 4.16. -
(Homgp(—, N ), Noo, E) and (Homg,(—,Ry), Ry, E) are ppt with leaf structure for the tailwise order.

Corollary 4.17.
e D : Preord — Preord is a Preord-functor.

e Ford:DI[0,1],

e E:D[0,1] — [0,1] is monotone for the tailwise order.
e (Dy,[0,1],E) is a ppt with leaf structure.
Proof.
e Same proof as Proposition 4.13, checking hypotheses for only some of the d : Homg, (W, W).
e Special case of Lemma 4.14.
e Special case of Proposition 4.15, using only some of the d : Homg, (W, W).

e Combine the preceding points.
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We now proceed by showing that ppt with leaf structure can be multiplied, summed and composed.

Proposition 4.18 (Product of ppt with leaf structure). Let T, = (Ty, Qa,7a) and Ty = (Tp, U, ) be two ppt
with leaf structure, where the lattices Q0 and Uy may be different.
Then, (T, X Tp,Qq X Qp, 7o X 73) is a ppt with leaf structure.

Proof. e The product of two Set-functors is again a Set-functor.
Moreover, if f : X — Y is a monotone function between preorders, and (tq,1tp), (t,,t,) € ToX x TpX
are such that (tq,ty) <(r,x7,)x (t,,1,), then to <7, x t, and t, <7, x t;, thus f(t,) <7,y f(t;) and
f(ts) Sy f(t), thus f((ta, ) <(r.xm)y f((t5,4))-
Finally, for any X,Y : Preord, (7, x T)(—) : Hom(X,Y) — Hom((T, x T})X, (T, x T3)Y’) is monotone
as the product of the two monotone functions T, (—) and T,(—).

The product of two elements of Hompyeord (Preord, Preord) is thus still in Hompyeord (Preord, Preord).

e The product of the two complete lattices 2, x 2 is a complete lattice, where sup and inf are computed
element-wise.

o T, X Ty : T,Q0 X Tpy = Qg X Qp is monotone as the product of two monotone applications.
O

Proposition 4.19 (Coproduct of ppt with leaf structure). Let T, = (T, 2, 7a) and Ty, = (Tp, Q, 1) be two ppt
with leaf structure sharing the same complete lattice.

Then, (T, + Tp, Q, 74 + ) is a ppt with leaf structure.
Proof. e The coproduct of two Set-functors is again a Set-functor.

Moreover, if f : X — Y is a monotone function between preorders, and ¢,t' € T, X + T, X are such
that ¢ < ¢/, then t,t’ € T,X or t,t' € T,X. Without loss of generality, we assume ¢, € T, X, thus

(T + To)())(#) = (Ta )(#) < (Tuf)(t) = (Ta + Tp)())(F).
Finally, for any X,Y : Preord, (7, + T3)(—) : Hom(X,Y) — Hom((T,, + T3) X, (T, + T3)Y") is monotone
as the coproduct of the two monotone functions T, (—) and Tp(—).

The coproduct of two elements of Hompyeord (Preord, Preord) is thus still in Hompyeord (Preord, Preord).
o Ta+ 7 : T+ TpQ) — Q, defined by case, is monotone since for each ¢, € T, + TpQ, ¢ <t/ if and only

if we have both t,¢' € T,Q and t,¢ € T,). We can thus rely on the monotonicity of 7, and 7.
O

Proposition 4.20 (Composition of ppt with leaf structure). Let T, = (T,,Q,74) and T, = (Tp, 2, 7) be two
ppt with leaf structure sharing the same truth object.

Then, (T, o Ty, Q2,74 0 TuTp) is a ppt with leaf structure.
Proof. e The composition of two Set-functors is again a Set-functor.

Moreover, if f: X — Y is a monotone function between preorders, Ty, f is monotone, thus (7,73)(f) =
T,(Tyf) is monotone.

Finally, for any X,Y : Preord, (7, o Ty)(—) : Hom(X,Y) — Hom((T, + T3) X, (T, + T)Y) is monotone
as the composition of the two monotone functions T;,(—) and Tp(—).

The composition of two elements of Hompyeord (Preord, Preord) is thus still in Hompyeord (Preord, Preord).

e Notice that 7, o T,m, : ToTp2 — Q typechecks. Moreover, it is monotone as the composition of two

monotone functions.
O

Proposition 4.21. If T = (T,Q,7) is a ppt with leaf structure, for any monotone 7 : TQ — Q, (T,Q,7) is a
ppt with leaf structure.

Proof. Trivial. O

We have finally proven all points of Theorem 4.5.
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5 Approximation of process-predicate types — shape structure

This section is devoted to the study of shape structures on process-predicate types and of connections between
different ppt with shape structures.

While the role of leaf structure was to provide fixed points of predicate transformers for a single process, shape
structures and connections enable the comparison of several processes on the same type or on different types.

We will outline main definitions, results about shape structures and connections, and illustrate them in the case
of stochastic games (SG) and Markov decision processes (MDP). Several additional examples and applications
are provided in Section 6.

Recall that shape structures on ppts have been described in Definition 3.17 as tuples (Ts, s, 7s), where
Ts : Set — Preord is a Preord-extension of a process type T : Set — Set, and where 75 : TsQ — Qg is
monotone.

In Section 5.1, we use shape structures to compare processes on the same type. This models simple phenomena
like the fact that in a SG, if Minimizer loses power, then reachability probabilities of the goal increase.

In Section 5.2, we then introduce the notion of connection between process-predicate types with shape struc-
ture (Definition 5.7). An example of such connection is the “Minimizer restriction” relationship between SG
and MDP. Other examples are given in Section 6.

This makes it possible to approximate solutions of problems expressed as a ppt by solutions of problems
expressed on another ppt. This is stated in Corollary 5.15 as a comparison result between processes on different
types. As explained in Remark 5.16, this improves value iteration algorithms (VI) provided by leaf structure
(cf. Section 4), by adding upper bounds to lfp and lower bounds to gfp.

To go from VI to bounded value iteration (BVI), we need to go a bit further. Section 5.3 states assumptions
that turn a connection into a tight connection (Definition 5.17). When those assumptions are met, we obtain
Theorem 5.22; a strong approximation theorem making BVTI possible by connecting two ppt together.

Theorem 5.22 states that when we have a connection 7; <74 between ppt with both shape and leaf structures,
if T+ is a tight upper approximation of 7, then lfp in 7| can be described as both suprema (using leaf structure)
and infima (of lfp in 73, using the connection).

For example, in Example 5.23, we obtain a form of BVI for SG using the connection SG < M DP, which
meets our tightness assumptions in the case of finite branching. The importance of convergence speed for BVI
is explained in Remark 5.24 and Proposition 5.25. This limits the applicability of this example, and more
powerful applications are described in Section 6.

5.1 Shape-monotonicity of predicate transformers

We start by the following simple result, showing how shape structure and leaf structure interact.

Proposition 5.1 (Shape-monotonicity of predicate transformers). Let 2 be a complete lattice, Qg = U the
underlying set of Q and T = (T,Q0,7) be a ppt with shape structure Ty = (Ts,Q, 7). Recall that this means
that T : Set — Preord is an extension of T and that 75 : (TsQ0,C) — (Q, <) is monotone.

Then, for any two processes g,g9' : X = TY , if g C g’ (for the shape preorder), we have

97 < 97

In particular, by Proposition 4.2, if T also has leaf structure T, = (T},Q,7), and if g,¢’ are coalgebras, we
thus have the following inequalities of value functions.

Vig) <V(g)

The same holds for greatest fixed points.
gfp(g) < gfp(g)

Proof. Look at the following diagram.
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TY id » TY
T, fl lTsf
T, Qo id > T Qo
0

Since g C ¢/, we have an inequality C on the top triangle.

Since T f is monotone (by functoriality), this lifts to a relation C with the top triangle and center square.

Since 75 is monotone for T, post-composition by 7 is increasing, and we thus have an inequality < on the
whole diagram. O

Remark 5.2. Notice that there is only one compatibility condition between the shape structure 7, and the
leaf structure 7;: there are defined on the same order (2.

Both 74 : TsQ — Q and 7; : T;2 —  are monotone.

All comparison are made on predicate transformers X — €, so the order structure of the shared {2 can be
used, and we can rely on the second point of proposition 4.2 which states that if g* < g/* (pointwise for the
order of Hom(X,?)), then V(g) < V(g’) (pointwise for the order of §2).

This proposition models simple properties on the branching structure of our processes, such as the fact that
when Minimizer loses choices in a SG, reachability probabilities of the goal increase, or similarly that they
increase when the player of a MDP obtains new choices.

MDP and SG will serve as illustration to most properties in this example. Thus, before going further, we
recall Example 3.21, and describe precisely the shape structures we put on MDPs and SGs,

Example 5.3 (A shape structure for MDPs: choice inclusion). Let M DP be the process-predicate type defined
by (2 x PD(—),[0,1], B), where 3 is the Bellman modality (3(T,—) =1, B(L,t) = supye, E(d)).

This ppt models the problem of goal reachability in Markov decision processes, and can be given a leaf
structure similarly as in Example 4.7, using Egli-Milner preorder and tailwise preorder.

Egli-Milner preorder is chosen, like it was in Section 4, so as to make sup and inf be monotone.

We define a shape structure for MDPs in the following way.

First, for all sets X, define the preorder (2 x PDX,C) by

th,tQ €2 X PDX, t1 Cty <— (7T1t1 = 7T1t2) AN (7T2t1 - ’/TQtQ).
This defines a Preord-extension Ts of 2 x PD(—):

T, : Set — Preord
X~ (2xPDX,0)
(f: X =>Y)—2xPDf.

Indeed, it is easy to check that if f: X — Y, Ty f =2 x PDf is monotone for C.

Let ti1,12 be in TSX, such that t; C to, i.e. mty = mito and {d : DX ‘ de 7T2t1} - {d : DX|d S 7T2t2}. We
then have (Tsf)(t1) = (mit1,{D(f)d : DY |d € mat1}) and (Tsf)(t2) = (mite, {D(f)d : DY |d € mata}), where
{D(f)d: DY |d € mat1} C{D(f)d: DY |d € mata}, thus (Tsf)(t1) E (Tsf)(t2).

Qs = (]0,1], <) is a complete lattice.

Furthermore, the Bellman modality 5, : (2 x PDJ0,1],C) — ([0, 1], <) is monotone. Indeed, there is nothing
to check for the case of goal states T. In the other case, we use the fact that for any two sets A C B C [0, 1],
sup A < sup B.

Thus, the “choice inclusion” preorder C induces a ppt with shape structure (T, Qs, Bs). O

We define a slightly different kind of shape structure for SGs, using only reverse inclusion on Minimizer’s
choices, and equality on Maximizer’s choices. This will be useful in Section 5.3 to connect SGs with MDPs.
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Example 5.4 (A shape structure for SGs: Minimizer restriction). Let SG be the process-predicate type
defined by (2 x2xPD(—),[0,1], 8), where 3 is the Bellman modality (5(T,—,—) =1, (0, L,t) = supg, E(d),
ﬁ(O’ 1, t) = infget E(d))

This ppt models the problem of goal reachability in stochastic games, and is given a leaf structure in Example
4.7, using Egli-Milner preorder and tailwise preorder.

We define a shape structure for SGs in the following way.

First, for all sets X, define the preorder (2 x 2 x PDX,C) by

th,tQ €2x2x PDX,
t1 C ity <— (7T1t1 = 7T11f2) VAN (7T2t1 = 7T2t2) A ((7T1t1 =0 A w3ty = 7T3t2) V (7T1t1 =0 A w3ty 2 7T3t2)).
This defines a Preord-extension T of 2 x 2 x PD(—):

T, : Set — Preord
X — (2xPDX,0)
(f: X —=Y)—2xPDf.

Like before, it is easy to check that if f: X — Y, Ty f = 2 x PDf is monotone for C. Q, = ([0, 1], <) is still a
complete lattice, and the Bellman modality §s : (2 x 2 x PD[0,1],E) — ([0, 1], <) is still monotone, where we
use the fact that for any two sets [0,1] D A D B, inf A < inf B.

Thus, the “Minimizer restriction” preorder C induces a ppt with shape structure (T, s, 8s). O

Now that we have shape structures in mind for MDPs and SGs, we can illustrate the simple Proposition 5.1
on shape-monotonicity of predicate transformers.

Notice that we don’t prove anything new or especially interesting: it is Proposition 5.1 that is a generalisation
of those results.

Example 5.5 (Shape-monotonicity for choice inclusion in MDPs). Let T = (2 x PD(-), [0, 1],8) be the ppt
of MDPs (for goal reachability), and 7, be its shape structure defined by choice inclusion like in 5.3.

Let g,¢' : X — 2 x PDX be two MDPs such that g C ¢'.

This means that for every state x € X, mg) = m1¢'(x) and mag(x) C mag' (), i.e. goal states are the same
in both MDPs and the player has more choices in ¢’ than in g.

Proposition 5.1 show that this implies the relation gg < glg* on predicate transformers. This can be written
as By < By, where By, is the Bellman operator on the MDP h. More precisely, for every predicate p : X — [0, 1]
and every z € X which isn’t a goal state,

sup > p(y)dy) < sup > p(y)d(y).
demag(x) yeX demag’ (x) yex

In particular, since 7 can be given a leaf structure, with V(g)(z) = P4(01)(z), we have that for all z € X,
Py(01)(z) < Py (01)(2).

Example 5.6 (Shape-monotonicity for Minimizer restriction in SGs). Let T = (2 x 2 x PD(—), [0, 1], B) be the
ppt of SGs (for goal reachability), and 75 be its shape structure defined by Minimizer restriction like in 5.4.

Let g,¢' : X — 2 x PDX be two MDPs such that g C ¢'.

This means that g and ¢’ share the same goal states, and that states in g and g’ are assigned to the same player.
Moreover, for any « € X, if myg(z) = O then m5g(z) = w39’ (x), and if mg(x) = O then m3g(z) 2 m3¢'(x). In
other words, Maximizer has the same choices in g and ¢’, and Minimizer has fewer choices in ¢’ than in g.

Proposition 5.1 shows that this implies the relation gj < ggk on predicate transformers. This can be written
as By < By, where By, is the Bellman operator on the SG h. More precisely, for every predicate p : X — [0, 1]
and every x € X which isn’t a goal state,

sup z p(y)d(y) < sup Z p(y)d(y) if  belongs to Maximizer
desg(@) demsg' (=)

inf d(y) < inf d if z belongs to Minimizer.
it y;{p(y) W<, jof yGZXp(y) (v) g
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(We actually have an equality in the case of Maximizer’s states).
In particular, since 7 can be given a leaf structure, with V(g)(x) = P4(01)(z), we have that for all z € X,

Py (01)(2) < Py (01)(2).

5.2 Connections between ppt with shape structure

We now introduce a notion of connection between ppt with shape structures. This allows us to relate ppt (with
shape structure) together, and to compare processes on different ppt, paving the way for surrogate models and
bounded value iteration.

Note that since our shape structures are very much related to the “orders on functors” described in [36], an
interesting direction of research would be to construct connections between the many examples described in
second section of [36].

Definition 5.7 (Connections and approximations). Let 7) = (T},Q,7,), T+ = (T}, Q, ™) be process-predicate
types with shape structure on the same truth object.

We say that 7, and 77 are connected whenever there exists a ppt with shape structure 7. = (T}, Q, 7..) such
that the following holds.

We write Qg :=UQ, T o :=UT), Ty := Uy, T} := UT} the underlying set and process types.

e The Set endofunctor T o is a cospan of T\ o and T4 g, i.e. there is a diagram with two natural transfor-
mations ay, o of the following shape.

Ty o =5 T\ o <= Tho.

e We have 7y < 7, o) and 7, o oy < 71 for the pointwise order on €.

T\ Qo —22% T,00 <22 700
< 1<
R < /
Q

In that case we say that 7. is the connector between 7, and Ty, that 7, and Ty are connected through T,
that 7} is a lower approximation of Ty, and that T4 is an upper approzimation of Tj.
When this holds, we write
Ty <. T,

or simply 7, <73 to signify that such a connection exists.

Remark 5.8. We could make a more general definition by using a zigzag instead of a cospan, but the cospan
definition covers our examples.

Several examples of connections are given in Section 6.2.
A simple way of constructing such a connection is to simply have a natural transformation between process
types. More sophisticated connectors simply serve as a generalisation of the following situation.

Proposition 5.9 (Connections through natural transformations). Let 7y = (T,Q, 7)), T3 = (T},Q, 1) be
process-predicate types with shape structure on the same truth object.
Suppose that there exists a natural transformation o : UT| = UT} such that ) < 74 0 aq,. Then,

Ty < Ty
Similarly, if there exists o : UTy = UT) such that 7, o aq, < Ty, then
T T
Proof. For the other natural transformation, take the identity. O

We give an example by connecting SGs with MDPs.
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Example 5.10 (SG <ppp MDP). Consider the two ppt with shape structure M DP and SG defined in
Examples 5.3 and 5.4. We have a connection

SG <aypp MDP.

In other words, stochastic games can be connected to Markov decision processes in the sense of connections
between ppt with shape structure.

Proof. Recall that MDP is defined on the ppt (2 x PD(—),[0,1], Byprpp), with the shape structure induced
by choice inclusion, and that SG is defined on the ppt (2 x 2 x PD(-),[0,1], Bsc), with the shape structure
induced by Minimizer restriction.

Define a natural transformation a by

ax {0,0} x{L, T} x PDX — {L, T} x PDX
(O, 9,9) — (T,2)
(p,g,t) = (g,1) if (p,t) # (O, ).

« forgets, for each state, to which player it belongs, and deals with the special case where Minimizer is in a
deadlock by turning it into a goal. It is straightforward to verify that « is indeed natural.

We thus only have to prove that Ssg < Bypp © ap,1)-

Let u = (p,9,t) € 2 x 2 x PD[0,1] and v = ap11(u) = (g,t) € 2 x PD[0, 1].

If g = T (if u stems from a goal state), we directly have Bsg(u) =1 = Bypp(v).

Similarly, if g = L and p =0, fsa(u) = supge, E(d) = Bupp(v).

Ifg=1,p=0,t# @, we can check that Ssg(u) = infset E(d) < supye, E(d) = Bupp(v).

Finally, if p = O with t = &, we have Ssg(u) =inf @ =1 = Bypp(v). O

The names lower and upper approzimations can be justified by the following property.

Proposition 5.11 (Predicate transformers going through the connector). Let 7, T, and T+ be ppt with shape
structure such that T, <7, Tr.
Let g, : X = T\Y and g1 : X = T4Y be two processes. Then,

(91)7, < (apogy);, and  (arogy)r, < (g1)7,
Moreover,
o If g, and gy coincide in T, i.e. if oy 0 g, = a0 g3 then
(91)7, < (91)7,

o If Ty, T., Tt also have leaf structure (with the same order structure on Q), and if gy, g+ are coalgebras,
then

Vigy) <V(ayogy) and V(ayogr) <Vi(gy),
and the same holds for greatest fired points.

o Finally, if all the hypotheses above hold, i.e. if g, and g4 coincide in T, if we have leaf structures, and if
the processes are coalgebras, then

Vi(g) <V(gr),
and the same holds for greatest fixed points.

Proof. Let p:Y — Q be a predicate, and look at the following diagram.

nY ————— LY

] I
—>

T, v

S~

41



The triangle on the top is commutative by definition (composition).

The square in the middle is commutative by naturality of c.

The last triangle is < by definition of the connection through T, 7.

This lifts to a < relation on the full diagram since precomposition is increasing.
The same proof can be done on this diagram

art, Y‘V \

LY ¢«—(——— T}Y

o I

T,Qy 1% 7.0

N

This can be exemplified in the connection SG <p;pp MDP.

Example 5.12 (Minimizer restriction increases reachability probabilities). Consider once again the case of
SG and MDP, using the connection SG <p;pp M DP defined in Example 5.10 with a natural transformation
a:2x2xPD(—) = 2xPD(-).

Let g: X - 2x2xPDX be aSG. Then, axog: X — 2 x PDX is a MDP, where all states that used to
belong to Minimizer (trying to avoid goal states) now belong to a player trying to reach goal states.

Without surprises, Proposition 5.11 states that g5_ . < (axog)3,,, ., and in particular Vsg(g9) < Vmpp(axo
9), ie.

PSG,g(Ol) S ]P)MDP, axog(ol)-

In other words, giving all states to Maximizer increased the probability of reaching a goal.
More generally, let g : X — 2 x PD be a MDP such that ax o g Eypp gp. This corresponds to saying that,
while going from ¢ to g4, all states have been given to Maximizer, and Maximizer may then have been given

even more choices at each state. In that case, Proposition 5.11 states that we also have g5_ < (gT);gMDP.

()" ;
Q
[0
sq
0.4 @
1
51
g: X =5 2x2xPDX axog: X —2xPDX
s; S1 Sy 01 _(sr s1 s 01
Vsalg) = <09 08 0.9 0 1) < VMDP(aXog)_<0.9 0.9 09 0 1)

In this example, the single player chooses « at s1, when Minimizer would have played (.

It is actually unnecessary to ensure that g, and g4 coincide in 7.. More generally, we may simply try to prove
that g; is “smaller” than g4, in the following way.
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Definition 5.13 (Comparison chains). Let 7}, 7. and 73 be ppt with shape structure such that 7 <7, 7.
For any two processes g, : X — T|Y and g4 : X — T}Y, we write

a9 < o
(9]:Tx.94)

whenever we have a comparison chain

91C1 g, ayog)Ciarogd), g5 Cyarp,

where gi X = 1T)Y, g’T : X = T\Y,and C|,C,, T4 are the shape preorders.

In that case, we say that g, and gy are connected, that g, is a lower approrimation of g, and that gy is an
upper approximation of g, .

To say that such a connection exists, we may also simply write

91419+ or g, < gr.

Example 5.14 (Shape monotonicity between SG and MDP). In the case of SG and MDP (cf. Example 5.10),
the formula

9. < g
(9], Tx.94)

means that we go from a SG g, to a MDP g through the following steps.

e Irom g, to another SG g|, you may remove some of Minimizer’s choices (g, Esc g)).

e Irom the SG g| to the MDP g}, give all of Minimizer’s states to the single player (ax o g]), turning
Minimizer’s deadlocks into goal states.

You may then give some new options at all states to this single player (ax o g Cypp idx o g; = g4).
e Once again, you may give new options to the player (g5 Capp gt)-

In that case, the following corollary states that

(gi):g(; S (gT):‘MDp7

and in particular
Vsa(9y) < Vupr(gr)-

We illustrate this on an example (note that we made Minimizer slightly more powerful in g, than in our
previous examples).
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g, : X = 2x2xPDX g,: X - 2xPDX

_fsr s1 s2 0 1 [ s s1 s2 0 1
VSG(Q”‘(O.S 08 09 0 1) VSG(9¢)_<0.83 08 09 0 1)
B 0.8 a B 08 o
81 o 1 1>
1
0.2
o
B \®
0
e
B 1 1
OéXOgiiXHQXPDX idxog%:g%:gT:X%QX'P'DX

ST S1 ss 0 1)

’ ST 51 52 0 1
Vupp(ax og)) = 09 09 09 0 1

VMDP(Q%)_VMDP(QT)_(0.92 092 092 02 1

Choices are removed from Min, then states are given to Max, then choices are given to Max.

Corollary 5.15 (Shape-monotonicity between different types). Let Ty, T, and Ty be ppt with shape structure
such that T, <7, T.
Let g, : X = T\Y, g1 : X = T}Y be two processes such that g, < g+. Then

(94)7, < (91)7,-
Moreover, if T, Ty have leaf structure and if g;, g1 are coalgebras,

Vigy) < V(gr),
and the same holds for greatest fixed points.

Proof. By Proposition 5.1, (g,)7, < (¢])7, and (g3)7, < (91)7,-
By Proposition 5.11, (g)7, < (e 0g))7, and (ag 0 g4)7 < (g})7,-
We then conclude by transitivity. O

Remark 5.16 (Upper bounds in value iteration). Corollary 5.15 has strong consequences. Suppose that we are
interested in solving a problem which can be described by a process-predicate type T = (T, £, 7). An instance
of the problem is given by a coalgebra g : Coalg(T), and the goal is to compute V(g).

From Section 4, we know that V(g) can be computed as the (transfinite) limit of the increasing chain
(9%(L))a:0ra. In particular, this gives us a way of computing a lower bound of V(g), and incrementally make
it better: this is the technique called value iteration.

Corollary 5.15 points toward a way of computing upper bounds of V(g). Indeed, suppose that T has shape
structure, and that we can find an upper approximation 73 of T, i.e. another ppt with shape structure such
that 7 <73 (cf. Definition 5.7).
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If we can furthermore compute a gy : Coalg(T}) such that g < g4 (cf. Definition 5.13), we will then have

V(g) <V(gr)-
If this V(g4) can be computed efficiently, e.g. if the upper bound 73 enjoys good algorithmic properties, we
will have effectively computed an upper bound of V(g).

5.3 An approximation theorem in the case of tight connections

As explained in Remark 5.16, thanks to Corollary 5.15, we can obtain upper bounds of least fixed points
(and similarly, lower bounds of greatest fixed points) by using connections between ppt with shape structures
(Definition 5.7). This is an improvement upon Section 4, where lfp (resp. gfp) could only be computed as
suprema (resp. infima) of transfinite sequences, thus giving only lower bounds (resp. upper bounds).

However, the bounds from Section 4 were converging, and this is not the case of the bound obtained in Remark
5.16. To obtain convergence from this other direction, we need more than simple connection.

The following axiom, exemplified in 5.20 and other applications of Section 6, gives us what we hope.

Definition 5.17 (Tight connection).

Let 7, = (T),Q, 1), and T+ = (T, , 71) be ppt with shape structure such that 7, < 7.

We say that 7y is a tight overapprozimation of T, whenever for all sets X, for all coalgebras g, : X — T X,
for all predicates p : X — Q, there exists a g : X — 13X such that

9199+ and  (gy)7,(p) = (91)7,(p)-

Similarly, we say that 7, is a tight underapprozimation of Ty whenever for all sets X, for all coalgebras
g1 : X = T4 X, for all predicates p : X — (2, there exists a g, : X — T X such that

gu< gy and  (gy)7 (p) = (91)7, (p)-

Remark 5.18. By Corollary 5.15, we can reformulate Definition 5.17 by saying that 7 is a tight overapproz-
imation of T, if and only if for all X, g, : X — T)X and p : X — (, there exists a g1 : X — T} X such
that

9199+ and  (gy)7,(p) = (91)7,(p)-

Similarly, 7, is a tight underapproximation of Ty if and only if for all X, gy : X — 13X and p: X — Q, there
exists a g : X — T} X such that

gy< gy and  (gy)7 (p) = (91)7, (p)-

Since the concept of tight connection gives us one of the central results of this paper, we repackage its
definition and explain it more plainly in the following remark.

Remark 5.19 (Tight connection reformulated).
This remark provides an equivalent, although imprecise, definition to that of 5.17.
Let 7, and 74 be two ppt (representing process types, with additional semantic to model two different problems
on the same truth object). We say that 73 is a tight overapproximation of 7, whenever the following hold.
e We can say when a process gy in 7y is an “overapproximation” of a g; in 7, thanks to a connection T a7;.

The definition says that, in that case, g overapproximates g, whenever there is some relationship between
the branching structures of g; and g4 (check if there is a comparison chain like in Definition 5.13).

This implies that the predicate transformer (gT); computes a solution to the problem of 7 that is larger
than the solution computed by (g,)7, to the problem of 7.
e Moreover, we ask that for every g, in 7, there exists an overapproximation gy in 7%, i.e. g; < gy.

This provides upper bounds to solutions of problems in 7.

e Finally, we strengthen the last requirement by asking for overapproximations that are locally exact.

For each g, in 7, on the state space X and every predicate p : X — Q, we need to be able to provide an
approximation g such that (g,)7, (p) = (91)7, (p), and not only (g,)7, (p) < (91)7, (p)-

Thus, g4 is a process in the problem 74 such that no information is lost with regard to p while going from
g, to its approximation g;.
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This concept will give us a theorem which enables bounded value iteration (BVI). Before stating the theorem,
we note that in the connection SG <py;pp MDP, MDP is a tight overapproximation of SG when we restrict
ourselves to finite branching.

Example 5.20 (Tight connection between SG and M DP). In this example, we provide the necessary con-
structions to prove that M DP is a tight overapproximation of SG in the case of finite branching.

We still use definitions of Example 5.10, but restrict the functors to finite branching: the ppt considered are
(2 X ’Pf’D(*), [0, 1]7ﬂMDP) and (2 X 2 X Pf’D(*), [0, 1],ﬂsg).

Consider g : X — 2 x 2 x PyDX a finitely branching stochastic game on a (possibly infinite) state space X.
Let p: X — [0,1] be a predicate. We want to construct a (finitely branching) MDP ¢4 : X — 2 x PyDX that
overapproximates g; (we have g < g4) such that no information about the behaviour of g4 on p is lost (we have

(917, (p) = (91)7, ()-
Construct the MDP g4 from g by keeping only Minimizer’s moves that are optimal with respect to p.

gr: X = 2xPDX

T (ﬂggi(x)m3g¢(x)) if mgy(z) =0
T (7T29¢(5‘7)7 {d € m3g,(«) | E((Dp)d) = d,ei?gfL(m)E((Dp)d/)}) if mg,(z) = O and m3g,(z) # @
z— (T,9) it mg)(z) = O and 739, (v) = @

Notice how, indeed, no information has been lost with respect to p. We prove that 7 oT|pog, = 7 oT}pogy.
Let z € X. If w is a goal state, (9,)7, (p)(z) =1 = (g1)7, (p)(2).

Otherwise, if 2 belongs to Max, (g,)7, (p)(2) = SUPger,q, () E(Dp)d) = (91)7, (p)(2).
If z is a deadlock for Min, (g,)7, (p)(z) = inf@ = 1 = (g1)7,(p)(z). Finally, if z belongs to Min with

msg,(x) # @, (91)7, () (2) = infaeryg, () E(Dp)d) = infacr,g, (2) E((Dp)d) = (91)7, (p) ().
Notice that in the last case, we have used the fact that m3g, () is finite to prove that there exists an optimal
choice d € 739, () such that E((Dp)d) = infycr,g, @) E(Dp)d').
By construction, we do have g; < g;. Indeed, we have the comparison chain
9, Esc gy, axog) =idyogr =gy,

where we only used Minimizer restriction by going from g to

gi:X—>2><2><77fDX

x> gy () if mgy(z) =0
v (g (@), magy(2), {d € mag, (@) | E((Dp)d) = pont )]E((Dp)d’)}) if w19, () = O.
7391 (T
Thus, M DPF; is a tight overapproximation of SGs. O

In the following example, we show what this locally lossless approximation looks like in the cases

p=vsol = (55 ax ob 0 1) =4 r=@EW=(T ok o5 0 1):

We can interpret this setting in the following way. In the first case, Minimizer has understood everything
about Maximizer’s strategy, knows what the consequences of its actions will be even after w time steps, and
thus really knows what its optimal choices are.

In the second case, however, Minimizer has only looked at the consequences of his actions with a horizon of
2 time steps. Minimizer will still try to follow an optimal strategy, but will only be able to do so based on his

limited knowledge. Here, Minimizer will still believe that choosing v in s; is a viable strategy for staying in an
infinite loop.
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gy : X =5 2x2xPDX gr: X = 2xPDX

* SI S1 S2 0 1 _ * S1 S1 S2 0 1
(9¢)ﬁSG(VSG(g¢))—Vsc(m)—(0.8 08 09 0 1) = (QT)ﬁMDp(VSG(m))—<O‘8 08 09 0 1)

Overapproximation of g exact at p = Vsg(gy). Only Min’s optimal choices (with respect to Vsa(g,)) are kept.

S1
ST
y
0.4 0.67] 52
gr: X = 2x2xPDX gr: X = 2xPDX
* 2 ST S1 S2 0 1 _ * 2 ST S1 S2 0 1
(91)Bse ((gi)ﬂsc(l)) = (0.54 08 09 0 1> — (91)6ripr ((gl)ﬁSG(J—)) = <()_54 0.8 09 0 1)
_ St S1 S2 0 1 < _ St S1 S2 0 1
Vsal(gy) = <o_8 08 09 0 1> — Varpp(gr) = <0.9 08 0.9 0 1>

Overapproximation of g;, where only Min’s optimal choices (with respect to (g ¢)%SG (L)) are kept.

Notice that computing the overapproximation (exact at p) g, from gy and p was very simple in our case: it
could be done in linear time in the size of the MDP (for finite state spaces). This is encouraging, and shows
that the tight connection SG¢< M D P can be used in applications. It is indeed used, e.g. in [1], where it is also
composed with a connection between M DP and WG@G.

This emphasises an important point about our theory. Finding a tight connection tells us what objects can
be used for applications such as BVI. However, the theory doesn’t provide a constructive, fast algorithm to
compute those objects: this is still up to the implementer. Our order theory is structural, but not algorithmic.

Remark 5.21 (Local computation of truth values, local approximation).

We could axiomatise the fact that locally exact upper bounds are computed locally, to motivate the fact that
they can be computed efficiently.

Up until now, we only used local computation of truth values, using

ToT(=): Q¥ —» TX — Q
p = (= (1oTp)(t))

47



which gave us our predicate transformers (written in currified form)

() 9 & (TX)X - oF
p = (g = Tolpoy)
which compute local propagation of truth values, and can be studied with leaf structure.
Similarly, in the case T4 a tight overapproximation of 7}, we could ask for local approximation of processes,

using a
0: X =T X - Th X

such that

Vp: QX VETLX, (Eap(p)(t) A (r 0 Typ)(t) = (74 0 Trp o 0(p))(1)).-
This would give us a
D : QX — (T\LX)X — (TTX)X
p o= (g = e@oyg)
computing overapproximations ®(p,g,) : X — T4 X of g exact at p.

Notice that the construction above for SG/MDP was local, with

0: 0% 5 2x2x P DX — 2 x PyDX
(p, (9,0,1)) — (9,t)
(p,(9.0,92)) = (T,2)

®, (9,0, 1)) = (g, {d e t|E((Dp)d) = jpeftIE((Dp)d’)}) it 4o

The following theorem gives us sequences converging to fixed point from both below and above.

Theorem 5.22 (Double approximation theorem).
Let T, = (T, 7)), and Ty = (T}, Q, 1) be ppt with both shape and leaf structure such that T <T;.
This supposes that the complete lattice S is shared between the shape and leaf structures of both ppt.
Moreover, suppose that Ty is a tight overapproximation of T, .
Let gy : X — T\ X be a coalgebra. For each ordinal ., we can define po = (9,)5, (L), and choose go : X — T X

with g, < go such that (gy)7 (pa) = (9a)7, (Pa). Then,

Vio) = 1p((07) = sup pe = g, Vo)

Furthermore, the convergence time of (V(ga))a:ord s smaller than the convergence time of (Pa)a:Ord-

Similarly, suppose that T| is a tight underapprozimation of T.
Let gy : X — T4X be a coalgebra. For each ordinal o, we can define po = (91)5, (T), and choose go : X — T) X

with go < g+ such that (ga)7 (pa) = (91)7, (Pa). Then,
eto((o)7,) = oo = sup eto((o0):)

Furthermore, the convergence time of (V(ga))a:0rd s smaller than the convergence time of (Pa)a:Ord-

Proof. We only have to prove the first result, the other case is symmetric.
Suppose that T4 is a tight overapproximation of 7, and let g, : X — T} X be a coalgebra.
Define po = (g,)7, (L), such that V(g,) = supps by Theorem 4.1.
For each «, let go : X — 14X such that g; < gq and (g))7, (Pa) = (9a)7, (Pa)-
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e By Corollary 5.15, we already know that for each o, V(g;) < V(ga), thus

< inf .
Vig)) = inf V(ga)

e Let ay;m be the convergence time of (po), and let & > ayip,. We have p, = V(g ), thus

(90)7, (Pa) = (94)7,(Pa) = (91)7, (V(94)) = V(g4) = Pa-

Thus, p, is a fixed point of (ga)jT!
This implies that the least fixed point V(ga) of (ga)7, is smaller than po = V(g,).

T

> > i
V(gi) = V(ga) = a}ggdv(ga)'

Notice what this gives us on our running example.

Example 5.23 (Theorem 5.22 for SG<aMDP). Let gy be a SG, po = (9,)3,, (L) be our usual chain of lower
bounds of Vsa(g,), and for each a let g, be a MDP, like in Example 5.20 overapproximating g; with no loss of
information at pg.

Then,
Vsc(g)) = sup pa
a:Ord
= 1 f V — 1 f o B J_ .
olgly Viror(ga) = Bl | 51D (9a)5,p, (1)

The sequence (Pupp, g, (01))q of value functions for MDPs converges from above to the value function
Psa, ¢, (01) of the SG that interests us.
Notice how this gives us a form of BVI for reachability in stochastic games.

o Take the SG g, as input, initialise pyp = L and the upper bound at T.

e At each inductive step a4+ 1,
o Compute a new lower bound pa+1 = (9)5,, (Pa)-
o Compute the MDP ¢, like in Example 5.20.

o Compute a new upper bound Varpp(gat1)-
o If a limit case A = sup, ., is needed, be prepared to

o Compute a new lower bound py = sup, . Pa-

o Compute a new upper bound Vyrpp(gy) like before.

e The chain (pa)q converges from below to Vsa(g,), and (Varpp(ga))a converges from above to Vga(gy).

Thus, we know the value of Vsg(g;) with precision € whenever |Vispp(9a) — Paloo < €.

Just like in Example 5.20, g, in a MDP obtained by fixing the strategy of Minimizer on g|, with a strategy
converging to the optimal strategy.
This BVI algorithm has some merits, but there are some obvious shortcomings.

e We may have to deal with transfinite induction (but it can be shown that this only appears on infinite
state spaces).

e We have to compute many Vy;pp to compute a single V. This supposes that we have a great algorithm
for MDP that didn’t work for SG.

This last point shows that such BVI algorithm mainly works if we are able to connect our problem (here
reachability in SG) to a problem that is very simple, such as one that can be solved by graph analysis.
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Remark 5.24 (Convergence speeds). In the theorem above, notice that the quantity V (g, ), which we want to
compute, is equal to both sup,.orq Pe antd inf,.ora V(9a)-

If (pa)a and (V(ga))a have the same convergence speed, this simply provides a BVI algorithm.

However, we might imagine that (V(ga))a converges faster than (p,)e. In this situation, the relationship
V(g,) = info.0rd V(ga) can provide an iterative algorithm to compute V' (g,) that is actually faster than the
VI algorithm provided by the relationship V(g;) = sup,.orq Pa. Of course, this requires fast algorithms to
compute each approximation g, and each value function V(g4 ).

Interestingly, in the case of MDP and SG on finite state spaces, we do have the relation
convergence_ time_of ((VM D p(ga))a) < w,
shown in Lemma 4.5 of [1], while it is possible to have

convergenceitimeiof(((gi)gsc (L)) = w.

a:Ord)
In other words, we need only a finite number of approximations by MDPs g, while we may have needed an
infinite number of lower bounds p,,.
Notice that we are not saying that each Vispp(gq) can be computed quickly, but only that the chain of all
such values converges quickly.

We may wonder if the inequality

convergence_time_ of ( (V2(9a)) a) < convergence_time_ of ( ((gi)% (1)) a:Ord)

holds in the general case. Unfortunately, the following example shows that it is not true.

Proposition 5.25 (Slow convergence of approximations). In general, the inequality

convergenceﬁtimeﬁof((VT (ga))a) < convergenceitimeﬁof(((gl)f_‘l (J‘))a:Ord)
may be saturated.

More precisely, for any ordinal oqim > 0, there exists a connection Ty Ty such that Ty is a tight overapproz-
imation of Ty and such that there exists a coalgebra g, on T such that

e The convergence time of the chain (Pa)a-ora defined by po, = (gi)?—l (L) is equal to ayim-

o There exists a set of coalgebras (ga)a<a,, on Tr which is such that, for each o we have g| < g, and
(90)7, (pe) = (90)7, (pa), and which verifies that

convergence__time_ of ( (VT( ga)) a) = Qlim.-

Proof. The counter-example consists of taking the NTS of Example 4.4 about late convergence, adding a loop
on the highest state, and comparing the problems of (un)safety and reachability.
Details are provided below.

Consider the following example, similar in nature to MDP/SG without stochasticity.

Let 7y = (2 x P,Bool, 1 + inf) and 74 = (2 x P,Bool, 1 + sup) be the ppt with shape structures given by
reverse inclusion for 74, and inclusion for 7.

T, can be interpreted as the problem of (un)safety in a non-deterministic transition system with goals (NTS),
and 7y as the reachability problem on the same process-type.

The proof that they are both ppt with shape structures is similar to the corresponding fact for MDP and SG.
Both ppt can be given leaf structure based on Egli-Milner preorder using Theorem 4.5.
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Like in MDP/SG, we have 7| <7, Ty, through the use of the natural transformation « defined by the maps

ax :2xPX —-2xPX
(9,9) = (T,9)
(g:t) = (g,t) ift# 2.

Using the finiteness of the complete total order Bool, we can easily show that 7 is a tight overapproximation
of 7,. Indeed, for any g, : X = 2 x PX and any p : X — Bool, we may define

gi:X—>2><'PX

T (msu Ay € mgy () | ply) = Ze;gﬁ(m)p(Z)})7

and
gt : —OzXogi X —-2xPX
T (T,@) if mag, (z) =

%]
T (mg¢ {y€7rgg¢ ‘p = inf p(z)}) if mogy(z) # @.
z€magy (x)

With those definitions, we can easily check that (g,)7, (p) = (91)7, (p)-

We can finally get to our example of process badly approached by approximations, which behaves similarly
to Example 2.7. Let X = [0, ayipn], and

g X =+ 2xPX

0= (T,{0})
a— (L,[0,0) if0<a<aym

Qlim — (J_,X).

It is clear that O can be avoided only from «y;,, by doing an infinite loop. Thus, V| (g,) = 110,a4;.,)- Moreover,
for each o < ayim, Pa := (gi)%(J_) = 1jg,o)- Thus,

convergence time_ of ((pa)a) = Qim,-
Now, for each 0 < a < i, if we construct the approximation g < g, like described above, we obtain

go: X = 2xPX

0~ (T,{0})
— (L,[0,8)) if0<pf<a
= (L e B)  ifa < B <aum
Qi = (L, [, agim]),

thus Vi(ga) = 1x = T. It is easy to check that, indeed, (ga)7, (Pa) = (91)7, (Pa)-

Put in words, if 8 < a, Minimizer has already realised that he can only lose, but if & < 8 < ay, Minimizer
still wrongly believes that there is a way out, because he hasn’t realised that « is a state from which we will
necessarily reach 0.

We only reach V| (g)) = 1j0,a,,,,) at step azim, where

Jap, - X = 2xPX
0+~ (T,{0})
B (L,00,8)) if0< B < aym
Qi > (L, {im})-
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Minimizer finally gives up everywhere but at the maximal state, and we have V;(ga.,,) = 1j0,a0,0) = V1(91), a8
expected from Theorem 5.22.
Thus,

convergence_ time of ((VT(ga))a) = qq;m = convergence_time_ of ((pa)a).
O]

Example 5.26. We illustrate the proof above in the case aj;,, = w + 1, by showing g, and some of the g,.

The process g, when ayim = w + 1. Only w + 1 can avoid 0. For a <w + 1, po = 1jg,q)-

The process g;. All states can reach 0. Minimizer made the mistake of thinking that 1 was a safe spot.
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The process go. All states can reach 0. Minimizer made the mistake of thinking that 2 was a safe spot.

The process g,,. All states can reach 0. Minimizer made the mistake of thinking that w was a safe spot.

RO o

The process g,+1- 0 is unreachable from w + 1. Minimizer finally made no mistake.

Remark 5.27. It is interesting to note that in the above example, while the convergence of (V4(ga)),, is slow,
the computation of each V;(gq) is very fast.
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Indeed, V4(ga) = suPg.ora(ga)s, (1), where convergenceitimeiof(((ga)fT(J_))ﬁ) < 2 (in the worst case, go

from 8 > a to « in one step, and then from « to 0 in a second step).
This contrasts with the case of SG / MDP on finite state spaces, where each V;(go) can take w steps to be
computed, but (V4(ga))a:0ora converges in finitely many steps (Cf. Lemma 4.5 of [1]).

The main part of this report has now been completed. We have seen in Section 4 how to axiomatise properties
making VI iteration work, and Section 5 just explained how connections could be found between models to allow
BVI. This point is made explicit in Section 6.3.

For the moment, we have mainly illustrated our discussion with the examples of SG and MDP. In Section 6,
new examples are provided, and an opening towards “base model / surrogate model” situations not yet covered
by our theory is discussed.

6 Examples and applications

This section provides material that can be used to illustrate the theory developed in this paper.

In Section 6.1, several examples of process-predicate type with leaf and/or shape structure are given. They
model problems on SG, MDP, MC (Section 6.1.1), on (in)finitely branching transition systems (Section 6.1.2),
and on (un)weighted graphs (Section 6.1.3).

Section 6.2 then provides three examples of connections.

e Reachability in SG and MDP.
e Reachability in MC and MDP.
e Safety in finitely branching and infinitely branching transition systems.

A few applications of the theory developed in this paper are summed up in Section 6.3. We have obtained a
recipe to design VI and BVTI algorithms: we have obtained sufficient conditions for their construction.

Our BVI algorithms use surrogate models, but we have only used one particular kind of recipe. While the
idea of using surrogate models in model-checking is still new, other examples exist. Those future line of research
are discussed in Section 6.4, where we talk about what might be needed to make our theory able to deal with
those new kinds of connections.

6.1 Examples of ppt with leaf and shape structure

In Section 6.1, we provide a short list of examples of problems that can be described as process-predicate type.
For each example,

o We give a ppt representing the problem,
e We explain what leaf structure can be used to prove that we have a VI algorithm to solve the problem,

o If useful, we describe a shape structure to be used for connections (Section 6.2).

6.1.1 SG, MDP, MC
Example 6.1 (P(01) in SG).
e Ppt. (2x2xPD(-),[0,1],5), using lfp, where

B:2x2xPDQ— O
(p, T, 1)~ 1

(O, L,t) — supE(d)
det

(O, 1,1) = inf E(d)

e Leaf structure. Egli-Milner preorder and tailwise preorder.
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e Shape structure. Reverse inclusion on Min’s choices.

Proof. There is nothing to do to prove that we have described a process-predicate type.

The fact that P(01) is computed as the lfp can be seen as a definition of P(01). Proofs that this coincides
with other definitions can be found in [49].

The proofs that we have really obtained leaf structure and shape structure is detailed in Examples 4.7 and
54. O

Example 6.2 (P(01) in MDP).
e Ppt. (2 x PD(-),[0,1], ), using lfp, where
B:2xPDQ— Q

(T, t)—1

(L,t) — supE(d)
det

e Leaf structure. Egli-Milner preorder and tailwise preorder.

e Shape structure. Inclusion on choices.

Proof. There is nothing to do to prove that we have described a process-predicate type.

The proof that we have really obtained a shape structure is detailed in Example 5.3.

The proof that we have really obtained a leaf structure is similar to that of Example 4.7 and is direct by
using Theorem 4.5: we only used modalities sup and E. O

Example 6.3 (P(01) in MC).
e Ppt. (2xD(—),[0,1],1 + E), using lfp, where
1+E:2xDQ —Q

(T,d)—1
(L,d) — E(d)

e Leaf structure. Tailwise preorder.
e Shape structure. Equality.

Proof. Similar to the previous cases. For leaf structure, use Theorem 4.5. For shape structure, we are in a
trivial case: it is true that

D : Set — Preord
X = (X7 :)

defines a shape structure, since we trivially have that z = y implies 7(z) < 7(y) for any modality 7. O

Remark 6.4.

Above and below, we can obtain finitely branching versions of SG, M DP, using P instead of P.

We may even restrict ourselves to finite versions of those ppt with both leaf and shape structure, by using
endofunctors Setgs, — Setg,,.

Example 6.5 (P(01) in MC).
e Ppt. (2 xD(-),[0,1],0), using gfp, where

m:2x D= 0N
(T,t) =1

(L,t) — brét;]E(d)
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e Leaf structure. Egli-Milner preorder and Tailwise preorder.

e Shape structure. Inclusion on choices.

Remark 6.6. At the moment, we didn’t go far in studying how alternating fixed points (afp) behave in our
framework.

Afp are useful for properties such as repeated reachability (0Q1 or persistence ¢I01. More generally, they can
be used for acceptance conditions of Biichi automata and parity automata.

The papers [62] and [63] provide valuable insights on the use of alternating fixed points in the coalgebraic
context.

To imagine what this might look like, the set of states in X = X; U X, satisfying the Biichi acceptance
condition O X5 could be computed in our framework as the set U, in an equation similar to the following.

fi =97, Ngr,
fa =97, Ny3,
M =AULV.fL(UVV)
Us® = v(fa 0 (id V Ay))
U = M (Us)
Ul = (id V A\ (v(fz 0 (id V A1)

6.1.2 Liveness and safety for (in)finitely branching transition systems
Example 6.7 (EO1 in NTS).
e Ppt. (2 xP(—),Q,1+ sup), using lfp, where

1+sup:2xPQ—Q
(T,t) —~1
(L,t) — supt
e Leaf structure. Egli-Milner preorder and Tailwise preorder.

e Shape structure. Inclusion on choices.
Example 6.8 (AQ1 in NTS).
e Ppt. (2 x P(—),Q,1+ inf), using lfp, where

1+inf:2 x PQ — Q
(T, t)—1
(L,t) — inft

e Leaf structure. Egli-Milner preorder and Tailwise preorder.

e Shape structure. Reverse inclusion on choices.

Remark 6.9. Like before, we can model and solve the same problem for finitely branching transition systems
by using Pt instead of P.

The case where 2 is a total order behaves especially well, even more so if it is finite.

In particular, interesting examples are 2 = Bool and Q = [0, 1].
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6.1.3 Graphs

Example 6.10 (Widest path in weighted graphs).
Let W = (R4, +, #), with the usual addition and multiplication with 0 x co = 0.

e Ppt. (2 x Id x Homg,(—, W), W, 7), using lfp, where
7:2x W x Homg, (W, W) - W
(Ta K ) =1

(L, wo, d) — max (wo, &av}é(min(m d(w)))).

e Leaf structure. Tailwise preorder.
Example 6.11 (Shortest path in graphs). Let W be the monoid (N, +).
e Ppt. (2 x1Id x Pr(—),Nu, 7), using lfp, where
7:2 X Ny X PrNgy — N
(T,-)—0
(L,d, D) — min(d, 1 4+ min(D)).
e Leaf structure. Egli-Milner preorder.

Remark 6.12. In this paper, we haven’t worked a lot on examples where the truth object is N.
Doing so could be useful for applications such as progress measures.
This is the context of quantitative verification, for which many VI algorithms are described in [49].

Remark 6.13. Both examples above give us local computations techniques, but more efficient global algorithms
for graph analysis exist.

6.2 Connections
Example 6.14 (Reachability for SG and MDP). For the reachability problem,
SG <ypp MDP.

Furthermore, if we restrict ourselves to finite branching, M D P is a tight overapproximation of SG; which
is computable locally.
As a consequence, for any finitely branching stochastic game g, we have

Vsa(g) = sup po = inf Vupp(ga),
a:0Ord a:Ord

where p, = (g5,.)*(L) and where g, := ®(pa, g) is a MDP locally computed through @ such that g < g, and
(ga)z;JMDP (p(x) = gESG (pa)

Proof. Cf. Example 5.10.
We use the natural transformation

ax {0,0} x {L, T} x PDX — {1, T} x PDX
(O,9.9) = (T,92)
(p,g,t) = (g,1)  if (p,?) # (O, 9),
and the local approximation
0: QY 52%x2x PDX — 2 x Py DX
(p, (9,8,8)) = (9,1)
(p: (9.0, 9)) = (T,2)
(v (9.0:0) = (9. {d € t|E(Dp)d) = inf E(Dp)d)}) it +# 2,
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like in Remark 5.21.
It is easy to check that « is natural and that ¢ does indeed verify

Vp Q¥ W TLX, (tap(p)(t) A (1,0 Typ)(t) = (11 0 Trp o 9(p))(1)).
It is done in Examples 5.10 and 5.20. O
Example 6.15 (Reachability for MDP and MC). For the reachability problem,
MC <apypp MDP.

Furthermore, if we restrict ourselves to finite branching, M C} is a tight underapproximation of M D Py which
is computable locally.
As a consequence, for any finitely branching Markov decision process M, we have

elp M} = Jglypo = sop EP (Colin

where p, := (M} )¥(T) and where Co := ®(pa, M) is a MC locally computed through ¢ such that g, <g

and (Ca)T-HE(poz) = MEMDP (Pa)-
However, a priori, we only have

VMDP,()l(M) = 1prE = sup ¢. > sup lfp (C;)L_E = sup VMC,Ol(C:X)
a:Ord «@:Ord «a:Ord

when we instead fix g, := (M35, _ )*(1) and C), := ®(¢s, M). Using some properties of MC described in

BmDP
Remark 6.16, this issue can often be solved in implementations.

Proof. We use the natural transformation

ax :2xDX - 2x PDX
(p,d) — (p,{d}),

and, for each MDP M and predicate p : X — €, the locally computed approximation
d(p,M): X = 2x DX
z = (9,1(z}) if M(z) = (9,9)

x> (g,{d}) fora d e arg,r??X(E((Dp)d')) if M(z) = (g,t), with t # &,

which computes an optimal scheduler.
It is easy to check that « is natural, that

(1+E) < Buppoapy
(they are actually equal), and that ® does indeed verify that for all MDP M and for all p: X — Q,
O(p,M)aM and  (2(p, M))],(p) = M5(p).
O

Remark 6.16. A good property of MC is that, when the state space is finite, it is easy to find an equivalent
situation where Ifp CT |y = gfp C{ g, by restricting the state space to

Se1 ={z € X |P(01)(z) > 0},

where Sp1 can be computed in linear time using graph analysis. Cf. [13], and in particular Theorem 10.19 and
Corollary 10.31, for an explanation of this technique.

Thanks to that, efficient algorithms exist for computing P(¢1) in MC, e.g. by BVI or by solving a linear
system.

Moreover, the fact that fpC{,p = gfpCi,p can be useful in proofs about surrogate models, like in the
MDP-WG example of Section 6.4.
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In the next example, we prove that we can restrict the safety problem of NTS to finitely branching NTS.

Going to the surrogate model provides a large speed-up, since the VI convergence time of the base model on
P can be arbitrary (cf. Example 4.4), whereas the VI convergence time of the surrogate model on P is always
smaller than w.

However, for implementations, we need a way of computing ¢ efficiently. It is only provided here using the
axiom of choice.

Remark 6.17. The following result notices something elementary: if we restrict to the optimal scheduler, then
P and Pr are the same, since they can both accommodate the optimal scheduler.
Notice that it would not be the case for 2 = [0, 1]!

Example 6.18 (Safety for P and Pr). Let Q be a complete lattice.
For the reachability problem, we have a connection between infinitely and finitely branching NTS.

(2xP,Q,1+1inf) < (2 x P, Q, 1+ inf)

Moreover, if  is total and finite, (2 X Pr, 2,1+ inf) is a tight overapproximation that is locally computable.
In particular, this is the case for {2 = Bool.
Thus, if g : X — 2 x PX is an NTS, for the safety problem expressed on Bool,

Set-0-0)8) = pup, P = Jgl -0 (),

where po = (97 4,)* (L) and where g, := ®(pa,g) is a finitely branching NTS locally computed through &

such that g < gs and (ga)7(pa) = 97(Pa)-
Note that, however, the name “locally computable” may be misguiding, since we may need the axiom of
choice to obtain ® non-constructively.

Proof. We use the natural transformation defined by inclusion
ax 2x P X -2 xPX
(g,1) = (g,1).

It is obvious that « is natural and that (1 4 inf) < (1 + inf) o ag, since they are equal.
When 2 is total and final, such as when 2 = Bool, we prove that 2 x P is a tight approximation of 2 x P by
using

0: 0¥ 5 2xPX =5 2x PrX

(p,(9,9)) — (9,9)

(p, (9,t)) — (g,{y}), where y is a single element chosen in argmin p(z).
zet

The existence of ¢ is provided by the axiom of choice.
It is easy to check that « is natural and that ¢ does verify

Vp QX Vi TUX, (Eap(p)(t) A (1 0 Typ)(t) = (mr 0 Trp o (p))(1)).-
Indeed, for each p: QX, ¢t : PX, p(p)(t) is an element of P;X such that

o it = mp(p)(t) and mat D map(p)(t), thus t C ax o ¢(p)(t), thus t < o(p)(t).

e Ifg=T, (1 +inf) o Pp)(¢t) =1 = ((1 +inf) o Pep o ¢(p))(t) and
if g= 1, ((1+1inf) o Pp)(t) = min,c: p(z) = ((1 + inf) o Prp o o(p))(¢).

O

Remark 6.19. We could generalise this result to the case where 2 is total but infinite, by creating a notion of
“e-tight approximation”. This is left for further research.
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6.3 Applications of our theory: recipe for VI and BVI algorithm

In this paper, we have obtained a recipe to design VI and BVT algorithms: we have obtained sufficient conditions
for their construction.

Remark 6.20 (VI). To construct a value iteration (VI) algorithm, it is sufficient to do the following.
e Describe the process type as an endofunctor T : Set — Set. Name () the truth object.
e Find a candidate 7 : TQ2 — ) giving local optimal solutions to the problem.

e Check that (T, €, 7) has leaf structure.
This is always the case when T and 7 can be constructed using the ingredients of Theorem 4.5, such as

P, D, inf, sup, E, and polynomial constructions.

Having leaf structure means, like in Section 4, that T' can be lifted to a Preord-enriched Preord endofunctor,
and that 7 : (T'Q, <) — (Q, <) is monotone.

Remark 6.21 (BVI). To turn a VI algorithm into a bounded value iteration (BVI) algorithm using a surrogate
model, it is sufficient to do the following. We will suppose that our VI algorithm computes a lfp, the other case
is symmetric.
Our initial VI algorithm is described by the ppt 7, = (T\,Q,7}).
e Find a candidate surrogate model T3 = (T4, Q, 74). It represents a new problem for which a VI algorithm
exists.

It is good if there are tricks to solve this problem efficiently (e.g. using graph analysis).

e Find a way of relating processes 7, and 74, describing this with shape structures and a connection.
This can be achieved in two steps, to be performed in parallel.

On the one hand, extend T and T} to functors Set — Preord such that both 7 : (TQ,C) — (£, <) are
monotone.

On the other hand, find a (T, 8, 7.) (it can be T or T3) such that we have the following commutative
diagrams.

oy ey
T¢,O — T*’O < TT,O-

T, 2ot 10, S T4
< <
Q

T, <, <Tr.

This is written

Processes g : X — T X and gy : X — T4 X will be deemed comparable, which is written g; < g4, if and
only if there exists a comparison chain

91 C1 g, aog) Eiarogh, ¢} Cr gy

e Make sure that the connection is tight, by showing that for each gy : X — T, X and each predicate
p: X — Q, a (good) approximation gy = ®(p, g;) can be locally computed.

It is enough to construct a ¢ : QX — T) X — T3 X such that

Vp: QX Wt T\ X, (t<ap(p)(t) A (1,0 Tip)(t) = (11 0 Thpo o(p))(1)).
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In that case, for any process g, : X — T X,

Vi(gy) = sup po = inf Vi(ga),
a:Ord a:Ord

where po = (g,)7, like in the VI algorithm, and g, : X — 73X is defined by go = ®(pa, g), like in 5.21.

Remark 6.22. In the description above, we obtained

Vi(gy) = sup po = inf Vi(ga),
a:Ord «:0rd
To make this a useful BVI algorithm, it is necessary to be able to compute each V;(go) in a fast way. It is
reasonable to do it only for some of the a.

If, by chance, the upper chain (V4(ga))a:ora converges much faster than the lower chain (py)a:0rd, We get
even better than a BVT algorithm: a fast way of computing V| (g;) through a surrogate model.

For example, this happens in the case of reachability for finite SG and MDP: the upper chain converges in
finite time, whereas the lower chain often takes infinitely many steps.

6.4 Extensions to the theory: new kind of connections for more surrogate models

At this point, our theory handles a large amount of examples for VI, and a few simple examples of BVI using
surrogate models. However, more could be done.

The concept of surrogate models is still quite new in the realm of model-checking, but the idea is powerful
and promising. Given a difficult base problem, is there a way to relate it to a simple problem (the surrogate
model) whose solutions can be efficiently computed and approximate that of the base problem? Given a difficult
problem (base model), can we know in advance who will be good candidate for surrogate models? Is there a
way to relate this to abstract interpretation [24]7

Generalising those ideas would be a good step toward implementing the “base model / surrogate model”
design principle to discover new efficient algorithms for model checking.

The work done in this report in a first step towards that. Our notion of connection between ppt with shape
structure has been shown to accommodate at least some of the “base model / surrogate model” relationships.

However, we only applied it in one way. Even if it can be used in several examples, we only obtained one
kind of relationship.

e Consider a base problem g in a base model type 7;: we want to compute the lfp of g}.

¢ Find a surrogate model type T+, and a connection T, <T; (clever shape structures may have to be found).

Find a way to locally compute approximations ® : X — (T} X)X — (I3X)X.

At each step a, compute p,, = (gF)*(L).

At each step a, compute g, = ®(p, g) and Ufp (g4)=.
Obtain BVI

Ifp g7 = sup po = inf Up (ga);-
a:0Ord a:0rd
This is great, and can prove useful both in applications and in proofs. However, notice that a surrogate
problem must be studied at each step a: this could be extremely expensive if the problem type isn’t easy
enough.
Moreover, we have not accommodated all kind of base model / surrogate model relationships.

In Section 6.4, we describe two other examples of base model / surrogate model relationship. Accommodating
them, especially the MDP-WG one, is an important next step for further research.
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6.4.1 A classical surrogate model: graph analysis of MC for almost sure properties

For finite Markov chains — the process type is 247 x D(—) — a large class of almost sure properties can be
checked in linear time. In other words, given a MC C on the state space X and a property 1 belonging to the
family (like reachability, repeated reachability, persistence, etc.), computing

{z e X|Pc(v)(x) =1}

can be done in linear time.

The method can be seen as a use of surrogate models in classical model checking. Indeed, the idea, described
in section 10.2 of [13], is to replace the MC by a directed graph, and then perform graph analysis (backward
analysis, computing bottom strongly connected components, etc.).

ax : 27 x DX — 24P x P X
(v, d) = (p, {w € X|d(z) > 0})

For finite MC, most qualitative problems can be solved by forgetting about the probability transitions and
then doing graph analysis. Studying this relationship could be a good first step toward generalising our theory.
Notice that the surrogate model is built only once, without using any predicate X*2.

It is important to note that this relationship does not hold for infinite MC.

6.4.2 An innovative surrogate model: weighted graph analysis of MDP for reachability

In [1], an algorithm is given to compute Vg (G) for G : X — 2 x 2 x PDX, where X is finite.

It uses (tight) connections (between SG, MDP and MC), but also two other kind of local approximation,
which may be seen as new kind of connections.

In particular, (widest paths in) weighted graphs are used as surrogate models for (reachability in) MDP, while
using properties of MC to make this relationship work.

The full algorithm and proof of correctness can be found in [1], but we explain the main ideas here in our
theory’s language, as a first step toward accommodating this powerful algorithm based on the “base model /
surrogate model” design principle.

The algorithm and its proof can be described in the following way.

Remark 6.23 (Surrogate model for V(G) by global propagation in WG). Have in mind the process types
2 x 2 x PD(—) for SG, 2 x PD(—) for MDP, 2 x D(—) for MC, and 2 x Homg,(—, [0, 1]).

e The goal is to compute Vsg(G) for G a stochastic game.

Using the method of tight connections on SG <« M DP, we reduce the problem to the computation of
Varpp (M) for M a Markov decision process.

This is done in the previous sections. The local approximation is computed by

0saompp i QY 5 2x2x PDX — 2 x PDX
(p, (9,0,1)) = (9,t)
(p, (9,0,9)) — (T,2)

(v (9. 0:1) = (9. {d € t|E(Dp)d) = inf E(Dp)d)}) it +# 2,

where we implicitly decurrified Q¥ — 2 x 2 x PDX — 2 x PDX to Q¥ x (2x2x PDX) — 2 x PDX in
the declaration of psg_mpp-

e The algorithm will use
OMDP—-WG * QX —2XPDX — 2 x Homﬁn(X, Q)
(#,(9,6)) = (9.0~ {E((Dp)d) |d € 1, d(2) > 0})
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to compute a surrogate model for global propagation.
The convergence proof will also use

omppromce QX = 2x PygDX — 2 x DX

(p, (g,t)) — (g,{d}), where d belongs to ardg/réltax E((Dp)(d")).

For all three ¢ : X 5T X = T2 X, we write
0% - (X)X = (TLXx)X
(p,g) = #(p)og.
e Three special properties of our models are used.

o wsa—mpp and Yy pp_ e are computable, since we have finite branching.

o Given any MDP M : X — 2xPDX on X finite, there is only a finite number of MC C : X — 2xDX
such that
CaM.

(In other words, there is only a finite number of ways to fix the strategy in M.)
o Given a MC C : X — 2 x DX, it is easy to compute the set
X' ={z € X|Pc(01)(z) > 0}.
In that case, we obtain a single fixed point (for the problem of reachability in MC).
I ((C)}12) = e ((C); 1)

Cf. section 10.1.2 of [13] to see how to compute X’ in linear time by double backward analysis on
the underlying graph of C.

e The algorithm and the proof than proceed in the following way.
o Let
the: Q% = 0¥
p= Vwae(@®upprowa(p, M)),

where Viyg : (X — 2 x Homg, (X, Q)) — Q% computes the widest path in a weighted graph. Viyg
is a lfp, but may be computed quickly by global graph analysis.

4 is monotone.

We will prove that
Varpp(M) = 1Ifp M = gfp ),
thus providing upper bounds.

o Notice that
Vipp(M) <t (Vapp(M)).

This proves that
Vipp(M) < gfpti,.

o Notice that, for each p: X — €, the MC C := @y pp_nmc(p, M) is such that C <M and
thu(p) < Ciie(p).
By finiteness, we can choose a MC C such that for infinitely many p, := (t},)*(T) we have

t’/(vl (pa) S CikJr]E(poz)a

thus
gipth < gfpCiig.

We keep naming this MC C in the following points.
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o We check that nothing is lost by restricting to X’ = {z € X |P¢(01)(x) > 0}. Thus,
gfpCryg = UpCi k.

o Since C 4 M, we have (cf. 5.15)
fpCi g < lfp Mj.

o We can now conclude. We have proven
IfpCiip <lp Mj <gfpti <efpCig =1pCiip,

thus
Vvpp(M) = lprZ =gfptiy.

Remark 6.24. Two things happened here that are well understood by our theory : the connection MC <M DP
(related to ®prpp—are) and the tight connection SG <« M DP (defined by ®sc—mpp).

However, our theory doesn’t yet deal well with ¢, := p = Vwa(®nmppr-wa(p, M)). Notice how our theory
performs only local computations in the gF, while a global propagation (Viy¢) is computed inside t%,.

The two following points are still to be generalised to the abstract setting.

e Foreachp: X — Q, C:= Ppyppyyc(p, M) is such that
t(p) < Ciig(p).

e We have
Vipp(M) <5 (Varpp(M)).

Notice that, given a MDP M, the evolution of the surrogate model W is independent of computations
performed on M. We compute (Mj3)*(L) on one hand, and (t},)*(T) on the other hand.

This contrasts with connections studied in Section 5, where at each step the surrogate model was updated
based on the result p, = (g5)*(L).

At this point of our work, exploring the MDP-WG relationship is left for further research.

7 Conclusion

7.1 Next steps

Our work leaves the road wide open for further research.

Global propagation, new instances

In our work, we accommodate some of the relationships between base models and surrogate models, and this
provides BVI algorithms.

However, we do not accommodate all such relationships. In particular, we do not fully reach the initial goal
of the internship, since we do not accommodate the “global propagation” relationship between MDP and WG
studied in [1].

The main issue is that “tight connections” based on weakest precondition transformers are too weak: they
leave all global computations outside of the predicate transformer. This is discussed in Section 6.4, and more
specifically in Remark 6.24.

New kind of connections must be described!

This line of research is extremely important to the further development and applicability of our theory and

of the surrogate model design principle.
More generally, a goal is to find new instances of the general notions studied in this report.
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Continuity
In this report, general conditions enabling VI algorithm are described. Those conditions imply monotone
predicate transformers, thus transfinite value iteration may be needed, as discussed in Example 4.4.

To strengthen our results, it would be interesting to design continuous leaf structures enabling Scott-continuous
predicate transformers.
This would lead to properties like the following.

Conjecture 7.1.
The Bellman operator is Scott-continuous in all finitely branching stochastic games, even on infinite state
space. Thus, value iteration converges in at most w steps.

Several weeks of the internship were devoted to this question, but too many holes remained in the proofs to
make it presentable.

The main thing to study are the (Scott-)continuity properties of Egli-Milner preorder for subsets, tailwise
preorder for distribution, and modalities including suprema, infima and expectation.

For example, one of the proofs’ holes could be filled by proving the following conjecture, which we didn’t
manage to do.

Conjecture 7.2. Let < be the Egli-Milner preorder (defined in 3.18).
(Q, <) is a complete lattice (not necessarily total nor finite), and (P, =) is defined by

VA, BePQ A<B <= (Vac A, b€ B,a<bh)
ANWbe B,Ja€ A, a<hb).

Let (A;)ier be a chain of (P, R), i.e. a chain of subsets of ).
Then, (A;) admits at least one infimum (in the sense of preorders), which can be described as

{ inf z;
iel

Various ideas were explored in those continuity proofs.

For example, to prove the continuity of D(—) : Hom(X, [0,1]) — Hom(DX, D[0, 1]) in the sense of the tailwise
order used pointwise, the proof relied on (simple) ideas from the theory of cadlag functions, such as “wiggling
in both space and time”.

Those results may be put together in further work if buggy proofs are repaired.

(z:)ier € and Vi€ I, z; € Ai}.

Fibrations and categorical viewpoint
We implicitly work extensively with the fibration

PredQ

|

Set

where Pred := Set /() is the category of predicates p : X — Q.
We noted (Proposition 4.2) that for a process-predicate type 7 = (T, Q, 7) with leaf structure, computations
of Ifp and gfp gave rise to functors
Coalg(T) — Pred.

Functorial properties were used in key proofs, but we didn’t go any further in studying the fibrational structures
that appear in our work.

Doing so could be useful to connect with current development in coalgebraic theory (Cf. Section 1.1.4) and
to synthesise our work. What would we gain by using fibrational structures like codensity liftings?

For the sake of simplicity, all monadic hypotheses about process types were left aside in our work. However,

they are common in the literature. How would we accommodate them, and what new results would we gain?
We could study T-processes g : X — TY as Kleisli arrows, composable in the Kleisli category KC¢(T), would
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this give us any insight?

Moreover, we noticed glimpses of structure in several objects encountered in this internship, but didn’t always
create a big picture.

Leaf structures can be summed, composed, etc. can we extract useful structure out of this? For any Set-
endofunctor 7', there are coarsest and finest liftings to Preord, what can we deduce out of this, knowing that
modalities impose restrictions on possible liftings?

What about shape structure? All of them were hand-made for our proofs, can we design a more generic
architectural process, like we did for leaf structures?

We have a relationship 7, <74 between process-predicate type with both leaf and shape structure. This
relation is reflexive and transitive, do we gain anything by seeing it as a preorder? Could we make this a
category? What is the overall structure of relationships between models of processes?

Alternating fixed points

For the moment, our theory studies least fixed points and greatest fixed points, but not alternating fixed
points, i.e. alternation of lfp and gfp.

However, many problems require some alternation depth to be described with a fixed point characterisation.
This is illustrated by the survey paper [49] on value iteration.

We shortly mention this question in Remark 6.6. Work on alternating fixed points in the coalgebraic context
can be found in [62] and [63].

Approximately tight connections

Our notion of tight connection (Cf. definition 5.17) requires an equality (written (gy)7 (p) = (9+)7, (p)), but
it would be possible to work with arbitrarily good approximations.

This is quickly mentioned in Remark 6.19.

Such incremental techniques could help us to deal better with infinite truth objects, such as Q = [0,1] for
probabilistic verification.

Quantitative computations: N, as a truth object

In this report, we mainly work with boolean (2 = {L, T}) and probabilistic (2 = [0,1]) truth domains.

Some examples use the quantitative truth domain (2 = N, ), but we didn’t focus on the specific properties
of this case.

This could be a large source of examples and application cases, including of surrogate models well-suited to
graph analysis.

Examples of VI algorithm for the quantitative truth domain R are discussed in the survey paper [49].

7.2 Epilogue

During this internship, we have studied categorical structures appearing in incremental and approximate
algorithms, focusing on value iteration and surrogate models.

Using coalgebras, order theory and predicate transformers, we described a general theory of processes able to
deal with predicates on the state space.

Two kinds of order structures appeared: leaf structures, which ensure convergence of VI algorithms, and shape
structures, which help us to compare processes together, paving the way for surrogate models understood with
connections.

We thus obtained recipes for VI and BVI algorithms, based on two main theorems.

However, as discussed in Section 7.1, this is only the beginning of the road: new insights are to be found, and
new algorithms are to be designed.
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