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We develop the metatheory and the implementation, in Coq, of the novel logical framework LF+
and discuss several of its applications. LFT generalises research work, carried out by the authors
over more than a decade, on Logical Frameworks conservatively extending LF and featuring lock-
type constructors LP(NV:9)[.]. Lock-types capture monadically the concept of inhabitability up-to.
They were originally introduced for factoring-out, postponing, or delegating to external tools the
verification of time-consuming judgments, which are morally proof-irrelevant, thus allowing for
integrating different sources of epistemic evidence in a unique Logical Framework. Besides intro-
ducing LFt and its “shallow” implementation in Cog, the main novelty of the paper is to show
that lock-types are also a very flexible tool for expressing in Type Theory several diverse cognitive
attitudes and mental strategies used in ordinary reasoning, which essentially amount to reasoning
up-to, as in e.g. Typical Ambiguity provisos or co-inductive Coq proofs. In particular we address
the encoding of the emerging paradigm of fast-and-loose reasoning, which trades off efficiency for
correctness. This paradigm, implicitly used normally in naive Set Theory, is producing consid-
erable impact also in computer architecture and distributed systems, when branch prediction and
optimistic concurrency control are implemented.

1. INTRODUCTION

The Logical Framework LFT is a conservative extension of LF. It builds on [HLMS17],
but in fact it stems from a research line on conservative extensions of the FEdin-
burgh Logical Framework [HHP93| started more than a decade ago by the authors,
together with L. Liquori, P. Maksimovié, and V. Michielini, see [HLLO7), HLLSO0S,
HLL™ 12, Honl3 [HLST14, [HLMSI5, HLS™16, [HLLS16, [HLMSIS]. These systems
have been introduced prudentially and incrementally with two goals in mind:

— integrating, in a unique Logical Framework, different epistemic sources of ev-
idence deriving from special-purpose tools and oracles, or even non-apodictic
sources such as, e.g. explicit computations according to the Poincaré Principle
IBB02], deduction up-to, diagrams, physical analogies;

— factoring-out, postponing, delegating, or running in parallel the verification of
morally proof-irrelevant and time-consuming judgments and side conditions.

In the course of the research we came to the conclusion that all these issues could be
dealt with conveniently using a notion of lock-type constructor, LFN ‘@)[-], which
can be naturally construed as a monad, see Section [3]

Recent experiments (see [ACDG™19b|) show that lock-types are a very flexible
tool also for expressing in Type Theory a wide gamut of diverse mental strategies
and cognitive attitudes used in ordinary reasoning, which generalise the above goals,
and which can be generally referred to as reasoning up-to. One can say, indeed,
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that the £P(V:7) [-] type constructor expresses a very general notion of inhabitability
up-to.

LF™ extends the expressive power of the lock-type systems available of the previ-
ous frameworks, while streamlining and simplifying the rule-system and notation.
The present paper includes an, almost self-contained, introduction to lock-types
using the novel system LFT. We discuss in detail the monadic nature of locks and
give a rather complete and visionary overview of existing and possible applications
of lock-types.

The main novelty of this paper is that of using LF" to address the formalisation
of the emerging paradigm of fast-and-loose reasoning, [DHJGO6]. This paradigm
trades off efficiency for correctness and amounts to postponing, or running in par-
allel, tedious or computationally demanding checks, until we are really sure that
the intended goal can be achieved. At logical level this paradigm amounts to the
ordinary practice in everyday Mathematics based on naive Set Theory or Cate-
gory Theory, when potentially large objects are freely mentioned, see [HLLSI6],
or when conjecturing or introducing blanket assumptions to be checked or for-
malised later. The latter is often carried out also in program development, see
e.g. [DHJGOG, [HLLST6]. At the level of implementations natural examples of this
paradigm occur in Computer Architecture and Concurrency Control, i.e. branch
prediction in CPUs [JKLO0] and optimistic concurrency control in distributed sys-
tems [KR81]. In both cases efficiency is improved by forgetting, i.e. running in
parallel, time-demanding tests which otherwise would significantly slow down the
computation, if carried out sequentially. Of course in the event that the outcome of
the test is negative there might be an extra cost for backtracking and restoring the
original context. But the trade-off in speed when this does not occur compensates
significantly this drawback.

Another important contribution of this paper is a prototype implementation of
LF', which supports also mechanised proof search. This is crucial if we want
to explore the above paradigms using a logical framework. The implementation
is achieved through a careful shallow encoding of LFT in the Coq proof assistant.
“Shallow” in this context means that we delegate as much as possible the mechanics
of LFT to the metalanguage of the host system. Actually lock-types are rendered as
a Coq Definition. This is quite interesting in itself, both in exposing the principles
underpinning lock-types as well as for the bearing it has on proving that predicates
are well-behaved. Of course, everything relies on an appropriate adequacy result
(see Theorem [5.1)).

In this paper we carry out three detailed case studies. The first is the paradig-
matic call-by-value A-calculus, the other two are the completely novel case stud-
ies pertaining to the fast-and-loose reasoning paradigm, namely branch prediction
for URM machines (see [Cut80]) and optimistic concurrency control for a sim-
ple programming language, which we call STL (i.e. Simple Transaction Language)
[CDKO02].

Many intriguing issues arise in connection with the latter examples: e.g. can we
short-cut reasoning on different nested locks? What is the correct way of expressing
adequacy when dealing with reasoning up-to? How do we express the adequacy of a
branch prediction protocol? We outline possible answers to some of these questions.

In Section [2| we introduce LF' and we discuss its differences w.r.t. LLFp. In
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Section[3]we explain the monadic nature of locks. In Section[dwe present a gamut of
logical contexts and attitudes which have benefitted or would benefit by an analysis
in terms of locks. In Section [5] we give a shallow definitional implementation in Coq
of LF™ and CLLFp;. The paradigmatic case-study of call-by-value A-calculus is
implemented in Section [6] Section [7] is a brief discussion of the fast-and-loose
reasoning paradigm and serves as an introduction to the following two sections.
In these we present two massive case-studies, namely: branch prediction for URM
machines [Cut80|], and optimistic concurrency control. We briefly discuss future
directions in Section The web appendix of the paper is online at [ACDG19b].

The authors express their gratitude to F. Rabe and to the anonymous referees
of this paper and of a preliminary version presented at LEFMTP 2019 [ACDG™19al
for their helpful suggestions.

2. THE LF' LOGICAL FRAMEWORK

The reader familiar with [HLMS17] can read only Subsection while the reader
familiar with Type Theory in general can skip both Subsections [2.2] and

2.1 The System and its Intuition

In this section, following the standard pattern and conventions of [HHP93], we
introduce the syntax and the rules of LF*. In Figure we give the syntactic
categories of LFT, namely signatures, contexts, kinds, families (i.e. types), and
objects (i.e. terms). The language is essentially that of classical LF [HHP93], to
which we add the lock-types constructor (£) for building types of the shape £ [p],
where C = P(U : V) is a predicate P on the entity U classified by V, which can
either be a term M and its type o, or a type ¢ and its kind K. The predicate P can,
and usually will, access the whole environment I'. Correspondingly, at the object
level, we introduce the lock constructor (L) and the unlock destructor (U). The
intended meaning of the £P(UV)[.] constructor is that of a logical filter expressing
inhabitability up-to the verification of I' - P(U:V).

Notice that the syntactic category of lock conditions in Figure [I| is merely an
abbreviation, in order to obtain a smoother and lighter notation in the rest of the
paper (in particular, in the type rules of Figure . Hence, in the following we
will switch from C to P(U : V) or to the specific subcases P(M : o), P(o : K),
according to our needs.

The rules for the main one-step fL-reduction, which combines the standard S-
reduction with the novel £-reduction (behaving as a lock-releasing mechanism, eras-
ing the U-L pair in a term of the form U[LC[M]]) appear in Figure The rules for
one-step closure under context for kinds, families, objects, and lock conditions are
collected in Figures [3] [} [B} [6] respectively. We denote the reflexive and transitive
closure of —g, by —#g,-. Hence, SL-definitional equality is defined in the standard
way, as the reflexive, symmetric, and transitive closure of SL-reduction on kinds,
families, objects, lock conditions, as illustrated in Figure [7}

Following the standard specification paradigm of Constructive Type Theory, we
define lock-types using formation, introduction, elimination, and equality rules.
Namely, see Figure [8] we introduce a lock-constructor for building objects £C[M]
of type LC[p], via the introduction rule (O-Lock). Correspondingly, we introduce
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¥ € Signatures Y =02 aK |3 co
I' € Contexts I' o= 0| a0
K € Kinds K = Type | lz:0. K
a,7,p € Families (Types) o == a|lz:om|o N | L[]
M,N € Objects M == c|z|Az:o.M | M N | LC[M] | U[M]
C € Lock Conditions C == P(N:0)|P(c:K)
where the P denotes an external predicate symbol
from a fixed set of identifiers.
Fig. 1. The pseudo-syntax of LFT
(Az:o.M) N —g, M[N/xz] (8-O-Main) ULLCIM]] —pe M (L£-O-Main)
Fig. 2. Main one-step-8L-reduction rules
- ! K —gr K’
7 meg (K-T,-BL) RL (K TI-BL)
x:0. K =g, Muio’ K Ix:0. K =g, a0 K’
Fig. 3. BL-closure-under-context for kinds
o —gp o T =g T
pe (F-TI;-BL) pe (F-TI2-BL)
Ix:o.m7 =g, Hxio’. T Tx:o.7 =, Hxio.7’
o —gr o’ N —g, N’
— (F-A1-BL) S A (F-As-BL)
O’N%BCO'/N UN*)BLO‘N/
C — ya c’ — /
- ° = (F-L1-BL) . pse pc / (F-La-BL)
LEp] =82 £ [p] LE[p] = L[]

Fig. 4. [BL-closure-under-context for families

an unlock-destructor U[M] via the elimination rule (O-Guarded-Unlock), which is
reminiscent in its shape of a Gentzen-style left-introduction rule.

In order to provide the intended meaning of £¢[-], we need to introduce in LF"
also the rule (O-Top-Unlock), which allows for the elimination of the lock-type
constructor if the condition C is verified, possibly ezternally. Figure [§] shows the
full type system of LF™. All type equality rules of LF™ use as notion of conversion
BL-definitional equality.

The reader familiar with previous notations for lock-types may notice that we
introduced a simplification in the notation of the unlock operator (i), dropping
the predicate, since the latter is automatically implied by the type of the term
argument M.

One may wonder why the rule (O-Top-Unlock) is not enough and (F-Guarded-)
and (O-Guarded-) unlock-rules are called for. In Section [3| we will show that
these two rules are crucial for providing the monadic interpretation of locks, while
(O-Top-Unlock) is merely a non-standard rule for exiting our monads. But the
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/ M M/
g LT (O-M1-BL) L (O-2a-BL)
Ax:o.M =gz Ax:o’ .M Ax:o.M —gp Axio. M’
M —gp M’ N —g, N’
e (0-A1-8L) e (0-Az-BL)
MN*}/BEM/N MN*)BLMN/
C—pc C M =5, M’
e (0-£1-BL) o (0-£2-8L)
LE[M] —p £ [M] LE[M] =g LE[M']
M M’
G (OU-BL)
UIM] —pc UIM']
Fig. 5. BL-closure-under-context for objects
M —gp M’ o —gr o’
o (0-Cr-BL) P (0-C2-BL)
P(M :0) —ge P(M' :0) P(M :0) —=ge P(M:0')
o —gr o' K —g, K'
o (0-Cs-BL) oL (0-Ca-BL)
P(o: K) =2 P(o' : K) P(o: K) =g, Plo: K')

Fig. 6. [BL-closure-under-context for lock conditions

T =g, T’ -

# (BL-Eq-Main) T=5rT (BL-Eq-Refl)
oz

T=4.T" =T e

s (CBesym) P _TTET (3LBeTrans)
=8c T=5.T

Fig. 7. BL-definitional equality

guarded-unlock rules are crucial also pragmatically. It is precisely them that make
it possible to reason hypothetically, i.e. to concatenate reasoning steps under as-
sumptions, thus making locks flexible for modeling the fast-and-loose reasoning
paradigm. Linking deduction steps under assumptions is actually a kind of Kleisli
composition. If we were to always release a locked term before accessing the encap-
sulated judgement this would mean that we would always have to check a proof-
irrelevant side condition, before using that judgement. And this is precisely what
would slow down the main flow of a derivation. Properties occurring in locks are
usually not essential to the main thrust of the proof, because they are usually
proof-irrelevant. The hard stuff goes on within the lock. In practice, one wants to
be free to proceed with the main argument, postponing, as much as possible, the
verification of details. In reaching in a proof development a stage, where we are
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Signature rules
(S-Empty) 'ty o:lle:r K T’k N: 7T

- F-A
0 sig Chrs o N : K[N/z| (F-App)
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,a:K sig T'ts L£p] : Type
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— (S-Type) ; 5 (F-Conv)
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Context rules Object rules
3 sig Fe ' coeX
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s 0 ( pty) Trecio (O-Const)
I'ty o:Type x & Dom(T") Fe I zi0€el
. (C-Type) ks xz:o (0-Var)
'72 F,QJAO' >
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Ty Type (4 T0Pe) Lrs Millwor DrsNio
I vt by K 'ty M N :7[N/z]
7 =2 (K-Pi
Ty e & T PrsM:g Ths7:Type o=oct
Thy M:7 (O-Conv)
Family rules
FeT @K eS ks M:p ThHxU:V C=PU:V) (O-Lock)
) : .
Trha K (F-Const) Iy LCIM] : £C]p]
I z:o by 7: Type . e :7kFks M :p T'Fs N ,CC[[’T]J
(F-Pi)  pTryU:V) C=PU:V) C=3.C

'y Hz:o.m : Type

I'tx MU[N]/z] : plU[N]/x] (O-Top-Unlock)

Iz:7hs LO[p] : Type T'ks N: ECIHTH C=3,C"
T bs £ [p[U[N]/a]] : Type

(F-Guarded-Unlock)

T,o:irhs M:L[p] Thy N:LE[r] C=5cC"
T ks, MU[N] /2] : £ [p[U[N]/=]]

(O-Guarded-Unlock)

Fig. 8. The LFT Type System

not able, or we do not want to waste time, to verify a side-condition, we want to
postpone such a task and use immediately, albeit in a nested way, the given term,
thus proceeding with the main argument of the proof. The (F-Guarded-Unlock)
and the (O-Guarded-Unlock) rules allows us to realise precisely this. The external
lock-type of the type within which we release the unlocked term will preserve safety,
keeping track that the verification has to be carried out at least once, sooner or
later.

We conclude this section by recalling that, since external predicates P affect
reductions in LF", they must be well-behaved in order to preserve subject reduction.
This property is necessary for achieving decidability, relative to an oracle, which is
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essential to any proof-checker such as LF". We introduce, therefore, the following
crucial definition, where « is shorthand for the conclusion of a judgment.

Definition 2.1 WELL-BEHAVED PREDICATES, [HLS™16]. A finite set of predi-
cates {P; }ier is well-behaved if each P in the set satisfies the following conditions:

(1) Closure under signature and context weakening and permutation:
(a) If ¥ and 2 are valid signatures such that ¥ C Q and P(I" Fx «), then
P(F l_Q a).
(b) If T and A are valid contexts such that ' C A and P(T Fx «), then
P(A }_E a).
(2) Closure under substitution: If P(T,z:V' TVt U :V)and T kg U’ : V',
then P(I,IV[U’' /x| bs U[U' /x] : VU’ /x]).
(3) Closure under reduction:
(a) EPITFxU:V)and U =3, U', then P(I'Fx U’ : V).
(b) HPTFx U:V)and V =g, V/, then P(T' 5 U : V).

2.2 The metatheory of LF ™"

For the sake of completeness, we will briefly sketch the metatheory of LF™. There
are two ways to prove the standard properties (e.g. strong normalisation, confluence
and subject reduction): either directly or exploiting a compositional embedding
function mapping entities and judgments of LF into another principled logical
framework, e.g. LF. This approach has been pursued in [HLMSI7] for LLFp. In
this section we simply notice that, since in Section 5] we give a shallow and adequate
encoding of LF' in Coq, we inherit all the main metatheoretic properties from the
Calculus of (Co)Inductive Constructions (the underlying type theory of Coq). This
argument is robust enough to support also all the extensions which we make in LF™
to the original theory of LLFp.

Theorem 2.2 (CONFLUENCE OF LFT). fL-reduction is confluent, i.e.:

1) If K -3, K’ and K —3, K", then there exists a K"’ such that K’ —sg, K"’
B B B
and K" —»g, K.

(2) If 0 =g, 0" and o —»g 0", then there exists a o’/ such that ¢’ —»3. 0"’ and
1 n
g 3L 0.

(3) If M —»5, M’ and M —»g, M", then there exists an M such that M’ —»zz M’

and M" 8L M,

We recall here that, as it is often the case for systems without n-like conver-
sions, confluence can alternatively be proved directly on raw terms as in [HHP93,
HLS™16]. Namely using Newman’s Lemma ([Bar84], Chapter 3), and showing that
the reduction on raw terms is locally confluent.

Theorem 2.3 (STRONG NORMALISATION OF LFT). (1) If ' by K, then K is
—gc-strongly normalising.
(2) fT'Fyx o : K, then o is —p,-strongly normalising.
(3) if I' 5 M : o, then M is —g-strongly normalising.
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Alternatively, strong normalisation can be proved following the same pattern
used in [HLS™16], relying on the strong normalisation of LF, as proven in [HHP93).

Well-behavedness of predicates is not necessary when we prove metatheoretic
results directly on raw terms, as in the theorems above. On the other hand, it is
necessary when we prove metatheoretic results about typings, as in the following
theorems.

If the predicates are well-behaved, we have also the following:

Theorem 2.4 (SUBJECT REDUCTION OF LFT). If predicates are well-behaved, then:

(1) T kg K, and K —3. K’  then T' by K'.

(2) ITtkyo:K,and 0 =g o', then 'y 0’ : K.

3) Uk M:o,and M —g, M, then ' sy M’ : 0.
B

Since we implement predicates in Coq, all the predicates in this paper are well-
behaved. Other useful standard metatheoretic results are the following ones:

Proposition 2.5 (WEAKENING AND PERMUTATION). If predicates are closed un-
der signature/context weakening and permutation, then:

(1) If ¥ and Q are valid signatures, and 3 C Q, then I' by, « implies T' Fq a.

(2) If T and A are valid contexts w.r.t. the signature ¥, and I' C A, then I' b5 «
implies A by a.

Proposition 2.6 (SUBSTITUTION). If predicates are closed under signature/context
weakening and permutation and under substitution, then: if I, z:0,T s «, and
I'ky N :o, then T, TV[N/x] bs o[N/z].

2.3 Comparison with the system LLFp

A more detailed comparison of LFT with the earlier system LLFp, of [HLMS17], is
in order.

— In the language definition of LF* we have introduced the new syntactic class C
of lock conditions. This is essentially a definitional modification which simplifies
the notations and the rules.

— We have dropped the reference to P(U : V) in wunlock constructors. This is
safe since the index can be directly recovered from the type of argument to the
unlock.

— The judgements considered in predicates are extended to families and kinds, e.g.
P(o, T'ype), thus permitting us to consider inhabitability of types as a predicate.

— The first premise of the rule (O-Guarded-Unlock) is relaxed in that the subject of
that premise no longer needs to be explicitly locked. Safety is preserved because
the type has an external lock. We recall that, if subject reduction is to hold, in
this rule some extra complexity is needed to take care of the parameters occurring
in the predicate.

— Rule (O-Top-Unlock) is rephrased so as to make it similar in shape to the rule
(O-Guarded-Unlock).
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3. THE MONADIC NATURE OF LF*

In this Section we illustrate in full detail how locks can be understood as monads.
This Section can be skipped by readers only interested in the applications.

The type rules of the £ and U constructors allow for an understanding of £C[-]
as a monad. Domain-theoretically this monad behaves as the Identity Monad,
creating a copy of all objects. This look-alike or doppelginger monad creates a
double, parallel, hypothetical, possibly counterfactual world.

The introduction rules (F-Lock) and (O-Lock) of lock-types and lock-terms cor-
respond immediately to the introduction rules of monadic types and monadic terms
in the Metalanguage of [Mog91].

The elimination rules, on the other hand, require more discussion.

— The (O-Top-Unlock) rule is specific to this monad. In general, there is no
standard way to exit the encapsulation produced by a monad.

— Eliminations need to be performed also at the level of families by (F- Guarded- Unlock),
but we do not need explicit unlock-operators at that level.

— Both rules (F:Guarded-Unlock) and (O-Guarded- Unlock) need to take into ac-
count also definitional equality to preserve subject reduction.

— We do not use the standard lety construct as elimination construct, in favour
of the U-constructor. We could have introduced it, e.g.

Ix:7ks ,CC[[p]] :Type I'ks N: cc [r] C=scC’
by let z = N in £°p] : Type.

(F-Guarded-Unlock)’

But the use of 1et would introduce unnecessary terms in our language and make
the (O-Top-Unlock) rule more awkward to express.

— We can define in LFthe function lete : (o0 — LE[7]) — LC[o] — L[] by
e o — L[] My : LEo]. U[y]) : (o — LE[7]) = L [o] — LE[7].

It evaluates as the traditional lety construct apart from the case when the first
argument is a constant function. FErasing the dependency is wrong if we use
the lety construct to model Kleisli composition in the general setting. But
we are essentially interested in inhabitability of types, rather than encapsulating
evaluations, and such judgements do not produce effects. In our context the case
of the constant functions amounts simply to an instance of the strengthening
structural rule.

In order to define formally the monad induced by the £P(U:V)[.] construct, for
a given a predicate P and a judgement I' -y U : V, we need to endow the term
model of LF with the structure of a category. In fact this should be done in the
more general setting of categories with families [Dyb96|, due to the fact that we use
dependent types. We will not develop all the details of this construction here, but
give only the crucial insights.

The objects and morphisms of our category will be classes of LF' terms up to
expansion to fn-Inf. The notion of fn-Inf is given by the following definitions
(see Definition 5.8 and Definition 5.9 in [HLST16]):
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Definition 3.1. An occurrence & of a constant or a variable in a term of a LF+
Judgement is fully applied and unlocked with respect to its type or kind I1Z1: 7 1. El[

1 Y 2 En[a] J, where £1, .. E are vectors of locks, 1f§ appears 1n subob-
Jects of the form Z/[n[( ( [fM ]) )]\_{[)n], where My,...,M,, Uy,...,. U, have
the same arities of the corresponding vectors of II’s and locks.

Definition 3.2 (JUDGEMENTS IN 37-LONG NORMAL FORM).

(1) A term T in a judgement is in Bn-Inf if T is in normal form and every constant
and variable occurrence in T is fully applied and unlocked w.r.t. its classifier
in the judgement.

(2) A judgement is in Bn-Inf if all terms appearing in it are in Sn-Inf.

For the rest of this section, by semantics of an object in the term model we will
mean implicitly its Sn-Inf. In order to avoid an excessive burden in the notation, we
will define the monad (£L€[-],n, 1) by giving the corresponding concrete instances
of the natural transformations n and p as Bn-Inf-classes of terms in LF*. By abuse
of notation, we will use the same symbols both on the syntactic level and on the
semantic level.

In particular, we have that 1, 2 Az:p.£¢[z] and p, £ Aa:LE[LPCV [o]]. U[x].
Indeed, if C = P(U : V) and T',z:p bx U : V is derivable, the term for 7 can be
easily inferred by applying rules (O-Var), (O-Lock), and (O-Abs), as follows:

Dozpksax:p TyapksU:V C=PU:V)
D,z:p s LO[z] : L[]
[ s Az:p.LOz] : Tla:p.LC[p]

The term for p, if I' =y U : V is derivable, is obtained by applying weakening and
the rules (O-Var) and (O-Guarded-Unlock) and finally (O-Abs):

L, z:LYLC[p]], 2:LC[p] F 2:LE[p] L, z:LC[LC[p]] Fs 2:LE[LE[p]]
L, o:LY[L[p]] s U] - L[ p]
L =Xz LOILC[p]]- U]

Locks yield strong monads, whose tensorial strength is given, in our context, by
a function:

tor : Ma:o Tly:LC[r].LE[p] — Ma:LC [o] Ty:LE [7].L£C[p]
namely:
tor & N (Ha:o Ty:LE[7].LC[p]) A = (LE[o]) Ay:(LE[r])- f U[])y.

We are left to check that the monad equalities hold. This we will do by showing
that the unity and associativity axioms of the Kleisli triple (T, n, —*), corresponding
to the monad LC[-], hold on the corresponding classes of the term model. Recall
that (see, e.g., [Mog91] for details), given a monad (7,7, ), we can consider the
corresponding Kleisli triple (7,7, —*), i.e. the category of computations induced by
the endofunctor T': C — C. In our case the endofunctor is parameterised by a
predicate P and a type judgment I" Fx U : V. The natural transformation —* is
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defined on f : 0 — LE[7] by:
7 < £00] — £°7]
where:
£ & a: Lo]fUla]).
The unity and associativity axioms for the Kleisli category are the following:

(1) f;n::fforf:g_>£C[[T]]

(2) Ne; [*=fflor f:0— EC[[T]]

(3) (f?g*);h* = f; (g§h*)* for f o — »CC[[T]L g:T — [:C[[p]L and B - -
LEe]

These axioms hold in the term model of LF*. Indeed, for point 1), we have that
fint = dx:o. LU f (z)]] which is the Bn-Inf form of f (whose type is ¢ — LE[7]).

Similarly, for point 2), we have that 1,; f* = Aa:o. f(U[LC[x]]), which, according
to (L:O-Main), reduces to Az:o. f(x), which in turn corresponds to Az:0.LC [U[ f ()]
in our term model, i.e. the Sn-Inf of f.

The verification of point 3) is simpler, since both sides of the equation are equal
to Az:o.h(Ug(U[ f(z)])]), which corresponds in our term model to the Sn-Inf form
Mz LEURULg UL ()] DI]-

For the sake of simplicity, in all the above cases we considered o, 7, and p as
constant types, otherwise we would have to further unravel their structures to
comply with the notion of Sn-Inf.

It is worth noting that all the previous Kleisli axioms would be for free if the
term model were quotiented by the notion of congruence induced by SL-reduction,
standard n-reduction, and the following notion of (£-O-n)-reduction:

LOUM]] =M (LO)

The reason why we do not add 7-rules it that those rules would make the language
theory of LFt more difficult, because CR does not hold on raw terms, while 7-
expansion is always safe. Moreover, adequacy statements need only to mention
Bn-long normal forms [HHP93|, [AHMP92).

Finally, to provide the intended meaning of LP(U:V)[[-]], we need to introduce in
LF* also the rule (O-Top-Unlock), which allows for the elimination of the lock-type
constructor if the predicate P is verified, possibly externally, on an appropriate
and derivable judgement. Thus, it amounts to the possibility of “exiting” from the
monad, if certain special conditions are fulfilled. We will come back to this issue in
Section [7

Concluding the monadic account of locks, we remark the moral of this section:
reasoning under assumptions, via the Guarded- Unlock rules, essentially corresponds
to Kleisli composition.

4. A REPERTOIRE OF LOCKS

This section is a cursory review of existing and potential applications of locks and
can be skipped without losing the main flow of the paper.
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In the following we list various reasoning logical systems and proof strategies
where locks have been, or could be, used fruitfully to provide a faithful and trans-
parent encoding in a Logical Framework. Implicitly this will show also that such
reasoning attitudes can be viewed as monads. Namely the concatenation of deduc-
tion steps in these patterns essentially amounts to carrying out Kleisli composition.

A first kind of examples where locks come in handy arises when we want to factor
out, possibly proof-irrelevant, side-conditions. The only critical issue is to ensure
that the predicates involved in locks are well-behaved. Here is a non-exhaustive
list:

— modal logics. The syntactic side condition is that a proof term is either closed
w.r.t. variables whose type is an object-logic judgment, or the free variables of
object-logic judgement type occur in subterms of a particular shape, ﬂHLL—i]_ZL
HLS*16];

— substructural logics: e.g. affine elementary linear logic, non-commutative lin-
ear logic. The side condition is that object-logic judgment typed variables are
constrained appropriately in proof terms,
HLMSTS];

— Hoare’s logic. Quantifier-free formulee, and non-interference predicates are de-
fined using syntactic constraints on formulee, [HLL*12, [Hon13, [HLS14], HLMS15),
[HLS* 16, HLMSI7, HLMSIS];

— Fitch-Prawitz Set Theory. The side condition is that proof terms are normal-

isable [HLMS15], HLLST6l [HLMSI7, [HLMSIg]. We elaborate more on this in

Section [0

Proof attitudes and concepts which can be naturally represented in LFT using
lock-types, and hence be construed as monads, are for example:

— systems which separate deduction and computation. For instance in Deduction
Modulo, the implication-up-to rule:

C ADB A=C
B

can be expressed as:
A, B,C : 0.True(A D B) — True(C) — LPAZCO) [True(B)];

— systems which support reasoning and programming up-to equivalence relations,
or up-to computations according to Poincaré’s principle, see , where terms
are taken to be definitionally equal even if only computationally equal;

— the logical ambient in [DHJGO06], where the very paradigm of fast-and-loose
reasoning was coined in order to reason under the assumption that objects are
total,;

— the squash, bracket, or (-1)-truncation type constructor, (see [Unil3], page 152)
can be expressed using locks by taking ||o|| £ £Z"(7:Tvre) 5], where Znh is the
inhabitability predicate. Using guarded-unlock rules, the introduction rule, and
both the recursive and inductive elimination rules for squash types (see [Unil3],
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ex.3.17) can be derived in LF™:

'-M:o
T+ ﬁInh(a:Type) [[M]] . EInh(o’:Type) [[O']]

Intro

I,z:0kF M :7  all occurrences of x in 7 appear in a L2 T¥Pe)[.] context
T,z LIMeType) [g] = M« 7

Rec—elim

T,z : LIeTyre) [o] - p : Type
T,y:ok N:p(LHeTvre)[y]) all occurrences of y in N appear within a £Z"(7:Tvre)[]

T,z : L2@Twee) [o] - NU[o]/y] : px

Ind

In this context the condition that “r(x) is a mere proposition” in [Unil3|] implies
that all occurrences of = in 7 appear in a EI”h(":Type)[[-ﬂ context;

— generalised propositions such as x # 0 D 271 # 0 were explained by Martin-Lof
in [MLS84] using the following rule for A D B:
A True
A Prop B Prop
A D B Prop

Using locks in LF' we can express this by:

A PI‘Op ETrue(A:Prop) [[B PI‘Op]]
A D B Prop

— Finally typical ambiguity as tacitly assumed in [Unil3], i.e. ®(U € U), can be
expressed using locks in LFT by:

£Stratifiable(q>:Type) [[(I’]]

5. A DEFINITIONAL IMPLEMENTATION OF LF* IN coq

An implementation of the logical framework LLFp, from scratch, in a functional
language has been attempted successfully, as far as proof checking, by Vincent
Michielini at ENS Lyon [Micl6]. Florian Rabe has given an implementation of
LLFp in the meta-metalanguage MMT [MR19]. However, extending any of the two
to a full-fledged proof development environment for LF™ would be a major task. To
achieve this we capitalise on the existing proof-assistant Coq, [Coql§].

5.1 The Coq encoding

We do not use Coq as a logical metalanguage to give a deep encoding of LF' in Coq,
since we are not interested in reasoning on LF'’s metatheory. On the contrary, we
provide in this section an encoding as shallow as possible, so as to delegate to Coq’s
metalanguage not only all of LF’s metalanguage, but also to reduce inhabitation-
search in LFT to proof-search in Cogq.

We exploit the fact that Coq is a conservative extension of the dependent construc-
tive type theory of LF [HFIP93], which underpins the type system of LFT, [HLST16].
Then we simulate/implement in Coq the mechanism of lock-types. Thus we can use
Coq both as the host system and as the oracle for external propositions. This yields
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a definitional encoding of LFT in Coq. It restricts us, of course, to dealing only with
total Cog-definable predicates, but this is enough for illustrating our approach and
moreover has the advantage of enforcing automatically the well-behavedness of the
external predicates, provided their Cog-encoding is adequate.

Therefore, LFT signatures and contexts are not modeled via structured datatypes,
such as e.g. lists, but are represented by Coq’s contexts and made available as as-
sumptions. The kind Type is represented directly via Coq’s sorts Set and Prop.
The choices are consistent with the Coq tradition: datatypes are modeled in Set,
because these feature strong recursion principles, while Props are used when intro-
ducing specifications. Hence LF1’s families are rendered as Coq sets or propositions
and objects as their inhabitants. Remarkably, we need to implement only the lock
constructor for families, which we do twice, once for predicates on terms, and once
for predicates on families:

Definition lockF := fun sigma: Set => fun N: sigma => fun P: sigma->Prop =>
fun rho: Prop => forall x: P N, rho.

and

Definition lockK := fun kappa: Type => fun sigma: kappa => fun P: kappa->Prop =>
fun rho: Prop => forall x: P sigma, rho.

In the first case families, represented by rho, are typed by Prop and objects by
families, except for the family sigma in the definition of P, which is typed by Set.
In the second case families, represented by rho, are again typed by Prop and objects
by families, while kinds in the definition of P are typed by Coq’s Type.

External predicates of LF' are therefore encoded as Prop-valued functions in
Coq. In doing this we can take full advantage of Coq’s logical strength, e.g. Leibniz
equality, natural numbers, inductive datatypes, and recursive functions. This is
what makes it possible to use Coq also as an oracle.

In a nutshell, the gist of the LockF definition is to represent the locking of families
by a predicate on terms in LF™ by the I-type:

mLPN:) o] ~ Mz :"PI("NT).Tp.
while the gist of the lockK definition is to represent the locking of families by a
predicate on families in LF™ by the II-type:

rLP@R) o] ~ Mz :"PY(Te7).Mp™.
For example:

r pClosed(N:0) [[p]]—' ~s HI:CM%d(rIW)_rpﬁ7

rEInh(a:Type) [[U]]ﬂ ~s Hx:Inh(ra“)-'—O'—lv

where Closed and Inh are Prop-valued functions in Coq which check closedness and
inhabitation conditions.

Finally locked objects will be represented in Coq either using LockF or LockK,
according as to whether the predicate is on terms or on families, as follows (we only
give the case for a predicate on terms):

TLPNOIM]Y A~ Az TPI(CNT)TMO
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For example, the necessitation box-introduction rule in Hilbert-style Sy (see [HLS™16])
is given by:

NEC : 1A : o.Ilz : True A.LCW0sed@True D Prye(0A)]
whence, an occurrence of NEC A x can be rendered by:
I' - Ay : Closed(z)."NEC A z7: Ily : Closed(x).m True(0dA)™

where Closed is a Prop-valued function in Coq which checks the closedness condi-
tion, i.e. there are no variables of type True(-).

Our encoding might appear weak, but actually it permits us to develop formal
proofs up-to P. As a consequence, somewhat surprisingly, our Definition is suf-
ficient to derive as Coq Lemmas all the LF™’s typing rules that involve lock-types.
We only give the cases involving families, the other cases for kinds are dealt with
similarly. In the following, to avoid wasting space (in Coq code), we abbreviate the
names of variables denoting types as follows: s stands for sigma (¢), r stands for
rho (p), and t stands for tau (7).

— Lock-introduction (see rule (O-Lock) in Fig. [8) is rendered by Il-introduction:

Lemma lock: forall s: Set, forall N: s, forall P: s -> Prop,
forall r: Prop, forall M:r, lockF s NP r.

intros; unfold lockF; intro; assumption.

Qed.

— Unlocking at top level (see rule (O-Top-Unlock) in Fig. [8)) is rendered by means
of IT-elimination:

Lemma top_unlock: forall s: Set, forall N: s, forall P: s -> Prop,

forall r: Prop, forall M:lockF s N P r, forall x: P N, r.
intros; exact (M x).
Qed.

— Finally, guarded-unlocking (see rule (O-Guarded-Unlock) in Fig. [§)) is rendered
by an interplay of dependencies, namely that of the unlocked inner term (N x)
on the externally bound variable of the outer lock x, and that of the outer locked
typed (r (N x)) on the unlocked inner term (N x):

Lemma guarded_unlock: forall s: Set, forall S: s, forall P: s -> Prop,
forall t: Prop, forall r: t -> Prop,
forall M: forall y:t, lockF s S P (r y),
forall N: lockF s S P t,
forall x: P S, r (N x).
intros; unfold lockF; unfold lockF in M; intros; apply M; auto.
Qed.

The encoding of this last rule is slightly problematic, because it is necessary to
deal with the unlock constructor. Namely, we need a witness z : "P("S7,7s™)
such that:

TU[N]" ~ N7 x.

This is a technical and subtle point, because the witness x is bound in the en-
coding of the locked type. We have therefore rephrased the guarded-unlock rule
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so that the definition in Coq of the lockF constructor, in the conclusion of the
rule, appears already unfolded (i.e. 6-reduced). Thus the proof witness which
needs to be supplied to N is directly available.

However, this trick is transparent to the user, because we have provided him /her
with the following user-defined tacticﬂ which allows one to apply the (O-Guarded
-Unlock) rule to a lockF _ _ goal by supplying as witness only the propo-
sition t (represented below by the formal parameter z):

Ltac Guarded_unlock z :=
match goal with
[ |- lockF _ _ _ 741 =>
unfold lockF at 1;
apply guarded_unlock with (r := (fun w: z => A));
[> intro; apply lock | idtac ]
end.

In the following sections on applications we will illustrate further the use of this
rule.

In conclusion, we have given a shallow encoding of LF" in Coq via a subtle,
but ultimately natural, Definition, see [ACDG™19b|, which expands the proof-
technique of [HLMSI7]. As pointed out earlier this does not support the full
strength of LF, in that predicates are restricted to Cog-definable terms of some
type which eventually maps into Prop.

5.2 Adequacy of the encoding of locks in Coq

As to the adequacy of our encoding of locks in Coq, we can state the following
result:

Theorem 5.1. For every I', M, and A, if T F¥* M : A, then "I FCa T[T AT,
On the other hand, if "T7 ¢4 N : " A7, then there exists M such that I' F¥" M : A,
provided that N does not contain variables of type P(-) (corresponding to predicates
P in LF+) in operator positions.

The variable occurrence constraint in the theorem above is crucial. Otherwise,
for every o, the translated type "L/ Tve) [¢]1 =TIz : "0 .70 would be always
inhabited in Coq, since it would amount to A — A.

However, we cannot avoid that, from Iz : "A™.Ily : "P("U™)." B, i.e. the Coq
encoding of A — LPWVI[B], we can derive [Ty : "P7 ("U).Ilz : "A7."B7, i.e. the
Coq encoding of LP(W:V)[A — B]. While in LF' we cannot get from a derivation
of type A — LPWUVI[B] a derivation of type LF:V)[A — B].

In order to be able to achieve this, we would have to extend LF' with the axiom
that (A — LPUVI[B]) — LPUV)[A — B] is inhabited. Notice that this
kind of scoping enlargement of locks can happen only when the abstracted variables
pushed within the lock do not appear in "P7("U™).

2Ltac is the tactic language available in Coq, allowing one to define proof search procedures
[Coq1g.

Journal of Formalized Reasoning Vol.12, No.1



LFT in Coq for fast-and-loose reasoning . 27

5.3 Implementation of CLLFp7 in Coq

In this subsection, to illustrate the generality of our approach to implementing
locks in Coq, we discuss a system introduced in [HLMST5] [HLMSIS§|. The reader
can skip this subsection, if not interested in that system, without losing the flow of
the paper.

In [HLMST5, [HLMS18|] we introduced, using the canonical format, the system
CLLFp+. It generalises the lock mechanism of LLFp allowing for the external tool to
synthesise a witness. The LF(7#)[.] becomes a binder which binds the variable z of
type o in the locked term/type. In this section we outline a possible implementation
in Coq of CLLFp- along the lines of what we did for LF*.

For the sake of brevity, we will discuss only the main rules involving locks in
CLLFp7. But, since the system introduced in CLLFp; was given in canonical form,
for the sake of clarity, we will rephrase them in standard form. The lock-introduction
rule at the level of terms is straightforward:

Tze:oF-M:1
[ LR M] = LPC 7]

O-?- Lock

The lock-operator, graphically highlighted by the question mark (?) before the
bound variable x, is a binder. Its bound variable will be replaced by the witness
produced in establishing the predicate, according to the following lock-elimination
rule:

T+ EP(?ac:a) HM]] . LP(?I:O’) [[7.]] 'P(I‘ N O')
T - M[N/z] : 7[N/x]

Please notice the difference with the (O-Top-Unlock)-rule. In CLLFp7 the unlock

provides in fact a witness which needs to be replaced in the term.

Otherwise, if we are not interested in verifying immediately the predicate and
computing the witness, we can postpone the task by the following guarded-unlock
rule:

T,y:r = M : EP(?’C"’)[[TH 'k N : cP(z0) ks o=gg 0
T+ £PQxo) H/]]M'P(z:o") HM[M”P(z:a) [[’ﬂN/y]ﬂ . LP(Tx:0) HIHT[MP(I:O') H/]]N/y}

It is worth noticing that, differently from the rule (O-Guarded-Unlock) of LFT,
appearing in Figure[8] in this case the subject of the type judgment in the conclusion
must be lock-expanded, in order to bind the variable x in U7 (*?)[N]. Indeed this
allows for postponing the verification of predicate P and hence also the computation
of the witness.

The previous encoding can be accommodated in Coq as follows:

rpP(tzio) Io]” ~ Iz : "oy : Pz, c7). p"

The binding nature of £7(?#:7) [-] is rendered in the encoding by the outer IT, which
acts on the variable z of type "o ™.

Clearly also the generalised notion of lock, £P(*#9)[.], discussed in this subsec-
tion, can have a monadic-ful interpretation, which we shall not discuss here.

O-7-Top - Unlock

O-?7 - Guarded - Unlock
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6. CALL-BY-VALUE A-CALCULUS

In this section we use the implementation of LF" introduced in Section |5 on a
standard benchmark-encoding for Logical Frameworks, namely untyped A-calculus
with a call-by-value equational theory, i.e. the A,-calculus, see [Plo7h]. In the
literature there are many ways of encoding this system starting from [AHMP92].
We use the signature given in [HLMS17], because it illustrates the flexibility of
LF" in capitalising on Higher Order Abstract Syntax (HOAS) when considering
bound variables, while retaining the ordinary way of referring to free variables. We
carry out a simple, but meaningful derivation, which provides a paradigm of how
to reason with locked assumptions. The full code appears in the online appendix,
see JACDG™19b).

The well-known abstract syntax of A-calculus is given by: M =2 | M M | Az. M.
We model free variables in this object language as constants in LFT. Bound vari-
ables are modeled by variables of the metalanguage, thus exploiting HOAS in del-
egating a-conversion and capture-avoiding substitution to the metalanguage. For
instance, the A-term x (in which the variable is free) is encoded by the term Fy (free
n) : tern for a suitable (encoding of a) natural number n (see Definition [6.1] below).
On the other hand, the A-term Az.z (in which the variable is obviously bound) is
encoded by Fyx (lam Ax:term.x).

We introduce therefore the following signature:

Definition 6.1 (LFT SIGNATURE ¥, FOR UNTYPED A-CALCULUS).

nat: Type term: Type
0: nat S: nat — nat
free: nat — term app: term — term — term lam: (term — term) — term

We use natural numbers as standard abbreviations for repeated applications of S
to 0. Standard call-by-value conversion is given by the following rules:

Definition 6.2 (CALL-BY-VALUE EQUATIONAL THEORY).

I'tepy N=M
I'ccpy M =N

TFopy M =1 (refl) (symm)

I'tepy M=N T'bFepy N=P T'rtepy M =N Thopy M/ =N’

(trans)

Trepy M =P TFopy MM' = NN/

v is a free variable or an abstraction (8.) I'kepy M =N, o ¢ FV(T) &)
I FCBV ()\%M)’U = M[v/x] v I FCBV Ax.M = \x.N v

where the contexts I' represent lists of equality assumptions.

Accordingly, we extend the signature of Definition [6.1] as follows:
Definition 6.3 (LFT SIGNATURE ¥, FOR \,-CALCULUS).

eq: term — term — Type

refl: IIM:term. eq M M

sSymm: IIM,N:term. eq M N —eq N M

trans: IIM,N,P:term.eq M N—eq NP —eq M P

eq_app: IIM,N,P,Q:term. eq M N—eq P Q —+eq (app M P) (app N Q)
betav: IIM:term — term. IIN:term. £"*("**™ [eq (app (lam M) N) (M N)]

(app)

csiv: IIM,N:term — term. (ITx:term. £"****™[eq (M x) (N x)]) — eq (lam M) (lam N)
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where the predicate Val(M : term) holds if and only if M is either an abstraction or
a variable (i.e. a term of the shape (free n)) up-to reduction. Notice that the
encoding of the (§,)-rule explicitly enforces the fact that the bound variable ranges
over values.

Notice how, in Definition LF s lock-types permit us to model the (8,) and (&,)
rules: the former holds “up-to” the verification of Val(N : term), while the latter
depends, in turn, on a locked premise.

6.1 Adequacy

The adequacy of the signature for the A,-calculus can be stated as follows, see
[HLS™16| for more details. Given an enumeration {z;};en (o} of the variables in
the untyped \,-calculus, we put:

(25) = xi,ifx; € X
cxidi) = (free i), if z; ¢ X

ex(MN) = (app ex(M) ex(N))
ex(Ar.M) = (lam Ax:term.exygxy (M)),

where X is the set of bindable variables (i.e. not free variables), and hence in the
latter clause, x ¢ X. The expression x_i denotes a Coq variable.

Theorem 6.4 (ADEQUACY OF SYNTAX). Let {z;};en {0} be an enumeration of
the variables in the A,-calculus. Then, the encoding function ey is a bijection be-
tween the A\, -calculus terms with bindable variables in X and the terms M derivable
in judgements I' by, M : term in fn-lnf, where I' = {x: term | x € X'}. More-
over, the encoding is compositional, i.e. for a term M, with bindable variables
in X = {x1,...,2%}, and Ny,..., Ny, with bindable variables in Y, the following
holds:

ex(M[N,..., N, a]) = ex(M)[ep(N1), ., ey (N Jans ..

Theorem 6.5 (ADEQUACY OF EQUATIONAL THEORY). Given an enumeration
{xi}iem oy of the variables in the A,-calculus, there is a bijection between deriva-
tions of the judgment Fepy M = N on terms with no bindable variables in the
CBV Ay-calculus and proof terms h, such that Fx.,, h: (eq (M) €y(N)) is in

Bn-Inf.

6.2 Formalisation in Coq

We now proceed to represent the above signature in the Coq editor for LFT presented
in Section

First, we declare the syntactic category of terms (typed by Set) and its construc-
tors, by exploiting the built-in representation of natural numbers, which is available
in Set:

Parameter term: Set.

Parameter free: nat -> term.

Parameter app : term -> term -> term.
Parameter lam : (term -> term) -> term.
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Then, we model the Val predicate in Coq, since Coq can play in this case also the
oracle role:

(free n)) \/
(lam M)).

Definition Val := fun N:term => (exists n, N
(exists M, N

One can easily, albeit not formally, check that the above Cog-encoding of “being a
value” is an adequate formalisation of the intended concept, thereby giving evidence
also that the predicate originally used in the lock is well-behaved in the sense of
Definition All Coq definable predicates are obviously well-behaved.

Finally, we encode the call-by-value equational theory, by means of a predicate
eq typed by Prop:

Parameter eq: term -> term -> Prop.
Parameter refl: forall M:term, eq M M.
Parameter symm: forall M N:term, eq M N -> eq N M.
Parameter trans: forall M N P:term, eq M N -> eq NP -> eq M P.
Parameter eq_app: forall M N P Q:term, eq M N -> eq P Q ->
eq (app M P) (app N Q).
Parameter betav: forall M:term->term, forall N:term,
lockF term N Val (eq (app (lam M) N) (M N)).
Parameter csiv: forall M N:term->term,
(forall x:term, lockF term x Val (eq (M x) (N x))) —>
eq (lam M) (lam N).

Notice that, in defining term and eq, we do not use Coq’s inductive types. This
would go beyond the expressivity of LF' and would not support full Higher Order
Abstract Syntax (HOAS). Inductive types would be compatible, in dealing with
variables, with weak HOAS, [DFHO95] but exotic terms would arise, see [DH94].

The use of lock-types in expressing the (£, )-rule, although natural, might appear
to be unmanageable in applications, since the variable in the premise is not imme-
diately free or bound, but only bindable. But, as it will become apparent in the
following example, the (O-Guarded-Unlock) rule in LF' accommodates precisely
this issue. Namely, the necessary verification is pushed at the outermost level,
where it is discharged by the application of the (&,)-rule.

To illustrate the Coq editor of LFT in action, we conclude the section with the
formal proof of the simple equation Az. z ((A\y.y) ) = Az. z x. As pointed out
earlier, this is a paradigm example of how to reason with locks. The crucial step is
the application of the (O-Guarded-Unlock) rule; the first premise is given by the
application of the (O-Lock) rule to the conclusion of the eq_app rule, while the
second premise is the conclusion of the betav ruleﬂ

(betav)

\Y4 wit by, LY &) [eq(app(lam(My:t. y), z), z)] (0-G-U)

z,xit by, LV [eq(app(z, app(lam(Ny:t.y), x)), app(z, )]
zit by, Vaut. LY [eq(app(z, app(lam(My:t. y), z)), app(z, x))]
zit by, eq(Az:t. app(z, app(lam(Ay:t. y), x)), Az:t. app(z, x))

(csiv)

3In the following proof tree we use the abbreviation t for term and (O-G-U) for
(O-Guarded-Unlock). We apply it via the Guarded_unlock tactic introduced in Section
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“V” represents the following derivation, where u = eq(app(lam(\y:t.y), z),z) is
the witness that we supply to the Guarded_unlock tactic (see Section :

zit Feq(z, 2) (refl) x:t, wu b eqapp(lam(Ay:t. y), z), x) E yp) )
z,w:t, wiu b eq(app(z, app(lam(Ay:t.y), x)), app(z, x)) eq-app
(O-Lock)

z,x:t, wiu = LYV [eq(app(z, app(lam(Ay:t. y), x)), app(z, x))]

We remark the role of the (O-Guarded-Unlock) rule, which allows us to apply the
rules of the X, signature (in this case, the eq_app rule) under Val, i.e. it permits
to handle even premises which are locked.

We finally observe that using the Coq editor of LFT we may accomplish the above
goal without having to exhibit the full proof term beforehand, as we had to do using
the ad-hoc type checker written by Michielini [Mic16] or the embedding of LLFp
in MMT [MR19], because we can now build it interactively and incrementally, via
Coq’s tactics.

7. FAST-AND-LOOSE REASONING PARADIGMS

The present section is an introduction to the reasoning paradigms underpinning
the massive case studies presented in the two following sections, concerning the
management of branch prediction and of optimistic concurrency control.

In Section [ we outlined already many logical situations which could benefit if
analysed using locks. Here, we focus on a family of emerging paradigms which
we have termed fast-and-loose reasoning paradigms borrowing the phrase from
[DHIGO6].

It is often the case, when carrying out informal, or rather pre-formal, reasoning
in program development [DHJGO6] or in ordinary mathematics [HLLS16], that we
trade off efficiency against correctness and postpone tedious or computationally
demanding checks, until we are really sure that the intended goal can be achieved.
Only then it is worth “dotting the i’s and crossing the ¢’s”. At machine level similar
policies are implemented to achieve efficiency in concurrency control or branch pre-
diction. In these cases the checks are not postponed, but rather run in parallel, and
strict protocols are implemented to recover from possibly counterfactual situations.

In this section we briefly speculate on the novel idea of using Computer Assisted
Formal Reasoning (CAFR) tools for fast-and-loose informal reasoning. The gist of
the idea is to encapsulate, using locks, the arguments which are informal for the
time being. It is thus apparent how monads come into play.

We list below a number of situations which, in our view, come under the fast-
and-loose reasoning paradigm. In the following two sections the same ideas will be
used to model the instances of this paradigm in Computer Architecture.

7.1 A historical example: the Regula Falsi for solving linear equations

The paramount example of fast-and-loose reasoning attitudes are trial and error
procedures. The Regula Falsi is perhaps the oldest one. It is a technique for solving
linear equations, widespread over continents and along centuries, see [CWB™12]. Tt
first appeared in the ancient Egyptian Rhind Papyrus dating from 1650 BC; then as
the ying bu zu shu (rule of too much and not enough) in Chapter 7 of the Jiuzhang
Suanshu (Computational Prescriptions in Nine Chapters) dating from 200 BC; the
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Arab mathematician Abt Kamil used it extensively in the 9th century in the Kitab
al Khata’ayn (the book of the two errors); the Indian mathematician Bhashkara
in his book Lilavati dating from the 12th century called it false supposition, and
finally Fibonacci in the 13th century in his Liber Abaci called it Regula Falsi.

The Regula is the following: when presented with a linear equation guess a value
for the indeterminate and compute the value of the linear terms in the equation,
using your guess. Next compute the fraction of the result corresponding to the
constant term in the equation. The root of the equation will be the same fraction
of your guess. In the general case the guess is iterated as in a dichotomic search,
hence the name “too much and not enough”. Using locks the simple case can be
expressed as an alternate top-unlock-rule, namely:

LOM@=N}@D [N () = N] kM(a) = N
M(ka) =N

provided M is a rational linear homogenous polynomial, and N is a constant term.
Notice that the lock in this case plays the role of a counterfactual conditional.

7.2 Fitch-Prawitz Set Theory FP

Fitch-Prawitz Set Theory, [Fit52, [Pra65l, [HLLS16], is a non standard set-theory
which comes closest among consistent set-theories to approximating the contra-
dictory naive unrestricted comprehension aziom, namely the axiom asserting the
existence of the set {« | ¢(x)} for any property ¢. The theory is a natural deduc-
tion First Order Logic w.r.t. a signature with only one term constructor Az.¢(z) and
only one binary predicate, i.e. membership €. These are introduced and eliminated
by the rules:

20\ Intro LEAO) ) Bl

t € Ax.g(x) o(t)

Since FP does not rely on any hierarchy of sets, Russell’s paradox is immediately
derivable if no further restrictions are enforced. Fitch introduced various conditions,
but it was Prawitz who isolated the crucial property, namely that the derivation be
normal. In [HLMS15] we have extended this condition to normalisability. In our
view this system is a paradigm example of a system supporting the fast-and-loose
reasoning paradigm. We can pretend to reason in Cantor’s paradise and freely use
the un-restricted set-theoretic comprehension principle. These arguments however
yield only pseudo-proofs. At some stage we need to check that these pseudo-proofs
are indeed normalisable. One could check this proviso only at the very end on the
whole proof. Lock types [HLMS17, [HLMS18| permit to highlight incrementally the
crucial points in the proofs where such checks need to be carried out, e.g. each time
introduction rules are applied, possibly removing the locks at one’s convenience,

Clearly the Type Ambiguity proviso in Type Theory, discussed in Section 4] or
the small categories blanket assumption, normally made by the working category
theorist, are other examples of the fast-and-loose reasoning paradigm when dealing
with large objects in the context of hierarchies.

For the sake of completeness we mention that similar issues arise also in dealing
with highly self-descriptive concepts such as truth, see [Kri75].
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7.3 Co-inductive proofs in Coq

Coq itself offers an immediate example of the fast-and-loose reasoning paradigm in
the way by which it handles co-inductive proofs and the Cofix-tactic, [Coqlg]. In-
deed in proof development one can freely apply the coinductive hypothesis, namely
assume the goal, without checking that it is guarded by some constructor. The
editor checks this condition either at the end or whenever the user invokes the
Guarded command. The Coq editor keeps track implicitly of the guardedness con-
dition, whereas locks propagate such proviso explicitly.

7.4 “Fast-and-Loose Reasoning is Morally Correct” [DHJGO6]

In the seminal paper [DHJGO0G] the authors introduced the concept of “Fast-and-
Loose Reasoning” to denote those program transformations and program equality
derivations, in possibly non-terminating functional programming languages, which
are strictly speaking sound only if the data are total and finite. The authors prove
that this kind of informal program development is morally correct in the sense that
if two programs are proved to be equal in the world of sets they are equivalent (w.r.t.
a certain notion based on PER’s) also in the world of domains. Hence correctly
terminating programs, proved equal assuming that the inputs are total, are not
transformed in looping ones.

The reasoning attitude of [DHJGO6] can be naturally expressed using locks. For
example reverse o reverse = id is sound if the type of reverse is taken to be
Mz € List[Nat].Llz# L @ ListiNat) [15¢[ N at]]. Locks automate the burden of prop-
agating preconditions across the proof tree.

7.5 A visionary example

Quantum Computing is really a kind of analogical computing. Somewhat futuristi-
cally we can imagine to use Quantum Computers for deriving propositions, either
using massively parallel case analyses or even in counterfactual computing, i.e. in
computing without executing or in truth-without-proof. Locks could be used to
make apparent where such non-apodictic sources of evidence are invoked.

7.6 The issue of Adequacy

Fast-and-loose reasoning paradigms, especially in computer architecture, see Sec-
tion [8] usually come with some error-recovery protocol or backtracking strategy. In
LF* predicates in Locks are implicitly checked in parallel. How do we express and
capture adequately such paradigms/protocols? In Section we give a possible
solution in Coq, but more experimenting is necessary. This issue is related to the
problem of eziting from a monad, when the predicate is false, possibly backtracking
to a previous “safe” state, or even an entirely new state. In general the natural exit
from a monad (7,7, 1) can be expressed by Jz.N = n(z) —

3NN A ety y = N in M = My~ (N)/y]]  (letr y = Nin M) = My~ (N)/y]

but we could also speculatively imagine that, in case =3x.N = n(z), then some
kind of judgement

LA N=@OWNA et o = N in M) = M[p ' (N)/y]] = (letr © = Nin M) = M’
holds for a suitable M’.
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8. BRANCH PREDICTION

In computer architecture, a branch predictor is a digital circuit which tries to guess
which branch will exit a conditional control, e.g. an if-then-else, before the result
of the test is actually known [JKL0OO]. The purpose of a branch predictor circuit
is to speed-up the flow in the instruction pipeline. Namely, the time needed for
the branch instruction, to pass the execution stage, is not wasted idly, but the
computation proceeds by guessing whether the conditional branch is more likely to
be taken or not taken. The branch which is guessed to be the most likely is then
fetched and speculatively executed; if later it is detected that the guess was wrong,
the speculatively executed or partially executed instructions are discarded and the
pipeline starts over with the correct branch, incurring a delay.

In this section we model the behavior of conditional branching in LF* by con-
sidering the conditional jump construct of the Unlimited Register Machine (URM),
a simple universal model of computation popularised by N. Cutland [Cut80]. Our
modeling of branch prediction is rather coarse-grained w.r.t. real scenarios in CPUs,
but this helps to focus on the main issues involved. As a first step, we give the
semantics of URM using lock-types; then, in the second part of the section, we deal
with the issue of handling misprediction. Finally we address the adequacy of the
whole approach.

An URM has an infinite number of registers Rg, Ry, ... containing natural num-
bers rg,r1,... which may be mutated by instructions. Sequences of instructions
form programs:

s u= (uor,) €0 Store
I == Z@u)|S6E) | T, )]0, k) i,7,keN  Instruction
P = (u—1,)€nm meN Program

The four kinds of instructions Zero, Successor, Transfer, Jump have the following
intended meanings (r — R stands for loading the natural r into the register R):

Z(i) 20— R

S(’L) £ r,+1— R;

T(i,j) = r — R,

J(i,7,k) = if r;=r; then execute as next instruction Ij else the following one

When given a program P, a program counter n, and a store s, an URM executes the
program starting from the n-th instruction in P and carries out the instructions
sequentially (unless a “positive” J instruction is encountered), mutating at each
step the contents of the store as prescribed by the instructions. The evaluation of
a program may be described, therefore, as follows:

s if fetch(P,n)=Halt
E(P,n+1,zero(s,i)) if fetch(P,n)=2Z(i)
E(P,n,s) =< ...
E(P,k,s) if fetch(P,n)=J(i,j,k) and s(i)=s(j)
E(P,n+1,s) if fetch(P,n)=J(i,j, k) and s(i)#s(j)

We use the zero function for updating the store according to the Z instruction
(similar updating functions succ for S and move for T are omitted) and the fetch
function for recovering the instruction pointed to by the program counter. The
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Halt instruction is added to make the function fetch total. A computation stops
if and only if fetch fetches Halt. On the other hand, due to the looping back via
the J instruction, there are non-terminating computations. In our case study we
consider only terminating computations (the interested reader may refer to [Cialll
for a coinductive approach to diverging computations).

The functions introduced in order to formalise evaluation are defined as follows:

fetch(P,n) = if n>length(P) then Halt else I,

zero(s,i) = MEN.if t=i then 0 else s(¢)

succ(s, 1) £ \eN. if 1=i then s(:)+1 else s(¢)
A

move(s,i,j) = MeN. if t=j then s(i) else s(t)

To introduce an LF signature for the URM machine, we need first to encode infi-
nite stores and non-structured programs. Both datatypes are handled by mimicking
lists.

Definition 8.1 (LF' SIGNATURE FOR STORES AND PROGRAMS).

nat: Type 0: nat S: nat — nat

store: Type zeros: store cs: nat — store — store

ins: Type Ht: ins Zr: nat — ins Jp: nat — nat — nat — ins
pgm: Type void: pgm cp: ins — pgm — pgm

Natural numbers nat are extensively used in the URM-signature: actually, we make
them play also the role of store locations, e.g. in Zr (encoding Z), and program
counters, in Jp (encoding J). Stores are modeled as “LFT-lists”. We introduce
therefore the nil-like zeros object constant and the cons-like c¢s constructor, whose
intended meanings are given by the constants in Definition[8.2] We encode programs
as lists of instructions in ins, where Ht represents the Halt instruction.

To structure the evaluation of URM programs, we introduce the two small-step
relations ~ C pgm X nat x store X nat X store and = C pgm X nat X store X store,
as follows:

fetch(P,n)=Z(i) fetch(P,n)=5(3)

eZ eS

(n, s) ~F (n+1, zero(s, 1)) (<2) (n,s) ~P (n+1, succ(s, 1)) ¥
fetI(ih(P7 n):T(i,j)' _ (eT) (n,s) ~" (m, 1) P<m’ 1) ~" {g,u) (trans)

(n,5) " (n-+1,move(s, i, 1)) (. 5) ~" (g, )
feteh(Pm)=1(,5K) s(=sG) ;o Seteh(Pm=T(ijk) stfsti) (10
(n,s) ~" (k,s) n,8) 7 (L s)
fetch(P,n)jHalt (empty) (n, s) ~F (m,t) fEtIfh(Pam):Halt (stop)
(n,s) = s (n,s) ="t

Now we come to the crucial issue. LF’s lock-types allow us to model faithfully also
the execution of a “branch prediction” version of this semantics, by postponing the
store access and test required by J, which is a slow instruction. Lock-types permit
to carry out the store access and equality check concurrently and asynchronously
w.r.t. the main computation, in the spirit of the fast-and-loose philosophy. We omit
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for simplicity in the following definition the encoding of the S and T instructions.
In the following definition some of the constants are self-explicatory, constants step
and eval are the encodings of ~» and = respectively, the remaining constants reify
the behaviour of the auxiliary functions and judgements.

Definition 8.2 (LF' SIGNATURE ¥g FOR URM EVALUATION).

T : Type
fetch : pgm — nat — ins — Type
zero : store — nat — store — Type
step : prg — nat — store — nat — store — Type
eval : prg — nat — store — store — Type
(-,-,-) : store — nat —nat =T
fvn : IIn:nat. fetch void n Ht
fcO : IIT:ins. IIQ:prg. fetch (cp I Q) O I
fcn : IIT,L:ins. IIQ:prg. [In:nat. fetch Q n L — fetch (¢cp I Q) (S n) L
zvn : IIn:nat. zero zeros n zeros
zc0 : Ilv:nat. IIs:store. zero (cs v s) 0 (cs O s)
zcn : IIv,n:nat. IIs,t:store. zero s n t — zero (cs v s) (S n) (cs v t)
sZ : IIP:pgm. IIn,i:nat. IIs, t:store.
fetch Pn (Zr i) - zero s i t +>stepPns (Sn) t
sJt : IIP:pgm. IIn,i,j,k:nat. IIs:store.
fetch Pn (Jp i j k) — L8 [step P n s k 5]
sJf : IIP:pgm. IIn,i,j,k:nat. IIs:store.
fetch Pn (Jp i j k) — L") D [step P n s (S n) s]
sTr : IIP:pgm. IIn,m,q:nat. IIs,t,u:store.
step Pnsmt—ostepPmtqu—>stepPnsqu
e0 : IIP:pgm. IIn:nat. IIs:store. fetch P n Ht —+eval P n s s
el : IIP:pgm. IIn,m:nat. IIs,t:store.

step Pnsmt—fetch PmHt 2eval Pns t
where Eq((s, i, j), T) holds if and only if s(i)=s(j), and Neq((s, i, j), T) iff s(3)#s(j)-
The above signature is adequate in the sense of Claim

8.1 Formalisation in Coq

In this subsection we illustrate how to encode the signature X p in the implemen-
tation of LF™ in Cogq, given in Section Accordingly, we express the external
predicates Eq and Neq in Coq thus using it as the oracle. In so doing we take
advantage also of Coq’s built-in notion of Leibniz equality, natural numbers, and
lists, to define stores, locations, program counters, instructions, and programs (all
typed by Set), namely:

Definition store: Set := list nat.

Definition loc: Set := nat. Definition pc: Set := nat.

Parameter ins: Set. Parameter Ht: ims.

Parameter Zr: loc -> ins. ... Parameter Jp: loc -> loc -> pc —> inms.
Definition pgm: Set := list ins.

We define also the type of the input to the oracle, i.e. a store and a pair of locations,
as an inductive type T of triples, to gain efficient projection functions. Memory
access is realised through the built-in total function nth, which returns the 0 value
when the end of a list-store is reached.
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The oracle predicates can then be formalised in Coq using these datatypes, as
follows:

Inductive T: Set := triple: store -> loc -> loc -> T.
Definition prl (x:T): store := match x with triple s i j => s end.
Definition s_nth (s:store) (n:loc): nat := nth n s 0.

Definition Eq := fun x:T => s_nth (prl x) (pr2 x) = s_nth (prl x) (pr3 x).
Definition Neq := fun x:T => s_nth (prl x) (pr2 x) <> s_nth (prl x) (pr3 x).

The evaluation semantics is finally encoded as a predicate, via suitable auxiliary
functions that update the store. We omit for lack of space such functions and most
of the Coq translation of Definition this is available at [ACDG™19b].

Parameter step: pgm -> pc -> store -> pc -> store -> Prop.
Parameter sJt: forall Pn i j ks, fetchPn= (Jp i j k) —->
lockF T (triple s i j) Eq (step P n s k s).
Parameter sJf: forall Pn i j ks, fetch Pn= (Jp i j k) ->
lockF T (triple s i j) Neq (step Pn s (S n) s).
Parameter eval: pgm -> pc -> store -> store -> Prop.

In principle we could have used directly the signature Y5 of Definition [8:2 in
defining the external predicates, but this would have required to spell out in an ex-
tended signature all the recursion and inversion principles necessary to manipulate
the data-types. But this would have been a time-consuming task. Exploiting Coq’s
expressive power is another feature of our implementation.

8.2 Examples
In order to appreciate the encoding at work, let us consider the simple program
P £[Z(0),J(0,1,0)] and the stores s = [1,1] and ¢ = [0, 1].
Ezample 8.3 (FIRST PROOF OF (1,s) ~" (1,1)). []
P(1)=J(0,1,0)
- (sJt)
LB DD(1 5 P (0, 9] Ba(s.0,1) (o.p 0 PO=20)
Top) ——t =V
(1,5) ~" (0,5) Y s~

(s2)
(sTr)

(1,8) =" (1,1)

In this proof tree there is a limited amount of parallelism between the equality check
of the contents of store locations and the main computation, because we wait until
the verification of Eq((s,0,1)) is accomplished, before channeling the reductions
via the transitivity (s7r) rule. The parallelism may be increased by exploiting the
(O-Guarded-Unlock) rule, which handles arguments within a lock-type, and allows
us to apply the (sT'r) rule even in the presence of a locked J reduction.

4 As already remarked in Section in the present and the next derivations we display LF’s types
without the proof terms because these are synthesised by the editor.

Journal of Formalized Reasoning Vol.12, No.1



38 . Fabio Alessi et al.

Ezample 8.4 (SECOND PROOF OF (1,s) ~1 (1,t)). E|

P(1)=J(0,1,0) P(0)=2(0)
Eq((s,0,1):T) s) ~ s s) ~»
c [Ls) =" {0.5)] O)~" (18 0 6au)
£Eq((5,0,l>.T)[[<17s> ~P (1,0] Eq((s,0,1))

(L) <P (Lo (O-Top)
The Eq((s,0,1)) check can now be delayed (actually, it now appears closer to
the conclusion) and carried out independently w.r.t. the main reduction. The
(O-Guarded-Unlock) rule allows for more proof trees for the same judgment. This
is precisely what accommodates the branch prediction philosophy.

An even higher degree of parallelism could be achieved in LFT if a mechanism
to “compose” pieces of reductions within different lock-types were available. This
would give us the opportunity to apply the transitivity rule “under” pairs of Jump
instructions. If, for instance, we want to manage a maximum of 2 branch constructs,
we can define introduction and elimination rules of the following shape:

l:pl«“ﬁ):T)[[(n,s} P <m,t>ﬂ £P2(<zé):T)[[<m’t> ~P <q’ u)]]
LPETP@RYTI [ 5) ~sP (g, u)]

(P+)

£P1(<ZE,T>);P2(<ZE>:T)[Kn’ s) ~T (m, t)] Pr(a)
LPE [, 5) ~T (m, 1)]

£P1(<Z‘1,T>);P2((z“2>:T)[Kn’ sy~ (m, )] Po(a3)
LD, 5) P (m, 1)]

where P, stands for Eq or Neq, and 2, = (z,,1,, j,), for all t€{1,2}. We could then
delay even more the access to pairs of memory locations to check for (in)equality
of their contents, as follows.

Ezample 8.5 (PROOF OF (1,s) ~+T (2,1)).

| P(1)=J(0,1,0)
Lo ONDL )~ (1G] LYONT0,0 - 201 o
LPAOD DN D, ) T (2,1)] " Eq(s,0.1)
£Neq((t,0,1):T)[[<17 5> ~F <2,t>]]

(P-1)

Neq((t,0,1))

(1,5) ~" (2,1)

It turns out that such a “composition” of predicates can be dealt with via lock
nesting: that is, we manage elimination rules in the form P_ by means of the
(O-Top-Unlock) rule (i.e. Coq’s top_unlock lemma) and introduction rules such
as P4 via the (O-Guarded-Unlock) rule (i.e. Coq’s guarded_unlock lemma and
Guarded_unlock tactic, see Section . Moreover, the order of predicates does not
matter, as the commutativity property holds.

We have thus shown how LF' can naturally accommodate computations running
in parallel asynchronously, as it happens when performing branch prediction.

5We omit here the details of the full application of (O-G-U).

Journal of Formalized Reasoning Vol.12, No.1



LF™ in Coq for fast-and-loose reasoning : 39

8.3 Adequacy: prediction and misprediction

It is apparent that the LF™’s signature g introduced so far models all possible
outcomes of a branch predictor circuit, within a “soup” of provable judgments,
many of which are in fact counterfactual. Namely, given a URM program P, a
store s and a program counter n, by working with our machinery we are able
to mimic every terminating computation that a branch predictor would perform
in transforming s into a final store t. We could formalise all this by a suitable
adequacy result.

If we want to formalise more perspicuously a branch predictor circuit, we need to
make more precise assumptions on its behaviour. Recall, however, that our formal
model of branch prediction is coarse-grained, being in fact without pipelining, dif-
ferently from real-world branch predictor circuits. In the following claim we state
the adequacy of the signature ¥g w.r.t. a branch predictor which predicts at most
one Jump instruction and carries out at most two instructions ahead of the fully
checked, definitive execution flow.

We introduce the notation {A} —% {B} to denote the computation carried
out by such a branch predictor circuit from the state A to the state B under the
program P.

The claim can be proved by induction on the structure of the derivation (sound-
ness) and by induction on the length of the computation (completeness).

Claim 8.6 (ADEQUACY OF X SIGNATURE). For every program P € pgm, pro-
gram counters m, n € nat, stores s,t € store, and P € {Fq, Neqg}:

Soundness: IfI'ty, step P n s m t then {n,s} —% {m,t}

Completeness: 1) If {n,s} —% {m,t} without active mispredictions then
I'ky,step Pnsmt
2) If {n, s} —% {m,t} with one active misprediction then
Ju,i,j. T by, LPU5) ) [step P n s m t],

The way branch predictor computations are represented in our setting is not fully
satisfactory. In fact, we do not model either prediction or misprediction, but allow
for taking always the “correct” branch. In the practice of computer architecture,
the selection of which strategy to take, may be either dynamic (via information
collected at runtime) or static, i.e. decided in advance. When a misprediction
occurs, the execution of the incorrect branch is discarded and the computation is
resumed from the correct branch.

In this section, we discuss two different URM semantics, which implement two
kinds of static prediction that we name NEVER protocol and BACKWARDS pro-
tocol. When a Jump instruction is encountered, in the former case we guess the
result of the test to be false and arrange the computation to proceed from the
following instruction; in the latter scenario, the target of the Jump is checked at
runtime and it is taken only if it is less than the current program counter.

Suppose that P,=fetch(P,n)=J(i,j, k), then the intended prediction of the
Jump instruction for the NEVER and the BACKWARDS protocol are, respec-
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tively:

J(i,j, k) &N execute as the next instruction the one immediately following, i.e. P41
J(i,j,k) £w if k<n then execute as next instruction Py else P,

The LF" signature for the NEVER protocol is almost the same as that of Def-
inition [8:2] but for the sJt rule, which disappears, and for sJf, which is updated
to:

sJnever : IIP:pgm. [In,i,j,k:nat. [Is:store.
fetch P n (Jp i j k) — £Va((&13Pnk)W[sten P oo s (S n) 5]

On the other hand, in the LF' signature for the BACKWARDS protocol one re-
places both rules sJt and sJf of Definition [8.2] respectively by:

sJback : IIP:pgm.Iln,i,j,k:nat.Ils:store.

fetch Pn (Jp i j k) =k < n— LR(ELIPROD 400 P s k 5]
sJahead : IIP:pgm. IIn,i,j,k:nat. IIs:store.

fetch Pn (Jp i j k) =k >= n — LVal(&03Pnlsten pnos (S n) s]

In both protocols the predicate given as input to the oracle contains now three
extra parameters (thus its type becomes U), namely the program P, the address
n of the Jump instruction involved, and its potential target k, i.e. the information
to be used to backtrack the computation in the case of misprediction. Therefore, a
novel mechanism to handle such an event is required. In the NEVER scenario we
have to add just one rule, which completes the Xy signature, namely:

backtrack_neq : IIP:pgm. IIn,i,j,q,k,m:nat. IIs,t,u:store.
L@ BIPal W sten P s m t] — u(i)=u(j) —
step Pn s ku

The BACKWARDS case demands for a second rule, which gives the Yy signature:

backtrack_eq : [IP:pgm.IIn,i,j,q,k,m:nat. Ils,t,u:store.
LEalBIPaR D [sten P s mot] — u(i)#u(j) —
stepPns (Sq u

These new rules provide the mechanism which allows us to discard a mispre-
diction, performed with the store being u, and resume the computation from the
correct branch, that is, from w itself and the k-th instruction, provided we are able
to prove that u(i)=u(j), in the first case, and from the g+1-th instruction, pro-
vided that u(i)#u(j) holds, in the second one. Notice that the tests, u(i)=u(j)
and u(i)#u(j), in the backtracking rules are computationally demanding and of
the same nature as the predicate in the lock. In our encoding philosophy we must
conceive them as being carried out at the level of the Oracle. We will discuss further
this issue at the end of the section.
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Claim 8.7 (ADEQUACY OF Xy FOR THE “NEVER” PROTOCOL). For every pro-
gram P € pgm, program counters m,n € nat, stores s,t € store:

Soundness: IfT by, step P n s m t then {n,s} —py {m,t}
Completeness: 1) If {n,s} —py {m,t} without active mispredictions then
'y, step Pnsmt
2) If {n,s} —ppy {m,t} with one active misprediction then
Ju,i,7,q, k. T by, LVe4(w15Pak)U)[step P n s m t]

A similar Claim may be made for Xy w.r.t. the BACKWARDS protocol.

Wrapping up, the modifications of the Coq code, to formalise the NEVER proto-
col, concern the type of (the input to) the oracle, the Neq predicate, the semantics
of the Jump instruction, and the extra rule to backtrack from a misprediction:

Inductive U: Set := sestet: store -> loc -> loc -> pgm -> pc -> pc -> U.
Definition Neq := fun x:U => store_nth (prl x) (pr2 x) <>
store_nth (pril x) (pr3 x) /\
fetch (pr4 x) (pr5 x) =
Jp (pr2 x) (pr3 x) (pr6 x).
Parameter sJnever: forall Pn i j ks, fetch Pn= (Jp i j k) —>
lockF U (sestet s i j P n k) Neq (step Pn s (S n) s).
Parameter backtrack_neq: forall ui jgkPnsmt,
lockF U (sestet u i j P q k) Neq (step Pn s m t) ->
s_nth u i = s_nthuj->stepPnsku.

The proof trees performed with the ¥g signature in the previous section are
clearly affected by these additions. In the case of the NEVER protocol, in Example
the subgoal (1,s) ~% (0,s) cannot be proved via (O-Top), because the Eq
predicate is not defined in this protocol: hence, one has to apply backtrack_-
neq and discard the £Na((s:0.LPLOTI (] 5) P (2 )] misprediction. And this is
precisely what would happen if the protocol were implemented. For the same reason
the proof carried out in Example is no longer available, while that in Example
may be accomplished alternatively. On the other hand, proofs involving only
the Neq predicate remain unchanged.

Corresponding remarks apply to the BACKWARDS protocol, see JACDG™19b].

A few remarks are in order regarding the rules backtrack_eq and backtrack_-
neq. As we pointed out earlier these rules have a hybrid nature, mixing, in fact,
both Coq and LF" judgements. They could be viewed as further additions to LF™,
formalising exits out of the lock monad, alternative to the (O-Top-Unlock) rule,
e.g.

I M:cVeal(wiiPak)Ustep Pn s mt] u(i)=u(j) T'hstep Pnsmt:Type

[ F gea((w i Pak):U)[Mf] . stepPns (S q) u

for a suitable new object level constructor £(+)[.] This reading however would
break the nature of LF' as a “framework” because such rules are object-language
specific. We are currently exploring how they could be subsumed conveniently
under a general scheme for handling mechanisms for exiting monads. See also
Section
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9. OPTIMISTIC CONCURRENCY CONTROL

In transactional systems, concurrency control (CC) ensures that concurrent oper-
ations generate correct results, still taking advantage of parallelism in speeding up
the management of possibly remote operations. The optimistic approach (OCC),
in particular, assumes that transactions do not interfere frequently; hence, trans-
actions are allowed to access resources without implementing lock mechanisms.

When a transaction A is completed and “commits” the shared resources trying
to make permanent the modifications it has carried out, the concurrency control
manager checks that no other transaction B, which has committed after A was
“activated”, has already modified the data that A has used, i.e. read or written.
If the check reveals interference , A “rolls back” i.e. it is restarted, otherwise it is
allowed to commit its modifications, which are therefore made permanent.

In this section, we approach formally OCC in LF' by formalising the semantics
of the Simple Transaction Language (STL) [CDK02], a language which is usually
adopted by textbooks addressing concurrency control of transactional systems.

Throughout the section we assume that transactions modify resources only locally
before committing. A generic transaction ¢ may perform the following actions:

start(i) = activation (first action of the transaction)

read(i,j) %= reading on resource j

write(i,j) = writing to resource j

check(i) = checking against interference (last action): commit vs roll back

We represent both transactions and resources by means of natural numbers; hence,
schedules are finite sequences of actions, carried out by the former on the latter:

T £ N Transaction

R 2 N Resource

A = start(i) | check(i) | ieT Action

read(i,j) | write(i,j) jER
S = (1=A,)Elml meN  Schedule
To design a possible semantics for OCC, we use the following data structures:

ctr 2 stack(A) activation control (only start and check actions)
seq = T — queue(A)  actions by transactions, in sequencial order
usr = T — list(R) used resources (by transactions)
wrt & R — list(T) writing transactions (to resources),

We use these datatypeaﬁ to implement concurrency and diagnose interference as
follows. When transactions start (via start), we push on top of the stack ctr such
an information. Then, we keep recording the resources used by transactions (via
read and write) in usr, and the transactions writing to them (via write) in wrt;
correspondingly, we collect all the actions carried out by transactions, in sequential
order, in seq. Note that if a write(i, j) action takes place, we intend that the same
resource j has been also read by the transaction .

6The type of wrt goes in the opposite direction, just for convenience in implementing checks.
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The crucial (potentially conflicting) action is check (i), when two mutually exclu-
sive alternatives arise: either there is no transaction k& which has committed after
the activation of ¢ (i.e. we do not find any check(k) on top of start(i) in ctr), or at
least one of such transactions does exist.

In the first case no interference occurs, and therefore we may both register the
successful conclusion of i (by pushing check(i) on the top of ctr) and consider
permanent its actions, just by leaving unchanged the usr and wrt datatypes.

In the second alternative scenario (when one or more occurrences of check(k)
are on top of start(i) in ctr) a deeper validation process has to be undertaken,
by computing the intersection of the resources used by ¢ with those written by the
potentially interfering transactions k. In case the intersection set is empty we are in
the previous non-interference scenario. If at least one resource used by 7 and written
by k does exist, we remove the (activation of the) transaction i (i.e. start(i)) from
ctr and erase ¢ from usr and wrt; and we evaluate sequentially ¢ from its beginning
by appending its actions, collected in seq, on top of the current schedule.

Some remarks are in order. First, it is apparent that the readings and writings
of successfully committing transactions must not be deleted, because their actions
are needed to be checked against potential future interferences. Second, coherently
w.r.t. the toy-languages usually introduced by textbooks that address concurrency
control, e.g. [CDKO02], we give an abstract semantics, i.e. we do not consider a store
structure to record the values “read from” and “written to” resources. We could
easily do so, but this would pointlessly obscure matters.

To formalise the OCC that we have conceived, we introduce a small-step seman-
tics, whose intended meaning is to process list-like schedules S € sch, till they are
emptied, by transforming the initial state ([ |,1,1,1) € M=ctr x seq x usr x wrt
into the final one. Hence, we define the relations — C sch x M x sch x M and
— C sch x M x M, namelyﬂ

{9, N} = {[], N}

M=y Tgap=y o
(SN} = (SN} (SN} o (8" N}
{S, N} — {S//7 N//} ( rans)

{s(3)::8, M} — {S, (push(s(i), c), enqueue(s(i), s:),u,w) } (start)
{r(%,7)::S, M} — {S, (c, enqueue(r(s, j), si), cons(j, u:), w) } (read)
{w(i,5)::8, M} — {S, (¢, enqueue(w(i, j), i), cons(j, ui), cons(i, w;))} (write)

(opt)

LOPE(EM):C) [{c()::S, M} — {S, (push(c(i), c), enqueue(c(i), si), u, w) }|

. itf
LUEMEONL6(7)::8, M} +— {8, (remove(s(i), ¢), empty(si), empty(u;), delete(i, w)}] (1)

"To save space, we shorten the notation for actions to their contracted versions (e.g. start(i)
becomes s(4)) and we use subscripts for the components of the state (e.g. s(i) € seq is written s;).
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where we make use of the following notations: M = (¢, s,u,w); S’ = append(
enqueue(check(i), s;),S) in the last rule; C = T'xM in the last two rules. The
(non-)interference conditions, that we encode via lock-types (one is the negation of
the other, as in Section [8) are defined by:

Itf((z, M), C) dkeT. 3heR. check(k)> start(i) A heu; A k€wy,
Opt((i, M),C) = VkeT. —check(k)>>.start(i)V
check(k)>start(i) = (Vheu;. kgwp)

AL
AL

where the notation “>_.” represents that the lefthand side precedes, i.e. “is on the
top of”, the righthand side in the stack c.
The non-self evident functions adopted in the semantics are defined as follow&ﬂ

remove(a,c) = if top(c)=a then pop(c) else push(top(c), remove(a, pop(c)))
delete(i,w) = erase(i,w;) Ywrite(i, j)€s;
erase(i,w;) = if w;=[] then [] else if w;=h:l then

if h=i then erase(i,l) else h::erase(i,l)

In our semantics, the intended meaning of {S, M} — {[ ], N} is that the schedule
S in the state M completes its processes, by transforming M into N.

9.1 Formalisation in Coq

All these structures could be promptly defined in LF™ and then encoded in Coq
as we did in Section For the sake of brevity, we skip such a phase, and work
directly in Coq, since the role and behaviour of lock-types is not affected by this
choice. Thus we take advantage of Coq’s native inductive features and use the
built-in notion of Leibniz equality, natural numbers for defining transactions and
resources, and lists to define schedules. It is convenient to model also actions as an
inductive type, because in the semantics we need decidability of equality on actions,
which has to proved by (double) induction on the actions themselves. Hence we
put:

Definition trs: Set := nat.
Definition res: Set := nat.
Inductive act: Set := start: trs -> act | read: trs -> res -> act
| write: trs -> res -> act | check: trs -> act.
Definition sch: Set := list act.

Lemma eq_dec_act: forall a b: act, {a = b} + {a <> b}.

To gain efficient projection functions, as in Section [§| we encode via inductive types
both the type T of the input to the oracle, i.e. a transaction and a state, and the
state type itself, which is formed by a cartesian product of four components:

Definition ctr: Set := list act.

Definition seq: Set := list (list act).

Definition usr: Set := list (list res).

Definition wrt: Set := list (list trs).

Inductive state: Set := quad: ctr -> seq -> usr -> wrt -> state.
Definition prl (x:state): ctr := match x with quad ¢ s u w => ¢ end.
Inductive T: Set := pair: trs -> state -> T.

Definition left (y:T): trs := match y with pair i M => i end.

8Notice that, in rule (itf), delete(i, w) has to be computed before emptying s; through empty(s;).
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We have rendered also the state components as lists. Some remarks are in order:

— the activation control ctr, being a stack datatype, is naturally modeled by a
list;

— sequential actions seq, used resources usr, writing transactions wrt, being all
partial functions, are lists of lists, where the n-th list represents the application
of the corresponding function to n, the empty list representing undefined values;

— the queue seq is also represented, albeit inefficiently, by a list.

The oracle predicates are considerably more involved w.r.t. the ones in previous
sections. We need to formalise the “>>.” predicate (on_top_of) and a polymorphic
function which selects the n-th component of a list of lists, namely:

Fixpoint on_top_of (k i:trs)(L:list act){struct L}: Prop := ..
Fixpoint select (i:nat)(A:Set)(LL:1list(list A)) {struct i}: llst A = L.
Definition Itf := fun z:T => exists k:trs, exists h:res,
on_top_of k (left z) (prl (right z)) /\
In h (select (left z) trs (pr3 (right z))) /\
In k (select h trs (pr4 (right z))).
Definition Opt := fun z:T => forall k:trs,
(not (on_top_of k (left z) (prl (right z)))) \/
(on_top_of k (left z) (prl (right z)) ->
forall h:res, In h (select (left z) trs (pr3 (right z))) ->
not (In k (select h trs (pr4d (right z))))).

Full details appear in the web-appendix [ACDG™19b).
The small-step semantics is finally encoded as a predicate, via suitable auxiliary
functions that update the state (the full code is available at [ACDG™19b]):

Parameter step: sch -> state -> sch -> state -> Prop.
Parameter eval: sch -> state -> state -> Prop.

9.2 Example: lost update

The formalisation we have introduced allows us to master typical correctness prob-
lems, a.k.a. anomalies, that may occur in transactional systems, such as e.g. lost
update, inconsistent read, ghost update. To manage, for example, the first kind of
anomaly, let us consider the following schedule, where two transactions a and b
operate concurrently on a resource x that initially contains the n value:

Transaction a Transaction b
start(a), read(a,x)
start(b), read(b,x), write(b,x), check(b)
write(a, x), check(a)

We assume, for instance, that both transactions calculate the successor of x and
then write its new value. It is apparent that check(b) succeeds whereas check(a)
does not, i.e. the transaction a must be rolled back, otherwise the final value stored
in & would be incorrectly n+1, being thus lost the effect of the b transaction.

We outline some of the formal steps in the execution of the above schedule. First
we define:

S = [start(a), read(a, x), start(b), read(b, x), write(b, z), check(b), write(a, x), check(a)]
T = [start(a), read(a, x), write(a, x), check(a))
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An interference is diagnosed by our formal system when a prompts to commit,
because check(b) is on top of start(a) in the stack (first line below), and b has
written to the resource z (fifth line), in turn read by a (first list of the fourth line):

{S, ([ 010} = {lcheck(a)], ([check(b), start(b), start(a)],
[[start(a), read(a, z), write(a, x)],
[start(b), read(b, x),write(b, x), check(b)]],
([, z], [, 2]],

([a;0]])}

Therefore, the transaction a is rolled back, with the following immediate effect:

— {T, ([check(D), start(b)],
[séart(b), read(b, x), write(b, x), check(b)]],
(L], e, 2]],
(11} }

Afterwards, a can be processed successfully, hence the schedule is eventually emp-
tied:

{1,110} = {[], ([check(a), start(a), check(b), start(b)],
[[start(a), read(a, z), write(a, x), check(a)],
[start(b), read(b, x), write(b, x), check(b)]],
([, z], [z, z]],

[la; b))}

The goal is accomplished via Coq’s top-down editor similarly to what was done
in the previous case study on branch prediction in Section |8} Apart from requiring
to deal with more involved datatypes and semantics, the application presented in
this section does not demand for the development of new specifications or proof
techniques w.r.t. Section[8] see [ACDGT19b].

9.3 Adequacy

The optimistic concurrency control system, which we have modeled in this section,
has quite a different purpose from the branch prediction application. The latter
tries to speedup the computation within CPUs, whereas OCC handles transactions
which may be remote w.r.t. each other and w.r.t. the resources they use.

Again, as for branch prediction, we claim that our formalisation models all pos-
sible outcomes of an OCC system, simply because it is always possible to take the
“correct” management action, and use the top-unlock rule to get rid of the lock.
Hence it is adequate in the sense of Claim [8.6]

Claim 9.1 (ADEQUACY OF CoQ SIGNATURE FOR OCC). Let be {A} —* {B}
the representation of a concurrent transaction carried out by an OCC system. Given
schedules S, T € sch, states s,t € state, and P € {Opt, Itf}:

Soundness: IfT'Fstep S s T t then {S,s} —* {T,t}
Completeness: If {S,s} —* {T,t} thenT'Fstep S s T t

Modeling optimistic concurrency control requires only the use of the top-unlock
rule. But the logical setting that we have defined in Coq in this section is quite gen-
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eral and could allow us to model also other concurrency control strategies, different
from the optimistic one. We do not elaborate on these.

10. CONCLUSION

This paper is a significant enhancement and expanded version of JACDG™19a]. We
present LFT, a generalisation of the Lax Logical Framework LLFp, introduced in
[HLMS17). The novel features of this framework w.r.t. previous ones are a more
expressive lock-type system, as well as a streamlined and simplified rule-system
and notation. We show, furthermore, how to use Coq as a proof development
environment, supporting mechanised proof search, for a version of LF' in which
the predicates used in locks are Cog-definable. This is achieved by giving a shallow,
actually definitional, implementation of LF' in Coq. A specific adequacy result, see
Theorem [5.1] puts the encoding on firm ground.

In this paper we discuss in detail the monadic nature of locks and give a repertoire
of logical situations and attitudes which we believe can benefit from an analysis in
terms of lock-types. These range from the historically significant example of the
requla falsi to squash types. An emerging family of such proof attitudes we term
fast-and-loose reasoning paradigms, following [DHJGO06]. These arise in situations
where boring and cumbersome checks are postponed until they are worthwhile,
but go well beyond these examples, leading to seemingly unrelated programming
techniques such as branch prediction circuits and concurrency control systems. The
main pragmatic contributions of this paper are the two case studies which illustrate
how locks in LF™ can model adequately such techniques. More work needs to be
done in order to streamline adequacy results for the various protocols used in such
contexts.

One may legitimately ask why should a user go through the overhead of learning
LF* rather than utilise directly the Coq encoding. First, there are pragmatic moti-
vations. When a proof is expressed using LF™ we can use in principle also external
tools, and LFT shows how to encapsulate them. Encoding predicates in Coq might
be a cumbersome task or might even not be possible. There are also cognitive
motivations. As all logical frameworks, also LF" is normative. The very process of
formalising a reasoning pattern, highlighting where up-to reasoning steps can arise
using LFT, renders the argument conceptually easier to grasp and hence to formalise
in a Logical Framework. Factoring out patterns introduces a uniform perspective
which can be more easily transferred than an ad hoc approach. Moreover an ad hoc
encoding in Coq is more prone to being inadequate.

The very idea of reasoning formally on fast-and-loose reasoning patterns has not
been considered before, to our knowledge, in the context of Type Theory, while
it arose naturally in the LFT perspective. We believe that reasoning up-to is an
almost ubiquitous (albeit under diverse formats) irreducible cognitive pattern. To
increase the transparency of a formalisation, it deserves therefore to be dealt with
by a primitive notion such as that of lock-type.

However more work needs to be done to understand fully the connections between
lock-types, proving and programming up-to-equivalence, monads, and fast-and-loose
reasoning. We feel, however, that in this paper we have provided clear indications
of the conceptual relationship relating these notions.
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Our definitional implementation suggests how to rapidly prototype editors for
other calculi such as CLLFp-, see [HLMSIT]|, or extensions of LF* which support
an algebraic structure of locks.

There are many questions still to be asked about lock-types. The most natural
one is: what are the logical limitations, if any, in having considered only typing
judgements as predicates in locks? Since our predicates can access the whole envi-
ronment, everything, in principle, can be represented via a predicate on a judgement.
Of course opaque encodings might arise in doing this, so there could be a point in
introducing predicates on other kinds of judgements, such as equality judgements,
or in making the logical structure of predicates more visible and thus accessible
to the user. Many possibilities are open, even considering judgements in different
contexts, provided predicates are well-behaved.

Besides the many suggestions briefly sketched in the paper, an important case
study related to the fast-and-loose philosophy which we intend to develop is that
of Fitch-Prawitz consistent Set Theory, [HLLS16]. This is a natural proof theoretic
counterpart of the naive Set Theory used in developing ordinary mathematics (see
also [Gir98]).

It would be interesting to address the issue of extending full-fledged locks to Coq
itself. To this end connections with the paper [CSW14] should be explored, for its
approach in combining different proof systems.

Finally, we intend to explore how to prototype an alternate editor for LF* using
the MMT UniFormal Framework of F. Rabe, [RK13]. Indeed, there exists already
an implementation of LLFp in MMT (see, e.g., [MR19]); hence, it should be intrigu-
ing to develop and compare a new encoding, taking into account the new alternative
lock-rules of LF' presented in Section
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