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1. Reduction ordering

2
How to prove termination?

1. Embed the rewrite relation —% in a well-founded ordering.

(Because then any infinite reduction s; — s2 — s3 — ... is an infinite decreasing sequence s; >
s > s3> ..., contradicting well-foundedness.)

2. Pay special attention to function calls
(Use some form of the dependency pair framework.)

To start: we will define a well-founded ordering
There are many ways to find such an ordering! In this course, we will consider two of the most popular.

3

Embedding —% in a well-founded ordering

Goal: find a well-founded ordering > and prove that s > ¢ whenever s — t.

Difficulty: how to prove s > t whenever s — t? There are infinitely many terms and possible reductions.

add(0,y) — y
add(s(z),y) — s(add(z,y))

€T

Needed: add(0,0) > 0, add(0,add(z,y)) > add(z,y), ...

Solution: it suffices to orient the rules if we have a well-founded ordering > with:

e if s >t then so > to for all substitutions o
(we say: > is stable)

o if s ¢ then f(...,s,...) > f(...,¢,...) for all £
(we say: > is monotonic)

Such an ordering is called a reduction ordering.

3. if s :: 0 is computable and s >1po ¢ then ¢ is computable

Proof: by shared induction on o (class exercise)

21

Soundness of HORPO

Main proof ideas:

e if s[x :=t] is computable for all computable ¢, then Az.s computable

e if s1,...,s; computable, and f(sy,...,sk) UW@O t,
then ¢[Z := 4] is computable for all computable @

(by induction first on £,
then on (si,...,s;) ordered with status(f),
and finally on the derivation of £(sy,...,sk) uwmvo t)
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Note: it speaks to the power of LPO that we can indeed use it to prove termination of the Ackermann
function. After all, while termination theoretically holds, the normal form of A(s(s(s(s(0)))), s(s(0))) is
a term containing N symbols s, for N being a number of 19,729 decimal digits. Hence, this normal form
does not fit in all computer memory of the world.

7
Soundness of LPO

Theorem
If £ =1po r for all rules in R, then the TRS with rules R is terminating.

Proof. =ppo is:

e stable: if s =1 po t then so =1po to
(by a simple induction on the definition: if 2 >1po ¢ then ¢ = x, so zo = to too)

e monotonic: if s =po ¢ then £(...,s,...) =Lpo £(..., ¢, ...)
(by the (lex) rule)

o well-founded: there is no infinite decreasing sequence

8

Well-foundedness of LPO

Define: s is terminating if there is no infinite sequence s >ppo t1 >1Lpo t2 >Lpo ... starting in s.

Claim: if (si,...,s,) terminating, and £(s1,...,s,) >Lpo ¢, then ¢ terminating

Proof: by induction on:

o f first (using &)

o (s1,...,58y,) ordered lexicographically by =1po second;

o the derivation of £(sy,...,s,) >Lpo t third
Conclude: if there is a smallest non-terminating f(s1,...,s,), then by definition of “smallest”, all
s; are terminating; therefore, if there is an infinite sequence f(si,...,s,) =Lpo t1 >~Lpo ... then t; is

terminating as we saw above. But this contradicts the existence of the infinite sequence!

9
Extending LPO

In practice, the lexicographic path ordering is quite minimalistic — and often we can do better.

Polymorphic HOLPO

Idea: be creative with the type collapsing!

Instead of mapping each base type to o, it is actually sound to replace base types by any type, so long
as we do it consistently. Thus, we can for instance let:

collapse(list(cv)) := collapse(a) for all types a

Then to prove termination of all type-instances of the polymorphic map rule at once, it suffices to orient
the following rule using HOLPO:

cons; I =«
consy = fB=pf
map = (a=p)=>a=p

map(F =g, cons1(Ta, Ya)) — consy(Fa=p - Ta,map(Fa=g; Ya))

This can be oriented with the same proof as we saw before!

17
HORPO

As in the first-order setting, the higher-order lexicographic path ordering can be extended with status
and distinct function symbols being equated. This for example gives rules like:

(mul) s =£(s1,...,55) Jipo &(t1,- .. ty) if
e frg
o status(f) = muly, for some m € N with m <n
o f(s1,...,8k) Umwﬁo t; foralli e {1,...,n}
o {51, Smingeom) I} (-LP0)mut {t1, -+t }}
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3. A higher-order RPO

10
Applying RPO to higher-order systems

The recursive path ordering is a powerful method, and we would like to apply it in higher-order rewriting
as well. However, we run into a few challenges. . .

Challenge: f(g(x)) >Lpo
Why is this a problem? Well. ..
Recall: if
f:ro=o0=o0and
g (0o=0)=o,
this is non-terminating as it encodes the untyped A-calculus (we can see f as the application symbol, and
g as a wrapper for abstractions)!

Nor is the problem with the (sub) rule the only one. The recursive path ordering has no functionality
to deal with applications.

Challenge: how to derive s =ppo F -7

We could of course try encoding application as a function symbol — but this comes with all the problems
we had before. Besides, this still does not solve all our problems.

Challenge: do we have £(s,t) >=1po @Q(£(s),t) since (s,t)(>1LpP0)lex(s)?
Conclusion:

e A dedicated higher-order definition is needed. Such a definition could take head-variables, lambda-
abstraction and also partial application into account.

e Types are important for termination! Hence, we should take them into account in the definition of
higher-order RPO.

11
HOLPO
So now, let us present a higher-order extension of the basic lexicographic path ordering.

e s >1po tif s and ¢t have the same type and:
(greater) s 3%t

(@) s =s1- 892, t =t ta, each s; =1po ti, some s; =Lpo t;
This could be used for instance to derive @+ s-t-u =ppo @+ s-t'-uif t =ppo t'. We would typically
not use it for applications with a function symbol at the head, since there it is more powerful to
just use Jppo instead.

(lam) s = A\z.s’, t = Az.t’ and ' =1po t’
We can use a-renaming to make sure both variables are the same.

(beta) s = (Ax.s') -ug- - u, and §'[x 1= ug] - uy -~ up =rpo t (where n > 0)

o £(s1,...,8n) Tpo tif:

(sub) s; =ppotforsomeie {1,...,n}orte X
Note that >1po is the reflexive closure of the type-conscious relation »ppo, so this implicitly
requires that s; and ¢ have the same type.

(copy) t=g(t1,...,tm) and £ > g and £(s1,...,8,) Tfpo t; forall j € {1,...,m}

(lex) t =£(t1,...,t,) and £(s1,...,n) H_Wvo ti foralli e {1,...,n},
and [s1,...,8n] (~LPO)lex(t1; - - -+ tnl;
Note that this means that there is some i € {1,...,n} such that:

o s;j=tjforje{l,...,i—1}
® 5 =LPO ti

We explicitly do not have [s1, ..., sp+1] (>LPO)lex [$1,- - -, sn]. Note also that for the arguments we
use the type-sensitive comparison.
(app) t =to -t -ty and £(s1,...,8,) uwm.o t; for all i € {0,...,n}

(abs) t = Az.t’ and £(s1,...,58,) UW%%E. t

12

Collapsing types in HOLPO

[l : natlist
cons : nat=> natlist = natlist
map : (nat = nat) = natlist = natlist
map(F", []) =

map(F, cons(z,y)) — cons(F - z,map(F,y))

Sometimes problematic: Not cons(z,y) > y due to types!

Solution:
l : o
cons : 0= 0=0
map : (0=0)=>0=o0
13
Example
J : o
cons : 0=0=0
map : (0=0)=>0=o0
map (£, []) =

— cons(F - z,map(F,y))

Choose map > cons, [].



