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Abstract—Matching logic is a logic for specifying and reasoning
about structure by means of patterns and pattern matching. This
paper makes two contributions. First, it proposes a sound and
complete proof system for matching logic in its full generality.
Previously, sound and complete deduction for matching logic
was known only for particular theories providing equality and
membership. Second, it proposes matching u-logic, an extension
of matching logic with a least fixpoint u-binder. It is shown that
matching u-logic captures as special instances many important
logics in mathematics and computer science, including first-order
logic with least fixpoints, modal yu-logic as well as dynamic
logic and various temporal logics such as infinite/finite-trace
linear temporal logic and computation tree logic, and notably
reachability logic, the underlying logic of the K framework for
programming language semantics and formal analysis. Matching
p-logic therefore serves as a unifying foundation for specifying
and reasoning about fixpoints and induction, programming
languages and program specification and verification.

I. INTRODUCTION

Matching logic [[1]] (shortened as ML) is a first-order logic
(FOL) variant for specifying and reasoning about structure by
means of patterns and pattern matching. In the practice of
program verification, ML is used to specify static properties
of programs in reachability logic [2] (shortened as RL), which
takes an operational semantics of a programming language as
axioms and yields a program verifier that can prove any reach-
ability properties of any programs written in that language. As
a successful implementation of ML and RL, the K framework
(http://kframework.org) has been used to define the formal
semantics of various real languages such as C [3]], Java [4]],
JavaScript [5], and to verify complex program properties [6].

A sound and complete Hilbert-style proof system % of
ML is given in [[1]], whose proof of completeness is by a
reduction to pure predicate logic. However, the proof system #
is only applicable to theories where a set of special definedness
symbols are given together with appropriate axioms, which can
be used to define both equality and membership as derived
constructs. This leaves the question of whether there is any
proof system of ML that is applicable to all theories, open.
Our first contribution is to answer this question by proposing
a new proof system H of ML, and show that it is (locally)
complete without requiring definedness or any other symbols.

Our second and main contribution was stimulated by limita-
tions of RL itself as a logic to reason about dynamic behavior
of programs. Specifically, as its name suggests, RL can only
define and reason about reachability claims. In particular, it
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is not capable of expressing liveness or many other interest-
ing properties that temporal or dynamic logics can naturally
express. Therefore, we propose matching p-logic (shortened
as MmL), which extends ML with a least fixpoint w-binder.
It turns out that MmL subsumes not only RL, but also a
variety of common logics/calculi that are used to reason about
fixpoints and induction, especially for program verification and
model checking, including first-order logic with least fixpoints
(LFP) [7], modal u-logic [8]] (as well as various temporal
logics [9]], [10] and dynamic logic (DL) [11[]-[13]]). For each of
these logics/calculi, we prove a conservative extension result,
showing that our definitions are faithful.

We organize the rest of the paper as follows. We start with
a quick but comprehensive overview of ML in Section [II]
and then present the new proof system H in Section We
present MmL in Section and show how to define recursive
symbols as syntactic sugar in Section[V] Then we discuss how
MmL subsumes all the following: first-order logic with least
fixpoints (Section [VI); modal u-logic and its fragment logics
(Section [VII); reachability logic (Section [[X). We compare
with related work and conclude the paper with a proposal of
future work in Sections [X] and respectively.

‘All proof details can be found in appendix. ‘

II. MATCHING LoGic PRELIMINARIES

Matching logic (ML) [1] is a variant of many-sorted FOL
that makes no distinction between function and predicate
symbols, allowing them to uniformly build patterns. Patterns
define both structural and logical constraints, and are inter-
preted in models as sets of elements (those that match them).

A. Matching logic syntax

Definition 1. A matching logic signature or simply a signature

= (S, VAR,X) is a triple with a nonempty set S of sorts, an
S-indexed set VAR = {VARs}ses oOf countably infinitely many
sorted variables denoted x:s, y:s, etc., and an (S* X S)-indexed
set = {25, _s5,.5}s1.....5,,ses of countably many many-sorted
symbols. When n = 0, we write o € X, and say o is a
constant. Matching logic -patterns or simply (- )patterns are
defined inductively for all sorts s,s’,51,...,5, € S as follows:

s == x:5 € VAR | o5 A @5 | mps | Axis” . g

| 0—(90_91a~ . -a‘Psn) if o€ Zsl.l.sn,s


http://kframework.org

We use PATTERNML( ) = {PATTERNMM( )}ses to denote the
S-indexed set of -patterns generated by the above grammar
(modulo a@-equivalence, see later). We feel free to drop the
signature  and simply write PATTERNME = {PaTTERNY ) 5.

Intuitively speaking, patterns evaluate to the sets of elements
that match them. A variable x:s is a pattern that is matched by
exactly one element; ¢ A ¢; is matched by elements matching
both ¢; and ¢,; ¢ is matched by elements not matching ¢;
dx:s’. ¢ is a pattern that allows us to abstract away irrelevant
parts (i.e., x:s”) of the structures, which can match patterns
0 (@5, - - s, ) This intuition is formalized in Definition

We often abbreviate = (S,VAR,X) as (S,X) or just X.
When we write a pattern, we assume it is well-formed without
explicitly specifying the necessary conditions. When o € X ¢
is a constant, we write o~ to mean the pattern o(). We adopt
the following derived constructs as syntactic sugar:

@1V @2 = (=1 A g2)

01— @2 =1 V@ T, = dxis. x:s

preog=@r =)A= @) Ly=-T;
Intuitively, ¢V ¢, is matched by elements matching ¢; or
©2; Ty is matched by all elements (in the sort universe s);
and L, is matched by no elements. The formal semantics of
these derived constructs is given in Proposition [5] Standard
precedences are adopted to avoid parentheses. The scope of
“V” and “3” goes as far as possible to the right. We drop sort
s whenever possible, so we write x, T, L instead of x:s, T, Lg.

Like in FOL, “V” and “3” are binders, and we adopt the
standard notions of free variables, a-renaming, and capture-
avoiding substitution. We let FV(y¢) denote the set of free
variables in ¢. When FV(¢) = 0, we say ¢ is closed. We regard
a-equivalent patterns ¢ and ¢’ as the same, and write ¢ = ¢’.
We let ¢[y/x] be the result of substituting ¢ for every free
occurrence of x in ¢, where a-renaming happens implicitly
to prevent variable capture. We let @[y /x1,. .., ¥, /x,] be the
result of simultaneously substituting ¢1,. . .,¢, for xi,...,x,.

Vx:is.p=-3xis. g

B. Matching logic semantics
ML symbols are interpreted as relations, and thus ML
patterns evaluate to sets of elements (those “matching” them).

Definition 2. Given = (85,%), a matching logic -model
M = ({Mg}ses.{om}oex), or simply a ( )-model, contains

« a nonempty carrier set My for each sort s € S;

« an interpretation o 1 Mg, X+ X My, — P(M;) for each

o € X, s,.s» Where P(Mj) is the powerset of Mj.

We overload the letter M to also mean the S-indexed set
{M;}ses. The usual FOL models are special cases of ML
models, where |op(ay,...,a,)| =1 for all ay € My,,...,a, €
M, . Partial FOL models [[14] are also special cases with
|oa(ay, . .. a,)| <1, as we can capture the undefinedness of
the partial function o on ay,...,a, by oy(ay,...,a,) = 0.

We tacitly use the same letter oy to mean its pointwise
extension, oy P(Ms,) X -+ - X P(Ms,,) = P(Ms), defined as:

O'M(Al,...,An) = U{O'M(al,...,an) | a) € A1,...,an € An}
for all Ay € My,,...,A, C M,,.

Proposition 3. For all A;,A] C My, 1 <i < n, the pointwise
extension oy has the following property of propagation:

om(AL...,Ay) =0 if A; =0 for some 1 <i <n,
O'M(A] UAi""’A'lUA;L):UlsiSn,BiE{Ai,A’i}a—M(Bl""’B'l)’
o(Ar,...,A) Co(A],...,A,) iIf Ai CAl forall 1 <i<n.

Definition 4. Let = (S,VARr,X) and let M be a -model.
Given a function p: VAR — M, called an M-valuation, let its
extension p: PATTERNM- — P (M) be inductively defined as:

e p(x) ={p(x)}, for all x € Varg;

o ple1 A g2) = ple1) N p(p2), for @1, 2 € PATTERNG;

o p(=¢) = Mg \ p(¢), for all ¢ € PATTERNj;

o p(Ix.¢) = Usem, pla/x](p), for all x € Vary;

o P(o (@1, 0n)) = o (P(p1), ... plgn)), for o € Ty, s, 5
where “\” is set difference and p[a/x] denotes the M-valuation
p’ with p’(x) = a and p’(y) = p(y) for all y # x.

Proposition 5. The following propositions hold:
o p(Ts) =M and p(Ly) = 0;
o ple1V ¢2) = ple1) U pg2);
o plp1 = ¢2) = M\ (p(e1)\ p(@2)), for @1, 92 € PATTERN,;
o plp1 & ¢2) = M\ (p(e1) Ap(2)), for @1, 92 € PATTERN,;
o P(Vx. @) =Naem,, pla/xI(¢). for all x € Vary;

where “A” is set symmetric difference.

Definition 6. We say pattern ¢ is valid in M, written M g @,
iff p(p) = M for all p: Var — M. Let I' be a set of patterns
called axioms. We write M gy I' iff M gy ¢ for all ¥ € T.
We write I' ey ¢ and say that ¢ is valid in T iff M gy ¢
for all M ey I'. We abbreviate 0 Ey. ¢ as Fpy . We call the
pair ( ,I') a matching logic -theory, or simply a ( -)theory.
We say that M is a model of the theory ( ,T') iff M gy T.
C. Important notations

Several mathematical instruments of practical importance,
such as definedness, totality, equality, membership, set con-
tainment, functions and partial functions, and constructors, can
all be defined using patterns. We give a compact summary of
the definitions and notations that are needed in this paper.

Definition 7. For any (not necessarily distinct) sorts s, s”, let us
consider a unary symbol [_]¢" € X, called the definedness
symbol, and the pattern/axiom I'x:s]‘;', called (DEFINEDNESS).
We define totality “L_J‘s‘/”, equality “=§/”, membership “Eg/”,
and set containment “C$” as derived constructs:

o1 = =g o @l
@1 Sy v = Lot = @l

Loy = =[-¢l
xe e=lxAely
and feel free to drop the (not necessarily distinct) sorts s, s’.

For all M satisfying (DEFINEDNESS), (|'_'|SS/)M(a) = My for
all a € M; [l Proposition 5.2]. Thus, for all p, we have
o([e1Y) = My if p(p) # 0, and p'([cp]j’) = ( otherwise; i.e.,
[¢] f says, in sort universe s’, if ¢ is defined in universe s. Def-
inition [7| constructs have expected semantics: 5(|¢]S) = My
if p(¢) = My, and (| gly) = 0 otherwise; f(¢1 =} ¢2) = My
it p(¢1) = p(¢2), and p(p1 =5 ¢2) = 0 otherwise; etc.



Functions and partial functions can be defined by axioms:
SXp) =Y
Xp) Sy
(Funcrion) requires o (xy,...,x,) to contain exactly one ele-
ment and (PArTIAL FUuNCTION) requires it to contain at most
one element (recall that y evaluates to a singleton set). For
brevity, we use the function notation o: sy X -+ X s, — s to
mean we automatically assume the (FuncTtion) axiom of o.
Similarly, partial functions are written as o: s; XX s, — .
Constructors are extensively used in building programs and
data, as well as semantic structures to define and reason about
languages and programs. They can be characterized in the “no
junk, no confusion” spirit [15]. Let = (S,X) be a signature
and C = {¢c; € Z,1 mi | 1 <i < n} C X be a set of symbols

iSi
called constructors. Consider the following axioms/patterns:

(FuNcTioN) Ay . o(xy,..

(ParTIAL FUNCTION) Ay . o(xy,..

(No Junk) for all sorts s € S:

Fxlisl L FxMigM

1 .
PN D O T C SIS |

c; €C with s;=s

(No ConrusioN]) for all i # j and s; = s;:

1 i 1 mj
=(ci(x;, .. .,x;" )Acj(x;, .. X "))
(No Conrusion II) for all 1 <i < n:
(ci(xl-l,...,x:”f) A ci(yl-l,...,ylf"")) — ci(x! Ayl e XA YT

Intuitively, (No Junk) says everything is constructed; (No
Conrusion I) says different constructs build different things;
and (No Conrusion II) says constructors are injective. We
refer to the the last two axioms as (No CONFUSION).

D. Defining first-order logic in matching logic

Given a FOL signature (S,%,11) with function symbols X
and predicate symbols 11, the syntax of FOL is given by:

ty 1= x € VAR | f(ts,,....t5,) with f € Zg 5, s

@ =7ty ..o ts,) Withmellg 5, e = @] @ |Vx.o
To subsume the syntax, we define a ML signature - =
(SFOL, xFOL) where SFO- = SU{Pred} contains a distinguished
sort Pred for FOL formulas and O = {f: s;x---Xs, — 5 |
feX s,stU{me zflc.).L.sn,Pred | m € I, s, } contains FOL
function symbols as ML functions and FOL predicate symbols
as ML symbols that return Pred. Let T™ be the resulting

FOL_theory. Notice that we use the function notations so I'™°-
contains the (FuncTioN) axioms for all f € XFO-,

Proposition 8. All FOL formulas ¢ are C--patterns of sort
Pred, and we have kroL ¢ iﬂFFOL EmL ¢ (see [|1]).

E. Matching logic proof system P with definedness symbols

ML has a conditional sound and complete Hilbert-style
proof system [/1, Fig. 5], here referred to as . We let I' Fp ¢
denote its provability relation.  can prove all patterns ¢ that
are valid in I' under the condition that I contains definedness
symbols and (DErFINEDNESS) axioms. In fact,  proof rules use
equality “=" and membership “€”, both requiring definedness
symbols. This means that P is not applicable at all to any
theories that do not contain definedness symbols.

We wrap up this section by reviewing the soundness and
completeness theorem of #. In Section [[Il we propose a
new ML proof system H that is sound and (locally) complete
without requiring the theories to contain definedness symbols.

Theorem 9 (Soundness and completeness of P, see [1]). For
all theories T containing the definedness symbols and axioms
(Definition [7) and all patterns ¢, we have I ey ¢ iff T Fp .

III. A NEw Proor System orF MaTcHING Loagic

Our first main contribution is a new ML proof system % that
is sound and (locally) complete without requiring definedness
symbols and axioms, and thus extends the completeness result
in [1]], re-stated in Theorem E} We first need the following:

Definition 10. A context C is a pattern with a distinguished
placeholder variable 0. We write C[¢] to mean the result of
replacing O with ¢ without any a-renaming, so free variables
in ¢ may become bound in C[g¢], different from capture-
avoiding substitution. A single symbol context has the form
Co =0(Q1,- s Qi—1,0,Qis1,. . ., n) Where o € X, ¢, ¢ and
Ols-- s Pi—1,Pit1,- - -, pp are patterns of appropriate sorts. A
nested symbol context is inductively defined as follows:
« O 1is a nested symbol context, called the identity context;
« if C is a single symbol context, and C is a nested symbol
context, then C,[C[O]] is a nested symbol context.
Intuitively, a context C is a nested symbol context iff the path
to O in C contains only symbols and no logic connectives.

The proof system H (Fig. |1} above the double line) has four
categories of proof rules. The first consists of all propositional
tautologies as axioms and (Mopus Ponens). The second com-
pletes the (complete) axiomatization of pure predicate logic
(two rules); see, e.g., [[16]. The third category contains four
rules that capture the property of propagation (Proposition [3).
The fourth category contains two technical proof rules that are
needed for the completeness result of 4. Note that unlike P,
all proof rules of H are general rules and do not depend on
any special symbols such as the definedness symbols.

Definition 11. For an axiom set I and a pattern ¢, we write
I' b4y ¢ iff ¢ can be proved by H with the patterns in I" as
additional axioms. We abbreviate 0 ¢/ ¢ as Fqq @.

There are two interesting observations about 9H. First,
(FraMING) allows us to lift local reasoning through symbol
contexts, and thus supports compositional reasoning in ML.
Second, the propagation axioms plus (FRAMING) inspire a close
relationship between ML and modal logics, where the ML
symbols and the modal logic modalities are dual:

Proposition 12. Let o € X, ¢ and define its “dual” as

(@1, ..,¢0n) = 0 (=@1,...,~¢,). Then we have:
o (K): kg (01 = @100 = ¢7)
- (6-(()01’ s s(Pn) - 5-(90;’ ce "p;z))!
o (N): raq @; implies var (@15 .o Qiye v vsPn)-

These rules also appear in [17], [I8] as proof rules of
polyadic modal logic. When n = 1, we obtain the standard
(K) rule and (N) rule of normal modal logic [|19].



(ProposITIONAL TAUTOLOGY)

@ if ¢ is a propositional tautology over patterns of the same sort
PY1_L1 ¢
(Mobus PoNENs) ©
(3-QUANTIFIER) ely/x] = 3x.¢
Y12
(3-GENERALIZATION) (Fx.01) = @2 if x ¢ FV(e2)
(PROPAGATION | ) ColLl] — L
H (PROPAGATIONY) Cole1 V @2] = Cole1] vV Colg2]
(PROPAGATIONZ) ColTx.p] — Ax.Coly] if x ¢ FV(Co[Ix.¢])
H, P1—= $2
(FRAMING) Cole1] = Cole2]
(EXISTENCE) dx.x
(SINGLETON VARIABLE) =(Ci[x A @] A Co[x A =¢])
where C; and C, are nested symbol contexts.

¥
(SET VARIABLE SUBSTITUTION) o[y /X]
(PrE-FIXPOINT) oluX . ¢/X] - uX .
ply/X] - ¢
(KNASTER-TARSKI) uX. o —

Fig. 1. Sound and complete proof system 7 of matching logic (above the double line) and the proof system 7, of matching u-logic

We present three important properties about H. All proof
details can be found in appendix. The first property is the
soundness theorem of H.

Theorem 13 (Soundness of H). I gy ¢ implies T Epy .

The second property is a version of deduction theorem of
H which requires definedness symbols and axioms.

Theorem 14 (Deduction theorem). For all axiom sets I" con-
taining (DEFINEDNESs) axioms (see Definition [7) and patterns
W, @ with  closed, we have TU{y} For @ iff TU gy || — .

The proof is standard, by induction on the proof length
of T U {¥} rg ¢. Here, we give it an intuitive semantic
explanation. Suppose I' U {¢/} EmL ¢. Then for all models
M ey T, if ¢ holds then ¢ also holds (we ignore valuations
as i is closed). This means M kg ¥ | — ¢, as | ] evaluates
to 0 iff ¥ does not hold in M. Note that M gy ¥ — ¢ is too
strong as a conclusion, for it requires the evaluation of ¥ is
always contained in ¢, even in models where ¢ does not hold.

The third property is that we can prove all proof rules of
P using H with (DEFINEDNESS) as axioms. This immediately
gives us the following (global) completeness result of H:

Theorem 15. For all axiom sets I’ containing (DEFINEDNESS)
axioms and all patterns ¢, we have T gy ¢ implies T +qq .

Finally, we state our main completeness result for H:
Theorem 16 (Local completeness of H). kpy @ implies g .

Here, “local” means the theory is empty (i.e., no additional
axioms); in comparison, Theorem [I3] holds for non-empty
theories. The proof of Theorem [I€ is rather complex (see
Appendix D). We drew inspiration from [20]], where a similar
result is proved for hybrid modal logic, using a mixture of
modal and first-order techniques: the ideas of canonical models

from modal logic and witnessed sets from first-order logic.
Theorem [I6] can be seen as a nontrivial generalization. Specif-
ically, we extend hybrid modal logic with V-binder [20] in
two directions. First, we consider multiple sorts, each coming
with its own universe of worlds and logical infrastructure; the
approach in [20]] has only one sort, that of “formulas”. Second,
we allow arbitrarily many modalities of arbitrary arities (see
Proposition [I2)); the approach in [20] only considers the usual,
unary “necessity” modality “0” (and its dual “<$”). Polyadic,
non-hybrid (i.e., without V-binder) variants of modal logic are
known (see, e.g., [17]), but at our knowledge our work in this
paper is the first to combine polyadic modalities and FOL
quantifiers.

The full global completeness of H is left as future work.
See Section for more discussion.

IV. From MATcHING Logic To MATcHING p-Logic

We extend ML with the least fixpoint p-binder. We call the
extended logic matching u-logic (MmL), and study its syntax,
semantics, and proof system. Many definitions, notations, and
properties of ML that are introduced in Section [[I] and [ITI] also
work for MmL, so we only focus on parts where they differ.

A. Matching u-logic syntax

Definition 17. A matching p-logic signature = (S, VAR,X)
or simply a signature is the same as a matching logic signature
except that VAR = EVAR U SVaR is now a disjoint union of
two S-indexed sets of variables: the element variables denoted
as x:s, y:s, etc. in EVAR, and the set variables denoted as
X:s,Y:s, etc in SVAR. Matching u-logic -patterns, or simply
( )-patterns, are defined inductively for all sorts s,s” € S as:

s i= x:5 € EVARg | X:s € SVarg | ---

| uX:s. s if ¢ is positive in X:s,



where the ““...” part is the same as in ML. Note that we only
quantify over element variables, not set variables. We say ¢y is
positive in X:s if every free occurrence of X:s is under an even
number of negations. We let PATTERN( ) = {PATTERNj}ses
denote the set of all matching u-logic -patterns and feel free
to drop the signature

From now on, we tacitly assume we are talking about MmL
unless we explicitly say otherwise. Intuitively, element vari-
ables are like ML variables in that they evaluate to elements,
while set variables evaluate to sets. The least fixpoint pattern
uX:s. s gives the least solution (under set containment) of
the equation X:s = ¢y of set variable X:s (this should be taken
as merely intuition at this stage, because we may not have
equality in the theories). The condition of positive occurrence
guarantees the existence of such a least solution. The notion of
free variables, a-renaming, and capture-avoiding substitution
are extended to set variables and the y-binder. The dual version
of the least fixpoint u-binder is the greatest fixpoint v-binder,
defined as vX:s. s = —uX:s.—@s[-X:s/X:s], given that ¢
is positive in X:s, (which implies that —¢,[-X:s/X:s] is also
positive in X:s, justifying the definition).

B. Matching u-logic semantics

We first review a variant of the Knaster-Tarski theorem [21]]:

Theorem 18 (Knaster-Tarski). Let M be a nonempty set and
F:PM) - P(M) be a monotone function, i.e., F(A) C
F(B) for all subsets A C B of M. Then ¥ has a unique least
fixpoint uF and a unique greatest fixpoint v¥, given as:

pF = (A€ P(M)| F(A) C A},
VF = U{A eP(M)| AC F(A)}.

We call A a pre-fixpoint of ¥ whenever F(A) C A, and a
post-fixpoint of F whenever A C F(A).

MmL models are exactly ML models where sorts are associ-
ated with their carrier sets and symbols are interpreted as rela-
tions. Valuations are extended such that element variables are
mapped to elements and set variables are mapped to subsets.
Patterns are evaluated in the same way for the ML constructs,
but extended with the evaluation of least fixpoint patterns
uX:s . ¢ as the true least fixpoints in models. Formally:

Definition 19. Let = (S, Var,X) be a signature with VAr =
EVAR U SVAR, and M = ({M;}ses, {0m}oex) be a  -model.
A valuation p: VarR — (M U P(M)) is a function such that
p(x) € My for all x € EVarg and p(X) € P(M,) for all
X € SVary. Its extension p: PATTERN — P (M) is defined as
in Definition [4] extended with:

e p(x) ={p(x)} for all x € EVARy;

e p(X) = p(X) for all X € SVARg;

o p(uX. @)= pfpp,x for all X € SVAR, where ﬂ),x(A) =

plA/X](p) for all A C M.
Here p[A/X] is the p’ with p’(X) = A and p’(Y) = p(Y) for
all Y # X. Note ?:pfix is monotone, since ¢ is positive in X.
The notions M = ¢, M £ I', and T k ¢ are defined as expected.

Proposition 20. For all axiom sets T of matching logic
patterns (without u) and all matching logic patterns ¢ (without
), we have T ey @ if and only if T E ¢.

C. Example: capturing precisely term algebras

Many approaches to specifying formal semantics of pro-
gramming languages are applications of initial algebra se-
mantics [22]]. In this subsection, we show how term algebras,
a special case of initial algebras, can be precisely captured
using MmL patterns as axioms. For simplicity, we discuss only
monosorted term algebras, but the result can be extended to the
many-sorted settings without any major technical difficulties
using the techniques introduced in Section

Definition 21. Let = ({Term},X) be a signature with one
sort Term and at least one constant. -ferms are defined as:

ri=ce z:/l,Term | C(tls o stn) for ¢ € Z:Term...Term,Term

The -term algebra T = ({T,,,},{cr }ces) consists of:

o a carrier set T, ~of all -terms;
erm

« a function cp : Ty, X - xXTp

z:Term...Term,Term defined as cr (tl9 ..

- T

Term

Lty) =c(ty,. .

for all ¢ €
).

Proposition 22. Let = ({Term},X) be a signature with one
sort Term and at least one constant. Define a -theory T®™
with (Funcrion) and (No CoNFusion) axioms (see Section
Jor all symbols in %, plus the following axiom:

(INpuctive DomaIN)  uD . \/ c(D,...,D)
ceX
Then for all -models M £ T"®™, M is isomorphic to T . In
addition, for all extended signatures * 2 and T-models
M £ T®™ we have M‘ is isomorphic to T , where M| is
the reduct model of M over the sub-signature

(Inpuctive Domain) forces that for all models M, the
carrier set My, must be the the smallest set that is closed
under all symbols in X, while (FuncTion) and (No CONFUSION)
force all symbols in X to be interpreted as injective functions,
and different symbols construct different terms.

Proposition 22]immediately tells us that MmL cannot have a
proof system that is both sound and complete for all theories,
because one can capture precisely the model (N,+,Xx) of
natural numbers with addition and multiplication with a finite
number of MmL axioms, and the model (N, +, X), by Godel’s
first incompleteness theorem [23]], is not axiomatizable.

Proposition 23. Ler = ({Nat},{0 € Z; nas, succ € Znur.Nar})
and the -theory T'®™ be defined as in Proposition where
the (Inpuctive DoMAIN) takes the following form:

(Inpuctive DomaiN)  uD . 0V succ(D)
Let the signature N extend

plus: Nat X Nat — Nat

with two functions:
mult: Nat X Nat — Nat

and the N-theory TN extend T*®™ with the standard axioms:
plus(0,y) =y plus(succ(x),y) = succ(plus(x,y))
mult(0,y) =0  mult(succ(x),y) = plus(y, mult(x, y))

Then, TN captures precisely (N,+,X), meaning that for all
models M £ TN, M is isomorphic to (N,+, x).



We finish this subsection by comparing Proposition 22] with
the nontrivial result that the term algebra T has a complete
axiomatization in FOL where the only predicate symbol is
equality [24f]. We refer to this complete FOL axiomatiza-
tion as I'ro (T ). This means that for all FOL formulas ¢,
Trol(T ) EpoL ¢ iff T EroL ¢. This result is weaker than
Proposition @ because by Lowenheim-Skolem theorem [25]],
the FOL theory I'ro (T ) has models of arbitrarily large car-
dinalities (if = contains non-constant constructors), meaning
that there are models M kroL T'roL(T ) with strictly more
elements than T , and thus cannot be isomorphic to T . It is
just the case that the FOL models of T'ro (T ) satisfy exactly
the same FOL formulas as 7' . Proposition on the other
hand, shows that the MmL theory '™ captures T up to
isomorphism. Many automatic reasoning approaches [26], [27]
for algebraic datatypes and co-datatypes exploit this complete
axiomatization I'ro (T ). These approaches can be generalized
to MmL settings and provide (semi-)decision procedures for
the corresponding MmL theories. We leave this as future work.

D. Matching u-logic proof system

Proposition 23] implies that MmL cannot have a sound and
complete proof system. The best we can do then is to aim for a
proof system that is good enough in practice. We take the ML
proof system H and extend it with three additional proof rules
(see Fig. E]) Rules (Pre-FixpoinT) and (KNASTER-TARSKI)
are standard proof rules about least fixpoints as in modal
p-logic [8]]; sometimes (KNasTER-TARskI) is referred to as
Park induction [28]]-[30]. Rule (SET VARIABLE SUBSTITUTION)
allows us to prove from + ¢ any substitution + @[y/X] for
X € SVar. That X is a set variable is crucial. In general,
we cannot prove from + ¢ that + ¢[¥/x] for x € EVag,
because it does not hold semantically. As shown in [1]], it
only holds when y is functional, that is, when i evaluates to
a singleton set. Indeed, suppose that ¢ is not functional, say it
is the pattern OV succ(0) over the signature of natural numbers
in Proposition 23] which evaluates to a set of two elements.
Then we can pick ¢ to be the tautology Jy. x = y, and then
o[y /x] becomes Ty . ¥ = y, which states that ¢ evaluates to
a singleton set (the valuation of y), which is a contradiction.

We let H,, denote the extended proof system in Fig. (1| and
from here on we write I' ¢ instead of I" k¢, ¢.

Theorem 24 (Soundness of H,,). '+ ¢ implies T & .
E. Instance: Peano arithmetic

We illustrate the power of (Pre-FixpoinT) and (KNASTER-
Tarski) by showing that they derive the (INpucTiON) schema
in the FOL axiomatization of Peano arithmetic [31]], [32]]:

(InpuctioN)  @(0) A Vx. (¢(x) = @(succ(x))) — Vx. o(x)
where ¢(x) is a FOL formula with a distinguished variable x.

We encode the FOL syntax of Peano arithmetic following
the technique in Section that is, we define a signature

Peano. — ({Nat, Pred},=N) where N is defined in Proposi-
tion @] that contains the functions 0, succ, plus, mult, and let
I'Peam contain the same equation axioms as I'N. The Peano.
patterns of sort Pred are those built from equalities between

two patterns of sort Nat, as well as connectives and quantifiers.

Proposition 25. Under the above notations, we have:
Peane L ,0) A Vx . (¢(x) — @(suce(x))) — Vx . o(x).

V. DEFINING RECURSIVE SYMBOLS AS SYNTACTIC SUGAR

Intuitively, the least fixpoint pattern uX . specifies a
recursive set that satisfies the equation X = ¢, where ¢ may
contain recursive occurrences of X. For example, the pattern
uX . 3V plus(X, X) specifies the set of all nonzero multiples
of 3, which intuitively defines a recursive constant:

m3 € X Nat m3 =15, 3V plus(m3,m3).

Here, “=),” is merely a notation, meaning that we want m3 to
be the least set that satisfies the equation. Note that the total
set of all natural numbers is a trivial solution.

The challenge is how to generalize the above and define
recursive non-constant symbols. For example, suppose we want
to define a unary symbol collatz € Xy N as follows:

collatz(n) =y
nV (even(n) A collatz(n/2)) vV (odd(n) A collatz(3n + 1))

with the intuition that collatz(n) gives the set of all numbers in
the Collatz sequencd]'] starting from n. However, the u-binder
in MmL can only be applied on set variables, not on symbols,
so the following attempt is syntactically wrong:

collatz(n) = po(n) . /I u can only bind a set variable
nV (even(n) A a(n/2)) Vv (odd(n) A o(3n + 1))

One possible solution could be to extend MmL with the
above syntax and allow the p-binder to quantify symbol
variables, not only set variables. The semantics and proof
system could be extended accordingly. This is exactly how
first-order logic with least fixpoints extends FOL [7]. But do
we really have to? After all, our proof rules (PRE-FIixpOINT)
and (KNasTer-Tarski) in Fig. [I] are nothing but a logical
incarnation of the Knaster-Tarski theorem, which has been
repeatedly demonstrated to serve as a solid if not the main
foundation for recursion. Therefore, we conjecture that the
H proof system in Fig. |1| is sufficient in practice, and thus
would rather resist extending MmL. That is, we conjecture
that it should be possible to define one’s desired approach to
recursion/induction/fixpoints using ordinary MmL theories; as
an analogy, in Section we showed how we can define
definedness, totality, equality, membership, set containment,
functions, partial functions, constructors, etc. (see [1]] for
more) as theories, without a need to extend ML.

In particular, we can solve the above recursive symbol
challenge by using the principle of currying-uncurrying to
“mimic” the unary symbol collatz € Znu nas With a set variable
collatz : Nat® Nat, where Nat® Nat is the product sort (defined
later; the intuition is that Nat ® Nat has the product set N x N
as its carrier set), and thus reducing the challenge of defining
a least relation in [N — P(N)] to defining a least subset of
P (N x N), which can be done with the MmL u-binder.

'A Collatz sequence starting from n > 1 is obtained by repeating the
following procedure: if n is even then return n/2; otherwise, return 3n + 1.



A. Principle of currying-uncurrying and product sorts

The principle of currying-uncurrying [33]], [34]] is used in
various settings (e.g., simply-typed lambda calculus [35]]) as
a means to reduce the study of multi-argument functions to
the simpler single-argument functions. We here present the
principle in its adapted form that fits best with our needs.

Proposition 26. Let My, ..., M, , M be nonempty sets. The

principle of currying-uncurring means the isomorphism
curry

P(Mg, X - X Mg, X My) == [M,, X --- X M, — P(M,)]

uncurry
defined for all a; € M,,...,an € Ms,,b € Ms,a C Mg XX
M, X M, and f: Mg, X -+ X My, — P(Mj) as:
curry(a)(ay,...,ay) = {b e M | (ay,...,an,b) € a}
uncurry(f) = {(a1,...,an,b) | b € f(ar,...,an)}.

The tuple set uncurry(f) is also called the graph of f.

In other words, we can mimic an n-ary symbol o € X, , s
with a set variable of the product sort s1®---Q® s, ® s, whose
(intended) carrier set is exactly the product set My, X... M, X
M. This inspires the following definition.

Definition 27. Let 5,5’ be two sorts, not necessarily distinct.
The product sort s®s’ is a sort that is different from s and s’.
Pairing (_, )s.s: sX s’ — s® s’ is a function and projection
_(Ds.s: s®s"xs — s’ is a partial function, and we drop sorts
s, s’ for simplicity. Define three axioms:

(Inyectivity)  (ki,vi) = (ko, o) — (k1 = ko) A (v] = »2)

(KeEY-VALUE)  (ki,v)(kp) = (k1 = ky) A v

(Probucr) k3Av . (k,v)

that force the carrier set of s ®¢ to be the product of the ones
of s and ¢ and pairing/projection to be interpreted as expected.
Note that we assume definedness symbols/axioms because we
have used the function and partial function notations as well
as equality in the axioms.

The product of multiple sorts and the associated pair-
ing/projection operations can be defined as derived constructs
as follows. Given (not necessarily distinct) sorts si,...,8,,s
and patterns ¢y,. . .,¢,, ¢, of appropriate sorts, we define:

S1Q9 - ®5,95=510(520(-®(5,®5)...))
<()01" . -,(,Dn,(,0> = <901’<' . "<90n’90> .. >>
Y@, on) =Y(e1) . (¢n).

Note that we tacitly use the same syntax _(_,...,_) for both
symbol applications and projections to blur their distinction.
In particular, if o0:5;1 ® -+ ® 5, ® s is a set variable of the
product sort, then o (¢y,...,¢,) is a well-formed pattern of
sort s iff ¢1,...,¢, have the appropriate sorts si,...,S,.

B. Defining recursive symbols in matching u-logic

Definition 28. Let = (S,X) be a signature and o € X, s>
containing the product sorts and pairing/projection symbols.
We use the notation o (x1,...,X,) =If ¢ to mean the axiom:
.y xn) =

(uos1 @+ ® sy, ®s.3x1...3x, . (x1,..

o(xy,..

X X1, 5 Xp)

where Jxp...3x,.(x1,...,x,,¢) captures the graph of ¢
as a function w.rt. xi,...,x,. Note that in the axiom, all
occurrences of o € Xy, g, ¢ in ¢ are tacitly regarded as the
set variable o:s1 ® -+ - ® s, ® s, which are then bound by u-
binder. A symbol o € X, _, ¢ obeying this axiom is called
recursive.

Recursive symbols can be used to define various
(co)inductive data structures and relations. In Section we
will see how first-order logic with least fixpoints (LFP) can be
captured as notations using recursive symbols. In Section [VII}
we will show that recursive definitions in separation logic, such
as lists and trees, can also be defined as recursive symbols.
However, Deﬁnition@is not ideally convenient when it comes
to reasoning about recursive symbols because it is complex
and contains many details about the product sorts. Instead, we
want to reason about recursive symbols in a similar way to how
we reason about the basic least fixpoint patterns uX . ¢, using
a generalized form of (PrRe-FixpoINT) and (KNASTER-TARSKI).
This is achieved by the following theorem.

Theorem 29. Let o € X, s, s be a recursive symbol defined
as o(x1,...,X,) =1fp @ I be a theory, ¥ be a pattern, and

»Zn/*nl)
()

F't(3z1...32,.21 EQ1L A A2y € @ AW [21/ X1, ..
= ylo1/xt,....,on/x]  forall o,...,0n

Then the following hold:
e Pre-Fixpoint: T + ¢ — o (xy,...,Xn);
o Knaster-Tarski: T'v @[y /o] = ¢ implies T+ o (xq,...,x,) —
W, where @[ /o] is the result of substituting all patterns
of the form o (¢1,...,¢n) in @ with YWle1/x1,. .., 0n]Xn].

Condition (f)) is a logic incarnation of the property of propaga-
tion (Proposition E]) of  as a function w.r.t. xi,..., x,, which
requires, intuitively, that  “behaves like a symbol”.

VI. INSTANCE: FIRST-ORDER LoGic wiTtH LEAST FixPoINTS

First-order logic with least fixpoints (LFP) [7]] extends the
syntax of first-order logic formulas with:

¢ = PR x,..ox, P11 - s 1)

where R is a predicate variable and ¢ is a formula that is
positive in R. Intuitively, “[Ifpg ,,  , ¢]” behaves as the least
fixpoint predicate of the operation that maps R to ¢. Due to its
complexity and our limited space, we skip the formal definition
of the semantics and simply denote the validity relation in
LFP as k rp ¢. A comprehensive study on LFP can be found
in [36]]. As an example, the following LFP formula holds iff
x is a nonzero multiple of 3:

(fog..z =3V Iz13z2 . R(z1) A R(22) A z = plus(z1,22)](x)

Given the notations of recursive symbols defined in Sec-
tion [V] it is straightforward to subsume LFP by extending the
theory I'"°L defined in Section with product sorts and
pairing/projection symbols, and the syntactic sugar:

(PR xoox, (ELs o t) =

(UR: 51Q...®5,QPred.dxy ... 3xy . (X1, ., Xy @))(t15- - -, 1n)



for all predicate variables R with argument sorts si,...,S,.
A minor difference here is that we add one additional axiom,
Vx:PredVy:Pred.x = y, to constrain that the carrier set of
sort Pred is a singleton set so that all MmL models can be
regarded as FOL/LFP models. This fact is used to prove the
“only if” part in the next theorem[’] We denote the resulting
theory I'*P.

Theorem 30. If ¢ is an LFP formula, then e rp ¢ iff TXP £ .

VII. INSTANCE: SEPARATION LoGIC WITH RECURSIVE
DEFINITIONS

Separation logic [37] (shortened as SL) is a logic specifi-
cally crafted for reasoning about heap structures. Separation
logic with recursive definitions (shortened as SLRD) extends
SL with recursive predicates that give the ability of describing
precisely unbounded heap structures. Both SL and SLRD have
many variants; the formalization that we consider here is
adapted from [38]]. For simplicity, we do not consider mutual
recursive definitions in this paper. We leave it as future work.

The most characteristic construct in SL is separating con-
Jjunction, denoted ¢ * ¢y, which specifies a conjunctive heap
of two disjoint heaps. In addition, SL has the model of heaps
(i.e., finite maps) hard-wired in its semantics, which makes it
a logic specifically crafted for heap reasoning.

On the contrary, ML/MmL offer general facilities to define
any structures and constraints via symbols and patterns. In
addition, MmL uses the u-binder and recursive symbols (see
Section [V)) to capture the recursive predicates in SLRD. As
shown in [1]], SL can be precisely captured in ML by fixing the
model of finite maps. In the following, we show that SLRD
can be precisely captured in MmL in exactly the same manner.

A. Separation logic with recursive predicates: syntax and
semantics
The syntax of SLRD is parametric in a set VAR of variables
and a finite set RPReD = {py,...,pr} of recursive predicates,
where we denote the arity of p; is a; for 1 < i < k. Let nil
be a distinguished constant that is different from all variables.
SLRD terms and formulas are given by the following grammar:
terms ¢ == x € VAR | nil
formulas ¢ == (FOL syntax) | emp | t; — t;
| @1 @2 | @1 = ¢ “magic wand”
| pi(t1,. .

A recursive definition set D = {y,..., ¥y} specifies the
recursive definitions of each recursive predicates as follows:

.,1g;) for p; € RPRED

pi(X1,. . Xay) =ip Ui, - s DXL, Xay ) =i Yk

where we require that FV(y;) C {x,...,%4}, ¥; does not
contain other recursive predicates other than p;, and that p; is
positive in ¢;.

2We do not need that axiom in defining FOL in ML, as seen in Section
because there the “if” part is proved via a proof theoretical approach, using
the completeness proof system of FOL and the fact that we can mimic FOL
proofs in ML (see [1]). Since LFP does not have a complete proof system,
we have to add additional axioms to further constrain on the MmL models.

SLRD formulas are interpreted over a typical RAM model
that consists of a store s: VAR — N and a heap h: N* —q, N,
where N* denotes the set of positive natural numbers. We
extend the store s over all terms by letting s(nil) = 0. We use
dom(h) to denote the domain of h. When dom(h)Ndom(h;) =
0, we say that hy and hy are disjoint and let h; * h, denote the
heap 4’ such that dom(h’) = dom(h;) U dom(h,), h/|dom(h1) =
hy, and By o= ho.

Given a recursive definition set D, a store s, and a heap A,
SLRD semantics s,h kp ¢ is defined inductively as follows:

e 5,hEp @ iff s FpoL ¢, for FOL formula ¢;

o s, hEp emp iff dom(h) = 0;

e s,h Ep 1 > 1 iff s(1y) # 0, dom(h) = {s(¢;)}, and

h(s(n)) = s(t2);

e 5,h Ep @1 * o iff there exist Ay, hy such that s,k Ep @1,

s,hy Ep ©, and h = hy = hp;

e s,h Ep ¢ — @y iff for all A’ such that A, h’ are disjoint

and s,h’ Ep @1, we have s,h = h’' Ep ¢2;

o S hEp pilti,. . ta) i (s(t1),. .., 5(t0,), h) € [pi] P
where the semantics [p;]? of the recursive predicate p; under
D is defined later. We say ¢ is valid, denoted kggp ¢, iff
s,h Ep ¢ for all s and h.

For notational simplicity, we let H = [N* —g, N] denote
the set of heaps. For 1 < i < k, we define P; = P(N% x H)
and P = Py x - - - X Px. We define the function ¥: P — P as
follows:

P {(s(x1),- .o, 85(xa)), 1) | s,h Ep Y}

F
—

};k {(s(xy),. . .,s(xak'), h)|s,hep Yy}

where P; C P; for 1 < i < k and the relation Ep is defined
the same as £p except that [p;]¥ = P;. We finally define the
semantics of all recursive predicates [p1]P x- - -x[pr]P = uF.

As an example, the following recursive predicate list cap-
tures all singly linked lists:

list(x) =1p (x = nil) Aemp vV Iy . (x # nil) A x — y = list(y)

B. Defining separation logic with recursive definitions in
matching u-logic

To subsume the syntax of SLRD, we define an MmL
signature  S'RP = ({Nat, Heap}, S"FP) that contains two sorts
Nat for natural numbers and Heap for heaps. The symbol set
¥SLRD contains the distinguished constant nil € X, . and the
following recursive predicates and heap constructors:

SLRD
pi € z:N(/zt ... Nat,Heap

emp: — Heap
_+—_: Nat X Nat — Heap

/I recursive predicate
/I empty heap
/I singleton heap

_*_: Heap X Heap — Heap // separating conjunction

Note that p; is a symbol, emp is a function, and _ — _ and
_ *_ are partial functions. The magic wand ¢; — ¢, can be
defined as a derived construct as follows (also see [1])):

(p]—*QOQEHh.h/\Lh*(,D] —)(sz



Intuitively, the pattern ¢ — ¢, is matched by all heaps & such
that h = ¢ is contained in ¢5; that is, for all heaps /; that
matches ¢;, we have that & = h; matches ¢;. This intuition
matches the semantics of ¢; — ¢, in SLRD.
To subsume the semantics of SLRD, we define the following
SLRD_theory T'S'RP that contains the basic axioms about the
heap constructors and the definitions of recursive predicates:

(Empty HEAP) empxh=hxemp=nh

(ASSOCIATIVITY) (hy * hy) = hy = hy * (hy = h3)
(COMMUTATIVITY) hyxhy = hy «

(Nw) (nil = ¥) = Lpteay
(CoLLISION) (x> ) (x> 2) = LHeqp

(RECURSIVE PREDICATES)  pi(X1,...,Xq;) =ifp ¥i

As said in the beginning of this section, SL/SLRD have
the model of heaps hard-wired in the semantics. To capture
precisely SL/SLRD semantics, we define the S-RP-model
Map = ({Mapy,, Mapeqp}s {OMap} & essiro), called the canon-
ical model of finite maps, where Mapy,, = N, Mapy,,, = H,
and all symbols in XS-FP are interpreted in the intended way:
nil is interpreted as 0; emp is interpreted as the empty heap;
_ +—_ isinterpreted as the corresponding singleton heap except
when the first argument is zero in which case it is undefined
(note that _ +— _ was declared as a partial function); _ *_ is
interpreted as the union of two disjoint heaps or, if they are
not disjoint, undefined; and p; is interpreted as the recursive
relation [[p;]P. Map satisfies all axioms above.

Theorem 31. For all SLRD formulas ¢, we have ks gp ¢ iff
Map E ¢.

VIII. Instances: MopaL pu-CarLcurLus AND TEMPORAL Logics

We have seen how MmL symbols and patterns can be
used to specify both structure and constraints, such as terms
(Section [IV-C)) and FOL (Section [[I-D), as well as various
induction, recursion and least fixpoints schemas (Sections[[V-E|
and [V)) over these. These suffice to express and prove program
assertions, including complex state abstractions (see also how
separation logic falls as a fragment of ML in [[1]), in contexts
where MmL is chosen as a static state assertion formalism in
program verification frameworks based on Hoare logic [39],
dynamic logic [11], or reachability logic [2]]. However, as
explained in Section [} our ultimate goal is to support not only
static state assertions, but any program properties, including
ones that are usually specified using Hoare, dynamic, or
reachability logics. We start the discussion in this section
by showing how MmL symbols and patterns can also be
used to specify dynamic transition relations, which are often
captured by modalities in modal u-logic and dynamic logic;
in Section [X] we then discuss how MmL also subsumes
reachability logic, which subsumes Hoare logic [6].

A. Modal u-logic syntax, semantics, and proof system

The syntax of modal p-logic [8]] is parametric in a countably
infinite set PVAR of propositional variables. Modal pu-logic
formulas are given by the grammar[}

pi=pePVAR | oA | @ |op| uX. g if ¢ is positive in X

where p, X € PVAR are propositional variables. As a conven-
tion, p is used for free variables while X is used for bound
ones. Derived constructs are defined as usual, e.g., ¢ = —o—p.
Modal u-logic semantics is given using transition systems
S = (S,R), with S a nonempty set of states and R C Sx S a
transition relation, and valuations V: PVArR — P(S), as follows:

. [Py = V(p):

o [e1 A @l = [eily N ey

o [-ely =S\ el

o [ogly ={s €S |sRt implies 1 € [} for all r € S};

o [uX. ()DH\S/ =({ACS| [[‘PH\S/[A/X] C A}
A modal p-logic formula ¢ is valid, denoted k, ¢, if for all
transition systems S and all valuations V, we have [¢]} = S.
A proof system of modal u-logic is firstly given in [§] and
then proved to be complete in [40]]. It extends the proof
system of propositional logic with the following proof rules:

) olpr = p2) = g1 = op2) () =
ely/X] - ¢
X.p/X] — uX. R
(1) pluX.o/X] > uX. ¢ (u2) .

We denote the corresponding provability relation as +, ¢.
Notice that (K) and (N) are provable in MmL (Proposition ,
and (u;) and (up) are our (Pre-FixpoinT) and (KNASTER-
Tarski). This means that we can easily mimic all modal
p-logic proofs in MmL (i.e. “(2) = (3)” in Theorem [32).

B. Defining modal p-logic in matching p-logic

To subsume the syntax of modal u-logic, we define a sig-
nature (of transition systems) 5 = ({State},{e € Z;;te’&m})
where symbol “e” is called one-path next. We regard proposi-
tional variables in PVAR as MmL set variables. We write e¢
instead of e(¢), and define o = —e—. Then all modal p-logic
formulas ¢ are MmL TS-patterns of sort State. Finally, note
that no axioms are needed; let T'* be the empty 'S-theory.

An important observation is that the "S-models are exactly
the transition systems, where o € {3 ¢ is interpreted as
the transition relation R. Specifically, for any transition system
S = (S,R), we can regard S as a "S-model where S is the
carrier set of State and es(t) = {s € S | s Rt} contains all
R-predecessors of t. This might seem counter-intuitive at first
glance: why “one-path next” is interpreted as the predecessors

instead of the successors of R? See the following illustration:

s LN K /I states
(1Y% (17 o) /I patterns
In other words, e¢ is matched by states that have at least one
next state that satisfies ¢, conforming to the intuition. Another

R
’ NG

3The modal u-logic literature often uses O¢ and ¢¢ instead of op and
op. We here use the latter to avoid confusion with the “always” O¢ and
“eventually” ¢¢ in LTL and CTL.



interesting observation is about ey and its dual, op = —e—yp,
called all-path next. The difference is that op is matched by
s if for all states t such that s R t, we have ¢ matches ¢. In
particular, if s has no successor, then s matches oy for any ¢.
This is formally summarized in Proposition [33]

We now feel free to take any transition system S as an MmL

TS_model. The following conservative extension theorem
shows that our definition of modal p-logic in MmL is faithful,
both syntactically and semantically. What is insightful about
the theorem is its proof, which can be applied to other logics
discussed in this paper to obtain similar results.

Theorem 32. The following properties are equivalent for all
modal p-logic formulas ¢: (1) &, ¢; (2) by @; (3) TH - @) (4)
TH e @ (5) M E ¢ for all "S-models M such that M £ T*;
(6) S ky @ for all transition systems S.

Proof sketch: We only need to prove “(2) = (3)” and
“(5) = (6)”, as the rest are already proved/known. “(1) =
(2)” follows by the completeness of modal u-logic, which is
nontrivial but known [40]. “(2) = (3)” follows by proving
all modal p-logic proof rules as theorems in MmL (Propo-
sition [12). “(3) = (4)” follows by the soundness of MmL
(Theorem [24). “(4) = (5)” follows by Definition [T9] “(5) =
(6)” follows by proving its contrapositive statement, “k, ¢
implies T'* ¢ ¢”, by taking a transition system S = (S, R) and
a valuation V such that [¢]5 # S, and showing that if we
regard S as a TS_model and V as an S-valuation in MmL,
then S £ T¥ and V(¢) # S, which means that T ¢ ¢. Finally,
“(6) = (1)” follows by definition. ]

Therefore, modal p-logic can be regarded as an empty
theory in a vanilla MmL without quantifiers, over a signature
containing only one sort and only one symbol, which is unary.
It is worth mentioning that variants of modal u-logic with
more modal modalities have been proposed (see [41]] for a
survey). At our knowledge, however, all such variants consider
only unary modal modalities and they are only required to obey
the usual (K) and (N) proof rules of modal logic. In contrast,
MmL allows polyadic symbols while still obeying the desired
(K) and (N) rules (see Proposition , allows arbitrary further
constraining axioms in MmL theories, and also quantification
over element variables and many-sorted universes.

C. Studying transition systems in MmL

The above suggests that MmL may offer a unifying play-
ground to specify and reason about transition systems, by
means of 'S-theories/models. We can define various tempo-
ral/dynamic operations and modalities as derived constructs
from the basic “one-path next” symbol “e” and the u-binder,
without the need to extend the syntax and semantics of the
logic. We can constrain the models/transition systems of inter-
est using additional axioms, without the need to modify/extend
the proof system of the logic. In what follows, we show that by
defining proper constructs as syntactic sugar and adding proper
axioms, we can capture faithfully LTL (both finite- and infinite-
trace), CTL, dynamic logic (DL), and reachability logic (RL).

Let us add more temporal modalities as derived constructs
(we have seen “all-path next” og in Section [VIII-B):

“eventually” ¢ = uX. ¢V eX
“always” Op = vX. @ AoX
“(strong) until” ¢; U ¢y = uX . @3 V (1 A 0X)
“well-founded” WF = uX .oX // no infinite paths

Proposition 33. Let S = (S, R) be a transition system regarded
TS_model, and let p be any valuation and s € S. Then:

as a
e 5 € p(ey) if there exists t € S such that s Rt, t € p(p),

in particular, s € p(eT) if s has an R-successor;

s € ploy) if for all t € S such that s Rt, t € p(p); in

particular, s € p(oLl) if s has no R-successor;

s € p(O@) if there exists t € S such that s R* t, t € p(p);

s € p(Qy) if for all t € S such that s R* t, t € p(p);

s € p(p1U o) if there exists n > 0 and ty,. . .,t, € S such

that sSRt{R---Rty, t, € p(¢2), and s,t1,. .., th—1 € p(@1);

s € p(WF) if s is R-well-founded, meaning that there is

no infinite sequence ty,ty,--- € S with s Rty Rt R ...,

where R* = J;5o R' is the reflexive transitive closure of R.

D. Instances: temporal logics

Since MmL can define modal u-logic (as an empty theory
over a unary symbol), it is not surprising that it can also define
various temporal logics such as LTL and CTL as theories
whose axioms constrain the underlying transition relations.
What is interesting, in our view, is that the resulting theories
are simple, intuitive, and faithfully capture both the syntax
(provability) and the semantics of these temporal logics.

1) Instance: infinite-trace LTL: The LTL syntax, namely

pu=pePVAR [@A@[-p|op|oUg

is already subsumed in MmL with the derived constructs we
give in Section Other common LTL modalities such
as “always O¢” are defined from the “until U” modality in
the usual way. Infinite-trace LTL takes as models transition
systems whose transition relations are linear and infinite into
the future. We assume readers are familiar with the semantics
and proof system of infinite-trace LTL (see [[10], e.g.) and skip
their formal definitions. We use “EinirL” and “Fipst” to denote
infinite-trace LTL validity and provability, respectively.

To capture the characteristics of both “infinite future” and
“linear future”, we add the following two patterns as axioms:
(INF) oT (LiN) X — oX
and denote the resulting S-theory as 'L, Note that by
(SET VARIABLE SUBSTITUTION), We can prove from axiom (Lin)
that ep — o for all patterns ¢. Intuitively, (INF) forces all
states s to have at least one successor, and thus all traces can
be extended to an infinite trace, and (LiN) forces all states s to
have only a linear future. The following theorem shows that
our definition of infinite-trace LTL is faithful both syntactically

and semantically, proved exactly as Theorem

Theorem 34. The following properties are equivalent for all
infinite-trace LTL formulas ¢: (1) FinitL @5 (2) EinflTL @5 (3)
rinfLTL F o (4) l"infLTL E .



Therefore, infinite-trace LTL can be regarded as a theory
containing two axioms, (INF) and (LiN), over the same signa-
ture as the theory corresponding to modal u-logic.

2) Instance: finite-trace LTL: Finite execution traces play
an important role in program verification and monitoring.
Finite-trace LTL considers models that are linear but have
only finite future. The following syntax of finite-trace LTL:

pui=pePVaR [N @ | g |op| Uy ¢
differs from infinite-trace LTL in that the “until U, is
weak until, meaning that ¢; U,, ¢» does not force that ¢,
holds eventually. Again, we assume readers are familiar with
the semantics and proof system of finite-trace LTL (if not,
see [10]) and use “FintL” and “knrL” to denote its validity
and provability, respectively.

To subsume the above syntax, we define in MmL.:

“weak until” ¢ Uy, @2 = uX .2 V (@1 A oX).
To capture the characteristics of both finite future and linear
future, we add the following two patterns as axioms:

(FiN) WF = uX .oX (Lin) X — oX

and call the resulting T"S-theory I'"“T“ Intuitively, (FIN)
forces all states to be well-founded, meaning that there is no
infinite execution trace in the underlying transition systems.

Theorem 35. The following properties are equivalent for all
finite-trace LTL formula ¢: (1) it @5 (2) EdntL @5 (3)
rfinLTL Fo; (4) rfinLTL E .

Therefore, finite-trace LTL can be regarded as a theory con-
taining two axioms, (Fin) and (Lin), over the same signature
as the theory corresponding to modal u-logic.

3) Instance: CTL: CTL models are transition systems that
are infinite into the future and allow states to have a branching
future (rather than linear). The following syntax of CTL:

p:i=pePVArR | A@|-p|AXp |EXp | pAU ¢ | pEU
is extended with the following derived constructs:
EFy = true EU ¢ AGyp = —-EF-¢
AFp = true AU ¢ EGy = -AF—¢

The names of the CTL modalities suggest their meaning: the
first letter means either “on all paths” (A) or “on one path” (E),
and the second letter means “next” (X), “until” (U), “always”
(G), or “eventually” (F). For example, “AX” is “all-path next”,
“EU” is “one-path until”, etc. We refer readers to [42] for
CTL definitions, semantics and proof system. Here we denote
its validity and provability as “kct.” and “Fcr.”, respectively.

To define CTL as an MmL theory, we add only the axiom
(InF) for infinite future and use the following syntactic sugar:

o1 AU @2 = uX. @2 V (@1 A oX)
P1EU @y = uX. 02 V (g1 A 0X)
CTL-

AXp = op
EXp = op
The resulting "S-theory is denoted as I'

Theorem 36. For all CTL formulas ¢, the following are
equivalent: (1) vcr ¢; (2) Fer i (3) TS+ i (4) T &

Therefore, CTL can be regarded as a theory over the same
signature as the theory corresponding to modal u-logic, but

containing one axiom, (INF). It may be insightful to look at
all three temporal logics discussed in this section through the
lenses of MmL, as theories over a unary symbol signature:
modal p-logic is the empty and thus the least constrained
theory; CTL comes immediately next with only one axiom,
(InF), to enforce infinite traces; infinite-trace LTL further
constrains with the linearity axiom (Lin); finally, finite-trace
LTL replaces (InF) with (Fin). We believe that MmL can serve
as a convenient and uniform framework to define and study
temporal logics. For example, finite-trace CTL can be trivially
obtained as the theory containing only the axiom (Fiv), LTL
with both finite and infinite traces is the theory containing only
the axiom (LiN), and CTL with unrestricted (finite or infinite
branch) models is the empty theory (i.e., modal u-logic).

E. Instance: dynamic logic

Dynamic logic (DL) [11]—[13]], [43] is a common logic
used for program reasoning. The DL syntax is parametric
in a set PVAR of propositional variables and a set APcm
of atomic programs, each belonging to a different formula
syntactic category:

@ i==p€ePVAR | ¢ — ¢ | false | [a]y
a=a€APeMm |a;a|aVUa|a®|¢?

The first line defines propositional formulas. The second line
defines program formulas, which represent programs built
from atomic ones with the primitive regular expression con-
structs. Define (@)¢ = —[a](—¢). Intuitively, [a@]e holds if all
executions of a lead to ¢, while ()¢ holds if there is one
execution of « that leads to ¢. Common program constructs
such as if-then-else, while-do, etc., can be defined as derived
constructs using the four primitive ones; see [[11]]—[|13]]. We let
“epL” and “rp.” denote the validity and provability of DL.

It is known that DL can be embedded in the variant of modal
p-logic with multiple modalities (see, e.g., [41]]). The idea is
to define a modality [a] for every atomic program a € APGm,
and then to define the four program constructs as least/greatest
fixpoints. We can easily adopt the same approach and associate
an empty MmL theory to DL, over a signature containing
as many unary symbols as atomic programs. However, MmL
allows us to propose a better embedding, unrestricted by the
limitations of modal p-logic. Indeed, the embedding in [41]]
suffers from at least two limitations that we can avoid with
MmL. First, sometimes transitions are not just labeled with
discrete programs, such as in hybrid systems [44] and cyber-
physical systems [45]] where the labels are continuous values
such as elapsing time. We cannot introduce for every time
t € Ry a modality [z], as only countably many modalities are
allowed. Instead, we may want to axiomatize the domains of
such possibly continuous values and treat them as any other
data. Second, we may want to quantify over such values, be
they discrete or continuous, and we would not be able to do
so (even in MmL) if they are encoded as modalities/symbols.

Let us instead define a signature (of labeled transition
systems) S = ({State,Pgm},Z5'S U {e € LTS b

227 A,Pgm Pgm State, State
where the “one-path next o” is a binary symbol taking an ad-



ditional Pgm argument, and for all atomic programs a € APom
we add a constant symbol a € Zl;lT}Sng' Just as all  "S-models
are exactly transition systems (Section [VIII-B]), we have that all

LTS_models are exactly labeled transition systems. We define

compound programs as derived constructs as follows:

(@)g = o(a,9) [a]e = ~(a)-¢

(SeQ) [a; Ble = [a][Ble  (Cuoick) [a U Bl = [ale A [Ble
(Test) [y e =W — ¢) (tER) [@"]p = vX. (¢ A [a]X)

Like for the embedding of modal u-logic (Section [VIII-B), no
axioms are needed. Let I'°" denote the empty "S-theory.

Theorem 37. For all DL formulas ¢, the following are
equivalent: (1) vpL ¢; (2) epL @; (3) TP+ @; (4) TPL £ .

We point out that the iterative operator [a* ]y is axiomatized
with two axioms in the proof system of DL (see, e.g., [13]):

(DL-ITER) ¢ Alalle’le & [

(DL-ITER>) ¢ Al = [al) = [l

while we just regard it as syntactic sugar, via (ITER). One
may argue that (ITEr) desugars to the v-binder, though, which
obeys the proof rules (Pre-FixpoinT) and (KNASTER-TARSKI)
that essentially have the same appearance as (DL-ITEr|) and
(DL-ITERy). We agree. And that is exactly why we think that
we should have one uniform and fixed logic, such as MmL,
where general fixpoint axioms are given to specify and reason
about any fixpoint properties of any domains and to develop
general-purpose automatic tools and provers. When it comes
to specific domains and special-purpose logics, we can define
them as theories/notations in MmL, as what we have done
in this section for modal p-logic and all its fragment logics.
Often, these special-purpose logics are simpler than MmL
and more computationally efficient. In particular, modal u-
logic and all its fragment logics shown in this section are
not only complete but also decidable [[19]], while MmL does
not have any complete proof system and thus its validity is
not semi-decidable. Therefore, the existing decision procedures
and completeness results of these special-purpose logics give
decision procedures and (global) completeness results (such as
Theorem [32)) for the corresponding MmL theories.

IX. INSTANCE: REACHABILITY LogGIc

Reachability logic (RL) [2] is an approach to program ver-
ification using operational semantics. Different from other ap-
proaches such as Hoare-style verification, RL has a language-
independent proof system that offers sound and relatively
complete deduction for all programming languages. RL is the
logic underlying the K framework [46]], which has been used to
define the formal semantics of various real languages such as
C [3]l, Java [4]], and JavaScript [3], yielding program verifiers
for all these languages at no additional cost [6].

In spite of its generality w.r.t. languages, reachability logic
is unfortunately limited to specifying and deriving only reach-
ability properties. This limitation was one of the factors that
motivated the development of MmL. Fig. [§] shows a few RL
proof rules; notice that unlike Hoare logic proof rules, RL

pL=¢m€EA
Abtc o1 = ¢
Atc o1 = ¢y AUCE @ = @3
Atc o1 = ¢3
M9l Arc o] = @) MTrpl-g,
Atc o1 = ¢
Atculpi=p) $1 = ¢2
Abrc o1 = ¢

Fig. 2. Some selected proof rules in the proof system of reachability logic

(AxiOoM)

(TRANSITIVITY)

(CONSEQUENCE)

(CIRCULARITY)

proof rules are not specific to any particular programming
language. The programming language is given through its
operational semantics as a set of axiom rules, to be used via
the (Axiom) proof rule. The characteristic feature of RL is its
(CircuLarITY) rule, which supports reasoning about circular
behavior and recursive program constructs. In this subsection,
we show how RL is faithfully defined in MmL and all its proof
rules, including (CiIRCULARITY), can be proved in MmL.

A. RL syntax, semantics, and proof system

RL is parametric in a model of ML (without w) called
the configuration model. Specifically, fix a signature (of static
program configurations) 9 which may have various sorts
and symbols, among which there is a distinguished sort Cfg.
Fix a %9-model M9 called the configuration model, where
M?g is the set of all configurations. RL formulas are called
reachability rules, or simply rules, and have the form ¢; = ¢»
where ¢y, ¢, are ML (without ) %9-patterns. A reachability
system S is a finite set of rules, which yields a transition system
S = (Mg%, R) where s Rt iff there exist a rule ¢; = @2 € S
and an M®9-valuation p such that s € p(¢;) and ¢ € p(@2). A
rule Y1 = Y is S-valid, denoted S kgL Y1 = Y, iff for all
Mgfgg-valuations p and configurations s € p(i), either there is
an infinite trace sRf; R R. .. in S or there is a configuration
t such that s R* r and t € p(y,). Therefore, validity in RL is
defined in the spirit of partial correctness.

The sound and relatively complete proof system of RL
derives reachability logic sequents of the form A F¢c ¢ = 2
where A (called axioms) and C (called circularities) are finite
sets of rules. Initially we start with A = § and C = 0.
As the proof proceeds, more rules can be added to C via
(CircurLariTY) and then moved to A via (TRANSITIVITY),
which can then be used via (Axiom). We write S FrL 1 = ¥»
to mean that S +¢ ¥; = ¥,. Notice (CONSEQUENCE) consults
the configuration model M for validity, so the completeness
result is relative to M®9. We recall the following result [2]:

Theorem 38. For all reachability systems S satisfying some
reasonable technical assumptions (see [2]]) and all rules y; =

Yo, we have S kgL Y1 = Yo iff S FRL Y1 = Yo

B. Defining reachability logic in matching u-logic

RL _ cng{. c ZCfg,Cfg}

is a unary symbol called one-path next. To capture

We define the extended signature

9

where “e



the semantics of reachability rules ¢; = ¢,, we define:

“weak eventually” ¢, =vX.@V eX /[/equal to “WFV ¢¢p
“reaching star” ¢ =" @2 = ¢ = O
“reaching plus” ¢ =% 2 = ¢ — €0,

Notice that the “weak eventually” ¢, ¢ is defined similarly
to the “eventually” ¢¢ = uX. ¢ vV oX, but instead of using
least fixpoint p-binder, we define it as a greatest fixpoint. One
can prove that ¢,,¢ = -WF V ¢, that is, a configuration y
satisfies ¢,, ¢ if either it satisfies ¢¢, or it is not well-founded,
meaning that there exists an infinite execution path from 7.
Also notice that “reaching plus” ¢; =% ¢, is a stronger
version of “reaching star”, requiring that ¢,,¢, should hold
after at least one step. This progressive condition is crucial to
the soundness of RL reasoning: as shown in (TRANSITIVITY),
circularities are flushed into the axiom set only after one
reachability step is established. This leads us to the following
translation from RL sequents to MmL patterns.

Definition 39. Given a rule ¢; = ¢, define the MmL pattern
H(e1 = ¢2) = O(¢; =% ¢2) and extend it to a rule set A as
follows: A = Ay oy, ea D(p1 = ¢2). Define the translation
RL2MmL from RL sequents to MmL patterns as follows:

RLZMITIL(A Fc o1 = (,02) = (VBA) A (VOE\C) — (&,01 =% (,02)

where * =  if C is empty and * = + if C is nonempty. We
use Yo as a shorthand for VX . ¢ where ¥ = FV(¢p). Recall that
the “o” in Vo[@C is “all-path next”.

Hence, the translation of A ¢ ¢1 = ¢, depends on whether
C is empty or not. When C is nonempty, the RL sequent
is stronger in that it requires at least one step being made
in ¢1 = ¢,. Axioms (those in A) are also stronger than
circularities (those in C) in that axioms always hold, while
circularities only hold after at least one step because of the
leading all-path next “o”; and since the “next” is an “all-
path” one, it does not matter which step is actually made,
as circularities hold on all next states.

Theorem 40. Let TR- = {p € PATTERNAC{;g | M9 £ ¢} be the
set of all ML patterns (without ) of sort Cfg that hold in M.
For all RL systems S and rules ¢, = ¢, satisfying the same
technical assumptions in [2|], the following are equivalent: (1)
S FRL ®1 = @2, (2) S FRL ©1 = @2, (3) FRL + RL2MmL(S Fo
01 = @); (4) TR E RL2MmL(S Fg @1 = ¢)).

Therefore, provided that an oracle for validity of ML
patterns (without ) in M®9 is available, the MmL proof
system is capable of deriving any reachability property that
can be derived with the RL proof system. This result makes
MmL an even more fundamental logic foundation for the K
framework and thus for programming language specification
and verification than RL, because it can express significantly
more properties than partial correctness reachability.

X. FuTure AND RELATED WORK

We discuss future work, open problems, and related work.

A. Relation to modal logics

Due to the duality between MmL symbols and modal logic
modalities (Section Proposition [I2), ML can be regarded
as a nontrivial extension of modal logics. There are various
directions to extend the basic propositional modal logic in the
literature [19]]. One is the hybrid extension, where first-order
quantifiers “V” and “3” are added to the logic, as well as
state variables/names that allow us to specify one particular
state. Another is the polyadic extension, where modalities can
take not just one argument, but any number of arguments,
and there can be multiple modalities. MmL can be seen as a
combination of both extensions, further extended with multiple
sort universes. The local completeness of H (Theorem
also extends the completeness results of its fragment logics,
including hybrid modal logic [20] and many-sorted polyadic
modal logic [18].

B. Stronger completeness results of H

There are various notions of completeness for modal logics
(see, e.g., [47, Appendix B.6]). We recall three of them,
adapted to the context of ML and its proof system H, from
the strongest to the weakest:

o Global completeness: I' Em. ¢ implies I' kg ¢;
o Strong local completeness: I l:}\jl’f ¢ implies I’ I-I%C ®;
« Weak local completeness: kg ¢ implies Fqy ¢;

where I’ lz}\jl’f ¢, called local semantic entailment, means

that (N, er p(¥) S p(e) for all models M and valuations p;
r I—lq‘ff @, called local provability, means that there exists a
finite subset Iy Cqp I such that ¢y ATy — ¢, where Al is the
conjunction of all patterns in I'y. Theorem [T is a weak local
completeness result for H, but the way we actually prove it is
by proving the strong local completeness theorem and then let
I' = 0 (see Theorem [83). What is unknown and left as future
work is global completeness. Theorem shows that global
completeness holds for ML when I' contains definedness
symbols and axioms. We conjecture global completeness holds
in general.

C. Decidability of matching u-logic without FOL quantifiers

Modal p-logic is known for its high expressiveness as
well as its decidability, given that it can capture the true
least/greatest fixpoints in models, As a result, modal pu-logic
stands out from other fixpoint logics, such as LFP. As seen
in Section [VIII, modal u-logic can be seen as the syntactic
fragment of MmL without FOL quantifiers (i.e., 3-binder) or
element variables that contains only one sort and one unary
symbol. A natural question is whether the decidability result
stil holds if we consider the MmL fragment without FOL
quantifiers or element variables but containing multiple sorts
and symbols of arbitrary arities. We conjecture it holds.

D. Alternative semantics of matching u-logic

MmL cannot have a sound and complete proof system
because we can precisely define (N, +, %) (see Proposition [23).
On the other hand, the proof system 7, turned out to be strong
enough to prove all the proof rules of all the proof systems



of all the logics discussed in this paper. Therefore, a natural
question is whether we can find alternative models for MmL
that make 7, complete. A promising direction towards such
an alternative semantics is to consider the so-called Henkin
semantics or general semantics, where the least fixpoint pattern
uX . ¢ does not evaluate to the true least fixpoint in models,
but to the least fixpoint that is definable in the logic.

XI. CoNCLUSION

We made two main contributions in this paper. Firstly, we
proposed a new sound and complete proof system H for
matching logic (ML). Secondly, we extended ML with the
least fixpoint u-binder and proposed matching p-logic (MmL).
We showed the expressiveness of MmL by defining a variety
of common logics about induction/fixpoints/verification in
MmL. We hope that MmL may serve as a promising unify-
ing foundation for specifying and reasoning about induction,
fixpoints, as well as model checking and program verification.
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APPENDIX A
MaTtcHING Locic PrRooF SYSTEM P

The proof system ¥ of ML in [1]] is shown in Fig. 3]

APPENDIX B
Proor or THEOREM[I3]

We prove the soundness theorem of H (Theorem . We
only discuss ML (without y) in this section, so we drop all
unnecessary annotations. Specifically, we abbreviate “ky” as

9

“e” and “Fg” as “+7.

Lemma 41 (ML substitution lemma). For all models M and
M-valuations p, we have p(¢ly/x]) = plp(y)/x](¢).

Proof: The proof is standard as in FOL. We conduct
structural induction on ¢. If ¢ = z # x, we have p(z[y/x]) =
p(z) = {p(2)} and p[p(y)/xl(z) = {p(2)}. If ¢ = x, we have
plxly/x]) = p(y) = {p(y)} and plp(y)/x]1(x) = {p(y)}. If ¢ =
@1 A g2, we have p((p1 A 2)ly/x]) = pleily/x] A goly/x]) =
pleily/x]) 0 plealy/x]) = plp(y)/x1(e1) N ple(y)/x]1(¢2) =
ple)/xI(e1 A @2). If ¢ = g1, we have p((=e1)y/x]) =
p(eily/xD) = M\ pleily/x]) = M\ plp(y)/x](e1) =

ple(y)/x](=¢1).
If ¢ = 3z. ¢y, by @-renaming, we can safely assume that z

is distinct from both x and y without loss of generality. Then
we have

p((3z. e1)ly/x]) = p(3z. (p1ly/x]))
= Jplarzl(eily/x])

= U pla/zllpla/zl(y)/x](¢1)

= | Jpla/zllo()/x](en)
= JploG)/xlla/zl(en)

= plp(y)/x1(3z. ¢1).

If o =0(g1,...,0n), we have

plo(prs. . on)ly/x]) = plo(erly/x]),. ... euly/x])
= op(P(e1[y/x])s. ... p(enly/x]))
= om(plp(y)/x1(e1),. . .. plp(y)/x1(¢n))
= plp(y)/xl(o(e1,. ... ¢n)).

Therefore, the conclusion holds by structural induction. B

Lemma 42. Let C be be a nest symbol context. Then for all
models M and M-valuations p, we have
D p(ClL]) = 0;
2) p(ClerV ¢2]) = plen) U p(g2);
3) p(C[3x.¢]) = U, pla/xI(Cle]) if x ¢ FV(C[3x. ¢]);
4) ple1) € ple2) implies p(Cle1]) € p(Clea]);
5) p(Clx Ag]) N p(Clx A =¢]) = 0.

Proof: We conduct structural induction on C. The base

case is when C[O] = O is the identity context. In this case, all
propositions trivially hold.




(ProrosiTIONAL TAUTOLOGY)

@, if ¢ is a proposition tautology over patterns of the same sort

Y1 1= P2
(Mobus PoNENS) ©
(FUNCTIONAL SUBSTITUTION) Vx.0) A @Qy.¢" =y) = ¢[¢’/x] if y & FV(¢)
) Vx.(p1 = @2) = (o1 = Vx.@) if x ¢ FV(¢1)
¥
(UN1VERSAL GENERALIZATION)  Vx. ¢
(EqQuaLITY INTRODUCTION) =g

(EQuALITY ELIMINATION)

(o1 = @2) AYle1/x] = ¥lea/x]

¥
Vx.(x € ¢)
Vx.(x € ¢)

(MEMBERSHIP INTRODUCTION)

(MEMBERSHIP ELIMINATION)
(MEMBERSHIP VARIABLE)
(MEMBERSHIP-,)
(MEMBERSHIP )
(MEMBERSHIP3)
(MEMBERSHIP SYMBOL)

if x ¢ FV(p)

if x ¢ FV(p)

[
(xey)=(x=y)
(x € =) = =(x € o)
(x €1 Ag2)=(x €p1)A(x € )
(x € y.p) = Ay.(x € ), where x and y distinct.
x € Colpl =Ty.(y € ) A (x € Coly]) if y € FV(Cole])

Fig. 3. Sound and complete matching logic proof system # with definedness symbols [1]

The inductive case is when C[O] = C,-[C;[O]] where Cy is
a single symbol context and C; is a nested symbol context.
By inductive hypothesis, all propositions hold for C;. Let
us assume that C,[O] = o(Y1,...,¥i-1,0,¢i+1,...,¥y). For
notational simplicity, we define

o4y (A) = o (PW1 ), oo PWi—1), A Pt )s - - o P(W)))

for A € M. Then, p(Co¢]) = o}, (p(g)) for all ¢.

We now prove propositions (1)-(5) using the inductive
hypothesis and the property of propagation (Proposition [3).

(1). We have p(Co[C1[L]]) = 0, ((C1[L])) = 07,(0) = 0.

(2). We have p(Co[Ciler V @2]]) = o, (p(Ciler V ¢2])) =
oy (P(Cile1DUp(Cilea]) = o, ((Ciler D) U oy, (B(Cile1]))
= p(Co[Cile1]]D) U p(Co[Cilea]]). '

(3). We have p(Co[Ci[3x.¢]]) = o, (p(Ci[3x.¢])) =
oy (Uq pla/x)(Cilg])). Since x ¢ FV(Co[Ci[3x. ¢]]). we
have o}, (U, pla/xI(Cile])) = U, oy, (pla/xI(Cile]) =
Ua pla/x1(ColCilel).

(4). We need to prove that p(Co-[Ci[e1]]) € p(Co[Cile2]]),
that is, o3,(p(Ci[e1])) € oy, (p(Cilg2])). By the prop-
erty of propagation (Proposition [3), it suffices to show that
p(C1e1]) € p(Ci[e2]), which holds, by the inductive hypoth-
esis and the assumption p(¢1) € p(¢2).

(5). This can be proved from proposition (1). If p(x) € p(¢),
we have p(x A ¢) = 0, and thus p(C[x A ¢]) = 0. Otherwise,
we have p(x A =) = 0, and thus p(C[x A =¢]) = 0.

Therefore, all propositions hold by structural induction. W

Lemma 43. For all models M, the following propositions hold

1) M E ¢ for propositional tautology ¢ over patterns of the
same sort;

2) Mk and M e @1 — ¢ imply M E ¢,

3) MEg[y/x] - 3x.¢;

4) M ko1 — ¢ implies M £ (3x.¢1) = @2 if x@FV(¢2);

5) MeCy[Ll] > L;

6) Mk Cyler V] = Cole1] V Colg2];

7) M E Cy[3x.¢] = Ax.Cole] if x ¢ FV(Co[Ix.¢]);
8) M E ¢ — ¢y implies M £ Cy[@1] = Cole2]

9) Me3dx.x
10) M E =(Ci[x A @] A Co[x A —¢])

where ¢, 1, 2,93 are patterns, x and y are variables, o is
a symbol, C4 is a single symbol context, and Ci and C, are
nested symbol contexts.

Proof: Propositions (1) and (2) are proved in [1, Propo-
sition 2.8]. Note that M £ ¢; — ¢ iff p(@1) C p(e,) for all p
(see [1, Proposition 2.6]). We will use this property to prove
propositions (3)-(8). In the following, let p be any valuation.

(3). By ML Substitution Lemma (Lemma [&1), p(¢[y/x]) =

plp(»)/x)(¢) € Ua pla/xl(e) = p(3x . ¢).

(4). We need to prove that p(Ax.¢;) C p(gy), that is,
U pla/x](e1) € p(es). It suffices to prove that pla/x](¢;) €
p(py) for all a € M. Note that x ¢ FV(¢py), so the evaluation
of ¢; is independent from the evaluation of x (see [I}
Proposition 2.6]). Therefore, p[a/x](¢1) = p(¢1). Finally, we
have p(¢1) € p(e,) by assumption.

(5)-(8),(10). All these propositions are a direct consequence
of Lemma [42]

(9). We have p(3x.x) = U, pla/x](x) =U {a} =M. =

Now, we restate Theorem@] and prove it. Recall that within
this section we abbreviate I ¢y ¢ as I' ¢ and abbreviate
I'eme @ as T'E ¢.

Theorem 13 (Soundness of H). [ kg ¢ implies T Epp .

Proof: The proof is standard as in FOL. We conduct
induction on the length of the formal proof I' + ¢ of the
Hilbert-style proof system 9. The base case is when the proof
length is 1. This means that ¢ is either an axiom of H or



¢ € I If ¢ is an axiom, then we have I' £ ¢ by Lemma 3]
If ¢ €T, then we have I" £ ¢ by Definition [f]

Now we consider the inductive case. Suppose the proof
length is n+ 1 for some n > 1, as illustrated in the following:

Olye s OnyPn+1  Where @41 = .

If ¢,+1 is an axiom of H or ¢,+1 € T, then we have I" F ¢,41,
for the same reason as in the base case. If ¢,.; is by an
application of one of (Mopus PoNENs), (3-GENERALIZATION),
or (FRAMING), then we have T k ¢ by Lemma@] as well as the
inductive hypothesis, which states that I' £ ¢; forall 1 <i < n.

|

AppENDIX C
PRrOPERTIES OF PROOF SYSTEM H OoF MATCHING Locic

We present and prove some important properties of the proof
system H of ML. In particular, we prove Proposition [12| and
Theorem [T4

We only discuss ML (without ) in this section, so we drop
all unnecessary annotations. Specifically, we abbreviate “Ey_”
as “e” and “F¢” as “+”. We call a nested symbol context (see
Definition [I0) also as just a symbol context.

We assume readers are familiar with FOL and its formal
proofs. Note that the proof system H of ML consists of the
complete axiomatization of FOL. This leads us to the following
proposition.

Proposition 44. FOL reasoning is sound for ML.

Proof: The proof rules (TAuToLOGY), (MoDpUs PONENS),
(3-QuanTirFier), and (I-GENERALIZATION) form a complete
axiomatization of FOL (without function symbols). Therefore,
any FOL reasoning is a combination of these rules, which are
sound for ML as shown in Theorem ]

Proposition 45. Frame reasoning is sound for ML. Specifi-
cally,
D IfT r i = ¢ for 1 <i < n, then we have T’ +
(1o ron) = TG 0});
2) If T'r ¢ — ¢, then we have T + Clp] — Clg]], where
C is a symbol context.

Proof: We first prove (1). It suffices to prove all the
following propositions:

F F 0'(901,902,~ . w‘)onfl"pn) - U(‘Pi#ﬁ%- . ~,90n—l,90n)
L -o(e], 92,5 Pn-1,0n) = (1,05 - On-1,¥n)
L o(@l @5y 1s0n) = (01,05 @015 ¢0)

These propositions can be directly proved by (FRAMING).
We then prove (2) by a structural induction on C. If C[O]

O is the identity context, the conclusion trivial holds. If C[O]

C,[C1[O]] where C) is a symbol context, we have

F'ro— ¢
[+ Cile] = Cil¢’]
'+ Co[Cile]]l = ColCile’]]

/I assumption
/I inductive hypothesis
/I (FRAMING)

Therefore, both conclusions hold. |

Proposition 46. For all symbol contexts C and patterns
©1, 92, ¢, the following propositions hold:

1) TFC[L] & L,

2) TFCle1 V2] © Clei] v Clea];

3) T+ C[3x.¢] & Ix.Cle), if x ¢ FV(C[3x.¢]);

4) T'rCler Vel iff T'F Clei] Vv Cleal;

5) T+ C[3x.¢] iff T+ 3x.Cle), if x ¢ FV(C[Ix.¢]).

Proof: We conduct structural induction on C. If C[O] = 0O,
all propositions trivially hold, so we consider the inductive
case when C[O] = C,[C;[O]] where C, is a single symbol
context and Cj is a symbol context.

(1,>"). By inductive hypothesis, we have I' + C|[L] —
1. By (Framing), we have I' + C,[Ci[L]] — C,[L], ie.,
I' + C[L] — C,[L]. Finally, we have T + C,[L] — L by
(PROPAGATION ).

(1,“<="). Trivial, by FOL reasoning.

(2,“>”). Similar to (1,=") except
(PropaGATIONY ) in the last step.

(2,“<="). It suffices to prove I'  C[¢;] — Clg; V] fori €
{1,2}. This can be proved by frame reasoning (Proposition {45)
onT'+g; — ¢ V.

3,“>). Similar to (1,“—”
(ProraGATIONZ) in the last step.

(3,“«"). It suffices to prove I' + (Ix.C[¢]) — C[Ix. ¢].
By (3-GenErALIzATION), it suffices to prove I' + Clg] —
C[3x . ¢], which can be proved by frame reasoning (Propo-
sitiond3) on T' + ¢ — Fx. ¢.

Finally, both (4) and (5) are direct consequences of (1)-(3).

|

that we use

except that we use

Proposition 47. For any context C (not just symbol context),
we have T + ¢ & ¢ implies T' + C[p1] & Cles].

Proof: We conduct structural induction on C. Recall that
a context is simply a pattern with a distinguished placeholder
variable O (see Definition [T0). The base case is when C is the
identity context. In this case, the conclusion trivially holds. In
the following, we consider the inductive cases.

When C takes one of the forms: =C’, y A C’, C' Ay, or
dx.C where C’ is a context and  is a pattern without the
placeholder variable O, the conclusion holds by simple FOL
reasoning. When C has the form C,[C’], the conclusion holds
by Proposition [ |

Proposition 7] allows us to replace in-place ¢; by ¢, under
any context, if I' v ¢ < ¢5.

Lemma 48. For symbol contexts C, we have T + ¢ implies
'+ =C[—¢].

Proof:

g hypothesis

2| np— L by 1, FOL reasoning

3 | C[=¢] — C[L] by 2, (FRAMING)

4| ClL]—> L by (PROPAGATION)

5| Cl¢]— L by 3 and 4, FOL reasoning
6 | ~Cl-¢] by 5, FOL reasoning



|
Now, we restate Proposition [12] and prove it. Recall that we
abbreviate “F¢/” as “+” within this section.

Proposition 12. Let o € X, 5, s and define its “dual” as

(@1, 0n) =m0 (=1, ..,m@y). Then we have:
o (K): ki 0(01 = @fsoos0n = ¢p)
= (@1, n) = T(P]5- - 00));
e (N): raq @; implies var (@15 s Pise e vrPrr)-

These rules also appear in [17], [18] as proof rules of
polyadic modal logic. When n = 1, we obtain the standard
(K) rule and (N) rule of normal modal logic [|19].

Proof: Define C,[O] = o (¢py,. .
some 1 <i<n.

(K). By FOL reasoning, we just need to prove the case
of one argument, that is, to prove + —=Cy[=(¢p — ¢')] —
(=Cy[—¢] — =Cs[—¢’]). By FOL reasoning, it suffices to
prove F Co-[p A @'V Co[=¢] V =Co[-¢']. By Proposition 46]
it suffices to prove + Cy[(@ A @) V =p] V =Cs[-¢'], i.e.,
F Col@’ V =¢] V =Cy[—¢']. By Proposition 46 it suffices to
prove + Cuol¢’'] V Co[—¢] V =Cy[—¢’], which holds by FOL
reasoning.

(N). It is a direct consequence of Lemma [48] where we let
C=Co. [ |

-"Pi—l,Da‘PiH’- . ~’S0n) for

Lemma 49. T+ ¢; © ¢, implies T + ¢ = ¢o.

Proof:
1| e hypothesis
2 | =[=(¢1 & ¢2)] by 1, Lemma
3| 1= by 2, definition of equality
|
Lemma 50. (EguaLity INTRoDUCTION) can be proved in H.
Proof:
1 | ¢ & ¢ propositional tautology
p=¢ byl Lemma
|

Lemma 51. (MemgersHip INTRODUCTION) can be proved in H.

Proof:
1 @ hypothesis
2 | ¢ > (x—¢) (PROPOSITION])
3 x> by 1 and 2, (Mopus PoNENS)
4 | x—>x propositional tautology
5 X XA by 3 and 4, FOL reasoning
6 [x] = [x A @] by 5, (FRAMING)
7 [x] definedness axiom
8 [x A ¢] by 6 and 7, (Mobus PoONENS)
9 X € by 8, definition of membership
10 | Vx.(x € ¢) by 9, (UNIVERSAL GENERALIZATION)

Lemma 52. (Memsersuip ELIMINATION) can be proved in H.

Proof:

1 | Vx.(x € p) hypothesis
2 (Vx.(x € @) (VARIABLE SUBSTITUTION)
—X€EQ
3 XE€EQ by 1 and 2, (Mobus PONENS)
4 [x A ] by 3, definition of membership
5 =([x A @] (SINGLETON VARIABLE)
A(x A =)
6 [x A @] by 5, FOL reasoning
- (x > )
7 X — by 4 and 6, (Mopus PONENS)
8 Vx.(x = @) by 7, (UNIVERSAL GENERALIZATION)
9 | (Axx)> o by 8, FOL reasoning
10 | Jx.x (EXISTENCE)
11 | ¢ by 10 and 9, (Mopus PoNENs)

Lemma 53. (MemBEeRrsHIP VARIABLE) can be proved in H.

Proof: By Lemma we just need to prove both  (x €

y) > (x = y)and + (x = y) > (x € y). We first prove
Fx=y)—>(xey).

1] [x] definedness axiom

2| [x]V Iyl by 1, FOL reasoning

31 [xVvy] by 2, Proposition

4 | [-(x = y)Vxay)] by 3, FOL reasoning

50 [-(xey)VIixAay] by 4, Proposition

6 | a[-(x & y)] = [xAy] byS5, FOL reasoning

7| (x=y)>(xey) by 6, definition

We then prove + (x € y) — (x = y).

| =([xAy]ATxA=y]) by (SINGLETON VARIABLE)
2| =([xAYIAT-xAY]) by (SINGLETON VARIABLE)
31 [xAy] = =[x A=y] by 1, FOL reasoning
41 [xAy] = =[x AY] by 2, FOL reasoning
51 [xAy] by 3, 4, FOL reasoning
— =[x A=yl A=[-x Ay]
6 | [xAY] by 5, FOL reasoning
= =([x A=y V [=x A Y]
7 [xAy] by 6, Proposition
= =[(x A=y) V (mx A Y)]
8| [xAy] = =[-(x & y)] by 7, FOL reasoning
9| (xey)>(x=y) by 8, definition

Lemma 54. (MEemBersHip-,) can be proved in H.
Proof: We first prove + (x € =) — —(x € @).

by (SINGLETON VARIABLE)
by 1, FOL reasoning
by 2, definition

1| ~(Tx A@lAfxA-gl])
2 1 [x Al = a[x A ¢l
31 (x€=g) > (x€g)

We then prove F —(x € ¢) — (x € =g).



1] [x] definedness axiom
2| [(xA@)V(x A=) by 1, FOL reasoning
31 [xAglV[xA-e] by 2, Proposition
4 | a[xA¢]l = [x A-g] by 3, FOL reasoning
5| =(x€¢)—> (x€—¢) by4, definition
|
Lemma 55. + (x € (g1 V ¢2)) © (x € ¢1) V (x € ¢3).
Proof: Use (ProracaTiONy) and FOL reasoning. [ |

Lemma 56. (MemBersHip,) can be proved in H.

Proof: Use Lemma [54] and [55] and the fact that F ¢ A
(") s —|(ﬂ901 V ﬂ(pz), | ]

Lemma 57. (MemBEeRrsHiPs) can be proved in H.

Proof: Use (PropacaTioNg) and FOL reasoning. [ |
The following is a useful lemma about definedness symbols.

Lemma 58. + C[¢] — [¢] for any symbol context C.

Proof: Let x be a fresh variable in the following proof.

1 [x] definedness axiom

2 [x]V [e] by 1, FOL reasoning

3 [xV ¢] by 2, Proposition IAE]

4 [x A=V @] by 3, FOL reasoning

5 [x A =gl V [p] by 4, Proposition

6 Clx A9l = =[x A—=¢] by (SINGLETON VARIABLE)
7 =[x A =] = [¢] by 5, FOL reasoning

8 Clx A o] = [¢] by 6 and 7, FOL reasoning
9 | Vx.(Clx A ] = [¢]) by 8, FOL reasoning

10 | (3x.Clx A ¢]) = [l
11| o> @xx)Agp

12 | ¢ » Ax.(x A @)

13 | Cle] = C[3x.(x A p)]
14 | C[3x.(x A @)] = [¢]
15 | Cle] = [o]

by 9, FOL reasoning

by (EXISTENCE)

by 11, FOL reasoning

by 12, (FRAMING)

by 10, Proposition @]

by 13, 14, FOL reasoning

Corollary 59. + C,[¢] — [¢] and + |¢| — =Cq[—¢] for all
symbols o. In particular, + ¢ — [¢] and + | ¢| — .

We are now ready to prove the deduction theorem (Theo-
rem [[4).

Proof of Theorem [I4} Carry out induction on the length
of the proof I' U {¥/} + .

(Base Case). Suppose the length is one, then either ¢ is an
axiom in H or ¢ € ' U {}. In either case, it is obvious that
I'+ ] — ¢ (noticing Corollary [59] for the case ¢ is ¥).

(Induction Step). Suppose the proof I' U {¢/} + ¢ has n + 1
steps:

§017~-~7¢n’¢'

If ¢ is an axiom in H or ¢ € TU{y}, then T + || — ¢
for the same reason as (Base Case). If the last step is (Mopus
PoNENs) on ¢; and ¢; for some 1 <i,j < n such that ¢; has
the form ¢; — ¢, by induction hypothesis, I' + [¢] — ¢; and
'+ [¢¥] — (¢ = ¢). By FOL reasoning, I' + ¢ — ¢. If

the last step is (UNIVERSAL GENERALIZATION) on ¢; for some
1 <i < n, then ¢ must have the form Vx.¢; where x does not
occur free in . By induction hypothesis, I' + || — ¢;. By
FOL reasoning, T' + || — Vx.¢;.

If the last step is (FRAMING) on ¢; for some 1 < i < n,
then ¢; must have the form ¢; — ¢!’, and ¢ must have the
form Cy[p]] — Co[¢!’] for some symbol o. By induction
hypothesis, I' F [] — (¢] — ¢]’). We now prove '+ [¢/] —

(Coleil = ColeD.

| Lyl — (¢ = ¢) hypothesis

2| ¢l = !V Iy] by 1, FOL reasoning

3| Coll-yl] — Tyl Corollary

4 | Coly)] by 2, (FRAMING)
= Colp] vV [-y1]

5| Colell by 4, Proposition
= Cole]]V Co [y 1]

6 | Cole!1V Coll-y1] by 3, FOL reasoning
= Cole]] V [-y]

7| Cole]l = Cole1V[-¢]  byS5, 6, FOL reasoning

8 | L] = (Coly]l = Cole)’]) by 7, FOL reasoning

|
Lemma 60. (EouaLity ELiMINATION) can be proved in H.

Proof: Recall the definition of equality (¢; = ¢p) =
le1 « ¢2]. Theorem [14] together with Proposition (7] give
us a nice way to deal with equality premises. To prove
F (o1 = ¢2) = Wle1/x] — ¢lea/x]), we apply Theorem
and prove {¢; < ¢} F Ylei1/x] — Yle2/x], which is
proved by Proposition Note that the (formal) proof given
in Proposition 47| does not use (UNIVERSAL GENERALIZATION)
at all, so the conditions of Theorem [4] are satisfied. ]

Lemma 61. (Funcrionar Susstitution) can be proved in H.

Proof: Let z be a fresh variable that does not occur free
in ¢ and ¢’, and is distinct from x. Notice the side condition
that y does not occur free in ¢’.

'=zoz7=¢ definition
z=¢" - (plz/x] = ¢l¢’/x]) Lemma
(Vx.9) = ¢lz/x] by axiom

FOL reasoning
FOL reasoning
FOL reasoning
by 6

FOL reasoning
FOL reasoning
FOL reasoning

@' =z7— ((Yx.9) = ¢[z/x])

@' =z (plz/x] = ¢le’/x])

@' =z ((Yx.9) = ¢l¢’/x])
Vz.(¢" =z = ((Vx.9) = ¢[¢’/x]))
(Fz.¢" = 2) = ((Yx.90) = ¢[¢"/x])
(Vx.9) A (Fz.¢" = 2) = ¢l¢’/x]

0| (Vx.o) A@y.¢" =y) = ¢l¢’/x]

— O 00 ~J O\ L B~ W =

Lemma 62. + Cy[¢1 A (x € ¢2)] = Co[p1] A (x € ¢2).

Proof: We first prove + Co- [0 A(x € ¢2)] = Co[@1]A(x €
¢2). By FOL reasoning, it suffices to show both + C-[¢1 A(x €
©2)] = Colei] and + Co[@1 A(x € @2)] = (x € ¢2). The first
follows immediately by (FrRaminGg) and FOL reasoning. The
second can be proved as:



[x]

[(x A=g2) V (x A p2)]

[x A=pa] V [x A @]

“[x A —@a] = [x A 2]

Collx A @2]] = =[x A =¢2]
Collx A @2]] = [x A ¢2]

Coler ATx A @21l = Colx A @21]
Coler ATx A@2]] = [x A g2]
Coler A(x € g2)] = (x € ¢2)

O 00O\ N B~ W~

|
Lemma 63. + 3y.((x = y) A ¢) = ¢[x/y] where x, y distinct.

Proof:  The proof is by induction on the structural of
¢ and Lemma [62] |

Lemma 64. + ¢ = 3y.([y Al Ay) if y ¢ FV(p).
Proof: We first prove F y.([y A ] Ay) — ¢.

L =y Al Ay A-g)
2| [yA@elAy — @ by 1, FOL reasoning
31 Vy.([yAg]lAy — ¢) by 2, axiom

4 | Ay.([yAr¢g]lAy) — ¢ by 3, FOL reasoning

(SINGLETON VARIABLE)

We then prove + ¢ — Jy.([y A ¢] A y). Let x be a fresh
variable distinct from y.

XEQP—oOXEY

x€p—[xAgpl

xe€p o [xAlxApll
Xe€Ep o> xe[xAQ]
xep—-Ay(x=yAxelyrypl])
xep—-Ay(xeyrxelyAg])
x€p—oIy(xe(yAlyrel)
xep—oxedy(yAlyrel)
x€(@—Ay.(yATyAeD)
Vx.(x € (¢ = Iy.(y ATy A @)
e—=3dy.(0ATyAel)

—_— = 0 00 1O\ LA W

=]

Lemma 65. (MemBersHiP SymBoL) is provable in H.

Proof: We first prove + x € Co[¢] —» Ty (y e g Ax €
Coly]). Let ¥ = 3y.(y e ¢ Ax € Cy[¥]).

y.(yeprxelCyly) - ¥
y.(fyrglAxeColy]) =¥
y.(TxAlyrellAxeColy]) =¥
Fy.(xe[yrnplAxeColy]) =¥
Fy.(xe([yrel AColy]) = ¥
x€Jy.([yrel AColy]) = ¥

x € dy.Colly Al Ayl > ¥
x€ColIy.[yngl Ayl > ¥
x€Colp] > ¥

0NN B W=

O

We then prove + dy.(y € ¢ Ax € C[y]) = x € Cly]. In
fact, we just need to apply the same derivation as above on
FY — 3y.(y e o Ax e Cly)).

|
We are now ready to prove Theorem [T3]

Proof of Theorem [I5} By the completeness of # (Theo-
rem[J), we have I Fp ¢. We have shown that all proof rules in
% are provable in H with (DEFINEDNESS) axioms, so I kqy ¢.

|

ApPENDIX D
PROOF OF THEOREM

We prove the completeness theorem of H (Theorem [I6).
We only discuss ML (without ) in this section, so we drop
all unnecessary annotations. Specifically, we abbreviate “Fy”
as “B7”; “kgy” as v “PatTERNML" as “PATTERN”, etc.

For simplicity of some technical proofs, we assume that
{A, =, 3} is our set of primitives, instead of {—,—,V}. This is
justified by Proposition

Our proof technique was mainly inspired by [20].

Lemma 66 (Substitution Lemma). g(¢[y/x]) = plo(y)/x](¢).

Proof: Carry out induction on the structure of ¢. The only
nontrivial case is when ¢ = Jz.¢y. Without loss of generality,
let us assume z is distinct from x and y. If not, apply a-
renaming to make them different. Then

A((Fzy)ly/x])
= p(3z.(y[y/x])
= U{piwly/xD) | p1 ~ p}
= Ulpi@) | p1 ~ p and p] = pilp1(y)/x]}
= U{p[®) | p1 ~ p and p} = pilp(y)/x]}
= U{p{) | p1 * plo(y)/x1}
= Uto}@) | 1 £ p'}
= p’(Jz.y)

]

Definition 67 (Local Provability). Let s be a sort, Hy C
PATTERN be a pattern set, and ¢, be a pattern of sort s. We
write H; IFg ¢, if there exists a finite subset Ag Cqn, H such
that 0 + A Ay — ¢, where A Ay is the conjunction of all
patterns in Ag. When Ay is the empty set, A Ay is Ty. Let
H = {H,}ses be a family set of patterns. We write H I ¢y if
H; I+ 5. We drop sort subscripts when there is no confusion.

Definition 68 (Consistent Sets). Let I'y be a pattern set of
sort s. We say I's is consistent, if I's ¥ L. I'y is a maximal
consistent set (MCS) if any strict extension of it is inconsistent.
By abuse of language, we say I' = {[\}ses is consistent if
every I'y is consistent, and I' is an MCS if every Iy is an
MCS.

Like the local provability relation, consistency is also a local
property. Whether a pattern set I'y is consistent or whether
it is an MCS depends only on itself and has nothing to
do with the pattern sets of other sorts. A useful intuition
about consistent sets is that they provide consistent “views” of
patterns. Recall that patterns in matching logic match elements
in domain. Intuitively speaking, a pattern set I'y is inconsistent
if it contains patterns that cannot match common elements in
any models and valuations. In other words, if I’y is consistent,
then there exist a model M and a valuation p, and an element



a in the model, such that all patterns in I'y match aq, i.e.,
a € p(p) for all pattern ¢ € I'y. If Ty is in addition an
MCS, adding any pattern ¢ I'y will lead to inconsistency,
and thus a ¢ p(¥). Therefore, we can think of the MCS T
representing that particular element a, with all patterns in I'g
matching it while patterns outside I'y not. This useful intuition
motivates the definition of canonical models that consist MCSs
as elements (see Definition [72), and the Truth Lemma that
says “Matching = Membership in MCSs”, connecting syntax
and semantics, (see Lemma [8T). They play an important role
in proving the completeness result, including both local and
global completeness theorems. The rest of the section is all
about making this intuition work.

Before we move on, we emphasize that consistency is a
local property and is defined via the local provability relation
“I” given in Definition In particular, a pattern set I’
is consistent does not imply that I' ¥ L. As an example,
consider I' = {-x} where x is a variable. We will argue
that I is consistent, but I' + L. For the consistency, assume
that I' is inconsistent, meaning that @ + -x — L. By
soundness of H (Theorem , we have @ £ -x — 1, which
is not true, because (for the sake of contradiction) we can
construct a model M whose carrier set contains two elements,
say {0,1}, and a valuation p such that p(x) = 0, and that
p(=x — L) = {0} # {0,1}. This contradiction shows that
I" must be consistent. On the other hand, we can show that
I' + L, because by (UNIVERSAL GENERALIZATION) W€ can prove
I' F Vx.-x, and by FOL reasoning we can prove I' F =3x . x,
which contradicts with the axiom (ExisTeNcg) Jx . x.

In conclusion, consistency is a local property, and one
cannot apply proof rules in / on patterns in a consistent set
I', and assume the derived patterns can be safely added to I’
without breaking the consistency. In Lemma [71] we will see
how we can carefully extend a consistent set I' to a maximal
consistent set while remain its consistency.

Proposition 69 (MCS Properties). Given an MCS T and
patterns ¢, ¢1, ¢, of the same sort s. The following propositions
hold.

1) ¢ €T if and only if T v ¢; In particular, if v ¢ then
pel;

2) npel ifand only if p ¢ T';

3) o1A@y €T ifand only if ¢ € I' and ¢, € I'; In general,
for any finite pattern set A, \ A € T if and only if A C T,

4y o1V el ifand only if 1 €T or ¢p € I'; In general,
for any finite pattern set A, \/ A € T if and only if ANT" #
0; As a convention, when A =0, \/ A is 1,

5) 1,01 — @2 € T implies ¢ € I'; In particular, if +
@1 — @3, then @1 € I implies ¢ € T.

Proof: Standard propositional reasoning. [ |

Definition 70 (Witnessed MCSs). Let I' be an MCS of sort
s. I is a witnessed MCS, if for any pattern Jx.¢ € I, there
is a variable y such that (3x.¢) — ¢[y/x] € T. By abuse of
language, we say the family set I' = {I'i};cs is a witnessed
MCS if every I'y is a witnessed MCS.

In the following, we show any consistent set I can be
extended to a witnessed MCS I'*. The extension, however,
requires an extension of the set of variables. To see why
such an extension is needed, consider the following example.
Let = (S,VAR,X) be a signature, s € S be a sort, and
I' = {=x | x € Vary} be a pattern set containing all
variable negations. We leave it for the readers to show that
T" is consistent. Here, we claim the consistent set I cannot be
extended to a witnessed MCS I'* in the signature . The proof
is by contradiction. Assume I'* exists. By Proposition [69] and
(ExisTeNcE), dx.x € I't. Because I'* is a witnessed MCS,
there is a variable y such that (3x.x) — y € I'*, and by
Proposition[69] y € I'*. On the other hand, ~y € I' € I'*. This
contradicts the consistency of I'*.

Lemma 71 (Extension Lemma). Let = (S,VAR,X) be a
signature and 1" be a consistent set of sort s € S. Extend
the variable set VAR to VART with countably infinitely many
new variables, and denoted the extended signature as * =
(Var™,S,X). There exists a pattern set I'' in the extended

signature " such that T C T and T is a witnessed MCS.

Proof: We use PatterN, and PaTtern} denote the set of
all patterns of sort s in the original and extended signatures,
respectively. Enumerate all patterns ¢, 2, - - € PATTERN? . For
every sort s, enumerate all variables X;:s,Xa:s,... in VARY \
Var;. We will construct a non-decreasing sequence of pattern
sets ) € Il € Ip--- C Parrerny, with [j = T. Notice
that I'y contains variables only in Var. Eventually, we will let
I'* = ;50 i and prove it has the intended properties.

For every n > 1, we define I, as follows. If T',,_; U {¢,} is
inconsistent, then I',, = I',,_;. Otherwise,

if ¢, is not of the form Jx:s’.y:

I =Tt U{gn}
if ¢, = Ax:s". and X;:s” is the first variable in VAR:, \ Vary
that does not occur free in [, and y:

Tyo= oot U{en} U{yXis’/x:s']}

Notice that in the second case, we can always pick a variable
X;:s’ that satisfies the conditions because by construction,
I—1U{p,} uses at most finitely many variables in VAr*\ Var.

We show that I',, is consistent for every n > 0 by induction.
The base case is to show Iy is consistent in the extended
signature. Assume it is not. Then there exists a finite subset
Ao Chn I'o such that - A A9 — L. The proof of AAg — L
is a finite sequence of patterns in ParTern*. We can replace
every occurrence of the variable y € Var* \ VAR (y can have
any sort) with a variable y € VAR that has the same sort as y
and does not occur (no matter bound or free) in the proof. By
induction on the length of the proof, the resulting sequence is
also a proof of A Ag — L, and it consists of only patterns in
ParteErN. This contradicts the consistency of Iy as a subset
of PATTERN;, and this contradiction finishes our proof of the
base case.

Now assume I',,_; is consistent for n > 1. We will show

I, is also consistent. If I';,_; U {¢,} is inconsistent or ¢,



does not have the form dx:s’., T, is consistent by con-
struction. Assume I',,—; U {¢,} is consistent, ¢, = Jx:s".¢,
but I, = T—1 U {¢n} U {¥[X;:s"/x:s’]} is not consistent.
Then there exists a finite subset A Cgn -1 U {@,} such
that F A A — —[X;:s"/x:s"]. By (UNIVERSAL GENERALIZA-
TION), F VX;:s'.(AA — —y[x;:s'/x:s’]). Notice that X;:s’ ¢
FV(A A) by construction, so by FOL reasoning + AA —
—3x;:s”.(Y[x;:8'/x:587]). Since X;:s” ¢ FV(¥), by a-renaming,
Axes” (W [X;:s" /xis’]) = Axis’ W = @, and thus F A A — —,,.
This contradicts the assumption that T',,_; U {¢,} is consistent.

Since T, is consistent for any n > 0, I'* = |J,, [, is also
consistent. This is because the derivation that shows inconsis-
tency would use only finitely many patterns in I'". In addition,
we know I'* is maximal and witnessed by construction. M

We will prove that for every witnessed MCS T = {I5}es,
there exists a model M and a valuation p such that for every
¢ € I's, p(p) # 0. The next definition defines the canonical
model which contains all witnessed MCSs as its elements.
We will construct our intended model M as a submodel of the
canonical model.

Definition 72 (Canonical Model). Given a signature =
(S,X). The canonical model W = ({Ws}ses,_w) consists of

o a carrier set Wy = {I' | " is a witnessed MCS of sort s}
for every sort s € S;

« an interpretation ow : Wy, X --xWs, — P(Wj) for every
symbol o € X, g, 5, defined as I' € ow(Ty,...,I,) if
and only if for any ¢; € Iy, 1 <i < n, o(p1,...,¢n) €
I'; In particular, the interpretation for a constant symbol
ceX)sisow ={eW,|oeTl}.

The carrier set W is not empty, thanks to Lemma [71}

The canonical model has a nontrivial property stated as the
next lemma. The proof of the lemma is difficult, so we leave
it to the end of the subsection.

Theorem 73 (Existence Lemma). Let = (8,2) be a
signature and T be a witnessed MCS of sort s € S. Given
a symbol o € X, s and patterns ¢1,. ..,y of appropriate
sorts. If o(@1,...,0n) € T, then there exist n witnessed MCSs
I',...,In of appropriate sorts such that ¢; € I; for every
1<i<n andT € ow(ly,...,Iy).

Definition 74 (Generated Models). Let = (S,X) be a
signature and W = ({Ws}ses,_w) be the canonical model.
Given a witnessed MCS T = {I5}ses. Define Y = {Y;}5es be
the smallest sets such that Yy € W; for every sort s, and the
following inductive properties are satisfied:

o Iy €Y for every sort s;

o If A € ¥ and there exist a symbol o € X, ,s and
witnessed MCSs Ay, ..., A, of appropriate sorts such that
Aeow(Ar,...,An), then Ay €Y;,..., Ay €Y.

Let Y = (Y,_y) be the model generated from I', where

oy(Ar,...,An) =Yy Nnow(Ay,...,A,) for every
o E€Xg 5, and Ay €Y, A, €Y.

We give some intuition about the generated model ¥ =
(Y,_y). The interpretation oy is just the restriction of the

interpretation o on Y. The carrier set Y is defined induc-
tively. Firstly, ¥ contains I'. Given a set A € Y. If sets
Ay,...,A, are “generated” from A by a symbol o, meaning
that A € ow(Ay,,...,Ay), then they are also in Y. Of course,
a set A is in Y maybe because it is generated from a set A’
by a symbol ¢’, while A’ is generated from a set A” by a
symbol o”’, and so on. This generating path keeps going and
eventually ends at I" in finite number of steps. By definition,
every member of Y has at least one such generating path, which
we formally define as follows.

Definition 75 (Generating Paths). Let I' = {I\}ses be a
witnessed MCS and Y be the model generated from I'. A
generating path m is either the empty path €, or a sequence
of pairs ((o1,p1),...,(0k, pr)) Where oy,...,0x are symbols
(not necessarily distinct) and pj,...,px are natural numbers
representing positions. The generating path relation, denoted
as GP, is a binary relation between witnessed MCSs in Y and
generating paths, defined as the smallest relation that satisfies
the following conditions:

e« GP(T,€) holds for every sort s;

o If GP(A, ) holds for a set A € ¥; and a generating path
m, and there exist a symbol o € X, . ¢ and witnessed
MCSs Ay,...,A, such that A € ow(Ay,...,A,), then
GP(A;, {(m,(0,i))) holds for every 1 <i < n.

We say that A has a generating path x in the generated model
if GP(A, ) holds. It is easy to see that every witnessed MCS
in Y has at least one generating path, and if a witnessed MCS
of sort s has the empty path € as its generating path, it must
be T’y itself.

Definition 76 (Symbol Contexts for Generating Paths). Given
a generating path . Define the symbol context C, inductively
as follows. If 1 = €, then C, is the identity context O. If
n = (m,(0,i)) where o € X ,s and 1 < i < n, then
Cr=Crplo(Tspseeos Ty s O Tpagse - o0 Tl

A good intuition about Definition [76] is given as the next
lemma.

Lemma 77. Let I be a witnessed MCS and Y be the model
generated from T'. Let A € Y. If A has a generating path m,
then Cr[¢] €T for any pattern ¢ € A.

Proof: The proof is by induction on the length of the
generating path x. If & is the empty path €, then A must be
I' and C, is the identity context, and C.[¢] = ¢ € I for any
¢ € A. Now assume A has a generating path n = (m, (0, i))
with o € X ,.s. By Definition there exist witnessed
MCSs Ag,,...,A;,,As €Y and 1 < i < n such that A = A,
As € ow (A, .., As,), and Ag has mg as its generating path.
For every ¢ € A = A;, since Ty; € Ay, for any j # i, by Defini-

tion T(Tsps-e s Tss 5P Tsjuys - -5 Ts,) € Ag. By induction
hypothesis, Cr)[0(Tsys- s T 5@ Tsjips---» Ts,)] € I, while
the latter is exactly C,[¢]. [ |

Lemma 78 (Singleton Variables). Let I' be a witnessed MCS
and Y be the model generated from I'. For every I'1,I, € Y



of the same sort and every variable x, if x € T'1 N1, then
I =TIy

Proof: Let m; be a generating path of I; for i = 1,2.
Assume I'y # I';. Then there exists a pattern ¢ such that ¢ € I'y
and —¢ € I;. Because x € I' NI, we know x A ¢ € I'| and
x A = € I, By Lemma Cr[x A @l,Cr,[x A —¢] €T,
and thus Cy [x A @] A Cp,[x A =¢] € T. On the other hand,
A(Cri[x A @] A Cr,[x A —]) is an instance of (SINGLETON
VariaBLE) and thus it is included in I'. This contradicts the
consistency of T'.

We will establish an important result about generated mod-
els in Lemma8T](the Truth Lemma), which links the semantics
and syntax and is essential to the completeness result. Roughly
speaking, the lemma says that for any generated model ¥ and
any witnessed MCS A €Y, a pattern ¢ is in A if and only if
the interpretation of ¢ in Y contains A. To prove the lemma,
it is important to show that every variable is interpreted to a
singleton. Lemma ensures that every variable belongs to
at most one witnessed MCS. To make sure it is interpreted to
exactly one MCS, we complete our model by adding a dummy
element x to the carrier set, and interpreting all variables
which are interpreted to none of the MCSs to the dummy
element. This motivates the next definition.

Definition 79 (Completed Models and Completed Valuations).
LetI' = {T'y}ses be a witnessed MCS and Y be the I'-generated
model. T'-completed model, denoted as M = ({Mj}ses,_pr), iS
inductively defined as follows for all sorts s € S:

o Mg =Y, if every x:s belongs at least one MCS in Yj;
o M =Y, U {x;}, otherwise.

We assume %, is an entity that is different from any MCSs,
and x5, # kg, if 51 # 52. For every o € X, s, define its
interpretation

0 if some A; = %,
AR U {xg} if all Ay # kg,

and some A; =T,

Uy(Al,...

om(Ar,... Ay) =

O—yro (A], ey An) otherwise

The completed valuation p: VAR — M is defined as

A ifxiseA

x¢ otherwise

p(x:s) = {
The valuation p is a well-defined function, because by
Lemma [78] if there are two witnessed MCSs A; and A; such
that x € A; and x € Ay, then A| = A,.

Now we come back to prove Lemma [73] We need the
following technical lemma.

Lemma 80. Let 0 € X, _,.s be a symbol, ®@y,..., 0, ¢ be
patterns of appropriate sorts, and yi,...,yn, X be variables

of appropriate sorts such that yi,...,y, are distinct, and

Vise s ¥n € FV(9) U U <i<cn FV(®;). Then
+ O'(q)l,...,q)n)
— Ayy,...,y,.

(@1 A (Ex.¢ = Slyi/x])..... 0 A (Tx.0 — ¢lyn/x]))

Proof: Notice that for every 1 <i < n,

F3x.¢ — Jyi(@lyi/x]).
By easy matching logic reasoning,

= O'((I)l,...,(bn)
— (@ A (Fx.¢ — Ty1.(s[y1/x])),

ey

@ A (3x.¢ = Tyn.(8lyn/x])))

Then use Proposition 46| to move the quantifiers Jyy,..., 3y,
to the top. [ ]
Now we are ready to prove Lemma [80]

Proof of Lemma [80} Recall that T' € ow(Ty,...,T},)
means for every ¢; € Iy, 1 < i < n, o(d1,...,¢,) € T.
The main technique that we will be using here is similar to
Lemma We start with the singleton sets {¢;} for every
1 <i < n and extend them to witnessed MCSs I';, while this
time we also need to make sure the results I'j,...,I; satisfy
the desired property I' € ow(T'y,...,T}). Another difference
compared to Lemma [71]is that this time we do not extend our
set of variables, because our starting point, {¢; }, contains just
one pattern and uses only finitely many variables. Readers will
see how these conditions play a role in the upcoming proof.

Enumerate all patterns of sorts si,...,s, as follows
Yo, 1,42, -+ € U|<i<n PATTERNg,. Notice that s,...,s, do
not need to be all distinct. To ease our notation, we define a
“choice” operator, denoted as [¢;]y, as follows

s if s=s"
[‘Ps]s’ = . .
nothing otherwise

For example, ¢ A [], means ¢y A ¢ if ¢ also has sort s.
Otherwise, it means . The choice operator propagates with
all logic connectives in the natural way. For example, [-¢/]; =

_'[w]s'

In the followin%),

we will define a non-decreasing sequence
of pattern sets I

P 1"51) c l"l(.z) C -+ C PaTTERN, for each
1 <i < n, such that the following conditions are true for all
I<i<nand k >0:

1) If yi has sort s;, then either ¥ or ¢ belongs to ngH).

2) If Y has the form Jx.¢; and it belongs to ng“), then
there exists a variable z such that (Ix.¢r) — Pr[z/x]
also belongs to ng”).

3) ng) is finite.

4) Let ﬂgk) = A l"l(k) for every 1 < i < n. Then
a’(nik),. . .,nﬁ,k)) erl.

5) I Ek) is consistent.



Among the above five conditions, condition (2)—(5) are like
“safety” properties while condition (1) is like a “liveness”
properties. We will eventually let I; = Ugso ng) and prove
that I'; has the desired property. Before we present the actual
construction, we give some hints on how to prove these
conditions hold. Conditions (1)—(3) will be satisfied directly by
construction, although we will put a notable effort in satisfying
condition (2). Condition (4) will be proved hold by induction
on k. Condition (5) is in fact a consequence of condition (4)
as shown below. Assume condition (4) holds but condition (5)

fails. This means that l"gk) is not consistent for some 1 <i < n,
(k)

so k" — 1. By (FrRaMING)
F 0'(7r<k) .. .,ﬂl(.k),. .. (k)) — O'(ﬂ(k) AU O .,nﬁ,k))
Then by Proposition 6] and FOL reasoning,
F O'(ﬂ(k) .. .,ngk), ... ,715,]0) — 1
Since 0'(7r(k) .,ﬂ;k),. . .,nﬁ,k) ) € T by condition (4), we know

L e T by Proposition [69} And this contradicts the fact that I’
is consistent.

Now we are ready to construct the sequence 1"(0) - F(l) C
Ffz)g...for1<l<n LetF(O) {gp,}for1<z<n
Obviously, FE ) satisfies conditions (3) and (4). Condition (5)
follows as a consequence of condition (4). Conditions (1) and
(2) are not applicable.

Suppose we have already constructed sets F( ) for every
1 <i <nand k >0, which satisfy the cond1t10ns (H)—(5). We
show how to construct I fkﬂ). In order to satisfy condition (1),
we should add either ¢ or =y to I“Ek), if l"l(k) has the same
sort as Y. Otherwise, we simply let l"gkﬂ) be the same as
r fk). The question here is: if ka) has the same sort as iy,
which pattern should we add to I“Ek), Y or i ? Obviously,
condition (3) will still hold no matter which one we choose
to add, so we just need to make sure that we do not break
conditions (2) and (4).

Let us start by satisfying condition (4). Consider pattern
O'(H(k) . ,nﬁl")), which, by condition (4), is in I'. This tells us
that the pattern

o'(]rik> A ['r//k \4 _'l//k]sw s 77[; ) A [l/’k Vv _";bk]s,,)

is also in I'. Recall that [_]; is the choice operator, so if i has
sort s;, then ngk) Ayr V=g ls, is ngk) AWg V=g ). Otherwise,
it is ﬂ';k). Use Proposition 46| and FOL reasoning, and notice
that the choice operator propagates with the disjunction v and
the negation —, we get

() Awils) v () A =lvds),
.. el
k k
O Al Uils,) V () A =lels,)
Then we use Proposition 46| again and move all the disjunc-

tions to the top, and we end up with a disjunction of 2"
patterns:

Voo@ A= W om) AR Wads,) € T

where [—] means either nothing or —. Notice that some [y ], ’s
might be nothing, so some of these 2" patterns may be the
same.

Notice that I is an MCS. By proposition[69] among these 2"
patterns there must exists one pattern that is in I'. We denote
that pattern as

G A =1 W AL,

For any 1 < i < n, if [ ]( )[wk] does not have the form
dx.¢, we simply define FEkH) = l"gk) U {[ﬁ]gk)[l//k]si}. If
[_,]Ek)[wk]si does have the form Jx.¢, we need special effort
to satisfy condition (2). Without loss of generality and to ease
our notation, let us assume that for every 1 <i < n, the pattern
[—']Ek)[lﬁk]s,» has the same form 3x.¢. We are going to find for
each index i a variable z; such that

o-(nik) Adx.p A 3x.¢ — ¢[z1/x]),
e, el
) A3x.g A (Fx.p > ¢lza/x])

This will allow us to define l"(k”) F(k) U{Ix.¢} U{Ix.¢ —

¢[zi/x]} which satisfies COIldlthIlS (2) and (4).

We find these variables z;’s by Lemma [80f and the fact that
I' is a witnessed set. Let ®@; = ﬂ'lk) A3dx.¢ for 1 <i < n. By
construction, o (®y,...,®,) € I'. Hence, by Lemma and
Proposition for any distinct variables yy,...,y, ¢ FV(¢)U
Ut<i<n FV(®)),

dyr ... 3y,

o(®1 A (3x.¢ = dly1/x]),.... 0 A@n.¢ — ¢lya/x])) €T
The set T" is a witnessed set, so there exist variables zj,. .., z,
such that

o (@) A (3x.¢ — d[z1/x]),. ..

This justifies our construction I' Ek”)
{3x.¢ — ¢lzi/x]}.

So far we have proved our construction of the sequences
Fl@ - l"gl) c Fiz) c for 1 < i < n satisfy the
conditions (1)—(5). Let I = Ugso ng) for 1 <i < n. By
construction, I'; is a witnessed MCS. It remains to prove
that ' € ow([y,...,I;). To prove it, assume ¢; € I; for
1 < i < n. By construction, there exists K > 0 such that
o; € F(K) for all 1 < i < n. Therefore, + JTEK) — ¢;. By
condmon 4), O'(iT(K), ..,ﬂﬁ,K)) € I', and thus by (FRAMING)
and Proposition - o(¢1,...,¢,) €. [ |

Lemma 81 (Truth Lemma). Let ' be a witnessed MCS, M be
its completed model, and p be the completed valuation. For
any witnessed MCS A € M and any pattern ¢ such that A and
¢ have the same sort,

s Op A(Qx.¢ > Plza/x])) €T
I u {3xg) U

weAN ifand onlyif A€ p(p)

Proof: The proof is by induction on the structure of ¢.
If ¢ is a variable the conclusion follows by Definition [72] If
¢ has the form | A ¢ or =y, the conclusion follows from



Proposition[69] If ¢ has the form o-(¢1,. . ., ¢,), the conclusion
from left to right is given by Lemma([73] The conclusion from
right to left follows from Definition

Now assume ¢ has the form Jx.y. If Ix.y € A, since A
is a witnessed set, there is a variable y such that Jx.y —
Yly/x] € A, and thus y[y/x] € A. By induction hypothesis,
A € p(¥[y/x]), and thus by the semantics of the logic, A €
p(3x.y).

Consider the other direction. Assume A € p(3x.¢r). By
definition there exists a witnessed_set A’ € M such that
A € p[A’/x](¥). By Definition every element in M
(no matter if it is an MCS or %) has a variable that is
assigned to it by the completed valuation p. Let us assume that
variable y is assigned to A’, i.e., p(y) = A’. By Lemma
A € p’(¥) = p(¢[y/x]). By induction hypothesis, y[y/x] € A.
Finally notice that + ¢/[y/x] — Jy.¢[y/x]. By Proposition
Ayyly/x] € A, ie., Ixy € A. ]

Theorem 82. For any consistent set T, there is a model M
and a valuation p such that for all patterns ¢ € T, p(¢) # 0.

Proof: Use Lemma|[71| and extend I to a witnessed MCS
I'*. Let M and p be the completed model and valuation
generated by T'* respectively. By Lemma for all patterns
p e C T, we have Tt € p(p), so p(¢) # 0. [ |

Now we are ready to prove Theorem [16]

Proof of Theorem[I6} Assume the opposite. If @ ¥ ¢, then
{—¢} is consistent by Definition Then there is a model M
and an valuation p such that p(—¢) # 0, i.e., p(¢) # M. This
contradicts the fact that 0 F ¢. ]

We point out that Lemma [81] in fact gives us the following
stronger completeness result of H. In literature, Theorem
is called weak local completeness theorem while Theorem [83]
is called strong local completeness theorem.

Theorem 83. For any set T and any pattern ¢, T E°¢ ¢
implies T I+ ¢, where T £C ¢ means that for all models M,
all valuations p, and all elements a € M, if a € p(y) for all
Y €T then a € p(p).

Proof: Assume the opposite that I' ¥ ¢, which implies
that ' U {—¢} is consistent. Extend it to a witnessed MCS I'*
and let M, p be the completed model and completed valuation
generated by I'*. By Lemma I'" € p(y) for all y €T, and
I'* € p(-g), ie., Tt ¢ p(¢). This contradicts with T E'¢ ¢. m

AppPENDIX E
ProoFr or ProprosITION 20]

Proof of Proposition 20} Trivial. Note that MmL coin-
cides with ML on the fragment without u. ]

AppENDIX F
ProoF oF ProprosITION 22] AND 23]

We prove that the theory I'™®™ captures precisely term
algebras, up to isomorphism. The proof is mainly a feast of
inductive reasoning.

Proof: Let us fix a *-model M such that M ¢ T®™,
By axiom (FuncTion), the interpretation cpy: M X--- XM —

P (M) must be a function, where ¢ € X, Term Term» Meaning
that for all ay,...,a, € M, cy(ay,...,a,) contains exactly
one element. By abuse of language, we denote that element
as cy(ay,. . .,a,) and regard cpp: M X---X M — M as really
a function.

To prove the proposition, it suffices to establish an
isomorphism between the two algebras (M,{cpy }cex) and
(TTgrm’{CT }ceZ)-

Let us define a subset My C M inductively as follows (in
which we separate the cases of constant constructs from non-
constant constructors for clarity):

e CMm € M(), if c € Z/I,Term;

hd CM(Cll,. . ~,an), if ¢ € z:Term...Term,Term and ai,. .

M,.
We claim that for all valuation p,

p(uD . v e(D,...,D)) = M,.

cex

.,da, €

We prove the equation by proving set containment for both
directions. Notice that by definition,

p(uD . \/C(D,...,D)) = ﬂ{A cM| UcM(A,...,A) C A}
ceX cexX
Denote the above set M| and we prove My = M.

(Case My € M;). Notice that M, is defined inductively,
so we carry out induction. The base case is ¢ € £ 7, and
cm € My. We aim to prove cps € M. For that purpose, assume
aset A C M such that (J,.es cp(A,...,A) € A and try to
prove cps € A. This is trivial, because cps is in the big-union
set on the left. The induction case is ¢ € Zqopm.. Term, Term and
ai,...,an, € My and cp(ay,...,a,) € My. We aim to prove
cymlay,. .., a,) € My. Similarly, we assume a set A € M such
that J.es cm(4, ..., A) C A and try to prove cpr(ay,...,an) €
My. By induction hypothesis, ajy,...,a, € M}, which implies
that cps(ay,. . .,ay,) is in the big-union on the left, and thus in
A. Done.

(Case M| C Mp). We just need to prove that M, satisfies
the condition that | J,cs car(Mo, . . ., My) € My, which follows
directly by the construction of Mj.

Hence we conclude that My = M;. By axiom (INDUCTIVE
DomaiIN), M| = M is the total set, and thus M = M. Note that
(Inpuctive DomaIN) forces the model M to be an inductive
one (i.e., Mp), and thus admits inductive reasoning.

We now define the isomorphism:

(M. {car)eex) ? (T A{er }ees)

inductively as follows:
hd l(CM) =, for c € 2/l,Term;

e i(eylay,...,an)) = cli(ay),...,i(ay), for ¢ €
z:Term...Term,Term;

4 ](C) =cpy, for c € 2/l,Term;

o jle(ti,. .. tn)) = em (), ..., j(tn)),  for

ce€E z:Term...Term,Term~
It is then straightforward to verify that i o j and j o i
are both identity function, by induction. In addition, they are
isomorphic to each other. [ ]



Proposition 23] is a direct corollary of Theorem [22]

Proof of Theorem ' Let us fix a model M £ I'N. By
Theorem the reduct of M over the sub-signature {0 €
YA Nats SUCC € ZnNgr Nar} 18 isomorphic to natural numbers N,
under the isomorphism:

(M, {Opz.succa ) 47 (N.{0.5})

where s(n) = n + 1 is the successor function on N.

Our aim is to show that the four axioms about plus and
mult force a unique interpretation in M. In particular, + and
X obviously give two valid interpretations under the above
(i, j)-isomorphism, as they clearly satisfies the axioms. But the
uniqueness of the interpretations of plus and mult is trivial, as
the four axioms form a valid inductive definition in M. ]

APPENDIX G
PROPERTIES ABOUT PROOF SYSTEM ?{,1

We present and proof some important properties about H,,.
First of all, we can generalized Lemma [66] to the setting with
set variables and p-binder.

Lemma 84. o(¢[v/X]) = plp()/X](¢) for all X € SVAR.

Proof: Carry out induction on the structure of ¢. The only
interesting case is when ¢ = uZ . ¢;. By a-renaming, we can
safely assume Z ¢ FV(y). We have:

p(nZ . o)/ X))

= p(uZ . (p1[¥/ X))

= (WA | p[A/ZI(e1[y/X]) < A}

= (A | plA/ZIPTATZIW)/ X)(¢1) € A}
= (A | pLA/ZIpW)/X(¢1) € A}

= (1A | plpW)/XTA] Z)(¢1) € A}

= plpW)/XI(uZ . 1)

= plp(¥)/ X1(¢).

Done. [ |

We prove the soundness theorem.

Proof of Theorem [24} The soundness of all proof rules
in H are proved as in Theorem We just need to prove the
soundness of (SET VARIABLE SUBSTITUTION), (PRE-FIXPOINT),
and (KNASTER-TARsKI). Let M be a model.

(SET VARIABLE SUBSTITUTION). Assume M F ¢. By defini-
tion, p(¢) = M for all p. Our goal is to show M E @[y /X]. Let
p be any valuation. We have p(¢[y¥/X]) = p[p(¥)/X](¢). Note
that p[p(y)/ X] is just another valuation, so p[p(¥)/X](¢) = M
by assumption.

(Pre-FixpoinT). Let p be any valuation. Our goal is
to prove p(e[uX.¢/X] — wpX.9) = M. By defini-
tion, p(e[puX . ¢/X]) = plp(uX . ¢)/X](¢), and p(uX .¢) =
MN{A | plA/X](¢) < A}. By Knaster-Tarski theorem,
p(uX . ) itself is a fixpoint of p[A/X](¢) = A. Therefore,

plo(uX . )/ X1(¢) = p(uX . ¢). Done.

(KnasTER-TarskI). Assume M E @[y /X] — . Our goal is
to prove M £ uX .o — . Let p be any valuation. We need to
prove p(uX . ¢) C p(¥). Note that p(uX . ¢) is defined as the
least fixpoint of p[A/X](¢) = A. By Knaster-Tarski theorem,
it suffices to prove p(y) is a pre-fixpoint, i.e., p[p(¥)/X](¢) C
p(¥). This is given by our assumption, M k ¢[y/X] — . This
implies that p(e[y/X]) € pW), ie., p[p(¥)/X](¢) S p().
Done. |

Lemma 85. + uX . < o[uX.p/X].

Proof: We prove both directions.

(Case “—”). Apply (KnasTer-TArskI), and we prove F
el(pluX . o/XD)/X] — ¢lpuX.¢/X]. By Lemma and
the fact that ¢ is positive in X, we just need to prove
Fo[uX .@/X] — ¢, which is proved by (PRE-FIxPOINT).

(Case “«") is exactly (PrRE-FixpoINT). [ |

Lemma 86. The following propositions hold:
o Pre-Fixpoint: + vX . — ¢[vX.¢/X];
o Knaster-Tarski: + y — @[/ X] implies v ¢ — vX . .

Proof: These are standard proofs as in modal y-logic. ®
Lemma 87. T'+ ¢; — ¢y implies T+ uX .1 — uX. ¢s.

Proof: Use (KNaSTER-TARSKI), and then (SET VARIABLE
SUBSTITUTION). |

Lemma 88. For any context C, we have I + ¢1 & ¢; if and
onlyf if '+ Clg1] & Clga].

Proof: Carry out induction on the structure of C. Except
the case C = uX.Cy, all other cases have been proved in
Proposition 7] While the u-case is proved by Lemma [ |

Note that Lemma [88] along with Lemma [83] allow us to
“unfold” a least fixpoint pattern uX . ¢ and replace it, in-place
in any context, by ¢[uX . ¢/X].

Lemma 89. A context C is positive if it is positive in O;
otherwise, it is negative. Let T + ¢1 — ¢r. We have

'+ Cle1] — Clez]
'+ Clp2] — Clen]

Proof: Carry out induction on the structure of C. The
cases when C is a propositional/FOL context are trivial. The
case when C is a symbol application is proved by (FRAMING).
The case when C is a u-binder is proved by Lemma [ ]

if C is positive,

if C is negative.

Lemma 90. Let  be a predicate pattern and C be a context
where O is not under any u-binder. We have + ¢ A Clg] <

U AC[Y A @] for all .

Proof: Carry out induction on the structure of C. The
cases when C is a propositional/FOL context are trivial. The
case when C is a symbol application is proved using the fact
that predicate patterns propagate through symbols. Since O
does not occur under any p-binder, that is all cases. [ |

Lemma 91. Let  be a predicate pattern and ¢ be a pattern.
Let X be a set variable that does not occur under any u-binder
in g, and X ¢ FV(§). We have + y A uX . & uX . (Y A @).



Proof: Note that “«<" is proved by Lemma We only
need to prove “—”. By propositional reasoning, the goal
becomes v uX.¢ — ¢y — uX.(@ A ¢) and we apply
(KnasTER-TARSKI). We obtain F Yy Ap[y — uX . (W Ap)/X] —
uX . A ¢). By (Pre-FixpoinT), we just need to prove
FY Aol — pX . (Y A @)/ X] — ¢ Ap[uX . (¥ A @)/X]. By
Lemma [91] we just need to prove + ¢ A o[y A (Y — uX . (¥ A
©)/X] = ¥ A @luX . (¥ A ¢)/X], which then by Lemma
becomes F Y Ap[Y A(uX . (Y Ap)/X] = Y Ap[uX . (W Ap)/X],
which then follows by Lemma [91] [ |

We now obtain a version of deduction theorem for 7—(,1,
which we believe is not in its strongest form, but it is good
enough to prove other theorems in this paper.

Theorem 92 (Deduction Theorem of H,,). Let I" be an axiom
set containing definedness axioms and ¢, be two patterns.
If TU{Y} + ¢ and the proof (1) does not use (UNIVERSAL
GENERALIZATION) on free element variables in ; (2) does not
use (Knaster-Tarski), unless set variable X does not occur
under any p-binder in ¢ and X ¢ FV(y); (3) does not use
(SET VARIABLE SUBSTITUTION) on free set variables in s, then

T'r|¥] — e

Proof: Carry out induction on the length of the proof
I'U{y} + ¢. (Base Case) and (Induction Case) for (Mopus
Ponens) and (UNIVERSAL GENERALIZATION) are proved as in
Theorem We only need to prove (Induction Case) for
(KnasTER-TARsKI) and (SET VARIABLE SUBSTITUTION).

(Knaster-Tarski). Suppose ¢ = uX.¢; — ¢>. We should
prove that T' + |[¢] — (uX.p1 — @), ie, T + |[y¥] A
uX .oy — ¢o. Note that || is a predicate pattern. By
Lemma our goal becomes I' + uX . (Y] A ¢1) — 2. By
(KnasTER-TARsKI), we need to prove I' F (|4 ] A )2/ X] —
¢2. Note that X ¢ FV(l¢]), so the above becomes I' +
o] A @ilea/X] — @2, ie, Tk Y] — o1[p2/X] — ¢2,
which is our induction hypothesis.

(SET VARIABLE SUBSTITUTION). Trivial. Note that X ¢
FV ). ]

AprPENDIX H
PrOOFs OF PROPOSITION

Proof of Proposition 23} We refer readers to [I]] for
some of the proof techniques that we use. Notice that ¢(x)
as well as other formulas are patterns of sort Pred. How-
ever, the (INpuctive DomAIN) axiom is about the sort Nat.
Therefore, our first step is to lift ¢ from Pred to Nat, using
the definedness symbols. In fact, we will use the membership
and equality constructs that are defined from the definedness
symbols. We define N = Jx.x A [ga(x)]llyfe’ ,» Which captures
the set of all numbers in which ¢ holds. One can prove that
x € N = [p(x)pe,

Since all patterns of sort Pred are predicate patterns, we
may use the deduction theorem (Theorem [92)) and assume ¢(0)
and Yx . (¢(x) — ¢(succ(x))), and to prove Yx . ¢(x). Using the
equality x € N = [¢(x)] gfe‘ > this means that we assume 0 € N
and Vx.(x € N — succ(x) € N) and prove Yx.x € N, which
implies N by (MEMBERSHIP ELIMINATION).

By (Knaster-Tarski), it suffices to prove only 0 V
succ(N) — N, which requires to prove 0 — N and succ(N) —
N. The first is proved by the assumption that 0 € N. The
second is proved by considering y € succ(N) — y € N, which
then becomes (3x.y € succ(x) Ax € N) —» y € N. By the
fact that succ is a function, it becomes x € N — succ(x) € N,
which is then proved by our second assumption. Done. [ ]

APPENDIX |
NotATIONS AND PROOFS ABOUT RECURSIVE SYMBOLS

Even though we tactically blur the distinction between
constant symbol o € X, .05, s and n-ary symbol o €
Xs,...sn.s» doing so will cause us a lot of trouble in this section,
when our aim is to prove such as blur of syntax actually works.
Therefore, within this section, we introduce and use a more
distinct syntax that distinguishes the two.

We use the following notations (and their meaning):

Qo € 2/1,31®w®sn ®s

(@15 - ¢n) symbol application
arler,. . enl projections
o(X1,. .., X)) = Qo [X1,. .., Xn] recursive symbol

ay = pa . AXX, ola/o]) definition of a,-

Before we prove Theorem [29] we introduce a useful lemma
that allows us to prove properties about least fixpoint patterns.
Recall that rule (KNAsTER-TARsKI) allows us to prove theorems
of the form I' + uX . — . However, in practice, the least
fixpoint pattern pX . ¢ is not always the only components on
the left hand side, but rather stay within some contexts. The
following lemma is particularly useful in practice, as it allows
us to “plug out” the least fixpoint pattern from its context,
so that we can apply (KNASTER-TaRrskr). After that, we may
“plug it back” into the context.

Lemma 93. Ler C[O] be a context such that O does not occur
under any u-binder, and

o CleA¥] =Cle] Ay, for all patterns ¢ and all predicate
patterns ;
e C[3x.¢] =3x.Cly], for all ¢ and x ¢ FV(C[O]).
Then we have that T + Cl¢] — & if and only if T + ¢ —
dx.x A C[x] = ¥

Proof: We prove both directions simultaneously. Note that
it is easy to prove that I' + ¢ = Jx.(x A (x € ¢)) using rules
(MemBERSHIP) in the proof system P (see Fig. [3).

We start with I’ + C[¢] — . By the mentioned equality,
we get ' v C[3x.(x A (x € ¢))] — . By the properties
of C, it becomes I' + (Ix.C[x] A x € ¢) — ¥, which, by
FOL reasoning, becomes I' + x € ¢ — (C[x] — ). Note
that x € ¢ is a predicate pattern, so the goal is equivalent to
I'rxegp— [Clx] >y

Now we are almost done. To show the “if” part, we apply
(MemBERsHIP INTRODUCTION) on ' + ¢ — Jx.x A [C[x] —
Y] and obtain ' v y € ¢ — Jx.(y € x) A [C[x] — ¢].



Note that y is a fresh variable and y ¢ FV(C[x]) U FV(¥), so
y € |C[x] = ¢] = |C[x] — ¥]. Notice that y € x = (y = x).
And we obtain '+ y € ¢ — |C[y] — ¢]. Done.

To show the “only if” part, we apply some simple FOL
reasoning on I' + x € ¢ — [C[x] — ¥ and conclude that
IF'r(@Qx.(x Ax € @) — Ax.(x AC[x] = ¢¥]). Then by the
equality ¢ = Jx.(x A x € @), we are done. ]

Note the conditions about the context C in Lemma [93| are
important. Many contexts that arise in practice satisfy the
conditions. In particular, (nested) symbol contexts satisfy the
conditions automatically.

Under the above new notation and the lemma, we are ready
to prove Theorem

Proof of Theorem[29} (Pre-Fixpoint). This is proved by
simply unfolding @, following its definition.

(KnasTer-Tarsk1). We give the following proof that goes
backward from conclusion to their sufficient conditions.

(X1, .., Xp) > W
= ag[x1,..., %] 2 ¥
— a—-3Ja.(aAla[x,....,x,] > ¥])
— a, o VX.da.(aA|a[x,...,x,] > ¥])
— TX.(XoVX.ap/o]) > VX.a
— (X, o|VX.a/o]) = aplzi/x1 ... 20/ Xn]
= (X,¢[VX.a0/c))

— Ja. (@A lalzi,. ...zl 2 ¢lz/x1. . 20/ x0]])

= (X, olVX.ap/oD[x1,....x:] = &
— ¢|VX.ap/0] > ¥
= ¢lVi.a/0] - ¢ly/o]

Notice that the last step is by I' + ¢[y /o] — .
By the positiveness of ¢ in o (see Lemma [89)), we just need
to prove that for all ¢y,...,¢,:

LE (VX))@ onl = Uler/x1 ... on/xnl

By (Key-VaLuEg) and definition of ag, the above becomes

Crzi €@ A Ay € on AY[z1/X1 ... 20/ Xn]
_>lr//[()0l/xl~~-‘pn/xn]’

which holds by assumption. Done. ]

What is interesting in the above proof is that we used only
(KEY-VALUE) and did not use (INnJEcTiviTY) and (Propuct
DomaIN). The last two axioms are used in the proof of
Theorem [30} where we need to establish an isomorphism
between models of LFP and MmL. In there, the two axioms
are needed to constrain MmL models.

APPENDIX J
PrOOF OF THEOREM

We first show that the theory of products (see Definition [27)
capture precisely the product set My X M;. We denote the
theory of products as TP consisting of the three axioms
(InjecTiviTy), (KEY-VALUE), and (PropucT DOMAIN).

Lemma 94. For any signature  consisting two sorts s,t and
their product sort s @ t, there exists an isomorphism

i
Ms®t ‘——\ Ms X Mt-
J

Under the above isomorphism, we adopt the following abbre-
viations for all a € Mg, b € Mg, p € Mg X M;:

(a.b) = (& )sdm(a.b) — p(v) = (COs.)m(p,v)

Then for all f: My — P(M;) and @ C P(Ms X M;), we have

f(a) = uncurry(f)(a) curry(a)(a) = a(a).

Proof: By (Probuct DomaIN), Mg, = p(Fk3v. (k,v)) =
Uaem, bem,{a,b). Define the (i,j)-isomorphism such that
i({a,b)) = (a,b) and j((a,b)) = (a,b). Note that i is well-
defined because of (INnJEcTIvITY). Clearly, i, j form an isomor-
phism between My, and M X M;.

Now we prove the two equations. They are straightforward.
Note that uncurry(f)(a) = {(a,b) | b € f(a)}(a) ={b | b €
f(a)} = f(a). Similarly, curry(a)(a) = {b | (a,b) € a} = a(a)
by definition. Done. [ ]

Corollary 95. For any signature containing sorts
S1,...,Sn,t and their product sorts s1®- - -®s, Qt, there exists
an isomorphism between My, g...gs, ot and Mg X - XM, XM;.
And for any function f: Mg, X --- X M5, — P(M;) and sets
a C M, X--- XM, XM, we have

f(ay,...,a,) = uncurry(f)(a)

curry(a)(ay,. . .,a,) = alay,...,ay)

where we abbreviate a(ay,...,a,) = alay)...(a,) is a com-
position of projections.

We now review the syntax and semantics of LFP, slightly
adapted to fit the best with our setting.

Definition 96. Let (S,%,IT) be a FOL signature. LFP extends
FOL formulas by the following additional rule:

@ = | [fprzelts,. ... ta)

where R is an n-ary predicate variable and ¢ is positive in
R. LFP valuations also extend FOL that map every n-ary
predicate variable R to and n-ary relation p(R) € P(M")[]
Given a FOL model M and a valuation p, LFP extends the

4This is where we are different from the classic LFP. In classic LFP,
formulas cannot contain predicate variables that occur free. And the semantics
of predicate variables, which is needed when we define the semantics of
[lfpg, XLreees x,, |- are given by an extended model M’ that takes R as an n-ary
predicate symbol and interprets it as a relation @ € M X - XMy, . Here, we
allow predicate variables to occur free in a formula, and we extend valuations
to give them semantics, instead of modifying the model. This slightly modified
presentation is obviously the same as the classic one, but fits better in our
setting and looks more similar and uniform to MmL.



semantics of FOL by adding the following valuation rule for
least fixpoint formulas:

M, p ke [Ifog z@](t1, - - tn),

if (p(t1),. .., p(tn)) €
ﬂ{agMS, XXM, |forall g e M,,1 <i<n,

M, pla/R,d/X] eLrp ¢ implies (ay,...,a,) € a}
LFP formula ¢ is valid, denoted ki gp ¢, if M, p ELpp ¢ for all
M and p.

Proof of Theorem [30f The proof is mainly based
on the isomorphism between LFP models and MmL T'“FP-
models. Notice that the (Funcrtion) axioms forces symbols
in all TYP-models are functions. In addition, the axiom
Vx:PredVy:Pred.x = y forces the carrier set of Pred must
be a singleton set, say, {x}.

(The “if” direction). We follow the same idea as we prove
that ML captures faithfully FOL (see [I[]), we construct
from an LFP model ({M:P} cs, ZHFP TIHFP) a corresponding
MmL I'**? model, denoted ({MM™} s U{MI';"rre"dL},ZMmL) with
MY = MR MMTE = (%}, and MM defined as in
Section [[I-D] consisting of symbols that are all functions. An
LFP valuation p' P derives a corresponding MmL valuation
oML such that pM™(x) = pFP(x) for all LFP (element)
variables x and pMM-(R) = p“FP(R) x {x}. Our goal is to prove
that for all LFP formulas ¢, we have M'FP, o7 ¢ 5 ¢ if and
only if pMmt(p) = {x}. Firstly, notice that as shown in [1],
oMmL(r) = {p'FP(¢)} for all terms t. Therefore, to simplify
our notation we uniformly use p(¢) in both LFP and MmL
settings. Carry out induction on the structure of ¢. The only

additional cases (compared with FOL) are ¢ = R(ty,...,t,)
and ¢ = [fpg y,. ., ¥1(t1,....tn). The first case is easy, as
shown in the following reasoning: M'FP, p7P & R(zy,.. ., 1,) iff

(p(t1), ... p(tn)) € PFR(R) ff (p(11),. .., pltn), %) € PMML(R)
iff pMML(R(zy,...,t,)) = {*}. The second case when ¢ =
PR x,....x, ¥1(t1, . . . 1n) is shown as the following reasoning:

MP, o P kep [Ifpg s, stn)
ﬂ{a/g ML‘IFPX-uxMSLfP | for all a; € M;_Fp,l <i<n,
M"P, p"Pla/R,d/X) Lpp o implies (a, ..
iff (by induction hypothesis)
(p(t1), .., p(tn)) €
ﬂ{a c M‘L\fm" X oo X M:,\fllm" | for all a; € M:“fm",l <i<n,
(pla/R,a/XPMm(y) = {x} implies (ay,...,an) € a}
iff (by definition of (p[e/R,d/X])M™)
(p(t1), .., p(tn)) €
ﬂ{a+ C MY™ X M X ()|
for all a; € M{™,1 <i <n,

oMmL[a* /R a/X](y) = {x} implies (a,..

Xn w](l‘l’ ..

.....

.,ay) € a}

Lap, %) € at}

iff (by reasoning about sets)
(p(t1)3 L ’p(tn)) €
ﬂ{a/+ C MM X x MU X (k)|

U @ an o™ et /R E/FIW)) € )

a;eMym
iff (by MmL semantics)
(p(t1),- ... p(tn)) €
/W((,uR: 519...05,QPred . Axy ... Ax, . (X1,. .., X, ¥))),

and the last statement, by MmL semantics, is equivalent to
PMME([IfpR x, . x, ¥1(t1, . .., 1,)), Done. And now we conclude
that TLFP ¢ then F gp ¢. Otherwise, there exists an LFP
model M'F and valuation p'™" such that M“™°, p'F g 5 o,
and this implies that in the T'‘FP-model MMM, we have
PMML(p) # {*}, meaning that TP k¢ ¢

(The “only if” part). Notice the axiom Vx:PredVy:Pred . x =
y forces that Mp.; = {*} must be a singleton set, which
ensures that the above translation from an LFP model M“P
to an MmL model MM™- can go backward. Specifically, for
every MmL (function) symbol f € IM™ we construct
from its interpretation fysmm: My, X - X My, — P(Mj), the
corresponding LFP function fjiee : My, X- - -X M, — My such
that fymm(ay,...,a,) = {fyee(a,...,a,)}. Similarly, for
every MmL (function) symbol = € TM™ . we construct
from its interpretation mym. 1 Mg, X - - X M, — {0, {*}}, the
corresponding LFP predicate my,ire © M, X- - - XM, , such that
e © Mg, XX M, = {(ai,....a,) | mpypmc(ar, . ...an) =
{x}}. Then we carry out the same reasoning as in the “if”
part, and we are done. |

AprpPENDIX K
ProoF oF THEOREM [31]

Proof: We conduct structural induction on ¢. The case
when ¢ = p(e1,...,9,) Where p is a recursive predicate is
proved directly by the definition of the canonical model Map.
The other cases have been proved in [1, Proposition 9.2]. ®

APPENDIX L
PrOOF OF THEOREM [32]

Theorem [32] shows that our definition of modal p-logic in
MmL is faithful. We have shown a proof sketch in the main
paper. We give the complete detailed proof in this subsection.
The main purpose is to give an example, as the proofs of the
corresponding theorems for LTL/CTL/DL have similar forms.

Lemma 97. +, ¢ implies T# + ¢.

Proof: We need to prove that all modal p-logic
proof rules are provable in matching u-logic. Recall
that modal p-logic contains all propositional tautologies
and (Mopus Ponens), plus the following four rules:

K)  olpr = ¢2) = (o1 = og2)  (N) O";
X
(1) l(X.@)/X] = pX.¢ () WXI=v

HX.9 =Y



Notice that (K) and (N) are proved by Proposition @ and (up)
and (up) are exactly (Pre-FixpoinT) and (KNASTER-TARSKI).
| |

Lemma 98. For all S = (S, R) and all valuations V : PVar —
P(S), we have s € [¢]3, if and only if s € V().

Proof: Carry out structural induction on ¢.

(Case ¢ = X). We have [X]} = V(X) = V(X). Proved.
_ (Case ¢ = @1 A ¢2). We have [, Aol = [eil Nle2l§ =
V(1) A V(g2) = V(g1 A ¢2). Proved.

(Case ¢ = ). We have [-¢1[5 = S\[@i]} = S\ V(1) =
S\ (S\ V(=¢1)) = V(=¢1). Proved.

(Case ¢ = o¢y). By Proposition we have [[Ogal]]\s/ ={se
S | s Rtimplies r € [ forallt € S} = {s € S| s €
V(og1)} = V(ogpy). Proved.

(Case ¢ = uX.¢p). We have [uX.¢]5 =
[[‘Pl]]‘S/[A/X] C A} =V(uX . ¢1). Proved.

Induction is finished and lemma is proved. ]

A < S|

Corollary 99. I'* £ ¢ implies &, ¢.

Proof: Assume the opposite. Then there exist S = (S, R),

p: PVaR_— P(S), and s € S such that s ¢ [¢]. By

Lemma s ¢ V(p). Since S £ T#, we have T* ¥ o.

Contradiction. [ |

Now we have completed the proof of Theorem where

(2) = (3) is given by Lemma and (5) = (6) is given
by Corollary 09]

APPENDIX M
ProoF ofF ProprosiTION 33
Proof of Proposition [33}  We simply apply definition.
Recall that s € og(¢) iff s R¢.

(Case “o”). 5 € p(ey) iff there exists r € p(yp) such that
s € og(t) iff there exists ¢ such that s Rt and ¢ € p(p).

(Case “07”). s € p(og) iff s € p(—e—¢p) iff s ¢ p(e—y) iff
(use (Case “o”)) for all 7, t € p(—¢p) implies s ¢ og(¢) iff for all
t, s € og(t) implies t € p(y) iff for all ¢, s Rt implies ¢ € p(p).

(Case “¢0”). Note that p(0¢) = (N{A C S | p[A/X](pVeX) C
A} = N{A C S | p(p) U eg(A) C A}. On the other hand,
{s € S| 3t e Ssuchthatt € p(¢) and s R* t} = {s € S |
Jr € S,3n > Osuchthatt € p(p) and s R" t} = {s € S |
3n > 0 such that s € e2(5(¢))} = U,»0 *&(0(¢)). Therefore,
we just need to prove the two sets:

) =[ HACS|pe)Ues(A) C A}
© = «L@e)

n>0

are equal. This can be directly proved by Knaster-Tarski
theorem.

(Case “O”). Similar to (Case “¢”).

(Case “@1 U ¢2”). As in (Case “¢”), we define two sets:

(M) = ple1 U ga) = [ A S S| ple2) U (A1 Nes(A)) € A}
(&)={seS|existn >0 andty,...,t, € S such that
SRtyR...Rt,, and s,11,...,t,-1 € p(¢1).tn € p(¢2)}

(Taut) ¢, if ¢ is a propositional tautology
_)
(MP) Y1 Pl ¥2
¥2

(Ko) o(p1 = ¢2) = (o1 — o¢2)

[
(No) R

[
(Kp) O(p1 — ¢2) — (Op1 — O¢2)

4
(No) _|:|<p
(FuN)  op & —(0-gp)
Uy (o1 U @2) = 0
(Uy) (01 U ¢2) & (92 V (@1 A o(p1 U ¢2)))
(Inp)  O(p — op) = (¢ — O¢p)

Fig. 4. Infinite-trace LTL proof system

and then use Knaster-Tarski theorem to prove them equal.
(Case “WF”). Again, we define two sets:

(m) = p(uX .oX) = ﬂ{A CS|(S\A)Ces(S\A)}
(&) = {s € S| s has no infintie path}

and then use Knaster-Tarski theorem to prove them equal. M

APPENDIX N
ProoF oF THEOREM [34]

As a review, we formally define the semantics of infinite-
trace LTL and present in Fig. [] its sound and complete proof
system. There are different notions of semantics of infinite-
trace LTL. We here review the one that fits best in our setting.

Let us first formally define some characteristic subclasses
of transition systems.

Definition 100. A transition system S = (S, R) is:
o well-founded if for all s € S, there is no infinite path from
AN
o non-terminating, if for all s € S there is t € S such that
sRt.
o linear, if for all s € S and #;,t, € S such that s R #; and
s Rt, then 1| = 1.

Definition 101. Infinite-trace LTL formulas ¢ is interpreted
over a transition system S = (S,R) that is non-terminating
and linear. We use s; to denote the unique state such that
SRs1Rs)R. . .Rsy, for k > 0. When k& = 0, we let 5o = 5. Given
a valuation V: PVar — P(S), semantics of infinite-trace LTL
is inductively defined for all s € S and ¢ as follows:

o S EinfiTL X if s € V(X),

o S EinflTL @1 A @2 if s Einae @01 and s EinaTe 9023

o S FinitL @ if § Einire @3

o § EiniLtL ¢ if $1 FiniLTL @5

o s EniTL @1 U 7 if exists k > 0 such that s EinpL 2 and

for all 0 <i < k, $; FiniLTL @1-

Lemma 102. ki1 @ implies TN o,

Proof: We just need to prove that all proof rules in Fig. ]
can be proved in I'MLTL,



(Taut) and (MP). Trivial.

(Ko) and (N,). By Proposition [T2]

(Kg) and (Ng). Proved by applying (KNASTER-TARSKI) first,
followed by simple propositional and modal logic reasoning.

(Fun, “—"). Proved from axiom (INF) T and simple modal
logic reasoning.

(Fun, “«"). Exactly axiom (LIN).

(Uy). By (KnasTer-Tarskr) followed by propositional rea-

soning.
(U,). By definition of ¢ U ¢; as a least fixpoint and (Fun).
(Inp). By (KNASTER-TARSKI). |

Lemma 103. s iq7 @ if and only if s € V().

Proof: We make two interesting observations. Firstly, it
suffices to prove merely the “only if”” part. The “if” part follows
by considering the “only if”” part on —¢.

Secondly, the definition of “s kinL ¢ is an inductive one,
meaning that “kjqr.” is the least relation that satisfies the five
conditions in Definition To show that “s FiprL ¢ implies
s € V(p)”, it suffices to show that s € V(¢) satisfies the same
conditions. This is easily followed by Proposition [33]

Note how interesting that this lemma is proved by applying
Knaster-Tarski theorem in the meta-level. ]

Corollary 104. T'"T- £ o implies ity @.

Proof: Assume the opposite and there exists a transition
system S = (S,R) that is linear and non-terminating, a
valuation V, and a state s € S such that s FEpr. ¢. By
Lemma s ¢ V(¢), meaning that S ¥ ¢. Since S is non-
terminating and linear, the axioms (InF) and (Lin) hold in S,
and thus 'L ¢ o Contradiction. [ ]

Now we are ready to prove Theorem

Proof of Theorem 34} Use Lemma and Corol-
lary [I04] as well as the soundness of MmL proof system and
the completeness of infinite-trace LTL proof system. ]

ApPPENDIX O
PROOF OF THEOREM

We review the semantics of finite-trace LTL as well as its
sound and complete proof system presented in Fig. [5]

The following definition is adapted from [10] to fit best in
our setting.

Definition 105. Finite-trace LTL formulas ¢ is interpreted

over a transition system S = (S,R) that is well-founded and

linear. One can show that S = {si,...,s,} must be finite,

and the transition relation of S must be of the linear structure

st R...Rsy,. Given a valuation V: PVarR — P(S), semantics

of infinite-trace LTL is inductively defined for all s; € S and

¢ as follows:

i ErnLtL X if 5; € V(X);

i BfinlTL @1 A @2 if 8; EfintL 1 and s; EginiTL 925

i BfinlTL —@ if i EfinlTL @05

i BfinLTL 0@ if §; = 5, OF $i11 FfinLTL @5

o §; EintL @1 Uy @2 if either Sj FfinlTL @1 for all j > i, or
there exists i < k < n such that s; EfnmL @2 and for all
i <j<k,s;EnLTL @1

e o o o
Lr T”n Y”an U

(Taut) ¢, if ¢ is a propositional tautology
—
(MP) Y1 ¢1 $2
$2
(Ko) o1 = ¢2) = (e@1 — o)
¥
No)
[
(Kn) O(¢1 — ¢2) — (Op1 — O¢2)
¥
No) o
(—0) -0 — o—p
oYy —
(colnD) R Al 2
[
(Frx) (p1 Uy 92) © (92 V (@1 A o(¢1 Uy ¢2)))

Fig. 5. Finite-trace LTL proof system

Lemma 106. o7 ¢ implies TTE 1 o,

Proof: We just need to prove all proof rules in Fig. [5] can
be proved by axioms (Fin) and (Lin) in MmL. We skip the
ones that have shown in Lemma

(—0). Proved by axiom (LiN).

(colnp). Use axiom (FiN) puX.oX and to prove I' finlTL
uX .oX — ¢ by (KNASTER-TARSKI).

(Fix). By definition of ¢; U,, ¢» as a least fixpoint. [ ]

Lemma 107. s Eqnqe @ if and only if s € V().

Proof: As in Lemma[I03] we just need to prove the “only
if” part, by showing that s € V(¢) satisfies the five conditions
in Definition [T05] This is easily followed by Proposition [33]
The case ¢ U,, ¢, shall be proved by directly applying MmL
semantics. |

Corollary 108. T & o implies £ o,

Proof: Assume the opposite and use Lemma [ ]
Now we can prove Theorem [35]
Proof of Theorem [33} Use Lemma and Corol-
lary as well as the soundness of MmL proof system and
the completeness of finite-trace LTL proof system. [ ]

APPENDIX P
PROOF OF THEOREM

We review the semantics of CTL as well as its sound and
complete proof system presented in Fig. [6]

Definition 109. CTL formulas are interpreted on a transition
system S = (S,R) that is non-terminating, and a valuation
V:PVar — P(S). We call an (infinite) sequence of states
5081 ... a path if s; R s;41 for all i > 0. CTL semantics is
defined inductively for all sp € S and ¢ as follows:

e S0 FcoTL X if S0 € V(X),

e S0 FoTL @1 A w2 if so FotL @1 and so FoTL @25

o S0 FeTL ¢ if 50 EoTL @3

o 50 FcTL EXg if there exists s such that so R sy, s1 EcTL ¢;

o 50 FcTL AXy if for all s; such that s R s1, s1 EcTL ¢;

e 50 EcTL @1 EU ¢y if there exists a path sgs;... and k > 0

such that sx EcTL @2, and so,. .., Sk—1 FcTL @1}



(Taut) ¢, if ¢ is a propositional tautology (Taut) ¢, if ¢ is a propositional tautology
(MP) Y1 P1— P2 (MP) L1 Y1 > P2
®2 ©2
(CTL1)  EX(g1 V ¢2) © EXg1 V EXgr (DL [e](er = ¢2) = ([aler — [a]e2)
(CTLy) AXp © —(EX-¢p) (DLy)  [a](e1 A 2) « ([aler A [a]e2)
(CTL3) @1 EU gy & @2 V(91 A EX(¢1 EU ¢2)) (DL3)  [aUBle « [ale A [Ble
(CTLy) @1 AU @2 & @2 V (@1 A AX(p1 AU ¢2)) (DLy)  [a;Ble < [allBle
(CTLs) EXtrue A AXtrue (DLs) [yNe & (W — ¢)
(CTLe) AG(¢3 — (=2 A EXg3)) = (93 = ~(¢@1 AU ¢2)) (DLe) ¢ Alalla’]e & [a*]p
(CTL7)  AG(¢3 = (=2 A (@1 — AXg3))) DLy  eAle](e — [alp) — [a']e
— (¢3 = =(¢1 EU ¢2)) (Gen) 4

(CTLg) AG(¢1 — ¢2) = (EX¢1 — EX¢2) [a]e

Fig. 6. CTL proof system Fig. 7. Dynamic logic proof system

* 80 FctL @1 AU if for all paths sps; ... there exists k > 0 anq 5, € V(=¢;), which is a contradiction to the condition. If

such that sg ot @2, and so, . .., Sk—1 FCTL ¢1;-
We write kgt ¢ if for all S = (S, R), all valuations p, and all

sE€S, sECTL Q.
Lemma 110. +c7; ¢ implies TCT + ¢

Proof: We just need to prove all CTL rules from the
axiom (INr) in MmL. We skip the first 7 rules as they are
simple. The rest 3 rules can be proved by applying (KNASTER-
Tarsk1) and use properties in Properties [ ]

Lemma 111. s ecry @ if and only if s € V().

Proof: As in Lemma[I03] we just need to prove the “only
if” part by showing that s € V(¢) satisfies all 7 conditions in
Definition [T09] The first 5 of them are simple. We show the
last two ones about “EU” and “AU”.

(Case EU). Assume there exists a path sgs7... and k > 0
such that s; € V(¢2) and so,...,sk_1 € V(¢g;). Our goal is to
show so € V(g1 EU¢,). By semantics of MmL, V(g1 EUg,) =
V(X .2V (p1 AeX)) = A C S| V(p2)U(V(p1)Nes(A)) C
A}. Therefore, it suffices to prove that so € A for all A C S
such that V(¢2) € A and V(@) N eg(A) C A. This is easy,
sk € V(@) C A implies s;_; € os(sx). Also, sx_; € V(py)
by assumption. Then sx_; € V(¢1) N es(sx) € A. Repeat this
procedure for k times and we obtain sy € A. Done.

(Case AU). Let us denote og(A) = {s € S | forall ¢t €
S such that s Rt,t € A} to be the “interpretation” of “all-path
next o” in S. Prove by contradiction. Assume the opposite
statement that so ¢ V(¢ AU ¢3) = V(uX . @2 V (@1 A 0X)) =
M{A C S| V(g2)U(V(p1)Nog(A)) C A}. This means that there
exists A C S such that V(¢;) € A and V(@) Nog(A) C A, and
so ¢ A. This is going to cause contradiction. Firstly by V(¢,) C
A, so ¢ V(g2), which implies that sy € V(—¢>). Secondly by
V(p1)Nos(A) C A, we know that (S\ A) C V(=) Ues(S\ A).
Since s ¢ A, we know either so € V(=) or so € og(S \ A).
If it is the first case, then we have a contradiction as any
path starting from sy contradicts with the condition. If it is
the second case, then there exists a state, say sj, such that
so R sy and s1 ¢ A, which also implies s; ¢ V(¢>). Repeat this
process and obtain a sequence of state sos7 . . .. If the sequence
is finite, say sos7 . . . 5,,, then by construction so, . . .,s, ¢ V(¢2)

the sequence is infinite, then by construction sgs; ... satisfies
that s, s1,¢ V(g2), which also contradicts to the condition.
Done. |

Corollary 112. TC™ £ ¢ implies k¢ .

Proof: Use Lemma and prove by contradiction. Note
that it is easy to verify that S £ Tt if S is non-terminating.
|

Now we are ready to prove Theorem [36]
Proof of Theorem [36} Use Lemma [[10] and Corol-
lary [T12] as well as soundness of MmL and completeness of
CTL. [ |

ApPPENDIX Q
PROOF OF THEOREM

We review the semantics of DL as well as its sound and
complete proof system presented in Fig.

Definition 113. Let S = (S,{R, }acapsu) be an APGM-labeled
transition system where R, € S X § is the transition relation
for atomic program a. Let V: PVar — P(S) be a valuation.
DL semantics is inductively defined as follows where state
formulas are evaluated to subsets of S and program formulas
are evaluated to relations of S:

o [PI5 = V(p):
[e1 A @l = [eily N [l
[=el3 = S\ [¢lys
llelel; = {s € S | forallz € S such that (s,r) €
[a]5. we have 7 € [¢]5};
e [a] = R, for a € APam;
o1 : @]y = [en] o [ea]§;
[ar U]y, = [ai]§ U [gal§s
[T% = ([al})
o [075 = {(s.9) | s € [¢]5 )
where “Rj o Ry” is the composition of two relations Rj, R, de-
fined as R; o Ry = {(s1,s3) | there exists s such that (s1,s;) €
Ry and (s2,53) € Ro}. We write kpL ¢ if [¢]§ = S for all S
and V.

Lemma 114. +p, ¢ implies TP + .



Proof: We just need to prove that all proof rules in Fig.
can be proved in T'°. First of all, rules (DL3) to (DLg) follow
from (syntactic sugar) definitions. Rules (TauT) and (MP) are
trivial, We only prove (DL;), (DL,), (DL7), and (GEN).

Notice that [a]¢ is defined a syntactic sugar based on the
structure of «. Therefore, we carry out structure induction on
a. We should be careful to prevent circular reasoning. Our
proving strategy is to prove (GeN) first, and then prove (DL;)
and (DL,) simultaneously, and finally prove (DL7).

(GEN). Carry out induction on a. All cases are trivial. Notice
the case when « = 8* is proved by proving I'°* + ¢ — [a*]¢
using (K~asTer-TArskI). After simplification, the goal be-
comes I'P* + ¢ — [B]e. This is proved by applying induction
hypothesis, which shows I'Pt + [B].

(DL) and (DL;). We prove both rules simultaneously by
induction on . We discuss only interesting cases and skip
the trivial ones. (DL, @ = B; ; B82) is proved from induction
hypothesis, by applying (Gen) on [B;]. (DL}, @ = B%) is proved
by applying (KnasTeEr-TARsKI), following by applying (DL,
“—=”) on [B]. (DL,, @ = B*, “—") is proved by (KNASTER-
Tarski). (DL, @ = 8%, “«") is proved by (KNASTER-TARSKI),
followed by (DL;) on [B].

(DL7) is proved directly by (KnasTER-TARsKI), followed by
(DL, “«") on [a].

|

We now connect the semantics of DL with the semantics
of MmL. First of all, we show that the transition system S =
(S, {Ru}acapon) can be regarded as a  “"S-model, where S is
the carrier set of State and APom (the set of atomic programs)
is the carrier set of Pgm. The “one-path next e € Zpg, Srare, State
is interpreted according to DL semantics for all t € S and
a € APom:

os(a,t) ={s €S| (st) € Ry}

In addition, valuation V: PVArR — P(S) can be regarded as
a matching u-logic valuation (where we safely ignore the
valuations of element variables because they do not appear
in DL syntax).

Lemma 115. Under the above notations, [¢]3, = V().

Proof: As in Lemma [I03] we just need to prove that
[¢]5 € V(g) by showing that V(y) satisfies the conditions in
Deﬁnition The only interesting case is to show V([a]p) =
{s €¢ § | forallt € S,(s,t) € [[oz]]‘s, implies t € V(y)}.
We prove it by carrying out structural induction on the DL
program formula «. The case when @ = a for a € APaom
is easy. The cases when @ = B ; B2, @« = B U B, and
a = y? follows directly by basic analysis about sets and
using definition of the semantics of DL program formulas.
The interesting case is when a = 8. In this case we should
prove V([B*lg) = VvX. o A[BIX) = U{A | A € V(g)N
VIA/XI([B1X)} = U{A | A € V(p)n{s | for all t,(s,t) €
[[,8]]‘5} implies t € S}} u {s | for all ¢,(s,t) € [[,3*]]‘3, implies ¢ €
V(¢)} We denote the left-hand side of «l ag (n) and the
right-hand side as (£).

To prove () = (&), we prove containment from both
directions.

(Case (17) € (£)). This is proved by considering an s € (1)
and show s € (£). By construction of (), there exists A C §
such that A € V(¢) N {s | for all #,(s,¢) € [B]} implies t €
A}, and that s € A. In order to prove s € (£), we assume
t € S such that (s,7) € ([8]})" and try to prove 7 € V(¢). By
definition, there exists k > 0 and sq,...,sx such that s = s,
t = s, and (s;,8;41) € [[[ﬂ]‘s, for all 0 < i < k. By induction
and the property of A, and that 5o € A, we can prove that
5051, - - ., 8k € V(¢), and thus 7 € V(¢). Done.

(Case (£) C (n)). Notice that the set n is defined as a
greatest fixpoint, so it suffices to show that (¢) satisfies the
condition, i.e., to prove that (&) C V(¢) N {s | for all 1,(s,t) €
H,B]]‘S, implies t € (£)}. This can be easily proved by the
definition of (£). Done. [ |

Corollary 116. TP £ ¢ implies £p, .

Proof: Use Lemma |l 15| and for the sake of contradiction,
assume the opposite. Suppose there exists S = (S, { Ry }qeAPou)
and a valuation V and a state s such that s ¢ [¢]5. We then
know s ¢ V(¢p), which implies that S ¥ ¢. Obviously S £ I'°"
as the theory I'°" contains no addition axioms. This means
that TPL ¢ ¢. [

We are ready to prove Theorem

Proof of Theorem 37 Use Lemma [[14] and Corol-
lary [TT6] as well as soundness of MmL and completeness of
DL. |

APPENDIX R
PrOOF OF THEOREM

As a review, we use the following notations:

“one-path next” ey, where o € X e
oY = ey
Sp=uX.pVeX
Op=vX.pAoX

WF = uX .oX
Owp=vX.pVeX

“all-path next”
“eventually”
“always”
“well-founded”

“weak eventually”

Proposition 117. The following propositions hold:
1) rel & L
2) Fe(p1 V) o ep Vep
3) Fe(dx.p) & Jx.ep
4) FoT & T
5) Fo(p1 A @) & op1 Aoy
6) Fo(Vx.p) e Vx.op
7) F— O and + e0p — O
8) FOp — ¢ and + Op — o0y
9 ko= O0wpand - e0,0 = Oy
10) T' v @1 — ¢ implies I' + *xp; — %@y where % €
{.’ 0909 D’ OW}
FOL e L
FO(p1 vV ¢2) © 091 V 0p2
FO(Ex. @) & Jx.0p

11
12)
13)



14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)

FOT & T

FO(e1 A ¢2) © 01 A Opz
FOVx.p) & Vx.0Op

FOp < —|()—|(p

Fop) A ey — o(p1 A p2)
Fo(pr = ¢2) Aepr — ep)

F Owe & (WF — o)

FOw(®1 V ¢2) © 0w V Owen
FOow(@x.p) & dx.0pp

F % % @ & *@ where x € {0,0,0,, }
FWF & uX .o*X when k > 1
FWF & uX.ooX

FO@1 A Ower = Owler A ¢2)
FO(p1 = @2) Agr = @2

Proof: We prove them in order.

(1-3) follows from (ProraGaTiON), and (FRAMING).

(4-6) are proved from (1-3) and that op = —e—p.

(7) is proved by (PrE-FixpoINT) that - ¢ V e0p — 0¢.

(8) is proved by (Pre-FixpoINT) that - Op — ¢ A eO.

(9) is proved by (KNASTER-TARSKI) that F ¢V e¢,,¢0 — 0y, ¢.

(10, when x is e) is exactly (FRAMING).

(10, when * is o) is exactly Proposition [I2]

(10, when % is ¢) requires us to prove I' - 01 — ¢¢y. By
(KnasTER-TARSKI), it suffices to prove I' - ¢; V 0@y — O¢o,
which is proved by (7).

(10, when * is O) requires us to prove I'  O¢; — O¢,. By
(KnasTER-TARSKI), it suffices to prove I' - Og; — ¢ A 0o,
which is proved by (8).

(10, when x is ¢,,) requires us to prove I' F ¢,,¢01 — O ¢2.
By (K~asTerR-TARSKI), it suffices to prove I' + ¢, 01 — @1 V
©0,, 2, which is proved by (PRe-FixpoInT).

(11, “—=7) is proved by (KNASTER-TARSKI).

(11,<") is trivial.

(12, “—”) is proved by (KNasTER-TaRsKI), followed by (2)
to propagate “e” through “Vv”, and finished with (7).

(12, “«<=”) is prove by (10, when % is ¢).

(13, “—>”) is proved by (KnasTER-TARSKI), followed by (3)
to propagate “e” through “3”, and finished with (7).

(13, “«<=") is proved by (10, when % is ¢).

(14-16) are proved similar to (11-13).

(17, both directions) are proved by (KnasTter-Tarski) fol-
lowed by (PRe-FIxPOINT).

(18) is proved by op = —e—¢p and (PROPAGATION).

(19) is proved by (18) followed by (10).

(20, “—") is proved by proving F WF — (0 — 0¢),
which is proved by (KnasTeEr-Tarski) followed by (19).

(20, “«=7) is proved by (KnasTER-TaRsKI), followed by (2)
to propagate “e” through “Vv”. After some additional proposi-
tional reasoning, we obtain two proof goals: F ¢ — ¢ V ed¢
and + oWF — WF. The former is proved by (KNASTER-TARSKI)
and the latter is exactly (PRE-FIxpoOINT).

(21, “—”) is proved by applying (20) everywhere followed
by (12).

(21, “«<=7) is proved by (10, when % is ¢,,).

(22, “—=") is proved by applying (20) everywhere followed
by (13).

(22, “«7) is proved by (10, when * is ¢y,).

(23, when % is ¢, “—”) is proved by (KNASTER-TARSKI)
followed by (7).

(23, when x is ¢, “«<=") is proved by (7) and (10).

(23, when % is O, “—”) is proved by (8) and (10).

(23, when % is O, “«<") is proved by (KNASTER-TARSKI)
followed by (8).

(23, when % is ¢, “—”) is proved by applying (KNASTER-
Tarski) first. Then we need to prove F 0y, 0,0 — @V 00,0, ¢.
By (Pre-FixpoINT), we know F 0,,0,,0 — 00 V 00,0, 0.
Thus, it suffices to prove + ¢,V 00,00 — @V 00,,0,,¢0. By
propositional reasoning, we just need to prove F 0,9 — ¢ V
00, 0n . By (KNASTER-TARSKI), we know + O,,¢0 — @V ed,, ¢,
so it suffices to prove + ¢ V 00,0 — ¢ V 00,,0,,¢. Again by
propositional reasoning, it suffices to prove + 0,0 — ¢ V
00,0,y ¢, which can be proved by proving + ¢¢,,0 — 0,0, ¢,
which is finally proved by (9) and (10).

(23, when % is ¢,,, “<") is proved by (9) and (10).

Note it is sufficient to prove (24) only for the case k = 1.

(24, “=") is proved by applying (KNASTER-TARskI) and
(Pre-FixpoinT) first. Then we need to prove + pX.ooX —
ouX .ooX. Apply (KNASTER-TARSKI) again, and finished by
(PRE-FIXPOINT).

(24, “«<=") is proved by applying (KNaAsTER-TARsKI) followed
by (Pre-FixpoINT).

(25, “—”) is proved by applying (KNasTER-TaRsKT) followed
by (Pre-FixpoinT). Then we obtain + uX . o0X — OuX . ooX.
Apply (KNasTeErR-TARSKI) on O, and we obtain + uX .o0X —
oOuX . ooX, finished by (Pre-FixpoinT).

(25, “«<=7) is proved by (8), (10), and then apply Lemma

(26) is proved by applying (KNASTER-TARsKI) firstly. After
propositional reasoning, we obtain two goals: + Op| A Oy @2 —
@1V e(Op1 Adwewa) and + 0@y A Gywpa — @2V e(0p; A Gyep2).
The first goal is easily proved by (8). The second goal is by
unfolding “¢,,¢>” and “0¢;”, and then use (18).

(27) is proved by (8). |
Lemma 118. A rc ¢; = ¢, implies TRt + RL2MmL(A +¢
1= ¢2).

Proof: We need to prove that all reachability logic proof
rules in Fig. [8] are provable in matching u-logic.

(Axiom). We prove for the case when C # (. The case
when C = 0 is the same. Our goal, after translation, is T'R- -
VEAAYEC — (¢; — e0,,¢7). By assumption, ¢; = ¢, € A,
and thus we just need to prove I'"t + V(p; — 0,,¢0) —
(¢1 — ®0y¢2), which is trivial by FOL reasoning.

(ReFLEXTIVITY). Notice that C = @ in this rule. Our goal,
after translation, is TRt + VEIA — (¢ — 0,,¢), which is true
by Proposition

(TranstTIVITY, C = (). Our goal, after translation, is
I+ VEA — (¢ — Owe3). Our two assumptions are
I+ VEA — (01 = 0weo) and TRE + VEA — (g —
Ow3). From the latter assumption and Proposition we
have TRL + VEA — (0w@2s — 0wOwe3), and then by
propositional reasoning and the former assumption we have
[RL 1 VEA — (91 — 0wOwy3). Finally, by Proposition [117]



Axiom:
p=>¢ €A
Arco=¢
Reflexivity:
Arpp=¢
Transitivity:
Arcpr=> ¢ AUCE @ = ¢3
Atrc o1 = ¢3
Logic Framing:
Arc ¢ = ¢ is a FOL formula
Arc oAy =@ Ny
Consequence:
M e ¢ — ¢l Arc ol = ¢ Mdgl:cpé—upz

Atc g1 = ¢

Case Analysis:
Arcpi=> 9 Arcpp> g

Arc o1V = ¢
Abstraction:
Arco=¢ XNFV(Q)=0

Arc dX. Y = (p'
Circularity:
Abcujpmpt ¢ = ¢
Arc o= ¢’

Fig. 8. Reachability logic proof system

we have TR + VEA — (91 — 0,,¢3), which is what we want
to prove.

(TranstTIVITY, C # (). Our goal, after translation, is
IR - VEA A VoEC — (¢ — 00,,¢3). Our two assumptions
are TRL + VEA A VoRIC — (91 — e0,¢) and TRt +
VEA AVEC — (g2 — O ¢3). From the first assumption, we
have TRt F VEA A Vo C A ¢ — VEA A VoEC A 0, ¢, and
thus by propositional reasoning, it suffices to prove that I'ft
VEHAAVYoROC Aed,,¢r — e0,,¢3. From the second assumption
and Proposition 10), we know that T™t + e¢,,(VEA A
VEC A ¢2) — ©0,,0,¢3, which by Proposition [[1723), im-
plies TR + @0, (VEIAAVEC A ¢3) — 00,,¢3. Then, it suffices
to prove IRt - VEIAAVoRC A0, 02 — 00, (VEIAAVECAE)).
The rest is easy, since by Proposition [TT7|(8), we just need to
prove IR+ VoA AVoEC A 00,00 — 00, (VEAAVEC A @),
which then by Proposition 18) becomes 'Rt + o(VEA A
VEC A Owgr) — o0, (VEHA A VEC A ¢7), and then by
Proposition [[17(10) becomes TR + VEIA A VEIC A 0,02 —
0w (YEAAVEC A¢s), which is proved by Proposition [T17)26).

(Locic Framing). We prove for the case when C # (. The
case when C = 0 is the same. Our goal, after translation,
is TR+ VA A VomIC — (o Ay — 0,,(02 A ). Our
assumption is IRt + VEA A VomC — (p; — #0,,¢,). Notice
that FOL formula ¢ is a predicate pattern, so + e¢,,(p2 A
) < (80,,¢02) A, and the rest is by propositional reasoning.
The condition that  is a FOL formula (and thus a predicate
pattern) is crucial to propagate i throughout its context.

(ConseQueNce). This is the only rule where axioms in R

is actually used. Again, we prove for the case C # @ as the
case when C = 0 is the same. Our goal, after translation, is
IRt - VEA AVoEC — (1 — #0,,¢2). Our three assumptions
include M9 £ ¢; — @ M®9 & ¥5 — @2, and IRt - VEA A
Vo[C — (¢] — #0y,¢}). Notice that by definition of IRt we
know immediately that ¢; — ¢] € 'Rt and Wy — g € AL,
The rest of the proof is simply by Proposition [I[T7(10) and
some propositional reasoning.

(Case ANaLysis). Simply by some propositional reasoning.

(ABsTRACTION). Simply by some FOL reasoning. Notice that
VA and VEIC are closed patterns.

(CircuLarITY). We prove for the case when C # 0, as the
case when C = 0 is the same. Our goal, after translation,
is TR+ VEA A VomIC — (91 — e0,¢2). By FOL
reasoning and Proposition [117(20,2,25), the goal becomes
AL b uX . ooX — VEA A VoRC — V(g — e0,¢2). By
(KnasTer-Tarskr) and some FOL reasoning, it suffices to
prove TRk om(VEA A YoEC — V(p; — 00,,¢2)) A VEA A
VoEC — (¢ — 0, ¢2). Our assumption, after translation, is
IAL + VEA A YolIC A Yo(p) — e04,¢2) — (01 — #0,02),
so it suffices to prove I'ftom(VEA A YomC — V(g1 —
©0w2)) A VEIA A YomC — VEA A VoEC A Yo(p; —
0., ), which by some propositional reasoning becomes
IR+ on(VEAAVYOREC — V(g — 00,,¢2)) AYEHAAVYoRC —
Vo(p; — e0,,¢2). By Proposition 8), it becomes 'Rt
oO(VEA A YoIC — V(o) — 0,,¢2)) A oVEHA A oVoC —
Vo(p1 — #0,,¢2), and by Proposition [I17]5,6,10), it becomes
'L+ O(VEA AVoEC — V(@) — 00,,¢2)) AVEA Ao C —
Y(¢1 — ®0,,¢2), which is proved by Proposition [I17(27). m

Corollary 119. S r¢ ¢ = @5 implies TRt + RL2MmL(S +g

1= ).

Proof: Let A= S and C = 0 in Lemma [TT8] u
Lemma 120. I'"t £ RL2MmL(S +g w1 = ) implies S ERL
Y1 = ¢2.

Proof: Let S = (M?g, R) be the transition system that is
yielded by S. We tacticarl use the same letter S to mean the
extended FRl-model M9 with e € Zcfe,cfe be interested as
the transition relation R. Then S £ I'RL, because all axioms
in 'Rt are about only the configuration model M9 and says
nothing about the transition relation R. Since M9 £ T (by
definition), then S £ I'°9, By condition of the lemma, S &
RL2MmL(S +p ¢1 = ¢2), ie., S E VEAS — ¢ — Op¢n.
By construction of S, for all rules ¥y = ¥, € S, we have
S E Y — ey (in MmL), which implies S £ YO(¥; — O, ¥2),
meaning that S £ VES. Therefore, S F ¢; — ¢y,¢ (in MmL),
which is exactly the same meaning as S kg ¢ = ¢; (in RL).

|
Finally, we are ready to prove Theorem [0}

Proof of Theorem {0} Following the same roadmap as
in the proof of Theorem [32] where (2) = (3) is given by
Corollary [TT9]and (5) = (6) is given by Lemma[T20] The rest
is by the sound and (relative) completeness of RL. Notice that
technical assumptions of [2]] are needed for the completeness
result of RL. [ ]
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