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ABSTRACT

Most properties on software correctness are described by means of (combinations of)
greatest and least fixed points. Therefore it is of interest to provide techniques for proving
such specifications in a proof assistant.

In 2013, Chung-Kil Hur et al. proposed one of such techniques: parameterized coin-
duction. It assists one to interactively construct a loop invariant, which one can use to
prove properties described by greatest fixed points.

We analyze the technique from two points of view. Firstly, we define a dual coun-
terpart: parameterized induction to prove properties described by least fixed points.
Although it has a similar form to parameterized coinduction, one has to provide a rank-
ing function to guarantee that the program in question halts eventually. Secondly, we
give a mathematical characterization of how powerful the technique is.
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Chapter 1

Introduction

1.1 Induction and Coinduction

Induction and coinduction are used to define models and properties of computer
systems, and therefore they are indispensable in computer science. Examples of
inductive and coinductive models include computer programs and their traces of
execution. Properties of these systems are also described by means of induction
and coinduction: that a program halts eventually, that two parallel tasks are
processed fairly, and that two programs behave in the same way.

1.2 Parameterized Coinduction

Consequently, techniques for automated theorem provers and proof assistants
aimed at induction and coinduction have been developed. Among these tech-
niques, parameterized coinduction is proposed recently, especially for proof assis-
tants.

In proof assistants like Coq, we do not need to write whole proof trees; instead,
we specify how to construct proof trees. For example, a proof tree for =—(PV-P)
is shown in Figure I and a proof in Coq for the same proposition is shown
in Listing I0. There is a big difference: in the Coq proof script, there are
no appearances of intermediate propositions; there are only tactic names and
hypotheses names. This is especially convenient if the proposition in question is
long.

However, the standard proof technique for coinductive properties, which uses
the Knaster-Tarski theorem, does not work well in these proof assistants, in terms
of giving short proofs. To use the Knaster-Tarski theorem, we have to provide
beforehand a proposition called “invariant.” To make matters worse, invariants
are often long and complex.

~(PV—-P),PF P

~(PV-P),P+-~(PV-P) —~(PV-P),PFPV-P

-(PV-P),PF L
—~(PV-P)F-P
—(PV-P)F —(PV-P) -(PV-P)-PV-P
~(PV-P)F L
F—=(PV-P)

Figure 1.1: A proof tree for =—(P V —P)



Listing 1.1: A Coq proof for =—(P V —P)

1 Theorem DNLEM(P : Prop) : ——(P V —P).
2 Proof.

3 intros H.

4 apply H.

5 right.

6 intros HP.
7 apply H.
8

9

10

left.
exact HP.
Qed.

Parameterized coinduction is a technique for overcoming the problem. In
parameterized coinduction, we are to prove propositions called parameterized
greatest fized points, instead of usual greatest fixed points. This enables us to
gradually increase during an interactive proof a coinductive hypothesis, which
will eventually be an invariant.

1.3 Owur Contribution

We have two contributions regarding parameterized coinduction.

e We introduce parameterized induction, which is similar to parameterized
coinduction, to prove inductively defined properties.

e Although parameterized greatest fixed points are more convenient than
usual greatest fixed points, there have been no mathematical backgrounds
to support this intuition. We give a mathematical characterization of the
power of parameterized induction and parameterized coinduction.

1.4 Related Work

For model-checking purposes, assertions to be checked are often expressed in
the modal p-calculus, and processes and programs are checked against these
properties. For example, Pratt [14] and Kozen [T2] each propose a model-checking
algorithm for a fragment of the modal u-calculus. Wilke [9] proposes algorithms
for the model-checking and the satisfiability problem for the full modal u-calculus,
by translating propositions into alternating tree automata.

Non-classical variants of the modal p-calculus are also considered. Baelde
and Miller [2] propose a first-order multiplicative-additive fragment of linear
logic augmented with equalities and fixed point operators uMALL™ and prove
cut-elimination theorem for the logic. Hasuo et al. [R] propose a categorical
framework, which is called a coalgebraic modal p-calculus Cur ., and give a
model-checking algorithm for some of them.

The idea of adding parameters to fixed point operators is originally used for
model-checking purposes by Winskel [20]. The idea of accumulated knowledge is
older than parameterization and can be dated back to Kozen [IZ].

Stirling and Walker [I7] propose local model checking, a top-down approach
to model checking. Interactive proof in proof assistants is similar to local model
checking in that we write a proof in a top-down manner.



Chapter 2

Preliminaries

2.1 Backgrounds on Induction and Coinduction

Although many applications of induction and coinduction are about complete
boolean algebras, inductive and coinductive properties can be described in a
preordered set in general.

Definition 2.1.1 (Preordered sets). A preordered set (C,C) is a set C' with a
reflexive and transitive binary relation (C) C C' x C.

We write x = y if both # C y and y C « holds.

Minimum elements are unique up to equivalence, if they exist. We write L
for one of them. We write T, xUy, and My for a maximum element, least upper
bounds, and greatest lower bounds, respectively.

In this situation, coinductive and inductive properties are defined as greatest
and least fixed points. See e.g. [[] for details.

Definition 2.1.2 (Greatest fixed points and least fixed points). Let (C,C) be a
preordered set and f: C' — C be a function.

An element x € C'is a fized point of f if f(x) = x holds.

An element x € C'is a least fixed point of f if x is a minimum element among
fixed points of f. Similarly, an element z € C is a greatest fized point of f if x is
a maximum element among all the fixed points of f.

Least fixed points and greatest fixed points are unique (if they exist) up to
equivalence. We write uf for a least fixed point of f, and vf for a greatest
fixed point of f. We write pz.t and vz.t as shorthands for p(Az.t) and v(Az.t),
respectively.

Especially, as proven later, (C, C) has all greatest and fixed points of monotone
functions, if it is a complete lattice.

Definition 2.1.3 (Complete lattices). A preordered set (C,C) is a complete
lattice, if it has one of the following equivalent properties:

1. It has all joins: for each subset A C C, there is a minimum element among
the upper bounds of A.

2. It has all meets: for each subset A C C, there is a maximum element among
the upper bounds of A.

Usually only a partially ordered set with such a property is called a complete
lattice. This is a natural generalization of the definition.

Before presenting the Knaster-Tarski theorem, we first define prefixed points
and postfixed points.



Definition 2.1.4 (Prefixed points and postfixed points). Let (C,C) be a pre-
ordered set and f: C' — C be a function.

An element x € C is a prefized point of f if f(x) C z holds.

Dually, an element = € C' is a postfized point of f if x C f(x) holds.

We show a less general form of the Knaster-Tarski theorem. See [I¥] for the
general statement.

Theorem 2.1.5 (Knaster-Tarski). Let (C,C) be a complete lattice. For f: C —
C' a monotone function, there exists vf and the following equivalence holds:

vf=|{rec|rc ).

Dually, for f: C'— C a monotone function, there exists uf and the following
equivalence holds:

pf=[Hrec|frcr}.

In other words, greatest fixed points are greatest postfixed points and least fired
points are least prefized points.

Proof. Let x be | [{re C|rC f(r) }.

Let r be a postfixed point of f. We have r C x. By monotonicity of f, we
have r C f(r) C f(z). Therefore z C f(x) by definition of z.

Since f(z) C f(f(x)) by monotonicity, f(z) is a postfixed point of f. There-
fore f(z) C x by definition of x.

Since we have z C f(z) and f(x) C z, x is a fixed point. Let y be another
fixed point of f. Since y is a postfixed point, we have y C x by definition of z.
Therefore z = | |[{r € C' | r C f(r) } is a greatest fixed point. O

The Knaster-Tarski theorem describes pf as an infimum of a certain set. In
contrast, Kleene fixed point theorem, a special version of which appears in [I1],
describes pf as a supremum of a certain sequence. We give a more general
theorem, dropping Scott-continuity restriction. See the paper of Cousot and
Cousot [d] and the paper of Echenique [6] for detail.

Definition 2.1.6 (Upper iteration sequence). Let (C,C) be a complete lattice,
f: C — C be a monotone function, and x € C be a postfixed point of f.

For an ordinal number «, an element of an upper iteration sequence f“(x) is
defined inductively as follows:

) =2
F N @) = F(f (@)
[ (x) = |_| fﬁ(x) if o is a limit ordinal.
B<a

Dually, for a prefixed point z € C of f and an ordinal number «, an element
of a lower iteration sequence f®(z) is defined inductively as follows:

(@)

Fo @) = £ (@)
[*(x) = |—| fﬁ(a:) if o is a limit ordinal.
B<a

There is no confusion, because these two definitions of f%(x) coincide if x is
both a prefixed point and a postfixed point of f.
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Figure 2.1: A small example of a labelled transition system, where ¥ = {x}

Theorem 2.1.7 (Cousot-Cousot fixed point theorem). Let (C,C) be a complete
lattice, f: C — C be a monotone function, and k be a cardinal number that is
greater than that of any chain in (C,C).

Then we have pf = fr(L).

Dually, vf = f5(T).

2.2 Examples of Coinduction and Induction

Now we give examples of coinductive and inductive properties.
Behaviors of programs or processes are usually interpreted in terms of labelled
transition systems. See e.g. [[5, 6] for details.

Definition 2.2.1 (Labelled transition systems and their modal operators). A
labelled transition system (LTS) is a set @ equipped with an indexed family of
relations {(—4) C Q X Q}uex, where ¥ is a fixed set called an alphabet.

A labelled transition system can be seen as a Kripke frame for the multimodal
variant of the modal logic K. For each a € 3, two modalities [a], (a): P(Q) —
P(Q) are defined as follows:

[alY ={zeQ|VyeX.(x mqy) =y},
(@Y  ={ze@Q|yeX, (r—=y NyeY}.

Both [a] and (a) are monotone.

We will use the small example shown in Figure P to explain how to use
parameterized coinduction.

Before we give translation rule from programs or processes to labelled transi-
tion systems, we present some properties of labelled transition systems that can
be expressed in the modal p-calculus.

Example 2.2.2 (States that have an infinitely long path). Let (Q,—) be a
labelled transition system over the alphabet ¥ = {x}. The set of states that have
an infinitely long path starting from them can be expressed as:

infPath = v(x).

Example 2.2.3 (States that have a path to an accepting state). Let (Q,—) be
a labelled transition system over the alphabet ¥ = {*} and F' C Q). The set of
states that have a path from them to an accepting state can be expressed as:

acc := uZ. F U (x)Z.
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Table 2.1: Interpretation of basic process terms

Example 2.2.4 (States that have an infinitely long path visiting accepting states
infinitely often). Let (Q,—) be a labelled transition system over the alphabet
Y = {x} and F C Q. The set of states that have an infinitely long path starting
from it visiting accepting states infinitely often can be expressed as:

infAcc :=vZ. pW.(F N (x)Z) U (x)W.

Now we give an example of a process algebra from [7] and its interpretation
as a labelled transition system.

Definition 2.2.5 (Basic process algebra). Basic process terms are terms gener-
ated from the grammar:
to=alt+t' |t-t

where a is an element of X, the fixed alphabet.
Algebra of basic process terms is called basic process algebra.

Definition 2.2.6 (Interpretations of basic process terms). Let @ be the disjoint
union of the set of closed basic process terms and {v'}. Interpretations of ba-
sic process terms is a labelled transition system (Q, {(—4)}aex), where (—,) is
inductively defined by the rules in Table EI.

Bisimilarity is used to define equivalence between two processes and it is
stronger than trace-equivalence. Bisimilarity is also a coinductively defined rela-
tion.

Definition 2.2.7 (Bisimulation and bisimilarity). Fix a labelled transition sys-
tem (@Q,{(—a)}aex). Define one-step simulation equation sim: P(Q x Q) —

P(Q x Q) by

sim(R) :={(q,¢") | Va.Vr.q =, r=3I".¢ —a 7" N (r,r") € R)A
(Va.Vr'.q =1 = Ir.q —ar A(r,7") € R)}.

A bisimulation is a postfixed point of sim. Two states ¢,¢ € Q are bisimilar
if (¢,¢') € vsim.
2.3 Parameterized Coinduction: A Review
One way to prove a coinductive property is to use the Knaster-Tarski Theorem,

i.e.
rC f(r)=rCuf.

For example, to prove a € infPath in Figure B, we give a proof like this:



a € infPath

< {a,b,d} Cv(x) (Discover an invariant)
< {a,b,d} C (x)({a,b,d}) (Use the Knaster-Tarski)
< {a,b,d} C{a,b,d} (Expand the modality)

There is a problem, however: we have to give an invariant at an early stage of
the proof. If we apply the Knaster-Tarski to the first goal, we will be confronted
by the unprovable goal {a} C (x){a} = 0.

To overcome this problem, Hur et al. [d] propose a proof technique, called
parameterized coinduction.

Parameterized greatest fixed points play a central role in parameterized coin-
duction.

Definition 2.3.1 (Parameterized greatest fixed points). Let (C,C) be a com-
plete lattice and f: C' — C be a monotone function. For x € C, we define the
parameterized greatest fized point G(x) by

Gy(x) :=vy. f(xUy).
These elements G'f(x) are monotone in f and x.

As the name suggests, the notion of parameterized greatest fixed point is a
generalization of the ordinary notion of greatest fixed point.

Lemma 2.3.2 (Initialization of greatest fixed points). Let (C,C) be a complete
lattice and f: C — C be a monotone function. Then we have vf = G¢(L).

Proof. This is because we have f = Ay. f(L Uy). O

When working with Gf(xz) we use two important lemmas: the unfolding
lemma and the accumulation lemma.

Lemma 2.3.3 (The unfolding property of parameterized greatest fixed points).
Let (C,C) be a complete lattice and f: C — C be a monotone function. Then
for all z € C, we have Gy(z) = f(zUGs(x)).

Proof. This is exactly the fact that Gs(x) is a fixed point of Ay. f(x LUy). O

Lemma 2.3.4 (The accumulation property of parameterized greatest fixed points).
Let (C,C) be a complete lattice and f: C — C be a monotone function. Then
for all x,y € C, we have y & G¢(x) if and only if y C G¢(x Uy).

Proof. The only-if direction is obvious. To prove the converse, we assume y C
Gy(xUy). Then Gy(x Uy) is a postfixed point of Az. f(x L 2), because

Gr(zUy) Ef(a:l_lyl_le(a:I_Iy))
C f(zUGy(zuy)).

Therefore, we have y C G¢(x Uy) T Gf(x). O



Example 2.3.5 (Example Proof with Generalized Fixed Points). As a com-
parison to the Knaster-Tarski proof, we show below a proof of a € infPath in
Figure 210 using G f(x).

a € infPath

& {a} C Gy (0) (Initialization)
& {a} C (%) (DU Gy (0)) (Unfolding)
<= {b} C Gy(0) (Move to a next state)
& {b} C Guy({b}) (Accumulation)
& {b} € () ({0} U G (b)) (Unfolding)
< {d} C{b} UG y({b}) (Move to a next state)
& {d} C (%) ({b} UGy ({b})) (Unfolding)
<= {b} C{b} UG ({b}) (Move to a next state)
< {0} C {b}

Although it is longer than the last proof, it has an advantage that it does not
need discovery of an invariant. Provers only have to specify Unfolding, Accumu-
lation, or a next state to transition to.

We get another benefit from parameterized coinduction: compositionality.

Lemma 2.3.6 (Compositionality). Let (C,C) be a complete lattice and f: C —
C' be a monotone function. Forr, gy, g2 € C, if g1 C G¢(rUgs) and g2 E G¢(rUgy)
hold, then g1 Ll go C G¢(r).

Proof. From the assumptions we get g U go & Gf(rU gy Uge). By Lemma 2234,
gl|_|QQEGf(’I"). O



Chapter 3

Parameterized Induction

3.1 DMotivating Example: Reachability Problem in Pushdown
Systems

Problems of proving coinductive properties x C vf and inductive properties
x C pf are similar in that for both kinds of problems, we have to give an invari-
ant, although we also have to give a ranking function for inductive properties.
Therefore, it may be convenient to introduce an inductive counterpart of param-
eterized coinduction.

For example, let us consider a (usually finite-state) system with parameters
in each state: pushdown systems [B].

Definition 3.1.1 (Labelled pushdown systems). A labelled pushdown system is
a tuple (3, P,I", A), where ¥ is an input alphabet, P is a set of control locations,
I is a stack alphabet, and A C (P x (DU{e})) x ¥ x (P xI'*) is a set of transition
rules. Usually finiteness is also imposed on ¥, P, I', and A.

For p € P and w € I'*, a pair (p,w) is called a configuration of the pushdown
system. The set of configurations can be regarded as a labelled transition system,
where (g,yw') =4 (¢, ww’) if ((¢,7).a,(¢,w)) € A and (g,€) —4 (¢, w) if
((g,€),a,(¢,w)) € A,

Example 3.1.2 (Reachability problems for pushdown systems). Let ({x}, P,T', A)
be a pushdown system, ¢ € P x I'* be an initial configuration, and FF C P x I'*
be a set of accepting configurations.

The reachability problem is a problem to decide whether there is a path from
¢ to an element of F' or not.

Since reachability can be expressed as {c} C uZ. F U (x)Z, it is an inductive

property.

3.2 Parameterized Least Fixed Points

Here we define parameterized least fixed points.

Definition 3.2.1 (Parameterized least fixed points). Let (C,C) be a complete
lattice and f: C' — C be a monotone function. For x € C, we define the param-
eterized least fized point Ly(x) by

Ly(z) := py. f(xUy).
These elements Ly () are monotone in f and .

Note that, although it is a “dual” notion of G'¢(x), it is not a genuine dual in
terms of dual order; the order-theoretical dual of G¢(z) is py. f(z My).
Some lemmas of G¢(z) are true for Ly(x) with no changes.



Lemma 3.2.2 (Initialization of least fixed points). Let (C,C) be a complete
lattice and f: C'— C be a monotone function. Then we have uf = Ly(L).

Proof. This is because we have f = Ay. f(L Uy). O

Lemma 3.2.3 (The unfolding property of parameterized least fixed points). Let
(C,C) be a complete lattice and f: C — C be a monotone function. Then for all
z € C, we have Ly(z) = f(z U Ls(z)).

Proof. This is exactly the fact that Gs(x) is a fixed point of Ay. f(z LUy). O

3.3 The Indexed Accumulation Property

As stated later, Lemma 234 and Lemma =38 are strong enough to characterize
greatest fixed points. Therefore, least fixed points does not have such properties
with no change.

However, similar reasoning can be done, if we give a ranking function.

Lemma 3.3.1 (The indexed accumulation property of parameterized least fixed
points). Let (C,C) be a complete lattice and f: C — C be a monotone function.
Let o' be an ordinal number and z,y: o — C be indexed families of elements of
C. Also assume x is increasing. Then we have

(Ya € o’.y(a) T Ly (z(a)))

— [Vaed y(a) T Ly z(a)U |_| y(B)
B<a

Proof. Again, the only-if direction is obvious. To prove the converse, we assume

y(a) C Ly <:c(a) Ullgea y(ﬁ)) for all o € .

We will prove y(a) C Ly (z(«)) by induction on a. By the inductive hypoth-
esis and the monotonicity of x, we have

y(8) C Ly (z(e)).

(8)
suffices to show Lf< ()UL g (a( )) C Ly(z(c)). This is true because Ly (z(c))
U Ly(a(a)) U ). O

Lemma 3.3.2 (The indexed composition property of parameterized least fixed
points). Let (C,C) be a complete lattice and f: C — C' be a monotone function.
Let o be an ordinal number and r, g1, g2: o — C be indexed families of elements
of C. Assume r is monotone.

Assume g1(o) C Ly (r(a) U Us<a 92(8)) and ga(r) T Ly (r(a) Ugi(e)) for all
o € o. Then we have g1() U ga(cr) T Ly (r(e)) for all a € o

B<a
We get Ly (m(a) Ulpeny ) C Ly (m(a) ULy (z(a ))) from this. Therefore, it
(@)

is a prefixed point of Az. f (

Proof. Define 1/, g: 2o/ — C' as

9(20) == gi1(a)
9g(2a+1) := ga(a)

' (2a) = r(a)
r(2a+1) == r(a).
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Figure 3.1: A small example of a labelled pushdown system

Then 7’ is monotone. From the assumptions, g(v) C L¢(r'(y)U g(d)) for
f §<y

all v € 2a. By Lemma B3, g(v) © Ly (r'(7)) for all v € 2a. Assigning v = 2
and v = 2a + 1 leads to g1(a) C Ly(r(a)) and ga(a) E Ly (r(a)). -

3.4 Example Proof with Parameterized Least Fixed Points

Example 3.4.1 (An example of a pushdown system). Let us consider a push-
down system ({*}7 {QO7 q1, QQ}a {*}7 A), where A = {((QOa *), %, (q1, *))7 ((QL *), %, (4o, 5))7
((QO7 6)7 *, (Q27 6))} (Figure E:u)
Let the set of accepting states F' = { (g2, w) | w € {*}*}. Then for all w €
{x}*, from (qo,w) one of accepting states can be reachable.

Proof.

VYn > 0.{(q0,*")} CpuZ.F U (x)Z
& Vn>0.{(q0,*")} € Lazrupz() (Initialization)
& Vn > 0.{(q0,*")} € Lrz.rupyz({ (90,x™) | m <n}) (Indexed Accumulation)
& Vn > 0.{(q0,%")} € FU () ({(q0,*™) | m <n}uU

Lz rupyz({ (qo,*™) | m <n })) (Unfolding)
<= ¥n > 0.{(q0,*")} () ({ (g0, x™) [ m <n}U

Laz.ruwz({ (q,+™) | m <n}))

Here we do a case analysis:

e For n =0,

{(90,)} € () (Laz.rupz(0))

< {(92,6)} € Lnz.ruy (D) (Step)
< {(g2,€)} € F U (%) (Laz.ruz(0)) (Unfolding)
={(@e}CF

11



e For n > 0,

vn > 0. {(q0,*")} € (*)({ (g0, x™) | m <n}U
Lz rueyz({ (qo, *
& Vn > 0. {(g0,*")} € () ({ (q0,#™) | m <n+1}U
Lyzruwz({ (g0, +™) [ m <n+1}))
=Vn > 0. {(q,*"")} € {
(go,*™) |m<n4+1}) (Step)
}C
(go,*™) [m <n+1})

Lz rusz({
<V > 0.{(q, %"

Lyz ruwz({

Then,

Y > 0. {(q1, %" )} C

Lyz.puwyz({ (qo,*™) [m <n+1})
& Vn > 0. {(ql,*”+1)} CFU

(=) ({ (g0, *™) |m<n+1}U

Lz rupyz({ (qo,*x™) [m <n+1 })) (Unfolding)

=V¥n > 0.{(q,x"™)} C () ({ (q0,*™) |m <n+1}U

Lyzruwz{ (g, +™) [ m <n+1}))
<=vn>0.{(q0,*")} € {(q0,*™) | m<n+1}U

Lz rupyz({ (qo,*™) |m <n+1}) (Step)
< vn > 0.{(q0,*")} C {(q0,*™) |m<n+1}
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Chapter 4

Functional Characterization of
Parameterized (Co)Induction

4.1 Test Functions Generalizing Parameterized (Co)Induction

We are interested in how “convenient” G'f(x) and Ly (x) are. To investigate this,
we introduce test functions F' that share some properties with G'¢(x) and Ly (z).

Definition 4.1.1 (Test functions for the parameterized fixed points). Let (C,C)
be a complete lattice and f: C' — C be a monotone function. A test function for
f is a monotone function F': C' — C.

A test function F' for f has the unfolding property, if for all x € C, f(:l: L
F(z)) C F(z) holds.

A test function F' for f has the accumulation property, if for all x,y € C,
y C F(zUy) implies y C F(z).

A test function F' for f has the composition property, if for all r,g1,g92 € C,
if g1 C F(rUge) and go C F(rUgp), then gy U ge T F(r).

A test function F' for f has the indered accumulation property, if for all
ordinal numbers o’ and for all x,y: o’ — C where z is monotone, the following
two conditions are equivalent:

e For all a € o/, we have y(a) C F(z(a)).
e For all a € o, we have y(a) C F(z(a) Uz, y(8))-

A test function F for f has the indexed composition property, if the following
condition is satisfied:

e Let o be an ordinal number and r, g1, g2: o/ — C be indexed families of
elements of C, where r is monotone. Assume that for all « € o/, g1(«) C
F(r(a)u Up<a 92(8)) and g2(a) C F(r(e) U gi(c)). Then for all o €
we have g1(a) U ga(a) T F(r(a)).

4.2 Interderivability of Accumulation and Composition

The theorem below shows that the accumulation property and the composition
property are interderivable.

Theorem 4.2.1 (Accumulation is equivalent to composition). Let (C,C) be a
complete lattice and f: C — C be a monotone function. For all test functions
F for f, F has the accumulation property if and only if it has the composition

property.
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Proof. To prove the accumulation property from the composition property, just
let r=xand g1 = g2 = y.

To prove the converse, assume g1 = F(r L gs) and go © F(r U gy). Since
91U g2 E F(rugiUgs), we have g1 U g2 C F(r). O

Therefore we identify the accumulation property and the composition prop-
erty in this chapter.

In contrast, neither indexed accumulation nor indexed composition is not
essential.

Theorem 4.2.2 (Unfolding implies indexed accumulation and indexed compo-
sition). Let (C,C) be a complete lattice and f: C — C be a monotone function.
For all test functions F for f with the unfolding property, F has the indezred
accumulation and indexed composition properties.

Proof. Essentially the same as Lemma BZ31 and Lemma B=32. 0

4.3 Characterization of Parameterized Coinduction

In this setting, Gs(x) is characterized by the unfolding property and the accu-
mulation property.

Lemma 4.3.1 (Characterization of parameterized greatest fixed point). Let
(C,C) be a complete lattice and f: C — C be a monotone function. Assume
that a test function F for f has the unfolding property and the accumulation
property. Then we have Gy C F.

Proof. To prove Gy(z) C F(z), It suffices to show Gy(z) C F(xz UGy(z)). This
is equivalent to f(z U Gy(z)) C f(x UG(z) U F(zU Gf(a:))) O

Note that a similar theorem to the above lemma appears in [0]. Since we
employ a looser condition for the unfolding property, the result of our lemma is

a bit weaker.
Using the lemma above, we can derive the following equivalence theorem.

Theorem 4.3.2 (Characterization of the unfolding property and the accumula-
tion property). Let (C,C) be a complete lattice and f: C — C be a monotone
function. For all x,y € C, the following are equivalent:

1. For all test functions F for f with the unfolding property and the accumu-
lation property, we have y C F(x).

Proof. 1. implies 2. because we can use Gy as I
2. implies 1. because we have Gy C F. O

4.4 Characterization of Parameterized Induction

There is also the least fixed point variant of the theorem above.

Lemma 4.4.1 (Characterization of parameterized least fixed point). Let (C,C)
be a complete lattice and f: C' — C be a monotone function. Assume that a test
function F' for f has the unfolding property. Then we have Ly C F'.

14



Proof. Since F' is a prefixed point of Aw. f(x Uw) and Ly is the least prefixed
point of Aw. f(x Uw), we have Ly(x) C F(x). O

Theorem 4.4.2 (Characterization of the unfolding property). Let (C,C) be a
complete lattice and f: C — C be a monotone function. For all x,y € C, the
following are equivalent:

1. For all test functions F' for f with the unfolding property, we have y C F(x).
2. We have y C Ly(x).

Proof. This is because L¢(x) is the least prefixed point of Az. f(x U 2). O
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Chapter 5

Predicate Characterization and No-discovery
Parameterized (Co)Induction

5.1 Motivating Example: Infinite State System

In Chapter B, we showed that Lemma 233 and Lemma 234 are enough to
characterize G'y. However, still there is a possibility that one have to discover an
invariant.

Our motivating example is the labelled transition system below:

Example 5.1.1. We consider the labelled transition system in Figure Bl.
Below is an unsuccessful attempt to prove qg € infPath.

{qo} C infPath

< {a} € Gy({ao}) (Accumulation)
< {a} € (*) ({90} U Gy({a0})) (Unfolding)
=A{a} S{a} UG {aw}) (Step)
<{a} € Gy({a})

< {at € Gry({90. a1}) (Accumulation)
< {an} € (= >({€I0,CI1} UG ({90, a1})) (Unfolding)
< {e} S{ep, 1} U G ({meh}) (Step)

< {a} € Giy({90, 01})

In the attempt, we acquire accumulated knowledge about states that we have
gone through. However, we have no opportunity to use it.
By discovering an invariant, though, ¢o € infPath can be proven.

O OO OO

Figure 5.1: A small example of an infinite state labelled transition system
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{qo} C infPath

<{q|i>0} CinfPath

“{aliz0}C i {aliz0) (Tarski)
<={ali=z1}S{qli=0} (Step)

Although there is an intuition that we have to discover an invariant in the
example above, Theorem b3A does not capture that intuition.

5.2 Test Predicates Generalizing Test Functions

To model the problem mathematically, we should define what “can be proven
without discovering an invariant.” There arise two problems:

e If the goal is of the form y C F(z), we can always use the strategy of
discovering an invariant: it suffices to show y C G¢(x) and G¢(x) C F(x).
We have to give appropriate generalization of y C F'(z).

e What can be done to the goal of the form y C g(z) depends on the lattice
C and the function g: C' — C that we are working on. We have to define
it.

We would like to resolve the first problem by generalizing test functions to
test predicates.

Definition 5.2.1 (Test predicates for parameterized fixed points). Let (C,C) be
a complete lattice and f: C — C be a monotone function. A test predicate for
the parameterized fixed points of f is a predicate P C C x C.

A test predicate P has the downward closure property, if for all z,vy,y’ € C,
y C ¢ and P(x,y’) implies P(x,y).

A test predicate P has the join closure property, if for all Y C C, (Vy €
Y. P(z,y)) implies P(z,|]Y).

Test predicates are actually generalization of test functions, as shown in the
theorem below:

Theorem 5.2.2 (Test predicates generalize test functions). Let (C,C) be a com-
plete lattice and P C C x C be a test predicate. The following are equivalent:

1. We have the downward closure property and the join closure property for
P.

2. There exists a test function F': C — C such that for all z,y € C, y C
F(z) <= P(z,y).

Furthermore, such F': C — C are unique up to equivalence.

Proof. Obviously 2. implies 1.

To prove 2. from 1., let F(z) := | |{y | P(z,y) }. By join closure, P(z, F(z)).
By downward closure, P(z,y).

Assume that both F' and F’ satisfies the property in 2. Then from F’(z) C
F'(x) we have F(z) C F'(z), and F'(z) C F(x) alike. O
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5.3 Generalization of the Unfolding Property and the Accumu-
lation Property

For the second problem, we want to use a left adjoint: a monotone function h
such that y C g(x) <= h(y) C x. However, the left adjoint need not exist in
general. Instead, we define a looser condition:

Definition 5.3.1 (Minimal witnesses). Let (C,C) be a complete lattice. For a
monotone function g: C' — C and y, z € C, z is a minimal witness from y to g if
and only if it is a minimal element of {2’ € C' | y C g(2’) }.

)

Note that, if we replace “minimal” with “minimum,’
and a left adjoint.
Minimal witnesses have enough power to prove propositions of the form y C

g(z).

we get a universal arrow

Lemma 5.3.2 (Characterization of adjoint-like reasoning). Let (C,C) be a com-
plete lattice and g: C — C' be a monotone function preserving directed infima.
Then for all x,y € C, the following are equivalent:

1. There exists z € C such that z C x and z is a minimal witness from y to g.

2. y C g(x).

Proof. To prove 2. from 1., just use the fact that z is a minimal witness.
To prove 1. from 2., let A:={2' € C |z CaxAyLC g(z)} and apply Zorn’s
lemma to A C C (in a reverse order).

e A is nonempty because z € A.

e Let B C A be a nonempty chain of A. Then [ |B € A and this is a lower
bound of B. ]

Using minimal witnesses, we can generalize the unfolding condition.

Definition 5.3.3 (The unfolding property of test predicates). Let (C,C) be a
complete lattice and f: C — C be a monotone function. A test predicate P has
the unfolding property, if for all minimal witnesses z € C' from y to \w. f(zUw),
P(z,z) implies P(z,y).

Theorem 5.3.4 (The unfolding property of test predicates generalizes that of
test functions). Let (C,C) be a complete lattice and f: C — C be a monotone
function. Assume for all w € C, Aw. f(x U w) preserves directed infima. Let
P C C xC be a test predicate of f. Then the following are equivalent:

1. We have the downward closure property, the join closure property, and the
unfolding property for P.

2. There exists a test function F: C — C such that F' satisfies the unfolding
property and for all z,y € C, y C F(x) < P(x,y).

Proof. 1. is immediate from 2. and Lemma B=32.

To prove 2. from 1., as in Theorem 622, let F(z) := | |[{y | P(x,y) }. Since
f(z U F(z)) C f(z U F(z)), there exists z € C such that z C F(z) and z is a
minimal witness from f (x UuFr (a:)) to Aw. f(zUw). By the unfolding property of
P, we have P(:L’, f(zu F(x))) ie. f(zUF(z)) C F(x).

O
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The accumulation property can also be generalized to test predicates.

Definition 5.3.5 (The accumulation property of test predicates). Let (C,C) be
a complete lattice and f: C — C be a monotone function. A test predicate P
has the accumulation property, if for all x,y € C, P(x Uy,y) implies P(x,y).

Theorem 5.3.6 (The accumulation property of test predicates generalizes that
of test functions). Let (C,C) be a complete lattice and f: C — C be a monotone
function. Assume for all w € C, Aw. f(x U w) preserves directed infima. Let
P C C xC be a test predicate of f. Then the following are equivalent:

1. We have the downward closure property, the join closure property, and the
accumulation property for P.

2. There exists a test function F': C — C such that F satisfies the accumula-
tion property and for all x,y € C, y C F(z) <= P(z,y).

Proof. 1. is immediate from 2.
To prove 2. from 1., as in Theorem 6232, just let F(z) := | |[{y | P(z,v) }.
O

Generalization means dropping the downward closure condition.

5.4 Characterization of No-discovery Parameterized Induction

Before characterizing no-discovery parameterized coinduction, we show that the
similar result to Theorem BEZ2—2 holds with a little restriction.

Theorem 5.4.1 (Characterization of unfolding, without discovery of an invari-
ant). Let (C,C) be a complete lattice and f: C — C be a monotone function.
Assume Aw. f(x U w) preserves directed infima and for all z € C, Aw.z M w
preserves directed suprema. For all x,y € C, the following are equivalent:

1. For all test predicates P of f, if f satisfies the join closure property and the
unfolding property, then P(x,y) holds.

2. yC Ly(x).

Proof. We define g(w) := f(z U w).

1. implies 2. because we can use y C L¢(z) as P(z,y).

To prove 2. from 1., we use Theorem Z174. By the theorem, y C g%(L) for
some . Do induction on .

If « = 0, then y = 1 by the hypothesis. The join closure property can be
applied to prove P(x, L).

If «a =a 41, then y C g(ga/(J_)). By Lemma BZ32, there exists z € C
such that z is a minimal witness from y to g and z C ¢® (1). By the inductive
hypothesis, P(z,z). By unfolding, P(z,y).

If o is a limit ordinal, then y C | | f<a g°(L). By the inductive hypothesis, for

all B < «a, P(x, yﬂgﬁ(J_)). By the join closure property, we have P(x, |_|5<a (yTI
gﬁ(J_))). This equivalent to P(x,y). O
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5.5 Characterization of No-discovery Parameterized Coinduc-
tion

Here we prove a similar theorem to for finite lattices.

Theorem 5.5.1 (Characterization of unfolding and accumulation, without dis-
covery of an invariant). Let (C,C) be a finite lattice and f: C — C be a monotone
function. Assume \w. f(x U w) preserves directed infima. For all xz,y € C, the
following are equivalent:

1. For all test predicates P of f, if P satisfies the join closue property, the
unfolding property, and the accumulation property, then P(x,y) holds.

Proof. 2. is immediate from 1. We prove 1. from 2.
We construct a pair of sequences {z;};>0, {¥i}i>0 satisfying following condi-
tions:

® To=12,Y =Y.
oz =z Uy
e y;+1 is a minimal witness from y; to Aw. f(x;41 U w).

Assume 2,y € C and y' T Gy(2'). Since ¢/ C f(a' Uy’ UGy(z' Uy')), there
exists y” € C such that ¥’ T G¢(2’ Uy') and y” is a minimal witness from 3/’
to Aw. f(2' Uy Uw). Therefore, by dependent choice, there is such a pair of
sequences.

For all i > 0, P(x;+1,yi+1) implies P(x,y). We prove this by induction on i.
Assume that P(z;41,yi+1). Since y;4+1 is a minimal witness, we have P(x;Uy;, y;).
Therefore we have P(z;,y;) by the accumulation property.

Since {;}i>o is monotone and C is finite, there exists ¢ > 0 such that z; =
Zit+1. This means y; C x;. Therefore, by the fact that y; is a minimal witness,
Yi C f(@i).

Since L is also a minimal witness from y; to A\w. f(z; Uy; Uw), P(xi—1,yi—1)
is true. Therefore we have P(x,y). O

5.6 Examples and Counterexamples

In Lemma B33, we assumed f preserves directed infima. An example is (a).

Theorem 5.6.1. Let (Q,{—a}aexn) be a labelled transition system and a € X.
Assume Q has finite branches labelled a i.e. for all g € Q, a set {q¢' | ¢ —a ¢’} is
finite.

Then (a) preserves directed infima.

Proof. Let S C P(Q) be a downward directed set. It is straightforward to show
(@) Naes A € Naesa)A. We prove the converse.

Let ¢ € Q and assume ¢ & (a)() s A4, ie. for all ¢ —4 ¢, there exists
Ay € S such that ¢/ ¢ Ay. Since {¢' | ¢ —4 ¢} is finite and S is downward
directed, there exists A € S such that for all ¢ —, ¢, ¢ € A. Therefore we have

qé ﬂAeS<a>S- [

The theorem below shows that minimal witnesses correctly capture the proof
strategy in Example 2233 and Example b1
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Theorem 5.6.2. Let (Q,{—a}acx) be a labelled transition system and a € 3.
Forallg e Q and z,z C Q, z is a minimal witness from {q} to Aw. (a)(x Uw)
if and only if one of the following conditions are satisfied:

e ¢ (a)w, z={q'}, and ¢ o ¢', or
e g€ (a)w and z = 1.
O

In addition, the theorem below shows that minimal witnesses correctly capture
the intuition that the proof strategy in Example b fails.

Example 5.6.3. We consider the labelled transition system in Figure Bl.
We define a test predicate P for (x). Let z,y C Q. Let & := {i | ¢; € x }U{—1}
and 7 :={i| ¢ €y}U{-2}

e If either Z or § is unbounded, then (z,y) € P.
e If both Z and g are bounded and maxx > maxy, then (z,y) € P.
e If both Z and gy are bounded and maxz < maxy, then (z,y) &€ P.

Lemma 5.6.4. Ezample B3 satisfies the join closure property, the unfolding
property, and the accumulation property. O

Using this counterexample, we can conclude:

Theorem 5.6.5 (Failure of no-discovery parameterized coinduction). Unlike
Theorem BZA, it is not the case that the following proposition is true.

o Let (C,C) be a complete lattice and f: C — C be a monotone function. As-
sume Aw. f(xUw) preserves directed infima. For all x,y € C, the following
are equivalent:

1. For all test predicates P of f, if P satisfies the join closue property,
the unfolding property, and the accumulation property, then P(z,y)
holds.
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Chapter 6

Conclusions and Future Work

We gave the inductive counterpart of parameterized coinduction. This can be
used in finite state systems with decreasing parameters. As there are parameter-
ized induction and coinduction, generalization to mixed induction and coinduc-
tion is of interest.

Parametric corecursion [I3] is similar to parameterized coinduction, but it is
defined in a category, not only in a preordered set. Therefore it can be used to
define coinductive sets rather than coinductive propositions. It may be convenient
to generalize parameterized induction to parametric recursion.

We gave the characterization of the power of parameterized coinduction and
parameterized induction, and confirmed that parameterized coinduction is stronger
than usual coinductive proof in this respect. This result may be extended to in-
finite state systems with looser finiteness condition, like symbolic automata [5].

Syntactic approaches to characterization of such an advantage can also be
considered. One way is to provide a cut-eliminable calculus. Although there
is already a cut-eliminable calculus for the propositional modal p-calculus [I0],
another approach is worth investigating.
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