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Abstract

This paper introduces reachability logic, a language-independent
seven-rule proof system for deriving reachability properties of sys-
tems. The key ingredients of reachability logic are its sentences,
which are called reachability rules and generalize the transitions of
operational semantics and the Hoare triples of axiomatic semantics,
and the Circularity proof rule, which generalizes invariant proof
rules for iterative and recursive constructs in axiomatic semantics.
The target transition system is described as a set of reachability rules,
which are taken as axioms in a reachability logic proof. Typical defi-
nition styles which can be read as collections of reachability rules
include conventional small-step and big-step operational semantics.
The reachability logic proof system is shown sound (in the sense of
partial correctness) and relatively complete. The soundness result
has also been formalized in Coq, allowing to convert reachability
logic proofs into proof certificates depending only on the operational
semantics and the unavoidable domain reasoning. Reachability logic
thus eliminates the need to independently define an axiomatic and
an operational semantics for each language, and the non-negligible
effort to prove the former sound and complete w.r.t the latter.

1. Introduction

Operational semantics are easier to define and understand than other
semantics, because they can be thought of as formal implementations
of the languages they define. For example, a big-step semantics can
be thought of as a recursive interpreter, while a small-step semantics
as an execution engine describing each computational step that can
be performed at each moment. Operational semantics typically re-
quire little mathematical knowledge or formal training, which make
them common introductory topics in programming language courses.
Moreover, operational semantics scale and, being executable and
thus testable, yield trusted reference models/implementations for the
defined languages. For example, in the case of the C language, the
operational semantics in [3] is used to develop certifying compilers,
the one in [[1] to show axiomatic semantics sound, the one in [§] to
check undefinedness and to formally analyze programs, etc.

In spite of all the advantages above, operational semantics are
typically considered inappropriate for formal program reasoning.
The main reason is that proofs based on operational semantics tend
to be rather low-level and tedious, having to formalize and then
work directly with the corresponding transition system. Existing
program reasoning approaches, such as Hoare logic or dynamic
logic, require (re)defining the target language as a set of abstract
proof rules, which often require non-trivial program transformations
(e.g., to eliminate the side effects from expressions) and are therefore
often hard to understand and trust. Indeed, the state-of-the-art in
mechanical verification is to develop and prove such language-
specific proof systems sound with respect to more trusted semantics
[ 1120 117, [19) 1264 136]). While defining a language twice or more
using different semantic approaches and then formally proving the
relationships between them can in theory help with finding errors
in each semantics, in practice this is quite uneconomical, because
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languages evolve and some require hundreds or even thousands of
semantic rules, and manuals are not always rigorous (so the same
mistake is possible in all semantics). In our experience defining
operational semantics for real languages like C [§]], Java (1.4) [9],
Verilog [22], etc., the capability to execute semantics on thousands
of programs (e.g., benchmarks used to test compilers) is a quite
effective means to catch semantic errors. Ideally, we would like an
effective way to use operational semantics for program reasoning
and verification, so that defining alternative semantics for the same
programming language becomes an option instead of a necessity.

Recent work, although limited to operational semantics defined
with rules without premises, suggests that effective program verifi-
cation directly based on formal operational semantics is possible.
A proof system for reachability specifications was introduced and
shown sound (i.e., partially correct) in [33], derivations use the
unconditional operational semantics rules unchanged, as axioms;
then [32] shows that, for a simple imperative language, any Hoare
logic proof can be mechanically translated into a reachability proof
of similar size, thus (1) showing that nothing is lost in terms of
expressiveness or compactness, and (2) indirectly proving the (rela-
tive) completeness of the reachability proof system for a simple but
standard language. A slightly modified reachability proof system is
given in [34] and proved both sound and complete, together with
an implementation of it into a practical program verifier based on a
fragment of C, called MarcHC. As already mentioned, unfortunately
all the above require that the operational semantics be defined using
unconditional rules. While this requirement is acceptable for some
operational semantics styles, such as reduction semantics with evalu-
ation contexts [38], it unfortunately excludes the two most standard
operational semantics approaches, namely Plotkin’s small-step [29]
and Kahn’s big-step [5] semantics, as well as combinations.

Inspired by the recent work described above and challenged
by its limitations, in this paper we propose a novel proof system
for reachability, referred to as reachability logic. The proof system
can also take as axioms operational semantics that make use of
conditional rules, and can derive any reachability property of the
language expressible as an unconditional reachability rule. Typically,
Hoare triples are instances of unconditional reachability rules. By
supporting conditional rules as axioms, our new proof system works
with virtually all the operational semantics approaches (details
are given in SectionJ). A conditional reachability rule (formally
introduced in Section[4)), is a sentence of the form

=29 For=20l Ao Ao = ¢,

where ¢, ¢’, 1, ¢}, ..., ou, @, are matching logic patterns. A match-
ing logic pattern specifies structural properties of the program con-
figuration by means of special predicates, namely configuration
terms with variables, whose satisfaction is given by “matching”.
In the case of a simple C-like imperative language defined using a
big-step semantics with configurations (code,o), (i) and (o), where
code ranges over program syntax, i over integers and o~ over states,
the following conditional reachability rule defines the semantics of



the positive case of the conditional statement:
(ifes; sy, oYANi#£0= (") if (e, o) = () A\ (51, o) = (o)

It says that concrete program configuration y matching pattern
(ife s 52,0 )Ai #0 with witness valuation p, i.e., p((if e 51 5,,0))=
v and p(i) #0, reduces to configuration (p(c’)), provided {p(e), p(0"))
reduces to (o(i)) and {o(s,), p(c)) reduces to {p(c”)).

On the other hand, if SUM is the program summing up in s all
the numbers up to n, then the unconditional reachability rule

(SUM, (s s,n—n)An>0 = ((s—n*xn+1)/2,n—0))

states the desired property of SUM. In words, if we execute the
configuration holding the program SUM and a state binding program
variables s and n to integers s and n > 0 using the big-step semantics,
then we reach a configuration holding a state that binds program
variable s to the sum of numbers up to n and n to O, respectively.

Our new language-independent seven-rule proof system (shown
in Figure [3) can formally derive unconditional reachability rules
like the one for SUM above using, as axioms, operational semantics
given as sets of conditional reachability rules like the one for the
if statement above. Five of the proof rules provide the formal ma-
chinery needed to perform symbolic execution using the operational
semantics rules, including means to perform domain reasoning in
order to make rules match and to split into cases when multiple rules
match. The two special rules are Abstraction and Circularity. Ab-
straction allows to abstract away irrelevant details, using existential
quantifiers. Circularity is a language-independent generalization of
the typical language-specific invariant proof rules associated to lan-
guage constructs with repetitive behaviors, such as loops, recursive
functions, jumps, etc.

By generalizing the basic elements of both operational and ax-
iomatic semantics, reachability logic smoothly unifies the two in a
more general framework. Indeed, one can use conditional reachabil-
ity rules to define operational semantics which do not necessarily
correspond to any particular operational style (for example, big-step
for expressions, reduction semantics with evaluation contexts for
statements, etc.), and then derive reachability rules which do not
necessarily correspond to any particular Hoare triple.

Contributions. This paper makes the following contributions:

1. It introduces the conditional reachability rule, which generalizes
the previous unconditional reachability rule to allow capturing
the various small-step and big-step operational semantic rules.

2. It introduces reachability logic, a seven-rule proof system that
takes a set of conditional reachability rules (e.g., an operational
semantics) as axioms and derives unconditional reachability
rules (e.g., ones corresponding to Hoare triples).

3. It proves the proof system sound, that is, partially correct. Due to
its practical relevance in producing proof objects, the soundness
result has also been formalized and proved in Coq.

4. It proves the proof system relatively complete. This result is
significantly more powerful than the relative completeness of
Hoare logic, because it is proved once for all languages, rather
than separately for each language.

The supporting code and Coq mechanical proofs can be found
athttp://fsl.cs.uiuc.edu/RL.

Related work. We fully adhere to the fundamental philosophy
of the unified theory of programming initiative [16] and of the
mechanical verification community to reduce the correctness of
program verification to a trusted formal semantics of the target
language 1111217119, 1261136], although our methods are somewhat
different. Instead of developing a framework where various semantic
approaches coexists with systematic relationships between them,
which requires us to still provide two or more semantics of the same

language, we advocate for a framework where we need only one
semantics of the language, which is operational, with the underlying
theory providing the necessary machinery to achieve the benefits of
other individual semantics without the additional costs.

To regard a program as a specification transformer to analyze
programs in a forwards-style goes back to Floyd [11]]. However, his
rules are not concerned with structural configurations, are not meant
to be operational, and introduce quantifiers. Similar ideas have
been used in equational algebraic specifications of programming
languages [14] and in evolving specifications [28]. Conceptually,
what distinguishes our approach from these is the use of matching
logic to specity configurations of interests by means of patterns,
which give access to all the structural details. The use of variables
in patterns offers a comfortable level of abstraction by mentioning
in each rule only the necessary configuration components.

Dynamic logic [[15] adds modal operators to FOL to embed
program fragments within specifications. For example, y — [s]y’
means “after executing s in a state satisfying i, a state may
be reached which satisfies ¢’”. In matching logic, programs and
specifications also coexits in the same logic, but we use it only
for expressing static properties. We express the dynamic properties
using reachability logic which, unlike dynamic logic which still
requires language-specific proof rules, consists of only language-
independent proof rules and works with any operational semantics.

Separation logic [27, 30] has been proposed as a state specifi-
cation formalism to enhance Hoare logic in the presence of heaps.
While reachability logic is an alternative to, rather than an extension
of Hoare logic, one could use separation logic as a pattern specifica-
tion formalism. This is not precluded by presenting our results in
terms of matching logic, as separation logic has been shown to be a
matching logic instance when the configuration model is chosen to
be that of heaps [34]. However, operational semantics of complex
language require many more other configuration components be-
sides the heap, and matching logic has been designed to work with
arbitrarily complex configurations.

Our own related work. Devising a sound, relatively complete and
language-independent proof system that works with conditional
rules as axioms was the holy-grail of our research over the last
several years. We have thus made several prior attempts in this
direction. First-order matching logic and a first proof system based
on it was presented in [35]. However, that proof system was
language-specific and not parametric in an operational semantics like
the one in this paper. An early implementation of MarcHC, based
on that proof system, was presented in [31]. Our first language-
independent proof system can be found in [33], and consists of
nine proof rules. In [32] we showed its relative completeness for a
particular simple imperative language, by providing a mechanical
translation of Hoare logic proof derivations into derivations using
that proof system. Finally, [34] presents a more elegant, eight-rule
proof system for reachability, which we use as a basis here, together
with language-independent proofs of its soundness and relative
completeness, and together with a reimplementation of MarcHC
based on it. However, until now we were only able to support
very particular operational semantic definitions, namely ones with
unconditional rules. While all the above are clearly inferior to our
new proof system and its language-independent proofs of soundness
and completeness, they were nevertheless crucial milestones.

2. Operational Semantics using Rewriting

There are many operational semantics approaches. Since our goal
is to develop a reachability reasoning framework that works for
all operational semantics, a first challenge is to find a framework
that uniformly and formally supports the variety of operational
semantics. One possibility is to pick a rich framework, e.g., higher-


http://fsl.cs.uiuc.edu/RL

order logic [18]], the calculus of constructions [6], or rewriting logic
[23]], which provides all the needed mathematical infrastructure
(and much more). E] However, we prefer to present our results
following a different approach here, which we believe makes them
more widely accessible. Specifically, we pick a weak framework
capable of expressing operational semantics, namely (a fragment
of conditional) term rewriting. Rewriting is so basic that any rich
framework can express it; some frameworks have builtin support for
rewriting, others can express it by means of proof strategies, others
can define it as a transitive binary relation, etc.

In this paper we assume that operational semantics can be defined
with particular conditional rewrite rules of the form

ofg =cfg’ it b Acfer=cfgy Nbi N\ N\ cfgn = cfg, N\ ba

where cfg, cfg’, cfg1, cfg), ..., ¢fgn. cfg, are configuration terms
and b, by, ..., b, are Boolean terms (incrementally) constraining the
variables that appear in the configuration terms. For example,

(ifes) 55, oy =0’y if (e, y=> O Ni#0A(s1, )= (o)

defines the big-step operational semantics of the positive case of
if in a simple C-like language, whose configurations are pairs
(code, o) of a fragment of program and a state mapping program
variables to integers, with result configurations (o) for statements
and (i) for expressions (i is an integer). In this particular rule, n = 2
and b and b, are true, so not written. The ¢, s, and s,, o and ¢, and
i, are variables of sorts expression, statement, state, and resp. integer.
The meaning of = is reachability, i.e., zero, one or more steps.
The rewrites cfg; = cfg; in the condition of a rewrite rule are called
“premises”, while the Boolean conditions b and b; are called “side
conditions”. Theoretically, the order of premises and side conditions
is irrelevant, and thus the side conditions could all be merged into
one. However, for performance, rewrite engines check the premises
and side conditions from left-to-right and users often rely on it.
Our rewrite rules are purposely simple; e.g., since they contain
only configuration and Boolean terms, we implicitly consider only
top-most rewriting. Like in other rewrite frameworks (e.g., rewriting
logic [23]]), = is inherently transitively-closed. However, some
operational semantics need to express precisely one step, written
=!. This can be expressed using the general rewrite relation =
[[7, 24]). In [24] the one-step transition is eliminated by replacing
(code, o) =' (code’, o’y with [code, 0] = {code’, o’} in the
conclusion and conditions of rules, where [_, ] and {_, _} are
new configuration constructs, and adding one new conditional rule
(code,o’) = (code’,o”) if [code,o] = {code’,0”} to embed =
into the general reflexively, transitively closed =. Hence, = is
technically unnecessary; conditional rules using just = suffice.
Figure[T]shows a small-step and a big-step operational semantics
of a simple imperative language, called IMP, using rewrite rules. In
the reminder of the paper, we will refer to three IMP programs:

SUM = s :=0; while (n > 0) (s := s+n; n := n-1)
SUM’ = s := 0; while (n > 0) s := s+n
SUMe = n := 1; while (n > 0) s := s+n

SUM always terminates, SUM’ only terminates when n < 0, and SUM.,
never terminates. In the small-step semantics, nontermination is rep-
resented by infinite “horizontal” computation: each rule application
terminates, but there are infinitely many rule applications. In the big-
step semantics, nontermination is represented by infinite “vertical”
computation: a rule application does not terminate since it requires

! We are currently using such a framework, Coq [21], to formalize operational
semantics as transition systems and collections of reachability rules, to prove
equivalences between such semantics for the same language, to mechanize
the soundness of our reachability logic proof system, and to produce proof
certificates for verified programs. We are also using the rewriting logic
engine Maude [4] to efficiently execute operational semantics defined using
rewriting. See http://fsl.cs.uiuc.edu/RL for details and links to code.

IMP syntax

PVar := identifiers to be used as program variables
Exp = PVar | Int | Exp+ Exp |
Stmt = skip | PVar:=Exp | Stmt; Stmt

| if Exp Stmt Stmt | while Exp Stmt

IMP small-step semantics

+; (e] + ey, o) =! (e} +ey, o) if (e, o) =! (e}, o)
+2 (i + e, oy 2! (i + &, o) i (e, o) ' (e}, o)
+3 G+, o) 2" () 4 12, O)

lookup (x, o) =' (o(x), o) if x € Dom(c)

asgn, (x:=e, o)== (x:=¢, o) if (e, o) =' (¢, )

asgn, (x:=i, oy =' (skip, o[x < i]) if x € Dom(c)

seq;  (s155, o) = (s]55, o) if (51, o) =2 (5], o)

seq, (skip;s,, o) =1 {s,, o)

cond, (ifes; sy, o)y =' (ife s 50, 0) if {e, o) 2! (¢, o)
cond, (ifis; s, o)y =1 (s, o)y if i#0

cond; (if0s; 55, o) =2 (s, o)

while (whilees, o) =' (if e (s;while e s) skip, o)

IMP big-step semantics
+ (e1+e2,0) = (i) +p B2) if (e1,0) = (i) A\ {e2,0) = (ix)
int (i, o) = (i)
lookup (x, o) = (o (x)) if x € Dom(o)
skip (skip, o) = (o)
asgn (x:=e, o) = (o[x «1]) if x € Dom(o) A\ (e, o) = (i)
seq (5155, 0) = (02) if (s1,0)=> (o) A\ (52,01) = (02)
cond; (ifes; sy, oy=(0")if(e,o)=) Ni#0 A (s1,0)=(7")
cond, (ifes| sy, o)y=(0’) if (e, o)y = (0) A (52, o) = {0”)
while; (whilees, o) = (o) if (e, o) = (0)
while, (whilees, o) = (o)

if (e,0)=> ) A\ i#0 A (s;whilees, o) = (o)

Figure 1. The IMP language: syntax, a small-step and a big-step
operational semantics. The operational semantics contain rewrite
rules making use of ordinary first-order variables: e, ¢’, e, €], e, €}
are variables of sort Exp; o, 0" are variables of sort State; i,1iy, i,
are variables of sort Int; x is a variable of sort PVar; s, s1, 57, 5, are
variables of sort Stmt; code, code’ are variables of sort Exp or Stmt.
The underlying mathematical domain is assumed to provide all the
needed operations, for example +;,;, %5, <pu, €tc., for integers, and
o(x), olx « il, x € Dom(o), etc., for maps.

another rule application to solve one of its premises, which requires
another rule application to solve one of its premises, and so on.

We can easily obtain variations of the two semantics in Fig-
ure[T] e.g., ones using big-step for expressions and small-step for
statements. In fact, as shown in [7]], rewrite rules can support virtu-
ally all operational semantics styles, including reduction semantics
with evaluation contexts [38]], the chemical abstract machine [2],
continuation-based semantics [[10], etc. For reduction semantics
with evaluation contexts, the idea in [7] is to add a new configu-
ration construct, _[_], taking a context term and a code fragment
term, and define the split and plug operations by means of rewrite
rules. In the case of IMP, we would add rules like Cle; + e;] =
Cla+e][e] if eq ¢ Int and C[O + e,][i1] = Cli; + e»] in addition
to actual semantic rules like C[i;+i»] ="' C[i; + i»]. Additional
machinery to compose/decompose contexts is needed, but can also
be defined using rules. The reader interested in how our reachability
reasoning results apply to operational semantics using evaluation
contexts is referred to [32H34]] for more details.

Besides theoretical simplicity and uniformity, an additional
advantage of using rewriting to define operational semantics is that
they can be executed and tested with off-the-shelf rewrite engines. In
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our experience with Maude [4]], rewrite-based operational semantics
can stay within an order of magnitude slower than custom, compiled
interpreters for the defined languages. This is in our view acceptable,
because the interpreters obtained by executing the rewrite-based
operational semantics are free and correct-by-construction.

In conclusion, rewrite rules can be used to formally and uni-
formly define operational semantics. Moreover, they also yield rel-
atively efficient reference models/implementations for the defined
languages at no additional cost. The rest of the paper is dedicated to
showing that rewrite-based operational semantics are also sufficient
for program reasoning; no other (axiomatic) semantics is needed.

3. Matching Logic

Matching logic is a logic for defining and reasoning about structure,
especially program configurations, which can include code stacks,
heaps, I/O bufters, etc. Matching logic is parametric in a model of
configurations. Configurations can be as simple as pairs (code,o)
with code a program fragment and o a state mapping program vari-
ables to integers if one wants to reason about simple imperative lan-
guages like IMP (see Section[2), or even as simple as “heap” single-
tons holding a map from locations to integers if one wants to reason
only about heap structures (see [34] for how to capture separation
logic as a matching logic instance). Other configurations can be as
complex as that of C [8]], which has about 70 semantic components.

A matching logic instance defines configurations, the concrete
structures of interest, patterns, which serve as structure abstractions
or specifications, and pattern matching, a satisfaction relation
between configurations and patterns. Until now, matching logic
has only been defined in a first-order logic setting. In this paper we
generalize matching logic by parameterizing it also in its patterns
and in its pattern matching relation. These parameters must respect
some mild restrictions and relationships, which will suffice to prove
the soundness of our proof system in Section[3]

Using this generalization of matching logic in the proof system
for reachability has two benefits, one practical and one theoreti-
cal. Practically, it allows our proof system to be used in settings
where program properties are stated and reasoned about in other for-
malisms than first-order matching logic, for example in variants of
separation logic, monadic second-order logic, etc. Theoretically, it
shows the weakest conditions on a program state logic under which
we could show our proof system sound.

3.1 First-Order Matching Logic

Here we recall basic notions of first-order matching logic from [32+-
35| (there called just “matching logic”), which can be framed as a
methodological fragment of first-order logic (FOL) in a given model
of configurations (see Section[6.1).

The reader is assumed familiar with basic concepts of algebraic
specification and first-order logic (see, e.g., the CASL and Maude
systems and their manuals [4} 25[], which also provide many exam-
ples). Given an algebraic signature Z, we let T denote the initial
X-algebra of ground terms (i.e., terms without variables) and let
Ts(Var) denote the free X-algebra of terms with variables in Var.
T ((Var) is the set of Z-terms of sort s. Maps p:Var — 7 with 7 a
Y-algebra extend uniquely to (homonymous) X-algebra morphisms
p:Tx(Var) — 7. These notions extend to algebraic specifications.
Many common mathematical structures have been defined as Z-
algebras: boolean algebras, natural/integer/rational numbers, lists,
sets, bags (or multisets), maps (e.g., for states, heaps), trees, queues,
stacks, etc. [4} 25]. Here we only need maps, to represent program
states, written with an infix “—"" operation symbol for map entries
(binary operation taking a program variable and an integer) and an
associative and commutative comma “,” symbol to separate them.

Let us fix the following: (1) an algebraic signature X, specifying
some desired configuration syntax, with a distinguished sort Cfg, (2)

a sort-wise infinite set of variables Var, and (3) a X-algebra 7, the
configuration model, which may but need not be the initial Z-algebra.
The elements of 7~ of sort Cfg are called configurations.

Definition 1. /35| A matching logic formula, or a pattern, is a first-
order logic (FOL) formula which allows terms in Tx cg,(Var), called
basic patterns, as predicates. We define the satisfaction (y,p) E ¢
over configurations y € T ¢f,, valuations p : Var — T and patterns
¢ as follows (among the FOL constructs, we only show 3):

(y,p) EAX ¢ iff (v,p') E @ for somep’ : Var — T with
o' () = p(y) forall y € Var\X

P Er i y=p@ |, wheren € Ty cp(Var)

A basic pattern r is satisfied by all the configurations y that
match it; the p in (y,p) E m can be thought of as the “wit-
ness” of the matching, and can be further constrained in a pat-
tern. In the case of IMP, whose configurations have the form
(code, o), the pattern ds (( SUM, (s+—>s,n—n)) A n > 0)
matches the configurations with code SUM (from Section [2) and
state binding program variables s and n respectively to integers
s and n >5, 0. We typically use typewriter for program vari-
ables and italic for mathematical variables in Var. Similarly, pattern
(skip, (s n g (n +5,: 1)/ 12, n > 0)) matches (with the same
witness p, i.e., the same n) all the final configurations reachable (in
IMP’s transition system corresponding to its small-step semantics)
from the configurations specified by the previous pattern (Section[3]
shows how to formally prove it).

3.2 Abstract Matching Logic

Based on intuitions from first-order matching logic, we propose
abstract matching logic, an abstract formalism for configuration
properties. The abstraction consists of specifying properties of
patterns and matching, rather fixing a concrete definition.

Definition 2. An abstract matching logic, called simply a match-
ing logic from here on, is a tuple L = (X, Var, T, P, ) where:

e ¥ is a multisorted signature containing a distinguished sort Cfg;

e Var is a sortwise infinite set of variables over the sorts of 2.

* T is a Z-algebra, its elements in T ¢f, are called configurations;

® P is a set of patterns ¢, closed under the logical constructs
©1 A @2, @1 V@2, o1 = @2, and Ax p, where x € Var;

* = C (Tgp X [Var — T1) X P is a pattern matching relation,
written (y,p) E ¢ and read “configuration y € T ¢y matches
pattern ¢ € P with valuation p : Var — T as witness”. The
pattern matching relation satisfies the following constraints:
(y,p) E Ix @ iff there exists a p’ such that p’(y) = p(y) for all
y € Var\ {x} and such that (y,p") | ¢; and (y,p) E ¢1 A @2 Iff
(y,p) E ¢1 and (v, p) E @2, and similarly for V and —.

We also assume a “free-variable” function FV : P — 2% on
patterns with the expected properties: FV(x @) = FV(p) \ {x} and
FV(p1 A ¢2) = FV(g1) U FV(g,), and similarly for V and —. Also,
if p and p’ agree on FV(p), then for ally, (y,p) E ¢ iff (v.p") E ¢.

Thus, a matching logic essentially consists of a pattern matching
relation that obeys some reasonable constraints. Note that the precise
syntax and semantics of patterns are purposely left open: all we
require is that certain reasonable syntactic constructs are available
and have their expected compositional semantics. This allows us
to instantiate our framework and the subsequent results not only to
first-order, but also to higher-order, separation, or other logics.

Definition 3. Pattern ¢ is valid, written = o, iff (v,p) E ¢ for
all y € T¢p and p : Var — T. Pattern ¢ is structureless iff for

allp : Var — T and v,y € T¢r, (v,p) E o I (V,p) E o.
Pattern ¢ is weakly well-defined (resp. well-defined) iff for any



valuation p : Var — T there exists at least one (resp. precisely one)
configurationy € T ¢y, such that (y,p) E ¢.

The intuition is that a valid pattern contains no structural and no
logical constraints, while a structureless pattern contains only logical
but no structural constraints. Well-defined patterns have enough
structural constraints to uniquely identify the matching configuration.
In first-order matching logic all basic patterns 7 are well-defined,
while patterns of the form 7, V m, are weakly well-defined.

4. Reachability Rules

Unconditional reachability rules over first-order matching logic
patterns were introduced in [33]], which showed they can express
certain operational semantics that do not require rule premises, such
as reduction semantics with evaluation contexts [38]. They were also
studied in [32]], which showed they can express the Hoare triples
of axiomatic semantics. In this section we introduce conditional
reachability rules, a generalization which can naturally deal with
any rewrite-based operational semantics.

Unless otherwise specified, from here on in this paper we assume
an arbitrary but fixed matching logic £ = (, Var, 7, P, ) and give
our definitions and proofs for this general framework, including the
soudness of our proof system in Section 3}

Definition 4. A (conditional) reachability rule is a sentence
e=>¢ ifor=20\N... o, = ¢,

where n 2 0 and where ¢, ¢', 1, ¢}, ..., u, @, are matching logic

patterns. We call ¢ the left-hand side (LHS) and ¢’ the right-hand

side (RHS) of the rule. A rule is unconditional when n = 0, and is
written ¢ = ¢'. A reachability system is a set of reachability rules.

4.1 Operational Semantics using Reachability Rules

As discussed in Section[2] in this paper we assume that operational
semantics can be defined with particular rewrite rules of the form

cfe=cfg it bAcfsr=cfgh Nbi Ao N\ cfgn = cfg, N\ bas

which can be now seen as sugar for particular reachability rules

cfe ADADIA...Nb, = cfg i cfgr = cfg) N\ ... N\ cfgn = cfs)

Here the Boolean side conditions have been all conjuncted with the
LHS pattern. Recall from Definition 2] that matching logic includes
configuration terms as patterns and allows the use of FOL constructs,
in particular conjunction, to build new patterns, so the above is a
correct reachability rule, where ¢ is ¢cfg Ab A by A ... A b, etc. For
example, the rule cond, in the big-step semantics of IMP in Figure[T]
is syntactic sugar for the reachability rule

(ifes; sy, oYyANi#0= (0" if (e, o) = ) A\ (51, o) = (o)

From here on we assume that a language/calculus/system is
semantically defined as a reachability system and, unless otherwise
specified, fix an arbitrary reachability system S (with patterns in
L). It is irrelevant for the subsequent developments whether such
rules represent a small-step, a big-step, or any other particular kind
of operational semantics.

An operational semantics typically describes program behaviors
by generating a transition system over program configurations,
which can be used to associate a behavior to any given program
in any given state. In some cases, e.g., small-step semantics, the
transition system comprises all the atomic computational steps; in
other cases, e.g., big-step semantics, the transition system consists
of a binary relationship mapping configurations holding (fragments
of) programs to their resulting configurations after evaluation.

We next show how S yields a transition system (7¢g, —s) over
the configurations of 7.

Definition 5. We inductively construct the relations Ry, C T ¢y X7 ¢pe
forall k € N as follows:

L4 Ro =0
o Riv1 ={(y, ¥) | there exists some reachability rule

e=>¢ ifor=2gN\N... \Non= ¢,
in S and some valuation p:Var — T such that:

1.(y,p) Fyand (y'.p) F ¢'; and

2. forall yy,...yn € T With (yi ,p) E @iforall1 <i<n
there existyy,...,y, with (y; ,p) E ¢ for all 1 <i <n such
that (y;, v;) € R;, the transitive and reflexive closure of Ry

Then —g o Ukso Re, written infix, is the transition relation induced
by S, and (T¢y,, —s) is the transition system induced by S.

Intuitively, R, is the transition relation generated by using only
unconditional rules or degenerate conditional rules whose conditions
@i = ¢! specify pairs of identical configurations (because Rj =
{(y,¥) | ¥ € Tcy}) which therefore need no other reachability rule to
be solved, R, is generated using unconditional or conditional rules,
but solving the conditions only with unconditional or degenerate
conditional rules, and so on. In general, R; is obtained by applying at
most k— 1 “nested” conditional rules. It is easy to see that Ry, C Ry;.
In fact, the above explicitly defines the transition relation as the least
fixed point relation —g that is compatible with all the rules in S,
where all rule conditions are interpreted as —g-reachability.

If £ is a first-order matching logic and S contains only rewrite
rules, that is, rules whose patterns are all basic, then all the con-
figurations y, ¥', ¥1, ¥} ---» ¥, ¥, in Definition E] are uniquely
determined by p, since (y, p) | m iff y = p(xr) for any basic pattern
7 (by Definition [I). In this case, —s becomes the usual transition
relation induced by a (top-most) term rewrite system on a X-algebra.
More specifically, if S is IMP’s small-step semantics in Figure[]
then the following are valid transitions (SUM is the sum program in
Section[2]and LOOP is its loop; for notational simplicity, we make
no distinction between ground terms and their interpretation in 7°):

(SUM, (s 7,n—10)) —g (LOOP, (s> 0,n—10)) —g

(if (n>0) (s:=s+n;n:=n-1;LO0P) skip, (s 0,n—10)) —g

(1f(10>0) (s:=s+n;n:=n-1;L00P) skip, (s~ 0,n—10)) —g

. =g (LOOP, (s 10,n—9)) —g ... =g
(LOOP, (st 55,n—0)) —s ... —s (skip, (s~ 55,n—0))
In computing the transitions above, we need to go up to 3 nested
conditional rules in Deﬁnition i.e., k = 4. On the other hand, if S
is the IMP’s big-step semantics in Figure[I] then we have

(SuM, (s 7,n—10)) —g (s 55,n—0)

in one transition step, but in order to compute that we need to apply
more than 40 nested conditional rules.

We next define a strong notion of validity, based entirely on the
transition relation above. Definition[[0]introduces our actual notion
of validity, partial correctness in the sense of Hoare-style validity,
which also takes into account termination; as seen in Definition[7]
defining termination requires strong validity.

Definition 6. Given a valuation p : Var — T, an unconditional
reachability rule ¢ = ¢’ is p-strongly-valid, written S,p £ ¢ = ¢/,
iff for any y € Tcg, with (y,p) & ¢ there is some Yy’ € Ty, such that
'.p) E ¢ andy <5 y'. Rule ¢ = ¢' is strongly valid, written
S E = ¢, iffitis p-strongly-valid for each p: Var — T .

In the case of IMP, if p(0) = (s 7,n—10) and p(c’) = (s
55,n0) then, as seen above, S, p E (SUM, o) = (skip, o) when
S is the small-step semantics of IMP, and S, p £ (SUM, o) = (o)
when S is the big-step semantics of IMP in Figure respectively.
More interestingly, we can show that S [ (SUM, (s s,n—n)) A
n 2, 0= (skip, (s nxy,; 0+, 1)/1:2, 0 0)) with the small-
step semantics, and a similar property with the big-step semantics,



but the proof would be tedious and low level at this moment, as
it would need to directly involve the transition system (7cy, —s).
Section[3]shows how such properties can be derived more abstractly,
using the reachability logic proof system.

An operational semantics should also formally say when a
program terminates, or when it diverges. In some cases, e.g., small-
step semantics, nontermination is captured by the existence of an
infinite number of transitions starting with the given configuration;
in other cases, e.g., big-step semantics, nontermination is captured
by the inability to perform a step in the transition system due to an
infinite sequence of nested attempts to fulfill the rule premises.

We next define termination of configurations with respect to
S, capturing both cases above. Our definition is based on a partial
order on configurations which is inspired from quasi-decreasing
orders for conditional term rewriting systems [[13[]. Our definition
is also somewhat related to operational termination of conditional
term rewrite systems [20]], although the latter is a property of a
rewrite theory while our notion of termination refers to a particular
configuration in a particular model.

Definition 7. Let (7¢s,,>) be the termination dependence relation:

*y>Y ify—svyand

oy >y ifthereexistsarulep = ¢" if o1 = ¢\ N\ ... N . = ¢,
in S, valuation p:Var — T, and index 1 < i < n such that:
1.(v.p) E ¢
2.8 pBp; = @’ for each 1 < j < i; and

3. V.p) E ¢

Then y € ¢y, terminates iff there are no infinite decreasing > chains
starting at vy, and vy diverges otherwise. We also let > denote the
partial order associated to >, i.e., its reflexive and transitive closure.

Our definition of termination above mimics the application of
conditional rules in the configuration model, in that conditions are
solved in order and a condition is considered only if all the previous
conditions are successfully solved.

Let us consider our particular IMP language again. In Section[2]
we informally claimed that SUM always terminates, SUM’ only
terminates when n < 0, and SUM, never terminates. We can
now make these claims formal. For SUM, we can show that any
configuration vy of the form (SUM, o) terminates with any of the two
semantics in Figure[T] for any state o (including ¢’s which lack s
or n). For SUM’, any configuration of the form (SUM’, (n+n, o))
with n < 0 terminates in both semantics, whether or not o~ binds
s. However, note that our informal claim in Section 2] that “SUM’
only terminates when n < 0” was (purposely) imprecise. Indeed,
configurations (SUM’, o) with n or s undefined in o also terminate.
Finally, our informal claim that “SUM,, never terminates” was also
imprecise for similar reasons. Stated precisely, configurations of
the form (SUM, (n+—n, s s, 0)) diverge. It is interesting to note
that such configurations diverge for different reasons in the two
semantics, descending by the first bullet of Definition [7]in small-
step semantics, and by the second bullet in big-step semantics.

Definition 8. A pattern ¢ terminates (resp. diverges), written
S E ¢l (resp. S E 1), iff for all y € Ty, and for all p:Var — T, if
(v,p) E @ then y terminates (resp. diverges).

In the case of IMP with S either its small-step or its big-step
semantics, from the discussion above we can conclude
S E (SUM,0)]
S E {(SUM,(n—>n,0)) An<p: 0V {(SUM o) A (n¢ Dom(o) V s ¢ Dom(o))|
S E (SUM (n>n, s 8,0)) An > 0)T
S E (SUMw,(n>n, s 5,0))T

Section [5]shows how to prove divergence using our proof system
for reachability. Proving termination is left for future work.

Recall that S is an arbitrary reachability system, thought of as a
“semantics”. However, not all reachability systems are meaningful as
semantics in all situations. Consider a reachability system contain-
ing a rule of the form ¢ = false. Such a rule is not just semantically
useles (because it generates no transitions), but also makes reach-
ability reasoning unsound, because even S’s own rules are not all
valid (S E ¢ = false does not hold, though we expect S | u for
any unconditional ¢ € §). It is therefore not surprising that some of
the subsequent results need to impose additional constraints on the
rules of S, such as the following:

Definition 9. Rule ¢ = ¢'if o1 = @] A\ ... \ ¢u = ¢, is (weakly)
well-defined iff ¢', ¢, ..., ¢, are (weakly) well-defined. Reachability
system S is (weakly) well-defined iff all its rules are.

Since operational semantics rules contain only configuration
terms except possibly for their LHS patterns (see discussion at
beginning of Section.I)), and since configuration terms are basic
patterns, which are always well-defined, we believe that it is safe
to say that all reachability systems of interest are expected to
be well-defined. Nevertheless, weak well-definedness suffices for
the soundness of reachability logic, although we need full well-
definedness for completeness.

4.2 Specifying Program Properties using Reachability Rules

Reachability rules can specify not only operational semantics, but
also program properties. In fact, each Hoare triple can be translated
into a particular reachability rule [32]], although the translation needs
to be mechanized separately for each language. However, it is not
recommend to follow this route when specifying program properties,
because Hoare triples can be more complex than reachability
rules expressing the same property, even without the additional
complexity added by the mechanical translation. Consider, for
example, the following Hoare triple expressing SUM’s property:

fn=0ldnAn >0} SUM {s=o0ldn* (oldn+1) /2 An =0}

The introduction of the additional oldn variable follows a common
Hoare logic “trick” to save the initial value of n. Following [32], the
above Hoare triple translates mechanically into the reachability rule

ds,n ((SUM, (s> s,n—n)) An=oldn An >, 0) =
ds,n ((skip, (s s,n—n)) A s=oldns, (oldn+,,1)/ 1,2 A n=0)

On the other hand, with the configurations of IMP’s big-step
semantics in Figure[I] we can express the same property as follows:

<SUM’(S'_)S, an)>AnZInt0 = <(S'_)n *Int (I’l tint 1)/1}1t2’ I].l—)O))

In words, if we execute the configuration holding the program SUM
and a state binding program variables s and n to integers s and
n > 0 using IMP’s big-step semantics, then we reach a configuration
holding a state that binds program variables s and n to the sum
of numbers up to n and to 0, respectively. Technically, s and n
are variables of sort Int; one can also think of them as “symbolic”
integers. On the other hand, s and n are constants of sort PVar.
One could argue that the Hoare triple above is more natural
because it is more compact and the FOL specifications make direct
use of program’s variables. However, one should note that the
reachability rule is more informative, since it also states that s
and n must be available in the state before SUM is executed. To state
these properties using Hoare logic we need additional specification
contents, e.g. definedness predicates. Also, Hoare logic conflating
program variables (like s, n) and specification variables (like oldn)
is often a source of complexity and confusion, particularly in
combination with substitution and pointers. Unlike Hoare triples,
which only specity properties about final program states, reachability
rules can also specify properties of intermediate states as reachability
rules where the right hand side has some intermediate code. Hoare



triples correspond to reachability rules whose RHS holds the empty
code, like the one above. We refer the reader to [32] for more details
on the expressiveness of unconditional reachability rules.

4.3 Validity and w-Closure

In Hoare logic, a triple {pre} code {post} is (semantically) valid, in
the sense of partial correctness, iff for any state that satisfies pre, if
code terminates then the resulting state satisfies post. This elegant
definition has the luxury of relying on another formal semantics of
the target language which provides the language-specific notions
of “state”, “satisfaction”, and “termination”. Since here everything
happens in a single language-independent framework, we generalize
the notion of validity as follows:

Definition 10. Given a valuation p : Var — T, an unconditional
reachability rule ¢ = ¢ is p-valid, written S,p = ¢ = ¢, iff for
any y € Tcp, with (y,p) & ¢, if vy terminates then there is some
Y € Tep such that (y',p) | ¢’ andy —5 ¥'. Rule ¢ = ¢' is valid,
written S = ¢ = ¢, iff it is p-valid for each p: Var — T .

The major difference between our validity and Hoare validity is
that the language-specific notions of “state”” and “code” have been
replaced by the language-independent notion of “configurations”.
It is not hard to see that in the case of IMP, with S either of the
semantics in Figure [T} this notion of validity becomes the usual
Hoare logic validity when the reachability rule ¢ = ¢’ corresponds
to a Hoare triple as shown in Section[4.2]

If the rule LHS terminates, strong validity and validity coincide:
Proposition 1. The following hold:

LIfSEp=¢ thenSEp=¢;
2IfSEplthenSEe= ¢ if SEp=¢.

In Hoare logic divergence can be indirectly specified using
Hoare triples with postcondition false. We can similarly reduce
proving divergence to proving a reachability rule whose RHS is
false, provided our arbitrary matching logic £ has a pattern false
matched by no configurations (in first-order matching logic we have
the FOL false formula): S  ¢7 iff S | ¢ = false. Therefore, any
complete proof system for reachability can also prove divergence.

It turns out, however, that it is necessary (for the completeness
theorem) and convenient to refer to divergence directly.

Definition 11. We let S8®, called the w-closure of S, be the reacha-
bility system extending S as follows:

e Add to X a new constant w of sort Cfg;
* Add to Tcy, a new element 7,,;
e Add to S a new rule, w = w;
® For each rule ¢ = ¢ if o1 = @\ \... \ ¢, = ¢, in S and
each 1 <i<n,addto S a conditional reachability rule
p=>wifer=>G A AN = ¢ A= .
By convention (8“)* = 8 and we call S w-closed iff S = S®.
The w -closure operation is algorithmic and easy to implement.
Since 7, is the only configuration that matches w, we conclude that
w is well-defined. In fact, the w-closure operation does not affect

well-definedness: S is (weakly) well-defined iff S is (weakly) well-
defined. Moreover, the additional rules are semantically irrelevant:

Proposition 2. The following equivalences hold for all configura-
tions y,y" € Iep, and for all patterns ¢, ¢’ € P:

*y=sY Wy ey
o vy terminates for S iff y terminates for S“;
*SEe=>¢ iffS"Fe=¢.
Therefore, the w-closure has no semantic effect. It only has proof-
theoretical merit, ensuring we can prove divergence as follows:

e=>¢ o =20 N ANen=¢, € A
Y is a structureless pattern
AUC F o AY = @) AUC + o, ANY = ¢,
AtrcoNy =9 Ay

Axiom :

Reflexivity: A Fyp=> ¢

A+ = AUC + ¢y =
Transitivity : cpL =% $2= %
A rcor1 =3
C L Feoel Atk =9 Foy =@
onsequence :
A Fo @1 = @2
Arcpi=¢ Arcpp=9¢

Case Analysis :
ArcorVer =9

Fep = ¢ here X N FV(¢') =
Abstraction : Arcp=0 where - @) =0
ArcIXe=9¢
A F ’ = ¢
Circularity : Cotg=) 9 = &

Atrcp=y¢

Figure 3. Reachability logic proof system.

Proposition 3. If S is w-closed, then S = ¢T iff SE ¢ = w.

5. Proof System and Soundness

Figure [3] shows the reachability logic proof system. The target
language is given as a weakly well-defined reachability system
S. The soundness result (Theorem|[I) guarantees that S | ¢ = ¢’ if
S F ¢ = ¢’ is derivable. Note that the proof system derives more
general sequents of the form A r¢ ¢ = ¢, where A and C are sets
of reachability rules. The rules in A are called axioms and rules in
C are called circularities. If C does not appear in a sequent, then it
means it is empty: A + ¢ = ¢’ is a shorthand for A ) ¢ = ¢'.
Initially, C is empty and A is S. During the proof, circularities can
be added to C via the Circularity rule and flushed into A by the
Transitivity or Axiom rules.

The intuition is that the rules in A can be assumed valid, while
the rules in C have been postulated but not yet justified. After making
concrete progress it becomes (coinductively) valid to rely on them.
The intuition for a sequent A ¢ ¢ = ¢’, read “A with circularities
C proves ¢ = ¢'”, is that ¢ = ¢’ is true if the rules in A are true
and the rules in C are true after making progress, and that if C is
nonempty then ¢ reaches ¢’ (or diverges) after at least one transition.

With this in mind, let us discuss the proof rules.

Axiom states that a trusted rule can be used in any logical context,
or frame. The logical frame is formalized as a structureless pattern
¥, as it is meant to only add logical but no structural constraints. In-
corporating framing into the axiom rule is necessary to make logical
constraints available while proving the conditions of the axiom hold.
Since reachability logic keeps a clear separation between program
variables and logical variables the logical constraints are persistent,
that is, they do not interfere with the dynamic nature of the opera-
tional rules and can therefore be safely used for framing. This is not
the case for structural constraints. Consider, for example, a structural
constraint given as pattern (skip, o). We cannot use this pattern
as a frame y for the rule skip of the big-step semantics of IMP,
because (skip, o) A (o) is matched by no pattern, same as false,
so the proof system would unsoundly derive (skip, o) = false.
Additionally, note that the circularities are released as trusted axioms
when deriving the rule’s conditions, which is consistent with the
intuition above for sequents.



General macros

SUM = s :=0; while (n>0) (s := s+n; n := n-1)
S = s :=s+n;n:=n-1; LOOP

IF = if (n > 0) then S; else skip

osuw = (SUM, (s> s,n—>n))An > 0

¢mwv = (LOOP, (s sumyn,(n,n’),n— n')y An' >;,0

s, = (S1, (8> sumyy(n,n'),n - n’))

LOOP = while (n>0) (s := s+n; n := n-1)
S, = n :=n - 1; LOOP
Suminv(ny I’l,) = (I’l “Int nl) *Int (n Fint n +int 1)/Int 2
err = (IF, (s & sumyn(n,n'),n - n'))
‘L"’o’g; = (LOOP, (s — sumMjp,(n, 7" —p 1), 0 = 1" —p 1))
¢s, = (Sp, (s sumyy(m,n’ —p D,n o n'))

Small-step macros

Big-step macros

2.8k omv = prr AN 2, 0

@ = <5k1p, (S = kg (n +int 1)/Inr 23 nme— 0)> ("2 = <(S I 7 (n +int ])/Int 2,11 [and 0)>

H o= Inomw =@ H = e =9
Small-step proof derivation (S is IMP’s small-step semantics) Big-step proof derivation (S is IMP’s big-step semantics)
1.SF @sm = oy An'=pn [asgn,, seq;,seq,]| 1.S U {u} F In" oy = ¢ [1]

[while]| 2. S U {u} r ga‘ﬁgg; AN >,0= @ [Consequence(1)]

3.8 Fu) P1F AR >5,0 = s, AR >, 0
4.8 F(ﬂ) K,DS]/\}’ZI >Im0 = §052 An’ >Int0
5.8 by @, AR >0 0 = @A R >4, 0
6.S '_Ul) 9052/\11/ > 0= 3In DIy
7.8U {ﬂ} + dn’ PNy = @

8.8 '_Ul) D1F An >t 0= ")

9.8 Fuy P1F A n = 0= [
10.8 '_Ul) D1F An 2t 0= (7

11.8 I—(m an’ QN = @

[lookup, >, >3, cond |, cond; |
[lookup,+,+>,+3,asgn, ,asgn,,seq ,seq, |
[lookup,-;,-3,asgn, ,asgn, seq, ,seq; |
[Consequence(5)]

[u]

[Transitivity(3,4, 6, 7)]

[lookup, >, >3, cond;, cond;]

[Case Analysis(8,9)]

[ Transitivity(2, 10); Abstraction]

3.8 F ) (psz/\l’l' >0 = (7]
4.8 by s, A >, 0=
5.8 Fup ¢mw A n >, 0= ®
68 '_U‘) ("Z50\4 AR =Int 0= @
7S '_(/l) PINY = @

88 '_W) an’ PINY = (7

98 F dn’ PINY = "2
IOS F PIny AR =i N = ")
11.S+ Psum = @

[lookup, int, -, asgn, seq(2)]
[lookup, int, +, asgn, seq(3)]
[lookup, int, >, while,(4)]
[lookup, int, >, while, ]
[Case Analysis(5, 6)]
[Abstraction(7)]
[Circularity(8)]
[Consequence(9)]

[int, asgn, skip, seq(10)]

12.8+3In" opw = ¢
13.S+ Psuy = an’ PINy
14.S+ Osyy = ¢

[Circularity(11)]
[Consequence(1)]
[Transitivity(13, 12)]

Figure 2. Formal reachability logic proofs for SUM. Simple Consequence rules used to perform domain reasoning are elided for readability.

Reflexivity and transitivity correspond to corresponding closure
properties of the reachability relation. Reflexivity requires C to be
empty to meet the requirement above, that a reachability property
derived with nonemtpy C takes one or more steps. Transitivity
releases the circularities as axioms for the second premise, because
if there are any circularities to release the first premise is guaranteed
to make progress.

Consequence and Case Analysis are adapted from Hoare logic.
In Hoare logic Case Analysis is typically a derived rule, and we
could probably derive it for particular languages, but there is no way
to prove it language-independently. Ignoring circularities, we can
think simplistically of these five rules as a rigorous infrastructure
for symbolic execution.

Abstraction allows us to hide irrelevant details of ¢ behind an
existential quantifier, which is particularly useful in combination
with the next proof rule.

Circularity allows to make a new circularity claim at any moment
during a proof. We typically make such claims for code with
repetitive behaviors, such as loops, recursive functions, jumps, etc. If
we succeed in proving the claim using itself as a circularity, then the
claim holds. This circular reasoning would obviously be unsound
if circularities were unrestricted, but requiring progress before
circularities can be used ensures that only diverging executions
can correspond to endless invocation of a circularity.

Figure [2] shows detailed formal proofs that the SUM program
(Section2)) indeed calculates the sum of the first n natural numbers
in s, for the small-step and big-step semantics of IMP from Figure/T}
In the small-step case (left column) the circularity corresponding to
the loop is used via the Transitivity rule, while in the big-step case
(right column) the circularity is used via the Axiom rule. Below we
discuss these proofs informally (LOOP is the while loop of SUM).

In the small-step case, the specification gsym = ¢ is

(SUM, (s s, nn))An >, 0 = (skip, (st n s, 1+, 1) /102, 0 0)).

We begin by transitivity through 3n’ ¢nv, Where ¢y is the pattern

<LOOP, (SI—)(}’[ “Int I’l,) *Int (}’l +in n +in 1)/Intzs 1’1!—)7[’)) AR ZIntO-

¢sum = dn’ ¢y holds by running the operational semantics on
SUM until the pattern (LOOP, (s+—0,n+—n)) A n >, 0 is reached,
and abstracting this as dn’ ¢y by Consequence. The property
p = In" pinv = ¢ is proved by Circularity. Abstraction removes
the quantifier and fixes an arbitrary »’, allowing us to unroll the
loop into a conditional by the while rule. This progress releases the
circularity. We continue by Case Analysis on n’ =5, 0V n’ >, 0,
running the operational semantics in each case. When n” =, 0 the
goal is reached directly, and when n’ >, 0 we reach a configuration
implying dn’ ¢y and finish by applying the recently-added axiom.
In the big-step case the specification psym = ¢ is now

(SUN, (s> s,n>n)) Anz2, 0 = (s n sy (n +py 1)/ 142,00 0))

As before, we prove u = In’ piny = ¢, with the same ¢jny as before.
We reach dn’ ¢y from ¢sym by applying the big-step semantics of
assignment and sequential composition. The difference is that this
is reached in a premise of applications of conditional axioms, rather
than a premise of Transitivity. Property In” ¢\nv = ¢ is also proved
by Circularity, but this time the circularity is released by applying
the conditional while, axiom, and used in one of its conditions.

5.1 Soundness

The next result establishes the soundness of our proof system, in the
sense of partial correctness. Note that, unlike the soundness of Hoare
logic which is shown for each language separately, the soundness of
reachability logic is proved only once, for all languages.

In order to prove soundness of the proof system, we need the
following helper definition, which will allow us to make the proof
by induction on the termination proof of g.

Definition 12. Let g € ¢y, be an arbitrary configuration. We say
that the unconditional reachability rule ¢ = ¢’ is (g, >)-strongly-
valid (resp. (g, =)-strictly-strongly-valid) if for all y such that g >y
and for all valuations p such that (y,p) | ¢, there exists v’ such
thaty %5y (resp.y = ¥') and (Y, p) E ¢'.

We write S B,, ¢ = ¢’ when ¢ = ¢’ is (g, 2)-strongly-valid
and S B, ¢ = ¢ if ¢ = ¢ is (g, >)-strictly-strongly-valid.



Intuitively, “(g, >)-strongly-valid" is similar to “strongly valid”,
but only concerns configurations less than g, according to the termi-
nation dependence relation. If g terminates, then “(g, >)-strongly-
valid” is similar to “valid”. The following lemma captures the link
between the two notions:

Proposition 4. S = ¢ = ¢’ if and only if, for all terminating
configurations g € Tcg,, S By ¢ = ¢

Proof. We prove each implication separately.

“—>” Assume S E ¢ = ¢’. We show that for all terminating
g € Tcgr ¢ = ¢’ is (g, 2)-strongly-valid. Let g be an arbitrary
terminating configuration, let y be an arbitrary configuration smaller
or equal according to > than g (i.e. g > ¥) and let p be a valuation
such that (y, p)  ¢. As g terminates, it follows that y also terminates.
As S | ¢ = ¢, we have that there exists y’ such that y —% " and
¥',p) E ¢'. As y was chosen arbitrarily such that g > v, it follows
that ¢ = ¢’ is (g, >)-strongly-valid. As g was chosen arbitrarily such
that it is terminating, it follows that for all terminating g, ¢ = ¢’ is
(g, =)-strongly-valid, which is what we had to show.

[ »

< Assume that for all terminating g € Tcp,, ¢ = ¢’ is (g, >)-
strongly-valid. We show that S | ¢ = ¢’. Let y be an arbitrary
terminating configuration and let p be an arbitrary valuation such
that (y,p) E ¢. Let g = y. We have that g > vy and that g is
terminating. Therefore, by the assumption that for all terminating g,
¢ = ¢ is (g, >)-strongly-valid, we obtain that there exists ¥’ such
thaty =% ¥" and (¥, p) & ¢’. As the terminating configuration y and
the valuation p were chosen arbitrarily, it follows that S F ¢ = ¢'.
|

The following helper lemma is the core of the soundness proof.
It shows that each proof in our proof system is (g, >)-strongly-valid
by induction on the proof tree and on g.

Lemma 1. For any proof tree concluding A +c ¢ = ¢, for all
terminating configurations g € Ty, if the conditional rules in A
are weakly well-defined, if the unconditional rules in A are (g, >)-
strictly-strongly-valid and if C is (go, =)-strictly-strongly-valid for
all gy such that g > go, we have that:

1. if Cis empty, then ¢ = ¢’ is (g, >)-strongly-valid and
2. if C is not empty, then ¢ = ¢’ is (g, >)-strictly-strongly-valid.

Proof. By induction on the proof tree and case analysis on the last
rule in the proof tree:

1. If the last rule is Axiom, let g be an arbitrary configuration and
assume that the conditional rules in A are weakly well-defined,
that the unconditial rules in A are (g, >)-strictly-strongly-valid
and that C is (g, >)-strictly-strongly-valid for all configurations
g > go. We show that ¢ A Y = ¢’ A is (g, >)-strictly-strongly-
valid (this is the stronger conclusion of the two cases; (g, >)-
strictly-strongly-valid implies (g, >)-strongly-valid for the case
where C is empty). We distinguish two cases:

(a) If n > 0, let y be an arbitrary configuration such that g > y
and let p be an arbitrary valuation such that (y,p) = ¢ A ¢.
We show that there exists ¥’ such that y =% " and (v, p)
¢" A . We first show that ¢; = ¢ is p-strongly-valid for all
1<i<n.

Let yy,...,y, be arbitrary configurations such that (y;,p) E
@; for all 1 < i < n. As the rule is weakly well-defined,

Y1s...,Yn €Xist. As ¥ is stateless, it follows that (y;,p) E
gi Ay foralll <i<n.

By induction on 1 < i < n, we show that y > ; and that
p;= ga} is p-strongly-valid forall 1 < j < i.

Let 1 < i < n be fixed. By choice of y;, we have that
(vi,p) E ¢i A Y. By the induction hypothesis, we have that
@; = ¢ is p-strongly-valid for all 1 < j < i. Therefore, by
the o.t. hypothesis, we have that y > ;.

As the unconditional rules in A are (g, >)-strictly-strongly-
valid and C is (go, >)-strictly-strongly-valid for any config-
uration g > go, it follows that the unconditional rules in
AU C are (g, >)-strictly-strongly-valid for any configura-
tiony > go. In particular, the unconditional rules in AUC are
(yi, =)-strictly-strongly-valid. By the (outer) induction hy-
pothesis, we obtain that ¢; Ay = ¢! is (;, >)-strongly-valid;
therefore there exists y; such that y; =% ¥} and (v}, 0) E ¢].
As y; was chosen arbitrarily, it follows that ¢; = ¢; is p-
strongly-valid, which is what we had to prove.

We have shown by induction on i that ¢; = ¢; is p-strongly-
valid for all 1 < i < n. Therefore, by the well-definedness of
the conditional rule, we obtain that there exists v’ such that
y =5 ¥ and (v, p) E ¢'. As (v,p) E ¢ Ay, it follows that
(y,p) E ¥; as y is stateless, it follows that (v, p) E ¢. As
(Y'.p) E ¢ and (¥, p) = ¢, it follows that (y', p) I ¢" A Y.
We have shown that there exists ¥’ such that y = y’ and
',p) E ¢ Ay, which is what we had to show.

(b) If n = 0, let y be an arbitrary configuration such that g > y
and let p be an arbitrary valuation such that (y,p) = ¢ A Y.
We show that there exists ¥’ such that y =% ¥" and (¥, p) E
gAY
From (y,p) E ¢ A ¢ we immediately obtain (y,p) | ¢. As
¢ = ¢’ is in A, it must be, by hypothesis, (g, >)-strictly-
strongly-valid. Therefore there exists y’ such that y = ¥’
and (y',p) E ¢'. As (', p) E ¢’ Ay, we have (v,p) E ¢; as
¥ is stateless, it follows that (¥, p) = ¢. We already have that
(v',p) E ¢ and therefore (y’, p) E ¢" A ¥, which is what we
had to show.

2. If the last rule is Reflexivity, let g be an arbitrary configuration.
We show that ¢ = ¢ is (g, >)-strongly-valid. Let g > y be an
arbitrary configuration and let p be an arbitrary valuation such
that (y,p) E ¢. We show that there exists ¥’ such that y % ¥’
and (v, p) E ¢. Indeed, it is sufficient to choose ¥’ = y and the
conclusion trivially follows. As C is empty, this is the only case
to consider.

3. If the last rule is Transitivity, we distinguish two cases:

(a) If C is empty, let g be an arbitrary configuration. We show
that ¢; = 3 is (g, >)-strongly-valid. By the induction
hypothesis we have that ¢; = ¢, and ¢, = ¢3 are (g, >)-
strongly-valid.

Let g > v be an arbitrary configuration and let p be an
arbitrary valuation such that (y;, p) = ¢,. We show that there
exists y3 such that y; —5 3 and (y3,0) E 3.

As @1 = ¢, is (g, >)-strongly-valid, it follows that there
exists y, such that 7y, ﬁ’; v, and (v2,0) E ¢2. As @2 = ¢
is (g, >)-strongly-valid, it follows that there exists y; such
that v, —% s and (y3,p) E ¢3. In conclusion y; —% y3 and
(y3,p) E ¢3, which is what we had to show.



(b) If C is not empty, let g be an arbitrary configuration. We
show that ¢; = s is (g, >)-strictly-strongly-valid.

Let g > vy be an arbitrary configuration and let p be an
arbitrary valuation such that (y;, p) = ¢1. We show that there
exists y3 such that y; =% 3 and (y3,p) E ¢s.

By the induction hypothesis, we have that ¢; = ¢, is (g, >)-
strictly-strongly-valid. Therefore, there exists y, such that
Y1 —% v2 and (y2,p) F ¢2.

Also by the induction hypothesis, as the unconditional rules
in AU C are (go, >)-strictly-strongly-valid for any g > go, it
follows that ¢, = ;3 is (go, =)-strongly-valid for any g > go.
In particular ¢, = ¢3 is (2, >)-strongly-valid. Therefore,
there exists y; such that y, —% 3 and (y3,0) E ¢3. In
conclusion, y; =% y2 —% v3 and (y3,p) E 3, which is
what we had to show.

4. If the last rule is Consequence, let g be an arbitrary configuration.
We show that ¢; = ¢, is (g, >)-strongly-valid (resp. (g, >)-
strictly-strongly-valid).

Let g > ; be an arbitrary configuration and let p be an arbitrary
valuation such that (y;,p) E ¢;. We show that there exists y,
such that y; =% 2 (resp. y1 =% ¥2) and (y2,p) F ¢a.

As E @1 — ¢, we have that (y1,p) E ¢}. By the induction
hypothesis, ¢| = ¢, is (g, >)-strongly-valid (resp. (g, >)-strictly-
strongly-valid) and therefore there exists y, such that y; =% 2
(resp. y1 =% ¥2) and (y2,p) = ¢). As | ¢} — ¢, it follows that
(y2,p) E ¢2, which is what we had to show.

5. If the last rule is Case analysis, let g be an arbitrary configuration.
We show that ¢ V ¢, = ¢ is (g, >)-strongly-valid (resp. (g, >)-
strictly-strongly-valid).

Let g > 7y, be an arbitrary configuration and let p be an arbitrary
valuation such that (y, 0) E ¢1 V ¢,. We show that there exists
72 such that y; = v, (resp. y1 =% ¥2) and (y2,0) F ¢.

As (y1,0) E ¢1 V ¢, it follows that there exists i € {1,2} such
that (y;,p) E ¢;. By the induction hypothesis, we have that
@i = @ is (g, >)-strongly-valid (resp. (g, >)-strictly-strongly-
valid). Therefore, there exists y, such that y; - vy, (resp.
Y1 —% ¥2) and (y2,0) E ¢. But this is exactly what we had

to show.

6. If the last rule is Abstraction, let g be an arbitrary configuration.
We show that AX.¢ = ¢’ is (g, >)-strongly-valid (resp. (g, >)-
strictly-strongly-valid).

Let g > y be an arbitrary configuration and let p be an arbitrary
configuration such that (y, p) = 3X.¢. We show that there exists
" such thaty =% " (resp. y =% ¥") and (¥, p) E ¢'.

As (y,p) E AX.p, it follows that there exists a valuation p” which
differs from p only in X such that (y, p”) £ ¢. By the induction
hypothesis (¢ = ¢’ is (g, >)-strongly-valid (resp. (g, >)-strictly-
strongly-valid)), it follows that there exists ¥’ such that y - 3’
(resp. y = v') and (¥, 0) E ¢’. As X contains no free variable
of ¢’ and p differs from p’ only in X, it follows that (y’, p) E ¢’,
which is what we had to show.

7. If the last rule is Circularity, we show by (an inner) induction
on g that:

If the unconditional rules in A are (g, >)-strictly-strongly-
valid and if C is strictly (go, >)-strictly-strongly-validfor
all g > go, then ¢ = ¢’ is (g, >)-strictly-strongly-valid.

Assume that the unconditional rules in A are (g, >)-strongly-
valid and that C is (go, )-strictly-strongly-validfor any g > go.

By the (inner) induction hypothesis, we know that ¢ = ¢’
is (go, >)-strictly-strongly-valid for any g > go. Therefore
CU{p = ¢'} is (go, =)-strictly-strongly-validfor any g > go.
Therefore, by the (outer) induction hypothesis, we obtain that
@ = ¢ is (g, =)-strictly-strongly-valid, which is what we had to
show. m

Using the helper lemma that we have proved above, we are ready
to show that the proof system is sound:

Theorem 1 (Soundness). If S is a weakly well-defined reachability
system, then S + ¢ = ¢’ implies S = ¢ = ¢'.

Proof. By Proposition[dand Lemmal[T] m|

Because of the utmost importance of the result above, we have
also mechanized its proof. Our complete Coq formalization can be
found athttp://fsl.cs.uiuc.edu/RL. The proof is parametric
in the operational semantics S and thus can be used to produce
formal correctness certificates for program verification tasks. The
URL above also includes a human readable proof of this result, as
well as several derived proof rules which are useful for verifying
programs, together with their soundness proofs, such as weakening,
logic framing, set circularity, and substitution. Set circularity allows
introducing several circularities in advance, rather than just one
when that situation occurs as a subgoal of a proof. This rule is at the
core of the reachability logic MarcHC prover [34]], where is useful
for proving properties about mutually recursive functions.

Our reachability proof system can also prove divergence:

Corollary 1. If S is also w-closed, then S + ¢ = w implies S E ¢T.

5.2 Derived Rules

Now we present several useful proof rules which are consequences
of the system above.

The first derived rule is weakening, which shows that a derivation
can still be carried out with “stronger” assumptions. With separate
sets of axioms and circularities, stronger should include promoting
a hypothesis from the circularities to the axioms. Adding additional
circularities may invalidate a use of the reflexivity rule, so this
can be permitted only if the circularities are non-empty. We also
include logical implication betwen rules, also taking into account
the framing provided by the Axiom rule. This is usually not required
but sometimes indespensible.

For this generalization of inclusion, we use the notation L.
X E X’ when any conditional rules of X also occur in X’ and for
every unconditional rule ¢ = ¢’ in X there is some rule ¢; = ¢}
in X’ and some structureless ¥ such that = ¢ — ¢; A ¢ and
FoyAy -y
Lemma 2 (Weakening). If A +c ¢ = ¢, then A’ +¢ ¢ = ¢’ for
any C' and A’ with ACA, CCC UA, andC' =0ifC = 0.

Proof. By structural induction. In the axiom case, if a conditional
rule was used then ‘A’ must have the same rule, and if an uncon-
ditional rule was used then A’ at least has a rule that implies the
conclusion when framed by some additional ¥. If the original appli-
cation of the axiom rule used a framing condition ¢, the new proof
can frame by ¥ A ¢. If the original proof used reflexivity, then C
is empty and so by assumption C’ is empty as well, and the new
proof can use the reflexivity rule. In the circularity rule, note that
adding a new assumption to C gives a nonempty set and preserves
E. In the transitivity rule the second premise is a proof with AU C
as axioms and empty circularities. By simple reasoning about C,
AUCE A UC, so the new proof can proceed by applying the
transitivity rule to the inductive hypotheses. The remaining cases
are similarly straightforward. O


http://fsl.cs.uiuc.edu/RL

Both weakening lemmas of [34] are instances of this rule. It also
allows us to prove the following important result, which justifies
local reasoning in structureless contexts. We call it logical framing,
to emphasize that the frame only contains logical constraints over
the rule’s variables. Logical framing was a proof rule in itself in [32-
34]. To make logical facts available to the proofs for the premises
of a conditional rule it was necessary to allow framing in the Axiom
rule, from which we can derive the general rule.

Lemma 3 (Logical Framing). If A +c ¢ = ¢ and y is any
structureless formula, A +c ¢ AN = @' A Y.

Proof. The proof proceeds in two steps, first showing that ¢ A Y =
¢ Ay is true under the modified context which also frames
onto all the unconditional rules in the A and C, and then applying
weakening to conclude ¢ A ¥ = ¢’ A ¢ is also provable under the
original context.

For the first step, use the notation X Ay for the set of assumptions
obtained by framing  onto the unconditional rules of X.

XNy =leA=¢ Ao =¢ €X}
U {u | 1 € X,y is a conditional rule}

With this notation, the goal is to prove A A Y oy @ AY = @ A Y.
The proof proceeds by induction on the depth of the proof tree
A rc ¢ = ¢'. Consider the last rule used in the proof.

1. If the rule is an axiom rule, then ¢ and ¢’ have the form
@o A Yo and ¢ A Y for some i) chosen in the application
of the rule. If a conditional axiom “¢p = ¢"if ¢; = ¢, was
used, A Ay contains the same conditional axiom. Begin the new
proof by using consequence to reassociate the conjuctions in
the goal, and apply the axiom rule chosing the same axiom
and using Yy A ¢ as the framing condition. The inductive
hypotheses are (AUC) Ay ropy (@i AY) AY = @i A Y
for each i, and the requried premises of the axiom rule are
(AAPYUCAY) F @i A(Ado) = ). By calculation the sets
of assumptions are identical, and the formulas can be aligned by
applying the consequence rule to reassociate conjunctions in the
left formula and drop the extra condition in the right formula.
If the axiom rule applied an unconditional rule ¢y = ¢{ with
framing condition ¥, then the set of assumptions A A ¥ will
contain the rule 99 A ¥ = ¢ A . This can be applied with
framing condition i to prove (po A ¢) Ao = (5 AY) A Y.

2. If the last rule was reflexivity, the proof concludes also with
reflexivity, justified by the observation above that Ay is absorbed
by 0.

3. If the last rule was an application of transitivity the proof
proceeds by applying transitivity to the inductive hypothesis,
using both the observations above that Ay is absorbed by () and
distributes over U to justify using the inductive hypothesis for
the second premise of the transitivity rule.

4. If the last rule was consequence, the proof beings with a single
application of consequence, noting that o Ay — ¢’ Ay is a valid
formula whenever ¢ — ¢’ is.

5. If the last rule was case, the new proof beings by using conse-
quence to rearrange the goal from (g1 A ¢2) A Y = ¢ A Y into
(o1 ANY) A (2 AY) = ¢" AW, and can then apply the case rule
using the induction hypotheses.

6. If the last rule was abstraction, then the conclusion has the form
(3x.¢) = ¢’. By renaming, which does not change the depth of
a proof tree, we can ensure x in not free in y, obtain inductive
hypothesis ¢ A ¥y = ¢’ A Y, and and finish by abstraction.

The renaming lemma we need here applies a permutation m
on variables to the conclusion of rules. A renaming operation
ensures (y,p) | n(p) = n(¢) iff (y,pom) E ¢ = ¢, and
also that 7(dx.¢) = An(x).w(varphi). The second condition may

appear to require a very syntactic formula representation storing
identifiers for bound variables, but note that it holds immediately
for locally nameless syntax. The proof proceeds by induction.
The second clause of the definition handles the abstraction case,
the axiom case depends on the stipluation in section 3] that the
axiom rule can apply an « renaming of any rule u in A. Other
cases are straightforward, applying the original proof rule to the
inductive hypothesis.

7. If the last rule of the original proof was circularity, the new proof
can also apply circularitiy, and immediately use the inductive
hypothesis.

]

The next lemma is a simple consequence of the abstraction rule.

Lemmad. If A tc ¢ = ¢ then A +c AX.p = AX.¢'.

Proof. Apply abstraction (X is not free in 3X.¢"), and then conse-
quence (F ¢’ — 3X.¢"). o

The next lemma is Set Circularity , which allows introducing
circularities in advance rather than just once a situation occurs as a
subgoal of a proof, and also allows introducing several assumptions
together. This rule is at the core of the reachability logic MarcHC
prover [34]], where is useful for proving properties about mutually
recursive functions:

Lemma 5 (Set Circularity). If A rc p for each rule y in a finite
set of unconditional rules C, then also A + u for each p in C.

Proof. To prove this lemma we will fix one particular rule to prove,
and use a form of cut rule to eliminate one assumption at a time
from C.

Suppose without loss of generality that none of the rules in C are
already included in A, if some rule was then the other proofs will
still go through even without that rule in C.

Fix a particular proof A +¢; ¢ = ¢, and proceed by induction
on |C|. If C is empty the proof is finished. Otherwise, pick some
@1 = ¢, in C. By applying the cut lemma with each other proof, we
can conclude that each rule in C \ {¢; = ¢»} and the distinguished
rule rule ¢ = ¢’ are provable under A +c\(y, »¢,}» Which has reduced
the size of C by one.

The cut lemma concludes A\ {1 = 2} Foygoe) ¢ = ¢
given a proof A +¢ ¢ = ¢’ and a proof A\ {¢1 = @2} Fouie, =)
$1 = ¢2.

The proof goes by structural induction on the proof of ¢ = ¢'.
Note the given subproof for ¢; = ¢, can be used under C \ {¢; =
¢} by first applying circularity, but has a manifestly non-empty set
of circular assumptions which makes it easier to apply weakening
over the course of the induction.

If the orginal proof used the axiom rule to prove ¢; = ¢, use
the subproof instead. If the original proof used circularity to show
©1 = s, also use the given subproof. If the original proof concluded
with reflexivity, note that removing ¢; = ¢, from the empty set
leaves the empty set, so reflexivity is still valid. Every other case
neither adds, removes, nor depends on finding {¢; = ¢,} in any set
of assumptions so they can proceed by applying the same proof rule,
and weaken the subproof of {¢; = ¢,} to match the assumptions of
the inductive hypotheses. O

The next derived rule is substitution, which we only show for
first-order matching logic. Stating this lemma for abstract matching
logic requires an axiomatization of substitution for an abstract
matching logic, which is included in our Coq proofs but not
discussed here.



Lemma 6 (Substitution). If A rc ¢ = ¢’ and 0 is a substitution,
then A +¢ 0(p) = 0(¢").

Proof. Consider the set of free variables X = FV(p) U FV(¢’) U
FV(6(p)) U FV(8(¢")). Let x; for 1 <i < n be an enumeration of this
set. There are an infinite number of variables, so it is possible to find
a set Y of n variables y; which are not in X. Consider the formulas
0(p) and g = AY.(A1<icp yi = 00x)) A AX(N 1<icn Xi = Yi) A .

By well-definedness, for any p there are unique y; such that
(0,v:) E 6(x;). By properties of pattern matching, (y,p) E ¢y iff
.plyi 2 v E AX(Nicicn Xi = y0) A @ iff (v,plyi & yi, 5
v:]) E ¢. By choice of Y, the valuation here agrees with p o 6 on X,
so by the properties of free variables this holds iff (y, p o 6) = ¢. By
the properties of substition, this holds iff (y, p) E 6(¢), so 6(¢) and
@y are logically equivalent. By the same argument, 6(¢’) is logically
equivalent to a similarly constructed .

With this observation, A ¢ 8(¢) = 6(¢’) can be proven by
applying the consequence rule to leave the goal A +¢ ¢y = ¢,
then repeatedly applying abstraction and framing to remove the
quantification and the structureless formulas A, y; = 6(x;) and
A 1<i<n Xi = yi. This leaves the goal A +c ¢ = ¢’ for which we
have a proof. m

6. Relative Completeness

Here we show that the reachability logic proof system is relatively
complete. This means that any valid reachability property of any
programming language (or calculus, system, etc.) is formally deriv-
able with our fixed language-independent proof system in Figure[3]
using the operational semantics rules of the language as axioms.
Note that this is a stronger result than the relative completeness of
Hoare logics, since the latter needs to be proved for each language
separately, taking into account its particularities. We prove our rela-
tive completeness result once and for all languages, similarly to our
soundness proof. Relativity here refers to the configuration model:
since a matching logic includes a configuration model and since that
model can comprise arbitrarily complex domains, we assume an
oracle capable of answering FOL validity questions on that model.

While in Section[5] we proved soundness for any abstract match-
ing logic, for completeness we need a precise constructive descrip-
tion of patterns and reachability rules, that is, a concrete matching
logic instance. The obvious choice is first-order matching logic.
Additionally, we assume the following

Framework:

The configuration signature X has

— a sort N with constants 0, 1 and binary operations + and X;

— an operation symbol « : Cfg — N.

The configuration model 7~ interprets

— N as the natural numbers and 0, 1, +, X correspondingly;

— « as an injective function from 7¢y, to N.

The reachability system S is

— non-empty, finite, well-defined, and w-closed;

— its termination dependence relation > is finitely branching:
for each y € 7¢y, there are finitely many y’ € Ty, withy > ',

The assumptions on N and its operations are needed in order
to express Godel’s g predicate. Those on « are needed in order to
enumerate the configurations. Godelization and “‘state” enumeration
are expected assumptions for any relative completeness result.
Moreover, operational semantics are expected to consist of non-
empty finite sets of well-defined rules. § is assumed w-closed in
order to derive the divergence of configurations with computations
with infinite nesting of conditions (like in the case of a big-step
semantics). As discussed in Section[4.3] it is easy to construct the w-
closure S, which yields the same transition system as S. The finite

branching of the termination dependence relation generalizes finite
branching of the transition relation —g (a completeness requirement
in [34])), for the case where S only contains unconditional rules.
Our proof proceeds as follows: we first show that first-order
matching logic pattern reasoning reduces to FOL reasoning in the
model 77; then we encode transition system operations in FOL,
making use of Godel’s 8 predicate to eliminate quantifications over
sequences of configurations (needed for expressing reachability);
then we show that semantic validity of reachability rules can also be
expressed in FOL; finally, we prove our completeness result.

6.1 Embedding First-Order Matching Logic in FOL

Here we recall how pattern reasoning in first-order matching logic
reduces to FOL reasoning in the configuration model 7 [32H35]:

Definition 13. Ler O be a fresh Cfg variable (i.e., not in Var),
and let Var® be the extended set of variables Var U {O}. For a
pattern @, let ¢° be the FOL formula obtained by replacing basic
patterns © € T cr(Var) with equalities O = n. If v € T¢p, and
p:Var — T, then let p* : Var® — T extend p by mapping O into
y: p¥(O) = vy and p”(x) = p(x) for all x € Var. To highlight the
semantic indistinguishability between patterns with variables in Var
and the corresponding fragment of FOL with variables in Var®, we
take the freedom to write (y,p) E ¢° in the FOL fragment, too,
instead of p* = ¢°. A matching logic (respectively FOL) formula y
is structureless (called “patternless” in [I32]133]]) iff it contains no
basic pattern (respectively no O variable), that is, iff y = y°.

The notation in Definition [13|is consistent: if ¢ is a pattern,
v€Tcp and p: Var— T, then (y,p) E ¢ iff (v,p) E ¢°. Also E ¢ iff
Tk ¢". Therefore, patterns form a methodological fragment of the
FOL theory of 7-, so we can use conventional theorem provers or
proof assistants for pattern reasoning.

It is often technically convenient to eliminate O from a formula
¢" corresponding to a pattern ¢. This can be done by replacing O
with a configuration variable ¢ € Varcy, (perhaps avoiding the free
variables of ¢). Indeed, ¢"[c/O] is structureless. Then we have the
following result:

Lemma 7. (o(c),p) E ¢° iff p E ¢°[c/O].

Proof. With the notation in Deﬁnition (o(c), p) k= @7 iff pP© =
¢". Notice that if a valuation agrees on two variables, then it satisfies
a formula iff it satisfies the formula obtained by substituting one of
the two variables for the other. In particular, since p”©(0) = p*“(c),
it follows that p?© E ¢ iff p?© k= ¢®[c/0]. We notice that O does
not occur in ¢°[c/d], thus p”© E ¢°[c/O] iff p E ¢°[c/O], and we
are done. o

Well-defined patterns have the following property, which we use
extensively in Section [6.4}

Lemma 8. If ¢ is well-defined, then = ¢° A ¢"[c/O0] — O =c.

Proof. Lety € T¢g, and p : Var — 7. It suffices to prove that if
(7,p) E ¢” and (y, p)  ¢°[c/O] then (y, p) | O = c. Since ¢°[c/O]
is structureless, we have that (y, p) E ¢"[c/O] iff p | ¢"[c/O]. By
Lemmal[J]that is iff (o(c), p) k= ¢°. Further, since ¢ is well-defined,
by Definition [3] there exists precisely one y such that (y,p) E ¢°,
thus ¥ = p(c). Then we can conclude that (y,p) = O = ¢, and we
are done. o

6.2 Encoding Transition System Operations in FOL

Recall that one of the assumption of relative completeness is that
S is well-defined (see Definition ). For the purposes of this proof,
we give an equivalent and finer-grained definition of the transition
relation —g induced by a well-defined reachability system S. Let



k,m € N. Recall from Definition[5]that R; is the transition relation
obtained by applying at most k — 1 “nested” conditional rules. We
introduce Ry, with Re,, € R € T¢re X Tcp to denote the transition
relation obtained by applying at most k — 1 “nested” conditional
rules, and by taking at most m steps in each condition. Formally,

b 7QQm = 0

® Riv1m =1{ (¥, ¥') | there exists some reachability rule

p=2¢ tor= A Nen =g,
in S and some valuation p: Var — 7 such that:

L. (v,p) Eypand (¥',p) E ¢'; and

2. there exist y1,...¥n ¥]s---» ¥y € Tope With (¥ ,p) E ¢; and
(v, .p) E ¢} and such that (7i, ¥)) € Uggp<n Ri", for all
1 <i < n, where 7?}2;” is the transitive composition of Ry,
with itself m’ times (Rg’m is the identity)}

Notice that Ry, existentially quantifies yy,...,y, (“there exist
Yis--->¥y"), unlike Ry, which universally quantifies y, ..., y, (“for
all y1,...,7,”). However, the well-definedness of S implies that for
a given p the said yy, ..., y, always exist and are unique. Thus, we
can replace universal with existential quantification. The following
formally states that the relations Ry, give an equivalent definition
to the relations R; and —g:

Lemma 9. Ry = |50 Ren and —s= Uys0.mz0 Rem-

Proof. First, we prove Ry = |J,,=0 R by induction on k. The base
case (k = 0) is trivial, as R, = 0 and Ry, = 0 for each m > 0. For
the induction case, we assume the result for k and prove it for k + 1
by double inclusion.

To show Ri+1 € Upso Rie1.m, We assume (y, y') € R,y and we
show (y, ¥’') € Ris1.m for some m. By DeﬁnitionE], it follows that
there exists some rule

e=>¢ for=20 \N... \No,= ¢,

in § and some p such that

L (v.p) E¢and (¥, p) F ¢; and

2. for all yy, ...y, with (y; ,p) = ¢; for each 1 < i < n there exist
Vs ¥, With (¥7,p) E ¢} such that (y;, ¥;) € R; for each
1<i<n.

Since S is well-defined, it follows that there exist and are unique
Vi, ... Yn With (y; ,p) E ¢; for each 1 < i < n, thus condition 2.
above becomes: there exist yi,... ¥, ¥{,...,¥, With (y;,p) E ¢;
and (y; ,p) E ¢! and such that (y;, y;) € R; forall 1 < i < n. Hence,
there exist m; and y;p, . . ., Yim Withy;o = y; and y;,,, = v/ such that
(Yij»Vij+1) € Ry foreach 1 <i <nand0 < j < m,. By the induction
hypothesis, R = |0 Rim- Thus, there exist some m;, . .., 1,1
such that (y; j, ¥ij+1) € Rim,; foreach 1 <i<nand0 < j<m. Itis
easy to prove by induction on k that Ry .,y C Ry, it m" <m”.Letm
be the maximum of {m; | 1 <i<n}U{m;;|1<i<n0<j<m}
Then, it follows that (y;;,¥ij+1) € Ry foreach 1 < i < n and
0 < j < m;, and consequently, that (y;,%}) € Upew<n R, We
can conclude that both conditions 1. and 2. in the definition of
Rei+1.m are satisfied, that is, (y, y") € Rys1,m for some m. Therefore,
Rir1 S Unzo Res1.m-

To show U,s0 Rk+1m S Rer1, we assume (y, y') € Rys1,m for
some m and we show (y, y') € Ry,;. By the definition of Ry, it
follows that there exists some rule

e=>¢ for=20 \N... N = ¢

in S and some p such that:

L. (y,p) E pand (¥, p) E ¢’; and

2. there exist Y1, ... ¥, Y1+ --» ¥y With (¥, 0) E @i and (v}, p) E ¢;
and such that (yi, ¥) € Uo<w<m Ry, forall 1 <i <n.

Since S is well-defined, it follows that there are unique vy, ...y,
with (y;,p) E ¢; for each 1 < i < n, thus condition 2. above
becomes: for all yy, ...y, with (y; ,p) [ ¢; for each 1 <i < n there
exist yy,...,y, with (y; ,p) E ¢! such that (y;, ¥}) € Uo<m<m ‘R;::ﬂ
for each 1 < i < n. By the induction hypothesis, Ry = U0 Rim-
Thus, Ry, € Rk, and consequently, (Jo<, < ‘R;f‘;n C R;. We can
conclude that both conditions 1. and 2. in Definition [3]are satisfied,
that is, (y, ¥") € Res1. Therefore, U0 Rir1.m S Ris1-

The second part of the lemma follows from the first part, as —g
is defined to be | o Re- ]

Since our objective is to encode properties of the transition
system (7¢f,, —s) in FOL making use of the relations Ry,,, we
next discuss these relations in a bit more detail. Unless otherwise
specified, we fix some arbitrary k,m € N and assume that each
rule in S has at most nc conditions. Then (y,y") € U< <m ‘RZ’;n
iff there exist some yo,...,Yw € Tgp With O < m" < m, yp =y
and y,, = ¥’ such that (y;,¥;+1) € Rgm foreach 0 < i) < m'.
We can reformulate it as there exist some Yo, ..., ¥m € T With
Yo = v and y,, = ¥’ such that (y;,,¥i,+1) € Rim O iy = ¥iy41 for
each 0 < i, < m. A pair (y;,,7i,+1) belongs to Ry, iff there exist
somerule u = (p = ¢ it g =] A... A= ¢;)in S and
valuation p;, such that for each 1 < i, < n there exist some ¥;, ;, 0
and ¥;, i, m With (¥i, .0, 0i,) E @i, and (¥i im0 i) | ¢}, such that
Vi a0 Yirsinm) € Uosnr <m Rl'("_/lym. As before, that happens iff there
eXiSt SOME V¥;, iy 15 - - - » Viyipm—1 € Tcge (We already introduced y;, 4,0
and ¥, i, m) Such that (y;, i is» iy insis+1) € Ricim OF Vi inis = Virinsig+1
for each 0 < i3 < m. This procedure continues until k reaches 0,
when no rules can be used, and thus only identical configuration
pairs belong to o< <m Rg’;n (as Rg’m is the identity).

During this process, the occurring configurations have indexes
of the form Vivsizmoizjar for some 0 < j < k, with ij,i3,...,i
between 0 and m — 1, with i, 14, ..., 1,; between 1 and nc, and with
0 < i5j41 < m. The intuition for such a configuration y;,. ., is that
it occurs when establishing a transition from position #; to i; + 1
on the path from vy to 3, and then when establishing a path for the
itzh condition of the used rule for the said transition, and then when
establishing a transition from position i3 to position i3 + 1 on the
said path, and so on. Only the last index, i,j,; can be m, as it can be
either the source of a transition or the final configuration on a path.
It is always the case that (¥;,, ;05 ¥iy....injm) € Uogm <m Rzij,m.

With the above in mind, we introduce an indexing schema for
configuration variables. For some 0 < j < k, we use s to denote a
sequence of indices iy, i, . .., i2j_1, I»; With each index i on an odd
position in s ranging from 0 to m — 1 and each i on an even position
ranging from 1 to nc. Let 0 < i < m. Then we use c,; to denote a
(fresh) variable of sort Cfg indexed by the sequence s, i. Intuitively,
¢, is interpreted as the configuration y;, | i jrinjen mentioned above
(with ij,; = i). Notice that ¢y and c,, (indexed by the sequences 0
and m, as s is empty) stand for y and 7/, the given configurations.
Let I; be the set of all such sequences s of length 2j. Then we define
the set of configuration variables associated with k£ and m as follows:
Cim = {csi | s € I for some 0 < j < kand 0 < i < m}. Note that
Cy.m 1s finite. We quantify over finite sets of variables, like ACy,, as
shorthand for quantifying over each variable in the set.

Let X = xy,..., x,, be the free variables occurring in the rules
inS. Letu=(@=¢ if g =20 A... Ao, = ¢,)bearuleinS
and let s be a sequence of indices (as above) and 0 < i < nc be an
index. Then we define the following FOL formula:

mle‘;i =dx ((P[Cs,i/D]/\‘P’[Cs,m/D]/\/\(%" [esiiro/TIAG, [Csiir /T

1<i’<n



Intuitively, rulé”; encodes the matching part of the definition of the
transition relatlon —s. It states that there exists some valuation of
the free variables xi, ..., x,, for which c¢,; and c¢,;,; match the LHS
and RHS of y, and cs,,-,,-/vo and ¢, ,, match the LHS and RHS of ;"
condition of u. Configuration variables are indexed by sequence
s,i to avoid name conflicts. If u is unconditional, then the big
conjunction is empty. Now we can encode the existence of a path

pathy,, = /\ Csi = Csirl A /\ (\/ rulé; vV ¢ = cqiv1)
sel 0<j<k peS
0<i<m AEI/’
O<i<m
path(c,c’) = FkImIACy,, (pathy,, Aco=c Acy =c’)

The definition of path(c, ¢’) encodes — by encoding Uo<yw < ka,
and thus resembles the informal process above of establishing that
@, Y") € Uocm <m Rj("m The variables c;; stand for the configurations
vs.i- For each appropriate s and i, there is either a transition from c,;
to C;41 OF Cy; 1s equal to ¢y 41, unless s has length 2k when c;; must
be equal to ¢,;;;. Thus, there is some path from c; to c;,, of length
at most m.

Using path(c, ¢’) we can encode the following: (1) the one step
transition relation (—5), (2) the termination dependence relation (>),
(3) the divergence predicate (T), and (4) the configurations reaching
some formula ¢. For the definitions below, a rule u is assumed of
theformo = ¢" if oy =2 I A ... Ao, = ¢,

step(c,c’) = dcy...cpe Ay ... X (\/((p[c/D] A¢'[¢' /O]
HES
A )\ (ilei/T) A @lle}/a) A pathc;, )
succ(c,c’) = stepl(?,S 2’)
VA= TSR A (\/(tp[c/D] A \/ (eilc’ /Ol
HES 1<i<n
A )\ (ile; /01 A e}/ A pathic;, ¢)))
1<j<i
diverge(c) = Ym3cy...cp( /\ succ(ci, civ1) A co =¢)

0<i<m
coreach(¢) = Acdc’ (c =0 A @[’ /O] A path(c,c’))
These definitions are not (yet) proper FOL formulae: they quantify
over sets and sequences of variables. The definitions of path(c, ¢’)
and diverge(c) in Figure are proper FOL formulae equivalent
to path(c,c) and diverge(c) (Lemma @ Then the remaining
predicates can also be expressed in FOL.

The following lemmas state various properties of the transition
system, leading to the conclusion that the above definitions have the
semantic properties their names suggest. First, we establish a FOL
relation between Ry1» and Uo<w < ‘RZ’;n

Lemma 10. Letk,m € Nand c,c’,c,c},...,Cyc, Cp. € Varcy and
V.Y € Tcso. Then (y,Y') € Risim iff there exists some p : Var — T
suchthat(p=@ = ¢ if o1 =1 N\ ... \Non = ¢),)

pE\/@le/mlaglc /ol n )\ (pilci/ol A gle,/aD)

HeS 1<i<n

and (p(ci), p(c})) € Uocm <m Rk’”;n foreach 1 <i < ncandp(c) =
and p(c’) = y'. Moreover, y —s v iff p(c;) =% p(c}) for each i.

Proof. For the direct implication, assume that (y,y") € Ry . Then
there must be some rule u € S and some p such that (y, p) E
and (y',p) E ¢ and for each 1 < i < n there exist 7,,7 with
(vi-p) E @i and (¥}, p) E ¢/ such that (71, %}) € Uocw <n RY,- Since
c,c,cq, c’l, ..+, Cpe, € do nOt OCcur in p, we can assume that p is
such that: p(c) = y and p(¢’) = ¥’; and p(c;) = ¥; and p(c}) = v;
for each 1 < i < n; and p(c;) = p(c}) for each n + 1 <1i < nc.
Then we can conclude that (o(c;), p(c})) € Uos<n <m R for each
1 <i<nc. By Lemma|Z|we have that (o(c),p) E ¢ 1ﬁ"p E ¢lc/O]

and (po(c’),p) E ¢ iff p E ¢’[¢’/O] and for each 1 < i < n,

(p(ci).p) @i iff p = @ilc;/a] and (o(c)), p) k= ¢ iff p | ¢i[c;/0l.
We can conclude that

pEgle/mlnglc /oA /\ (pilei/al Aglle;/al
1<i<n
and we are done.
For the reverse implication, we have that there must be some rule
€ S such that

pEgle/al gl /al A N\ (ple/al A glc,/al)
1<i<n

Again, by Lemma we have that (o(c),p) E ¢ iff p E ¢[c/O]
and (o(c),p) E ¢ ifft p E ¢'[¢’/O] and for each 1 < i < n,
(p(c).p) E ;iff p E ¢lc;/0] and (p(c)). p) F . Thus, it follows
that (y,p) E ¢ and (y',p) E ¢ and foreach 1 <i < n, (o(c;),p) E @i
and (p(cy), p) E ¢;. Therefore, (y,¥') € Rys1.m, and we are done.

We reduce the second part of the lemma to the first. For the direct
implication, by Lemmal[] we have that y —s y’ implies that there ex-
ist some k, m such that (y,y’) € Ryis1 . By the first part of the lemma,
for each 1 < i < nc, we have that (o(c;), p(c})) € Uo<m<m ‘R’"/ Then,
foreach 1 <i < nc by Lemma@ (p(c), p(c))) € Uocn <m ‘RZ’m i
plies that p(c;) —% p(c;). For the converse implication, for each
1 <i < ne, by LemmaEI, plci) —% p(c;) implies that there exist

some k;, m; such that (o(c;), p(c})) € Uocmy<m; ‘ka‘m Let k be the
maximum of k; and m the maximum of m;. By the first part of the
lemma, we have that that (y,y’) € Ris1,m- By LemmaEI, we have

that (y,y") € Res1,, implies y —s y’, and we are done. o

The following formally states the property encoded by path,,:

Lemma 11. Let k,m € N. Then (y,y') € Uocmw<m klm iff there
exists a p:Var — T such that p & pathy,, and p(co) =y, p(cp) =

Proof. We proceed by induction on k.

Base case 1If k = 0, then I, only contains the empty sequence
and path,, becomes Aggcn¢i = cipi. Thus, p | path,, iff
p(co) = ... = p(cn). Such a p exists iff y = y’. On the other hand,
since Ry, = 0, it follows that | o< <m Rglm = ROm, the reflexive

closure of Ry,,. Hence, we can conclude that (y, ") € o< <m R(’)"m
iff y =9/, and we are done.

Induction case 'We assume the lemma for k£ and we prove it for
k+1.For0<i; <mand1 <i, <ncwe define

i1,iz _
path,, A Cirigasi = Cipipsi+]
SEi
0<i<m

A /\ (\/ruletlllzg,vclllel_Clllzsl+|)

0<j<k peS
selj
0<i<m

Intuitively, path" T path,,, with all the indexing sequences pre-
fixed with 7; and i,. Then we can rearrange path,,, ,, as follows

pathy; . /\ (\/ ruld! v ¢; = ciyy)
0<i<m peS
A /\ ( /\ Citipsi = Ciyip.sitl
O<ij<m sei

I<iy<nc 0<i<m

A /\ (\/ rule’:l in,5.0 \/Cll ir.si = Ciip, v1+l))

0<j<k peS
selj
0<i<m
Essentially, we split the conjuncts over s from path,,, ,, based on
whether s is empty (first line) or the first two elements are some i,



and i, (second and third lines). Notice that for some fixed i; and i,
the last two lines are in fact parh;”'2. Thus we can write path,,, ,, as

pathk+l,m < /\ (\/ ruleltJ Ve = Ci"’l) A /\ path;;;:f

O<i<m peS 0<ijp<m

1<ip <nc
Notice that, for given i; and i, the only variables (possibly)
shared by path;(",‘r’f with the rest of the formula are ¢;, ;, o and ¢;, ;-
Thus, the existence of p with p [ path,,, ,, becomes equivalent to
the existence of p’ and p;, ;, foreachO < i} <mand 1 < i, < nc
with the following properties:

M p E /\Osi<m(\/y65r’4187 V¢ = ciu1) and p'(cp) = 7y and
P (ew) =75 and

) Piy i E pathk’m and Pi,,iz(Co) = P'(Ci,,iz,o) and pil,iz(cm) =
p'(¢iyipm) foreach 0 < i; <mand 1 < i, < nc.

By the induction hypothesis, the existence of p; ;, satisfying con-
dition (2) is eql'livalent to (p,(ci],iz,O)vp,(Ci],iz,m)) € UOSm’Sm RZ1;n
Thus, it suffices to prove that (y,y") € U< <m 72}(”; L 1ff there ex-
ists some p’ with p’ | Aggicn(Vyes rulel vV ¢; = ¢iy) such that
0" (Ciyir.0), P (Ciyipn)) € Uosm<m ‘kam for each 0 < i; < m and
1 <i <ne.

Further, notice that for a given 0 < i < m, the only variables
shared by \/#E s ruleff V ¢; = c¢;y1 with the rest of the formula are
¢; and c¢;4;. Thus, there existence of p” with the above properties is
equivalent to the existence of some yy,...,¥n € T and some
0o, --->Pm—1 such that for each 0 < i < m it is the case that:
pi(c) =y and pi(civ1) = Vir1s ©i(Ciir 0)s PiCiirm)) € Uo<mr<m ka;n
for each 1 < i < nc; and p; E Vesrule! vV ¢; = c¢ipp. By
Lemma rl;O'l, we have that there exist some p; with the first two
properties such that p; = \/ cs rule} iff (y;, vir1) € Reerm- Thus, p;
exists iff (y;,¥is1) € Riw1m OF ¥; = Vir1. Therefore, it suffices to
prove that (y,y") € Uo<mw<m 72}("; | T there exist yo,...,¥n such
that for each 0 < i < m, either (i, ¥i+1) € Ri+1.m OF ¥i = Yis1, Which
is trivial, and we are done. O

The following states that path(c, ¢’) encodes %, the reflexive
and transitive closure of the transition relation —g:

Lemma 12. Let p:Var — 7. Then p(c) =% p(c’) iff p E path(c,c’).

Proof. We have that p(c) =% p(c’) iff there exist some m’ € N and
some sequence Yo, ...,Yw € T¢p With vy = p(c) and v, = p(c’)
and y; —s i+ for each 0 < i < m’. By Definition[3| y; —s vy iff
for each 0 < i < m’, there exists some k; such that (y;,yis1) € Ry,.
Further, by Lemma|2|, that is iff for each 0 < i < m’, there also exists
some m; such that (y;,vic1) € Ry, . Let k denote the maximum
of ky,...,k,—1 and m the maximum of m’,my,...,m, _;. Since
Rim; S Rim» we can conclude that p(c) %5 p(c’) iff there exist
some k and m such that (o(c), p(c")) € Uo<m <m R;”m By Lemma ,
that is iff there exists some p’ with p’(cg) = p(c) and p’(c,,) = p(c

such that p" & path, . Since ¢, ¢’ do not occur in path,_,, that is
iff there exists some p’ with p’(c) = p(c) and p’(c’) = p(c’) such
that o’ = path,,, A cy = ¢ A c, = ¢’. But since ¢, ¢” are the only
free variables in path(c, ¢’), that holds iff p | path(c,c’), and we
are done. o

The following states that step(c, ¢’) encodes the transition rela-
tion —g:
Lemma 13. Letp : Var — 7. Then p(c) —s p(c’) iff o k= step(c, c’).

Proof. By Lemma [I0} second part, we have that p(c) —s p(c)
iff there exists some p’ with p’(¢) = p(c) and p’(¢’) = p(c’) and

p'(ci)) =% p'(c}) for each 1 < i < nc such that

o'\ @le/olnglc/ala J\ (pilei/a] A gjlc;/o)
HeS I<izn
By Lemma we have that p’(c;) =% p'(c)) iff p’ [ path(c;, c}), for
each 1 <i < nc. Hence, we can combine the properties of p’ into

o B\ @le/magic/oin N (ile/al A gjle;/an)

HES 1<i<n
A /\ path(c;, c})
I<i<nc

Then, by rearranging the above, we can conclude that p(c) —s p(c’)
iff there exist some p” with p’(c) = p(c) and p’(¢") = p(c”) such that

P l=\/(<p[C/D] A @'l 18] A J\(eilei/O1 A il /B A path(e;, ¢}))
HeS 1<i<n
AN\ pathei ) )
n+l<i<nc

Therefore, to prove the Lemma, it suffices to prove that there exists
some p’ with p’(c) = p(c) and p'(¢’) = p(c¢’) satisfying (1) iff
p E step(c, ).

For the direct implication, assume p” satisfy (1). Then, it follows
that p’ satisfies the first line in (1)

o'\ (le/alng'le /O1A [\ (eilei/D] Agile; (01 A path(e;, ¢)))
HES 1<i<n
Since the free variables occurring in the formula above are among
¢,c’,C1, €Y, ..., Cues Cpy» then the existence of such a p” implies that
pEder...cpe Acy ... c; Ax (\/((p[c/El] A¢'[c /O]
pesS
A )\ @ilei/ol A gll;/al A path(ei, )

1<i<n

which is exactly the definition of step(c,c”). Thus p [ step(c,c’),
and we are done.

For the reverse implication, assume p = step(c, ¢’). Then, by the
definition of step(c, c’) and since c, ¢’ are the only free variables
step(c, c’), we have that there exists some p” with p’(¢) = p(c) and
p’(c) = p(c) such that

o'\ (le/mlng'le /O1A [\ (eilei/D] Agile; (01 A path(e;, ¢)))

HES 1<i<n

Then, there mustbe someu =9 = ¢ if o1 = | A... A, = ¢,
such that

o Egle/al A@le/al A N\ (pilei/ol A @lle)/a] A pathici, )
1<i<n

Since the variables ¢,;1,¢),;, . .., Cnc, €, do not occur in the formula
above, we can assume that p'(¢,+1) =p'(c), ), - - -, ' (Cac) = p"(C})-

Trivially, p/(Cas1) 5 £/(Chup)s -+ (€nc) % p'(c),). By Lemmal12]
it follows that p” | path(cu1,¢),,),--.,p" E path(c.,c,.). Thus,
we can conclude that

P E elc/alAg[c /Ol A /\(tpi[c,-/D] A gilc; /O] A path(c;, ¢}))

1<i<n

A /\ path(c;, c;)

n+1<i<nc

and therefore that p’ satisfies (1), and we are done. O

The following establishes a relation between path(c,c’) and
step(c, ¢’) which we use later on in Section [6.4}

Lemma 14. [ path(c,c’) < c=c’v3Ac” (step(c, ) Apath(c”,c")).



Proof. We prove thatp | ¢ = ¢’ v Ac” (step(c,c”’) A path(c" )
iff p = path(c,c’). By Lemma. p E path(c, ¢") iff p(c) =% p(c'),
that is, iff there exist some vy, ..., , with p(c) = yo and p(c) = y,
and y; —s v+ for each 0 < i < n. Equivalently, we can state it
as either p(c) = p(c’) or there exist some Yy, y1, Y, With p(c) = yo
and p(c) = vy, such that yy —s y; and y; —% v,. Further, that is iff
there exists some p’ with p (c) = p(c) and p’(¢") = p(c’) such that
p'(c) =s p’(c”) and p’ (c”) %5 p'(c"). By Lemmaa 13|and Lemma.
that is iff p’ = step(c, c”’) /\path(c ¢’), and we are done.

The following states that succ(c,c’) encodes the termination
dependence relation >:

Lemma 15. Letp : Var — 7. Then p(c’) < p(c) iff p | succ(c,c’).
Proof. Recall from Definition[7]that y > y” iff

*y-syor
e there exists some rule

p=>¢ for=20 A... Now = ¢,
in S, valuation p’: Var — 7, and index 1 < i < n such that:
M ) E e
(2) foreach 1 < j <iandeachy; € T¢p, with (y;,p") E ¢, there
is some ¥, € T¢y, such that (v}, p") ¢ and y; % 7/; and
3) .p) E e

For each 1 < j < i, since ¢; is well-defined (see Definition
there exists a unique y; with (y;,p") F ¢;. Hence, condition (2)
is equivalent to: “for each 1 < j < i there exist some y; € Tcg
with (7,,p’) E ¢; and some y} € T¢f, such that (y;.,p’) = ga} and
vi =% V. By Lemma“ p(c) —s p(c’) iff step(c, c’). Thus, the
first hne in the definition of succ(c, ¢’) captures the first bullet in
the definition of >. Therefore, it suffice to show that the second and
third lines of the definition of succ(c, ¢’), namely

p E dei...cp 3c) ... ) Ax (\/(g@[c/D] /\\/ (pile’ /ol
= 1<i<n
A\ @ile;/a) A @lc)/a] A path(c;, )
1<j<i

capture the second bullet. Since c, ¢’ are the only free variables in
the formula above, it follows that p satisfies it iff there exists some
p’ with p’(¢) = p(c) and p’(¢’) = p(c”) such that

o'k \/le/mla\/ il /ol
HES 1<i<n
A )\ (ile; /01 A llc)/a) A pathic;,¢}))))

I<j<i

or, equivalently, iff there exist some rule u and 1 < i < n such that

P E ¢le/o]l A @ilc’ /0] /\ (pjle;/m] A ¢lc’/O] A path(c;, )
I<j<i

By Lemma[7} we have that p’ E ¢lc/0O] iff (p'(c),p’) E ¢ and
o E eilc/aliff (o'(c"),p") E ¢i, which are condition (1) and (3).
Also by Lemma for each 1 < j < i, we have that p” | ¢;[c;/0]
iff (0'(c)), p’) F ¢y and o' | ¢f[e/o] ff (). ) = ), and,
by Lemma [12} that o’ | path(c;, ") iff p'(c;) =5 p'(¢}), which
is condition ) We can conclude that the ex1stence of some p’

satisfying the formula above is equivalent to the existence of some
p’ satisfying the second bullet, and we are done. O

The following states that diverge(c) encodes the divergence
predicate 1:

Lemma 16. Let p : Var — 7. Then p [ diverge(c) iff p(c) does not
terminate.

Proof. For an arbitrary y, we let Prop(y) be the property stating that
there exists an infinite set P, of finite >-sequences starting at . First
we prove that Prop(y) holds iff y does not terminate. For the direct
implication, we inductively construct an infinite >-sequence vy, ...,
Vs - .. such that yg =y and Prop(y,) holds for all n. Prop(y,) holds
because yy = y. Now, let us inductively assume Prop(y,) holds and
let >(y,) = {y | v» > 7} be the set of successors of y,. For each
Y €>(yy), let P}, be the set {7 | 7 € P,, and y,y is a prefix of 7}.
Clearly, the sets P, form a partition of P,,. One of the assumption of
relative completeness is that each configuration has a finite number
of >-successors, that is, >(y,) is finite. Since P,, is infinite (because
we assumed Prop(y,)), there is at least one y €> (y,) with P(/
infinite. Then we choose y,.; to be y. Note that y, > vy, and
P,. ={tlwte P’m] } is infinite, thus Prop(y,.) holds. We can
conclude that y does not terminate. For the converse implication, it
suffices to notice that if there is an infinite >-sequence starting at y,
then the set of finite prefixes of that sequence is infinite. A direct
consequence of this result is that y does not terminate iff for each n,
there exists a >-sequence of length n starting at y. Indeed, if y does
not terminate, then for each n we can take the prefix of length n of
the infinite sequence starting at y. Conversely, if there exists some
>-sequence starting at y for each n, then the set of such sequences
if infinite, and thus y does not terminate.

Using the result above, it suffices to prove that p | diverge(c)
iff for each m there exists some >-sequence starting at p(c). By
Lemma [[3] we have that for each m there exists some p’ with
p'(c) = p(c) such that p" E  Agcian succ(ci, cin1) A cg = c iff
p'(co) = p'(c) = p(c) and p’(cp) > ... > p’(cn), that is, iff there is
some >-sequence of length m starting at p(c), and we are done. O

The following establishes a relation between diverge(c) and
succ(c, ¢’) which we use later on in Section@
Lemma 17. [ diverge(c) & ¢’ (succ(c,c’) A diverge(c’)).
Proof. We prove that p [ diverge(c) iff p E Ic" (succ(c,c’) A
diverge(c’)). By Lemma E p E diverge(c) iff p(c) does not
terminate, that is, iff there exist some vy, ..., %,,... with p(c) = yo
and y; > y;, for each i > 0. Equivalently, we can state it as there
exist some yy, y; with p(c) = y, such that y, > y; and y, does not
terminate. Further, that is iff there exists some p’ with p’(¢) = p(c)
such that p’(c) > p’(¢’) and p’(¢’) does not terminate. By Lemma@
that is iff p” | succ(c, ¢’) A diverge(c), and we are done. [}

The following summarises the main properties of step(c,c’),
path(c, ), succ(c,c’), and diverge(c):

Lemma 18. Let p:Var — T . Then p(c) —s p(c’) iff p E step(c, c’);
p(c) % p(c) iff p E path(c, c'); p(c’) < ple) iff p E succ(c, c); and
p(c) does not terminate iff p = diverge(c).

Proof. Follows by Lemmas [[3],[12],[13]and[T6] |

Finally, the following establishes the property of coreach(yp):

Lemma 19. Lety € T¢p and p:Var — T . Then (y, p) | coreach(p)
iff there exists some y' € Ty with (y',p) E @ and y =%

Proof. We have that (y,p) | coreach(yp) iff there exists some p’
which agrees with p on Var \ {c,c’} with p’(c) = 7 such that
P E ¢lc’/O] A path(c,c’). By Lemma @ that is iff there exists
some p” which agrees with p on Var\ {c, ¢’} with p’(c) =  such that
o E ¢lc’/ao] and y <% p'(c’). Let us denote p(c’) by y'. Then
(y,p) E coreach(yp) iff there exist some y’ and some p’ which
agrees with p on Var \ {c, ¢ } withp (¢) =vyandp'(c’) = vy such
that o’ E ¢[c¢’/O] and y % ¥'- We have that (o'(¢), p) E o iff
o' E ¢lc’/O]. Since ¢, ¢’ do not occur in ¢, and p and p’ agree on
Var\ {c/, ¢}, it follows that p’ | ¢[c’/O] iff (¥',p) E ¢. Thus, we
can conclude that (7, p) E coreach(y) iff there exists some Yy’ with
(¥',p) E ¢ and y =% 7', and we are done. o



@#(s, Jy0) = dedc’Acy ...c,,ﬂc’1

¢, (A% (gle/n] A @[’ /D] A /\ prley /Ol A gy [c;, /aD) A B(a, b, add(s, j. i), a(c)
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1<i’<n
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diverge(c) = Ymda3ab (Aco (B(a, b,0, a(cp)) Ac = co) AVi(0 <i<m— Ic;dciv1 (Bla, b, i, a(c;)) AB(a,b,i+ 1,a(civ1)) A succ(ci, civ1))))

Figure 4. FOL definitions of a finite —g-sequence (path) and an infinite >-sequence (diverge)

6.3 Formulae Godelization

We use Godel’s S predicate to encode quantification over sequences
of configurations in FOL (see [37]] for an accessible introduction
to Godelization and the g predicate). The predicate S relies on the
reminder of a when divided by b, written a mod b and defined as

r=amodb = Ad(bXxd<arnbx(d+1)>arha=bXxXd+r)
Godel’s B(a, b, i, x) predicate over natural numbers is defined as
Ba, b, i, x) = x=amod(1+(1+1i)xb)

The assumptions on the model 7 allow us to express S8. If ug, . .., u,
is a sequence of natural numbers, then there exist natural numbers a
and b such that S(a, b, i, x) holds iff x = u;, foreach 0 < i < n and x.
Thus, for any given n, we can systematically translate sentences

Juy, ..., u, ¢ into equivalent sentences Ja,b . As part of this
translation, each atomic formula pred of ¢ is translated into
iy, iy, Bla, by iy, wy) A ABa, by iy, uy) A pred)

where u; , ..., u; are all the variables among uy, ..., u, occurring
in pred. Even if n itself is quantified, only a fixed (independent of
n) subset of the variables uy, ..., u, can occur in pred, making ¢ a
proper FOL formula. Thus, 8 enables quantification over sequences.

Using the injective function @ : 7¢, — N we can extend
the result above to sequences of configurations. Sentences of the
form ey, ..., c, ¢ can be systematically translated into equivalent
sentences of the form Ja, by, where ¢ is a FOL formula replacing
each atomic formula pred of ¢ containing variables ¢;, ..., ¢; with

dci, ..o Bla, by iy, ale)) A ABla, b, iy, alcy,)) A pred)

The injectivity of a guarantees that different free occurrences of the
same variable ¢; in ¢ are correctly related in .

Thus far, we can encode quantification over finite sequences
of configurations. A finite sequences is (syntactically) represented
as a finite set of variables indexed by natural numbers. However,
path(c,c’) quantifies over the set C,,, which contain variables
indexed by sequences s,i. To encode a such a sequence s,i into
a natural number, we need division (a + b) and power (a”), which
can be defined as follows.

a+b=d=bxd<aAnbxd+1)>a
a®=d=3xy...x, xo=1 Axp=d AVi(1<i< b — x;=x,_1Xa))

Equivalently, we can define a” using 8 and only four quantifiers.

a’=d = b>0A3a’AV (B(d, b, 0,1) AB(a, b, b, d) ANVi(1<i<b
— Ax3Ax (B(a,b',i,x)) A B(a’,bi—1,x") A x=X"Xa)))

For notational simplicity, we write division, reminder, and power
as functions rather than as relations. Also, to save space, we write
a<b<dinstead of a<b A b<d. Let p be the maximum of m and
nc+1,and lets = ij,...,i; be a sequence of indices. Recall that
i1,i3,...0>j- are between 0 and m — 1, and i, i4, ..., i»; between
1 and ne. Then, we can view s as a number 5 in base p, namely
5= Zi’ Jir X p'~'. Conversely, we encode the fact that 3 is indeed

representing some sequence s as follows

seq(s, ) =5=0Aj=0
Vj>0Ap»It <5< p¥
AVE(<1< ] — 3d (d=(5+p>2) mod p A 0<d<m))
AVt (1<t<j— 3d (d=G=p> ) mod p A 1<d<nc))

Intuitively, the first line covers the case of the empty sequence
(j = 0). For the case of non-empty sequences, the second line states
that 5 has exactly 2 digits, the third that the digits on even positions
(corresponding to iy, ...,i;-) are between O and m — 1, and the
fourth that the digits on odd positions (corresponding to iy, ..., i»;)
are between 1 and nc. Similarly, to the sequence s, i we associate
the number £,7,i, x p'~' + i x p>/. For convenience, we define

add(s, j,a) = s+axp
add(s, j,a,b,d) = 5+ax p> +bx pPIt 4 d x pPi?

For some 5 associated to some s of length 2 j, these functions give
the numbers associated to the sequences s, a and s, a, b, d.

Figure [6.2] presents the encoding of a finite —g-sequence
(path(c,c’)) and an infinite >-sequence (diverge(c)) using only
a fixed number of quantifiers. Recall that path(c, ¢’) existentially
quantifies over the finite set of variables C; ,,. Using the encoding
of sequences s, into numbers in base p with at most 2k + 1 dig-
its, we can instead quantify over a sequence of configurations of
length at most p**!. Further, using the 8 predicate and the injective
function @ : 7¢r, — N, we can instead quantify over two natural
numbers, namely a, b. Then, we can replace the big conjunctions
in path(c, c’) with universal quantification over 5, j,i and the ap-
propriate restrictions like seq(s, j), 0 < i < m, etc. We introduce
rule,,( 5, J, ) as the encoding of rulé” . It replaces the configuration
variables indexed by sequences w1th locally quantified variables
c,c’,c1,C),. .., ¢, cpy (nis the number of conditions of ), and it
existentially quantiﬁes X, the variables occurring free in the rules. It
also ensures that these local configuration variables are instantiated
consistently across the formula. For example, for the variable c,;,
the predicate B(a, b, add(s, j,i), a(c)) ensures that the variable c is
instantiated with the value intended for c,, that is, the configuration
mapped by a into the number on the position 5 + i X p>*/ of the se-
quence of natural numbers Godelized by a and b. Similarly, id(s, J i)
encodes ¢,; = ¢,;+1. Formally, we have the following result:

2Xj

Lemma 20. [ path(c,c’) & path(c,c’).
Proof. Let p,p : Var — 7. We call p, p a Godel pair ift

(1) p and p agree on ¢, c’, k,m
(2) for each indexing sequence s of length 2 with 0 < j < p(k) and
for each 0 < i < p(m) it is the case that

B@a), pb), 5+ix p™, alp(csy)))

holds, where p is the maximum of p(m) and nc. Intuitively,
this states that the number associated to the configuration p(c;;)
by the injective function « is on the position 5 + i X p®/ (the
position associated to the sequence s, i) in the sequence of natural
numbers Godelized by the pair p(a), p(b).



We intend to use p to interpret the top-level existential quantifiers
in path(c, c’) and p to interpret the top-level existential quantifiers
in path(c, ¢’). To simplify the notation, for variables a of sort N,
like k, m, a, b, i, j, etc, we use its syntactic name, e.g. k, to also
refer to its interpretation, e.g. p(k). Condition (1) above ensures that
variables common to both path(c, ¢’) and path(c, ¢’) are interpreted
consistently by p and p, and by valuations which agree with p or p
on these common variables. With this convention, the instance of
the 8 predicate above becomes

Bla, b, 5+ix p™, alp(cy))))

We prove that for each Godel pair p,p, the following two
statements are equivalent

pEc=cyAc" =cy Apathy, ®

p E dco (Bla, b,0,a(co)) A ¢ = co)

A dey (Bla, b,m, a(cm)) A ¢ = cp)

AVSY Vi (seq(s, ) A j=k A0 <i<m— idG, j, i)

AVSY Vi (seq5, )N j<kANO<i<m

= \/ rule, (5, J,i) v G, J, ) )
UES

First, we prove that p |= rulé’ Rlivas %H(E, J» i) for each indexing
sequence s of length 2j with 0 < j < k and each 0 < i < m and each

5 such that 5 is the number associated to the sequence s,i. Recall
that rule,(3, j, i) is obtained from rule’; by

® substituting c,, ¢, ;41 With ¢, ¢’ and ¢, 7 o, ¢ m With ¢, c;. for
each1 <i <n;

* by adding constrains on ¢, c’, ¢y, ¢}, . .., Cy, ¢, using the g predi-
cate and the « function; and

* existentially quantifying c,c’, ¢, ¢}, ..., cn, C).

Let p, : Var— 7 which agrees with g on Var\{c,¢’,c1,c|,..., cp, Cp}.
Then we have that p,, satisfies the constrains on the configuration
variables in the definition of rule,(s, j, i), namely

pu E B(a,b,add(s, j,i),a(c)) A Bla,b,add(, j,i+ 1), a(c’))
A )\ B, b,add(s, j,i, ', 0), a(cy))

1<i’<n

AP(a, b, add(s, j,i,i',m), a(c})))

iff B(a, b, add(s, j, i), «(p,(c))) and B(a, b, add(s, j,i + 1), «(p.(c')))
hold, and for each 1 < i < n, B(a,b,add(, j,i,i',0), a(p.(ci)))
and B(a, b, add(s, j,i,i’,m), ®(p,(c}))) hold. Since p and p are a
Godel pair, condition (2) implies that S(a, b, add(s, j, i), a(p(cy,)))
and B(a, b, add(s, j,i + 1), a(p(csi+1))) hold, and also that for each
1 <7 < n, it is the case that B(a, b, add(s, j,i,i’,0), a(p(cs,v 0)))
and B(a, b, add(s, j, i, i’,m),a(p(c;),’i,‘m))) hold. Further, since « is
injective, and the first three arguments of 8 uniquely determine the
fourth argument, we can conclude there exists a unique p, which
satisfies the constrains above, namely the one with p,(c) = p(c,)
and p,(c’) = p(cyiv1), and with p,(cr) = p(cyiir0) and p,(c,) =
p(csiim) foreach 1 <7 < n. Then, it follows that p = rule‘;i iff p,
satisfies rule’ . with the configuration variables substituted, that is,
iff p | rule,(s, j, ).

Similarly, we prove that p k= ¢,; = c,41 it p [ id(s, j, i) for each
indexing sequence s of length 2j with 0 < j < kandeach0 <i<m
and each § such that 5 is the number associated to the sequence s, i.
Let piq: Var — 7 which agrees with p on Var \ {c, ¢’}. Then we have
that g,y E B(a,b,add(s, j,i),a(c)) A B(a,b,add(, j,i + 1), a(c’))
iff B(a, b, add(s, j, 1), a(p(c))) and B(a, b, add(s, j, i + 1), a(p;a(c’)))

hold. Since p and p are a Godel pair, condition (2) implies that
ﬁ(a’ b9 led(g, j’ l)! a(p(cs,[))) and ﬁ(aa bv add(§9 j’ i+ 1)7 a(p(cs,i+| )))
hold. Then, we can conclude there exists a unique p;q which satisfies
the constrains above, namely the one with pi(c) = p(cs;) and
Pia(c’) = p(csir1). It follows trivially that p | ¢,; = ¢y iff
Pia E ¢ = ¢/, thatis, iff p [ id(s, j, i).

Based on the above, and on the fact that seq(5s, j) holds iff 5 is a
number associated to a sequence s of length 2 j, we conclude that

p E pathy
P VSV i (seq(s, ) A j=kAO<i<m— idG, ji))
AVSY Vi (seqs, ) A j<kAO<i<m
N v rule, (s, j,i) V id(s, j, i)
HES

Finally, notice that by condition (2), the predicates 8(a, b, 0, a(o(co)))
and B(a, b, m, a(p(c,,))) hold. Thus, we have that

Pk Jco (Bla, b,0,a(c)) A c = cp)
A HC’” (B(a’ b7 m, Q’(Cm)) A = Cm)

iff p(co) = p(c) and p(c,) = p(c’), thatis, iff p = c = cog A ¢’ = cp.
Therefore, we conclude that statements (3) and (4) are equivalent.
To complete the proof of the lemma, we show for each p’ that
o' E path(c,c’) iff p’ | path(c,c’). We have that p’ | path(c,c’)
iff there exist some k,m € N and some p : Var — 7 which
agrees with p” on ¢, ¢’ such that statement (3) holds. We also have
that p’ E path(c, ¢’) iff there exist some k,m,a,b € N and some
p : Var — 7 which agrees with p’ on ¢, ¢’ such that statement
(4) holds. We know that (3) and (4) are equivalent for Godel pairs,
hence it suffices to construct for each p satisfying (3) a p such
that p, p are a Godel pair, and conversely, to construct for each p
satisfying (4) a p such that p, p are a Godel pair. For both directions,
we choose such that p and p agree on ¢, ¢’, k, m, thus we satisfy (1).
From p, we construct p by choosing a, b to be the Godel numbers
associated to the sequence ((c;;)), where each indexing sequence s
is of length 2j with 0 < j < k and for each i is such that 0 <i < m
(the numbers are ordered in a sequence according to the numbers
associated to the sequences s, ). Conversely, from p, (4) implies that
pE3Ac” (Bla, b, 5+ix p>™J, a(c”))) for each number 5 associated
to an indexing sequence s of length 2 with 0 < j < k and for
each 0 < i < m. Then we choose p such that p(c,;) is the unique
configurations in which ¢” is instantiated in the formula above. In
both cases, the pair p, p satisfies (2), and we are done. O

The encoding of diverge(c) follows the same pattern as that
of path(c,c’): it replaces the quantification over a sequence of
configurations with the quantification over a and b, it replaces
the big conjunction with the universal quantification over i and
the restriction 0 < i < m, and uses B and « to ensure the
locally quantified variables c; and c;;; are instantiated consistently.
Formally, we have the following result:

Lemma 21. [ diverge(c) < diverge(c).

Proof. The proof takes a similar approach to the previous one. Let
p,p : Var — 7. We call p, p a Godel pair iff

(1) p and p agree on c,m
(2) for each 0 < i < p(m) it is the case that
B@p(a), p(b), i, alp(c)))

holds. Intuitively, this states that the number associated to the
configuration p(c;) by the injective function « is on the position
i in the sequence of natural numbers Godelized by the pair

p(a). p(b).



We intend to use p to interpret the top-level quantifiers in diverge(c)
and p to interpret the top-level quantifiers in diverge(c). To simplify
the notation, for variables a of sort N, like, m, a, b, i, etc, we
use its syntactic name, e.g. m, to also refer to its interpretation,
e.g. p(k). Condition (1) above ensures that variables common to
both diverge(c) and diverge(c) are interpreted consistently by p and
P, and by valuations which agree with p or p on these common
variables. With this convention, the instance of the § predicate above
becomes

Bla, b, i, alp(c)))
We prove that for each Godel pair p,p, the following two
statements are equivalent

pEc=co A [\ suce(cici) 3)
0<i<m
P E dcy (Ba, b,0,a(co)) A c = co)
AYi(0<i<m— dc;dciyy Bla, b, i, a(c;))
AB(a,b,i+1,a(cii1)) A succ(ci, ¢is1))) 4
First, we prove that p = succ(c;, ¢iyq) iff

p E dcidci (Bla, b,i,alc;)) ABla,b,i+ 1,a(civ))
A succ(c;, Ciy1)) 5)

for each O < i < m. Let p’ : Var = 7 which agrees with p on
Var \ {c;, ¢i+1}. Then we have that g’ satisfies the constrains on the
configuration variables namely

:5’ IZ ﬁ((l, b, i7 Q’(Ci)) /\ﬁ((l, b7 i+ 17 Q’(C,‘.H))

iff B(a, b, i, a(p’(c;))) and B(a, b,i + 1, a(p’(ciy1))) hold. Since p and
p are a Godel pair, condition (2) implies that S(a, b, i, a(p(c;))) and
Bla, b, i+1, a(p(ci+1))) hold. Further, since « is injective, and the first
three arguments of 8 uniquely determine the fourth argument, we
can conclude there exists a unique p’ which satisfies the constrains
above, namely the one with p'(c;) = p(c¢;) and p'(¢iv1) = p(Cis1)-
Then, it follows that p | succ(c;, ¢y ) iff P satisfies

p, ': ﬁ(as b’ i’ (l’(Cl')) /\ﬁ(a’ b, i+ 17 a(cHl))/\S“cc(Ci’ Ci+l)

that is, iff p satisfies (5).
Based on the above, we can conclude that

PE /\ succ(ci, Civ1)

0<i<m
pEVYiI(0<i<m— dc¢;deiy (Ba, b, i, alc;))
AB(a,b,i+1,a(cis1)) A succ(c;, ¢isr)))

Finally, notice that by condition (2), the predicates S(a, b, 0, a(p(cy)))
holds. Thus, we have that

p '= 3CO (ﬁ(d, b’ O’ G’(C())) Ac = CO)

iff p(co) = p(c), that is, iff p | ¢ = ¢p. Therefore, we conclude that
statements (3) and (4) are equivalent.

To complete the proof of the lemma, we show for each p’ that
p’ E diverge(c) iff p’ | diverge(c). We have that p’ | diverge(c) iff
for each m € N there exists some p : Var — 7 which agrees with p’
on ¢ such that statement (3) holds. We also have that p’ |= diverge(c)
iff for each m € N there exist some a,b € N and some p : Var —» 7~
which agrees with p’ on ¢ such that statement (4) holds. We know
that (3) and (4) are equivalent for Godel pairs, hence it suffices to
construct for each p satisfying (3) a p such that p, p are a Godel pair
and agree on m, and conversely, to construct for each p satisfying (4)
a p such that p, p are a Godel pair and agree m. For both directions,
we choose such that p and p agree on c,m, thus we satisfy (1).
From p, we construct p by choosing a, b to be the Godel numbers
associated to the sequence a/(cy), . . ., @(c,,). Conversely, from p, (4)
implies that p = ¢’ (B(a, b, i, a(c’))) for each number 0 < i < m.

Then we choose p such that p(c;) is the unique configurations in
which ¢” is instantiated in the formula above. In both cases, the pair
p, p satisfies (2), and we are done. O

The following summarises the two results above:

Lemma 22. = path(c,c’) < path(c,c’) and | diverge(c) <
diverge(c).

Proof. Follows by Lemma[20]and Lemma 21] |

Consequently, we can use path(c,c’), to express step(c,c’),
succ(c, c’) and coreach(yp) in FOL. Then, diverge(c), which uses
succ(c, c’), is a FOL formula. Since our relative completeness proof
only uses these predicates besides other FOL formulae over the
signature X, we can conclude that all the formulae used in our proof
are FOL formulae. For notational simplicity, we continue working
with path and diverge instead of m and diverge.

6.4 Semantic Validity and Relative Completeness

We derive a proof for a valid rule ¢ = ¢’ with the proof system in
Figure 3] using the FOL predicates encoding the transition system
to express intermediate formulae. First, we show that the semantic
validity of reachability rules can be framed as FOL validity. This
does not give us relative completeness directly, but it enables us to
begin the derivation process.

Lemma 23. SE 9= ¢ iff E@— dc (O=cAdiverge(c))Vcoreach(y’).

Proof. Lety € T¢p, and p : Var — 7. We establish the necessary
and sufficient conditions such that

(v,p) E ¢ = 3c (O = ¢ Adiverge(c)) V coreach(¢)

According to the semantics of implications, the above happens
iff (y,p) E ¢ implies either (y,p) = dc (O = ¢ A diverge(c)) or
(y,p) E coreach(¢’). By Lemma the former holds iff y does not
terminate, while by Lemma [T9]the latter holds iff there exists some
Y" € Ty such that (¥, p) | ¢” and y —5 y'. Thus, we can conclude
that = ¢ — dc (O = ¢ Adiverge(c)) V coreach(y’) iff for each y and
p we have that (y,p) ¢ implies that either y does not terminate
or there exists some y" € Ty, such that (y',p) F ¢" and y =% 7.
According to the definition of semantic validity for reachability rules
(see Definition[T0), the above conditions hold iff S £ ¢ = ¢, and
we are done. O

The following three lemmas are useful in proving our relative
completeness result.

Lemma 24. [f A + O=c A path(c,c’) = O=c’ is derivable and ¢
is well-defined, then A + ¢ A @[c/O] A ¢'[¢’ /O] A path(c,c’) = ¢’
is derivable.

Proof. Since ¢ is well-defined, we have that = ¢ Ap[c/O0] - O =c,
by Lemma Also, itiseasy to see that 0 = ¢’ A ¢'[c’/O] = ¢'.
Thus, A + ¢ Aglc/Ol A ¢'[c’/O] A path(c,c’) = ¢ is derivable
by Consequence with the two implications above from the sequent

A +rO=cA¢[c/O] Apath(c,c’)=>D=c A¢'[c"/O]
which follows by Logical Framing (Lemma with ¢’[¢’ /O] from
A +O=cApath(c,’)=>O=c
The last sequent is derivable according to the hypothesis, and we

are done. ]

Lemma 25. If A + O =c Astep(c,c”) Apath(c”,c’) =>DO=Cc"is
derivable, then A + O = ¢ A path(c,c’) = O = ¢’ is derivable.



Proof. By Lemmal[T4] we have that
E path(c,c¢’) — ¢ = ¢ v Ac” (step(c,c”) A path(c”, ¢"))

Then, A + O =c Apath(c,c’) = O = ¢ is derivable by Conse-
quence with the implication above, Abstraction with ¢”’, and Case
Analysis from

ArO=cAc=c=D=¢

A +O=c Astep(c,c”’) Apath(c”,c) => 0=

The former follows by Consequence and Reflexivity, while the latter
is derivable according to the hypothesis, and we are done. O

Lemma 26. I[fSUC + O =c A path(c,c’) = O = ¢’ is derivable,
then S +c O = ¢ Astep(c,c’) = O = ¢’ is derivable.

Proof. The sequent S +¢ O = ¢ A step(c,c¢’) = O = ¢’ follows by
Abstraction with ¢, ¢}, ..., ¢y, ¢, X (the top existentially quanti-
fied variables in the definition of step(c, ¢’)) from

Sre\/(gle/al A¢[¢ /Tl A \ilei/O A @lle /o1 A pathe;, ¢)))
HES 1<i<n
AO=c
S0O=c

Then, by Consequence, we can drop O = ¢ and substitute ¢ by O,
and it suffices to derive

Src\/ (@ Ag'le' /a1 A \(gilei/ol A glc; /o1 A path(e;, ¢})))
HES 1<i<n
=>0=c
Recall that one of the assumptions of relative completeness is that

S is not empty. Then, by |S| — 1 applications of Case Analysis, it
suffices to derive for each y € S

S rc e A [c/O] /\/\((p,v[c,v/u] A @i[c:/al A path(c;, c}))=>0O=c
I<i<n

Recall that one of the assumptions of relative completeness is that
¢’ is well-defined. By Lemma@ E ¢ A¢'[¢’/O] - O = ¢, thus by
Consequence it suffices to derive

Srce A@Ie/aIA )\ (pilei/T) A gllc}/o] A path(c,c)))

1<i<n
= ¢ A¢g'[c'/O]

The last sequent follows by Logical Framing (Lemma [3) with
¢’'[c¢’/O] and Axiom with ¢ € S from the prerequisites

SUC oA\ (ilei/ol Agjlc/O] A path(ci,c)) = ¢

1<i<n

for each 1 < j < n. By Consequence, it suffices to derive
SUC Fg; Agjlc;/Tl A¢@ilc;/0] A path(c;, ¢}) = ¢

According to the hypothesis, SUC + O = ¢ A path(c,¢’) = 0=
is derivable. Recall that one of the assumptions of relative complete-
ness is that ¢; is well-defined. Then the last sequent follows by
Lemma@with a-renaming ¢, ¢’ into ¢;, ¢, and we are done. O

The following lemma states that if there is a path in the transition
system from c to ¢’ (expressed by path(c, ¢’)) then we can derive it.

Lemma 27. S + 0= ¢ A path(c,c’) => 0=

Proof. By Lemma[23] it suffices to derive

S +O=c Astep(c,c”) Apath(c”,cy=>O=

Let C = {0 = ¢ A step(c,c”’) A path(c”,c¢’) = O = ¢’}. Then, by
Circularity, it suffices to derive

S e O=c Astep(c,c”) Apath(c”,c’)y=>oO=c

which in turn follows by Transitivity from

S e O=cAstep(c, ") Apath(c”, ") = O=c" Apath(c”, ") (1)

SUC ro=c"Apath(c”,c’) = o= ?2)
Sequent (1) follows by Logic Framing with path(c”, ¢’) from

S rcO=cAsteplc,’)y=>oO="
By Lemma@ (with a-renaming ¢” into ¢’), it suffices to derive
SUC +rO=cApath(c,d)=>0=¢
Further, by Lemma 23] it suffices to derive
SUC +O=c Astep(c,c”) Apath(c”,c)y=>0O=c

which follows by Axiom with the rule in C. By Lemma[23] (with
a-renaming ¢” into c¢), sequent (2) follows from

SUC +O=cAstep(c,c”) Apath(c”,c)y=>0=c

which follows by Axiom with the rule in C, and we are done. O

The result above has the following consequence:

Lemma 28. S +c O =c A step(c,c’) > 0=

Proof. By Lemma[26] it suffices to derive
SUC +rO=cApath(c,d)=>0=¢
which follows form Lemma 27) and weakening (Lemma [2) with
ScSuc. m]
The next lemma states that if ¢ diverges in the transition system
then we can derive it.
Lemma 29. S + 0O = ¢ A diverge(c) = w.
Proof. Let C = {0 = ¢ A diverge(c) = w}. Then the sequent
S + O = ¢ Adiverge(c) = w follows by Circularity from
S +c O=c Adiverge(c) => w

By Lemma|[T7] we have that

E diverge(c) — 3¢’ (succ(c, ") A diverge(c”))
Thus, by Consequence, and Abstraction with ¢’, it suffices to derive

S te O=c Asuccle,c’) Adiverge(c') = w

Let ¢ ,nq be defined as
Veans = \/ (gle/Tl A/ (@il /o]

HES 1<i<n
A\ (@jle;/a) A @lc;/o) A path(e, )
I<j<i

Then, according to the definition of succ(c, ¢’), by Case Analysis
and Abstraction with ¢, cf, ..., Cye, €., X (the top existentially quan-
tified variables), it suffice to derive

S e O=c Astep(c,c’) Adiverge(c’) = w €))
S Fe O=c¢ AWeona A diverge(c') = w ?2)
By Lemmalf_gland Logic Framing with diverge(c’), we derive
S +c O=c Astep(c,c’) Adiverge(c’) = O = ¢’ A diverge(c’)
By Axiom with the rule in C and @-renaming of ¢’ into ¢, we derive

SUC roO=c Adiverge(d') = w



Then, sequent (1) follows by Transitivity with the two sequents
above. Therefore, we are left to derive sequent (2). Let ¢, be
defined as

Peond = \/(cp A \/ (@i’ /O]

HES 1<i<n
A /\ (jlc;/Ol A ¢lc/Tl A path(c;, ¢))))
1<j<i
Then, by Consequence, we can drop O = ¢ and substitute ¢ by O in
sequent (2), and it suffices to derive
S ke Peona A diverge(c’) = w

Recall that one of the assumptions of relative completeness is that
& is not empty. Then, by |S| — 1 applications of Case Analysis, each
followed by n applications of Case Analysis, it suffices to derive for
each y € S and each 1 < i < n (n is the number of conditions of y)

St e Al /a1 A\ (gile; /0] A @)lc}/01 A path(c;, ¢)))
1<j<i
A diverge(c’)
> w

Recall that one of the assumption of relative completeness is that
S is w-closed (see Definition [TT)). Thus, for x and i there must be
some rule yu,, € S of the form

p=2wifg =20 AN N0 N2 w

Then the sequent above follows by Axiom with g, and with the
prerequisites

SUCHg Agile /o1 A N\ (gjle; /01 A glc}/0] A pathic;, )

1<j<i
A diverge(c")
= ¢, 3)
SUC kg Agile' /a1 A N (@jle;/01 A gll;/01 A path(e;, )
1<j<i

A diverge(c’)
Sw )

for each 1 < k < i. By Consequence, to derive each sequent (3), it
suffices to derive

SUC + ¢ Agile/al A @ile, /O] A path(cy, c;) = ¢,
for each 1 < k < i. By Lemma[27] we have that
S +O=cApath(c,d’)=>0=¢

is derivable. Recall that one of the assumption of relative complete-
ness is that ¢ is well-defined. Then, the sequents above follow by
Lemma [24| with a-renaming c, ¢ into ¢, ¢,. By Consequence, to
derive sequent (4), it suffices to derive

SUC + ¢; Agi[c’ /O] A diverge(c’) = w

Recall that one of the assumption of relative completeness is that ¢;
is well-defined. By Lemma we have that |E ¢; A@;[c¢’/O0] - O =¢".
Thus, by Consequence the last sequent follows from

SUC rO=c Adiverge(d') = w

which follows by Axiom with the rule in C and a-renaming c¢ into
¢’, and we are done. O

Lemma 30. S + coreach(y) = ¢.

Proof. According to the definition of coreach(y), by Abstraction
with ¢, ¢’, it suffices to derive

S +O0=c Ay[c’/O] A path(c,c’) = ¢

We have that = 0 = ¢’ A g[c’/O] — ¢, thus the last sequent follows
by Consequence from

S +O=cAplc’/O] Apath(c,c’) = 0= Ap[c'/O]

which in turn follows by Logic Framing (see Lemma[3) with ¢[¢’ /0]
from

S +O=cApath(c,d')=>0=¢
which is derivable by Lemma[27] and we are done. m]

Using the lemmas above, we derive the following rule between
the formula specifying the configurations reaching ¢ and the diver-
gent configurations, on one hand, and ¢ itself, on the other hand.

Lemma 31. S + Jc (O = ¢ A diverge(c)) V coreach(p) = ¢.

Proof. By Case Analysis and Abstraction with c, it suffices to derive
S + O =cAdiverge(c)) = ¢
S + coreach(p) = ¢

The latter follows by Lemma 30} For former follows by Transitivity
from

S + O =c Adiverge(c)) = w
Strw=9

The first sequent is derivable by Lemma[29] To derive the second,
Circularity and Transitivity, it suffices to derive

S Fump 0 D w
SUfw=9l rou>g

Recall that one of the assumption of relative completeness is that S
is w-closed. Then the first sequent follows by Axiom with w = w,
while the second sequent follows by Axiom with w = ¢, and we
are done. O

Finally, the relative completeness follows from all the lem-
mas above. Note how the configuration model is being used, via
Lemma[23] as an oracle to answer the semantic reachability question
formulated as a FOL sentence.

Theorem 2. [fSE¢= ¢’ thenStFyp = ¢

Proof. Suppose that S £ ¢ = ¢’. Then Lemma 23] implies that
E ¢ — (dc (O = ¢ A diverge(c)) V coreach(¢’)). By Lemma 31| it
follows that S + dc (O = ¢ A diverge(c)) V coreach(¢’) = ¢ is
derivable. Then the theorem follows by Consequence. O

A direct consequence of the theorem above is the following
(recall that for relative completeness S is assumed w-closed)

Corollary 2. If S ¢l then S+ ¢ = w.

7. Conclusion and Future Work

We presented reachability logic, a novel framework for reasoning
about reachability which unifies operational and axiomatic seman-
tics. The reachability logic sentences are called reachability rules,
and can express both transitions between configurations, as needed
for operational semantics, and Hoare-style triples, as needed for
axiomatic semantics. A programming language is given as a set of
reachability rules defining its operational semantics, and a language-
independent seven-rule proof system is then used to derive any
reachability property of the language. Our reachability logic proof
system was proven sound and relatively complete. The soundness
was also mechanized in Coq, which lets reachability logic proofs
serve as proof certificates.

Until this paper, reachability rules were unconditional, so they
could only express a limited number of operational semantics



(whose rules had no premises). By allowing conditional rules,
reachability logic can now express virtually all operational semantics
styles, including the standard small-step (by Plotkin) and big-step
(by Kahn) semantics which were excluded before.

We hope reachability logic may serve a foundation for verifying
programs. Also, since Hoare-style proof derivations can be mechani-
cally translated into reachability logic proof derivations, reachability
logic may serve as a more elegant means to establish the soundness
of axiomatic semantics. We plan to extend our MarcHC prover and
connect it to the Coq formalization to produce a mostly-automated
and efficient certifying verifier based on the presented proof system.
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