Kleene Algebra with Equations

Dexter Kozen and Konstantinos Mamouras

Computer Science Department, Cornell University, Ithaca, NY 14853-7501, USA
{kozen,mamouras}@cs.cornell.edu

Abstract. We identify sufficient conditions for the construction of free
language models for systems of Kleene algebra with additional equa-
tions. The construction applies to a broad class of extensions of KA and
provides a uniform approach to deductive completeness.

1 Introduction

Kleene algebra (KA) is the algebra of regular expressions. Introduced by Stephen
Cole Kleene in 1956, it is fundamental and ubiquitous in computer science.
It has proven useful in countless applications, from program specification and
verification to the design and analysis of algorithms [1-8].

One can augment KA with Booleans in a seamless way to obtain Kleene alge-
bra with tests (KAT). Unlike many other related logics for program verification,
KAT is classically based, requiring no specialized syntax or deductive appara-
tus other than classical equational logic. In practice, statements in the logic are
typically universal Horn formulas

S1 :t1—>82:t2—>'~'—>8n2tn—>82t,

where the conclusion s =t is the main target task and the premises s; = t; are
the verification conditions needed to prove it. The conclusion s = ¢ may encode
a partial correctness assertion, an equivalence between an optimized and an un-
optimized version of a program, or an equivalence between a program annotated
with static analysis information and the unannotated program. The verification
conditions s; = t; are typically simple properties of the underlying domain of
computation that describe how atomic actions interact with atomic assertions.
They may require first-order interpreted reasoning, but are proven once and for
all, then abstracted to propositional form. The proof of the conclusion s = ¢
from the premises takes place at the propositional level in KAT. This methodol-
ogy affords a clean separation of the theory of the domain of computation from
the program restructuring operations. It is advantageous to separate the two
levels of reasoning, because the full first-order theory of the domain of compu-
tation may be highly undecidable, even though we may only need small parts
of it. By isolating those parts, we can often maintain decidability and deductive
completeness.

A typical form of premise that arises frequently in practice is a commutativity
condition pb = bp for an action p and a test b. This captures the idea that the
action p does not affect the truth of b. For example, the action p might be an
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assignment x := 3 and b might be a test y = 4, where =z and y are distinct
variables. It is clear that the truth value of b is not affected by the action p, so
it would be the same before as after. But once this is established, we no longer
need to know what p and b are, but only that pb = bp. It follows by purely
equational reasoning in KAT that p1b = bp1 — -+ — ppb = bp, — qb = bg,
where ¢ is any program built from atomic actions p1, ..., pn.

In some instances, Horn formulas with premises of a certain form can be
reduced to the equational theory without loss of deductive completeness or de-
cision efficiency using a technique known as elimination of hypotheses [3, 9, 10].
One important class of premises for which this is possible are those of the form
s = 0. The universal Horn theory restricted to premises of this form is called
the Hoare theory, because it subsumes Hoare logic: the partial correctness as-
sertion {b}p{c} can be encoded as the equation bpé = 0. Other forms that arise
frequently in practice are bp = b, which says that the action p is not necessary
if b is true, useful in optimizations to eliminate redundant actions; and pg = ¢p,
which says that the atomic actions p and g can occur in either order with the
same effect, useful in reasoning about concurrency. Unfortunately, KAT with
general commutativity assumptions pg = ¢p is undecidable [11].

As a case in point, the NetKAT system [8] incorporates a number of such
equational premises as part of the theory, which are taken as additional axioms
besides those of KAT. Proofs of deductive completeness and complexity as given
in [8] required extensive adaptation of the analogous proofs for KA and KAT.
Indeed, this was already the case with KAT, which was an adaptation of KA to
incorporate an embedded Boolean algebra.

Although each of these instances was studied separately, there are some strik-
ing similarities. It turns out that the key to progress in all of them is the iden-
tification of a suitable class of language models that characterize the equational
theory of the system. A language model is a structure in which expressions are
interpreted as sets of elements of some monoid. The language models should
form the free models for the system at hand. For KA, a language model is the
regular sets of strings over a finite alphabet, elements of a free monoid; for KAT,
the regular sets of guarded strings; for NetKAT, the regular sets of strings of
a certain reduced form. Once a suitable class of language models can be deter-
mined, this opens the door to a systematic treatment of deductive completeness.
It is also clear from previous work [8, 12-15] that the existence of coalgebraic
decision algorithms also depends strongly on the existence of language models
(although we do not develop this connection in this paper). The question thus
presents itself: Is there a general set of criteria that admit a uniform construc-
tion of language models and that would apply in a broad range of situations and
subsume previous ad hoc constructions? That is the subject of this paper.

Alas, such a grand unifying framework is unlikely, given the negative results
of [11] and of §2. However, we have identified a framework that goes quite far in
this direction. It applies in the case in which the additional equational axioms
are monoid equations or partial monoid equations (as is the case in all the ex-
amples mentioned above) and is based on a well-studied class of rewrite systems
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called inverse context-free systems [16]. We give criteria in terms of these rewrite
systems that imply the existence of free language models in a wide range of pre-
viously studied instances, as well as some new ones.

This paper is organized as follows. In §2 we present preliminary definitions and
our negative result limiting the applicability of the method. In §3 we establish a
connection between the classical theory of string rewriting and Kleene algebra.
We recall from [16] the definition of inverse context-free rewrite systems and the
key result that they preserve regularity. The original proof involved an automata-
theoretic construction, but we show that it can be carried out axiomatically in
KA. In §4 we give examples of partial and total monoid equations and give a
general construction that establishes completeness in those cases. The construc-
tion is a special case of the more general results of §5, but we start with it as a
conceptual first step to illustrate the ideas. However, we can already derive some
interesting consequences in this special case. In §5, we establish completeness for
typed monoid equations. This is the most general setting covered in this paper.
We give the completeness proof along with several applications. In §6 we present
conclusions, future work, and open problems.

Proofs are omitted for lack of space. A full version is available online [17].

2 Preliminaries and a Negative Result

A Kleene algebra (KA) is an idempotent semiring (K, +,-,*,0,1) with an itera-
tion operator * satisfying

l14+aa*<a* 14+ada<ad* ar<z=ad2r<z za<z=zi" <z
where < refers to the natural partial order on K: a < b < a+b=0>b. A Kleene
algebra with tests (KAT) is a two-sorted structure (K, B, +,-,*,7,0,1) such that
(K,+,-,*,0,1)isa KA, (B,+,+,7,0,1) is a Boolean algebra, and (B, +,-,0,1) is
a subalgebra of (K, +,-,0,1) as an idempotent semiring.

Let X' be a finite alphabet of symbols. The free monoid (X*,-, €) generated
by X is the set X* of words over X together with the operation - of string
concatenation and the empty string € as identity. To generalize this construction,
we consider a finitely presented monoid M = {(a,b,... | u; = uz,v1 = va,...)
with a finite set of generators X' = {a,b,...} and a finite set of relations R =
{(u1,u2), (v1,v2),...}. We interchangeably write a relation as an equation u = v’
or as a pair (u,u’). Let <% be the smallest congruence on X* that contains R.
The congruence class of a string u is denoted by [u]. The finitely presented
monoid M = (X' | R) = X*/R has the congruence classes {[u] | u € X*} of <%
as its carrier. Multiplication is given by [u] - [v] > [uv], and the identity is [e].

We define regular expressions over the alphabet X' to be the terms given by
the grammar e,ej,ea i=a € X | 1| 0] e1 +e2 | er;ea | e*. We can interpret
a regular expression as a subset of a finitely presented monoid M = (¥ | R)
with multiplication - and identity 15; = [€]. The function Ry, called language
mterpretation in M, sends a regular expression to a set of elements of M:

R (a) = {[a]} Ra(er +e2) = Rar(er) URn(e2)
Ru(1) = {1M} Rum(er;e2) = Rur(er) - Ru(ez)
Rum(0) = Ru(e*) = U'nZO Ru(e)”
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where - on sets is given by A- B = {u-v | u € A,v € B}, and A" is defined
inductively as A = Rps(1) and A"t = A" . A. The image of the interpretation
Ras together with the operations U, -, *, 0, {157} is the algebra of regular sets
over M, denoted by Reg M. If M is the free monoid X*, then Ry is the standard
language interpretation of regular expressions.

It is known that the algebra of regular sets Reg X* is the free Kleene algebra
generated by X' [18]. This is equivalent to the completeness of the axioms of KA
for the standard language interpretation R of regular expressions. That is, for
any two regular expressions eq,es over X, if R(e1) = R(e2) then KAt e1 = eo.
The question then arises if this result extends to the general case of Reg M
for a finitely presented monoid M = (X' | R). We ask the question of whether
Rar(e1) = Rar(ez) implies provability of e; = ez in a system of KA augmented
with (at least) the equations corresponding to the relations R.

In general, the answer to the question posed in the previous paragraph is
negative. That is, there exists a finitely presented monoid M = (X' | R) such
that the equational theory of Reg M is not recursively enumerable, and therefore
not recursively axiomatizable. The equational theory of the Kleene algebra Reg M
is the set of equations between regular expressions that are true in Reg M under
the interpretation Ry, i.e., the set {e1 = ea | Rar(e1) = Rur(e2)}. We show
this negative result using the ideas developed in [11]. The proof specifies a way
to construct effectively the monoid whose existence we claim.

Theorem 1. There exists a finitely presented monoid M such that the equa-
tional theory of Reg M is not recursively enumerable.

This negative result says that we can only hope to identify subclasses of finitely
presented monoids M such that the algebra Reg M of regular sets over M is ax-
iomatizable. The idea is to first restrict attention to those finite monoid presen-
tations, where the equations can be oriented to give a confluent and terminating
rewrite system. This allows one to consider as canonical representatives the ir-
reducible strings of the congruence classes. Then, we focus on a subclass that
allows two crucial algebraic constructions: a “descendants” automata-theoretic
construction, and an “ancestors” construction, which is a homomorphism.

The proof of Theorem 1 is similar to that of [11, Theorem 4.1(ii)], but strictly
speaking, neither theorem follows from the other. The theorem of [11] gives
a uniform IT9-lower bound when the monoid is considered part of the input,
whereas Theorem 1 gives a IT9-lower bound for a fixed monoid.

3 String Rewriting Systems

In this section we establish a connection between the classical theory of string
rewriting systems and Kleene algebra. More specifically, we recall a result re-
garding the preservation of regularity: for every inverse context-free system R
and a regular set L, the set of the R-descendants of L is also regular [16]. This
result involves an automata-theoretic construction, which can be modeled in
KA, because an automaton can be represented as an appropriate KA term [18].
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The combinatorial arguments of the construction can then be replaced by equa-
tional reasoning in KA. As it turns out, this connection will allow us to obtain
powerful completeness metatheorems in later sections.

A string rewriting system R over a finite alphabet X' consists of rules ¢ — 7,
where ¢ and r are finite strings over X. This extends to the one-step rewrite
relation — g, given by xly —pr xry, for strings x,y and rule { — r of R. If
r — g y then we say that y is an R-successor of x, and x is an R-predecessor
of y. We write —} for the reflexive-transitive closure of — g, which is called the
rewrite relation for R. If u,v are strings for which u —% v we say that v is an
R-descendant of u, and that u is an R-ancestor of v. For a set of strings L:

Descr(L)={v|Ju € L. u =x v} Ancer(L)={u|Iv e L. u—%v}
So, Descr(L) is the set of all the R-descendants of the strings in L, and similarly
Ancer(L) is the set of all R-ancestors of the strings in L. The inverse system R~
of R is the system that results by taking a rule r — ¢ for every rule £ — r of R.
If u is an R-ancestor of a string v, then u is an R~ '-descendant of v. Define «+%
to be the smallest congruence on X* that contains {(u,v) | v — v is R-rule}.
The congruence class of a string u is denoted by [u].

Let R be a rewrite system. We say that R is terminating if there is no infinite
rewrite chain g —gr 1 —gr 2 —g ---. If R has rules of the form ¢ — r with
|r] < |£] then it is terminating, because every rule application strictly reduces
the length of the string. A string z is called R-irreducible if no rule of R applies
to it, that is, there is no y with x — y. We say that R is confluent if u =% «
and v —7% y imply that there exists z with © =% 2z and y =% 2. It is said that
R has the Church-Rosser property (we also say that “R is Church-Rosser”) if for
all strings z,y with = <3} y there exists z such that =% zandy =3 2. It is a
standard result that confluence and the Church-Rosser property are equivalent
[16]. A system R is said to be locally (or weakly) confluent if for all strings u, z,y
with v = = and u =g y, there exists a string z such that z =% z and y =% 2.
If R is both locally confluent and terminating, then R is confluent [16, 19].

Suppose that R is confluent and terminating. We map each string u to the
unique R-irreducible string nfr(u) that results from rewriting u as much as
possible. For strings u,v, it holds that u +7 v iff nfg(u) = nfr(v). So, two
strings are congruent iff they can be rewritten to the same R-irreducible. For
every congruence class [u] of <7, we choose as canonical representative (normal
form) the R-irreducible string nfg(u).

Definition 1 (Total Coalesced Product). Assume that R is confluent and
terminating, and let Ip be the set of R-irreducible strings. Define the binary
operation ¢ on Ig, called coalesced product, by uo v = nfg(uv). We lift the
operation to sets of R-irreducible strings as Ao B ={uov|u € A, v € B}.

Definition 2. Let R be an arbitrary string rewrite system. For a language L C
X*, we define Gr(L) = U,cplu]l = {v | Fu € L. v <% u}. Assume additionally
that R is confluent and terminating, so that the function nf g is well-defined. For
L C ¥*, we define 9r(L) = {nfr(u) | v € L}.

Lemma 1. Let R be a confluent and terminating rewrite system over X.
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1. r(L) = J{[u] | v € Yr(L)}, for a language L C X*.
2. Yr(L1) = 9Yr(Le) iff €r(L1) = €r(L2), for languages Ly, Ly C X*.
3. ¢r(L) = Ancer(Descr(L)), for a language L C X*.

A rewrite system R is said to preserve regularity if for every regular language
L, the R-descendants Descg (L) form a regular set. A system R is called inverse
context-free if it only contains rules of the form ¢ — r, where |r| < 1. That
is, every right-hand side of a rule is either a single letter or the empty string.
A classical result of the theory of string rewriting is that inverse context-free
systems preserve regularity (see Chapter 4 of [16] for a detailed proof). The
proof of this fact uses a construction on finite automata, which we briefly present
here. We will be referring to it as the descendants construction. Suppose that L
is a regular language, recognized by an automaton .A. The automaton is possibly
nondeterministic and it may have epsilon transitions. We will describe a sequence
of transformations on A. When the sequence reaches a fixpoint, we obtain an
automaton (nondeterministic with epsilon transitions) that recognizes Descg(L).

— Suppose that the system R has a rule { — a, where a is a single letter, and
=100y L, is a string of length m. We assume that there is an /-path from
the state ¢o to the state ¢, of the automaton. That is, a sequence

@@ 2 g2 25 T g S g,
where each xz; is a letter or €, z1 - z2 - ... - x, = £, and each ¢;_1 LN q; is a
transition of the automaton. We add the transition gy — ¢,. The idea is that
if the automaton accepts xfy, then it should also accept the R-descendant zay.

— Similarly, suppose that the system R has a rule £ — €, where € is the empty
string, and that there is an /-path from the state gy to the state ¢,. Then, we
add the epsilon transition gy — ¢, to the transition table of the automaton.
This process is iterated until no new transitions are added. The resulting au-
tomaton accepts exactly the set of R-descendants Descr(L).

Theorem 2. Let R be an inverse context-free rewrite system and e a regular
expression whose interpretation is L = R(e). We can construct effectively a new
regular expression é such that KAg - e = é and R(é) = Descr(L). KAg is the
system KA augmented with an equation £ = r for every rewrite rule £ — r of R.

Theorem 2 says that the descendants construction, which is combinatorial,
can be modeled algebraically in the system of KA with some extra equations.
This is a central technical result that we will use for our later theorems.

4 Completeness: (Partial) Monoid Equations

In this section we present our first completeness metatheorems, from which we
can prove the existence of free language models for systems of KA with extra
monoid and partial monoid equations. Our metatheorems are not only a concep-
tual first step towards the more general typed monoid case, which we investigate
in §5, but they also allow us to obtain previously unknown completeness re-
sults. As a concrete novel application, think of the assignment statement x := c,
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where c¢ is a constant. The action x := ¢ is idempotent, meaning that the effect
of x := ¢;x := c is the same as the effect of z := ¢. We express this fact with the
monoid equation aa = a, where a is a single letter abstraction of the assignment.
KA can be augmented with any number of such idempotence equations, and our
metatheorem implies the existence of a free language model (see Example 1).

Definition 3 (Language Interpretation). Let R be a confluent and termi-
nating rewrite system. The corresponding coalesced product is ¢. We define the
function Gg that sends a regular expression to a set of R-irreducibles:

Gr(a) = {nfr(a)} Gr(e1 +e2) = Gr(er) UGr(e2)

Gr(0) =0 Gr(e1;e2) = Gr(e1) o Gr(e2)

Gr(1) = {nfr(e)} Gr(e™) = Uy Gr(e)™
where, for a set A of R-irreducibles, A is defined by A = Gp(1) and A1) =
A o A. We also define the interpretation Cr(e) = Gr(R(e)) = Uwer(e)[ul-

Let R be a confluent and terminating system over X, and M = (¥ | R) be

the corresponding monoid. For a regular expression e, we have that Rs(e) =
{[u] | v € Gr(e)}. The algebra Reg M is isomorphic to the algebra that is the
image of Gr. This implies that Ras(e1) = Rar(e2) iff Gr(e1) = Gr(e2). So, our
investigations of completeness can be w.r.t. the interpretation Gpy.

Lemma 2. Let R be a confluent and terminating string rewrite system.
1. Gr(e) = {nfr(u) |u € R(e)} = Yr(R(e)), for an expression e.

2. Cr(e) = U{[v] | v € Gr(e)}, for an expression e.

3. Gr(e1) = Gr(ea) iff Cr(e1) = Cr(e2), for expressions ey, es.

Definition 4 (Well-Behaved Rewrite System). Let R be a rewrite system
over Y. We say that R is well-behaved if it consists of finitely many rules ¢ — r
with |r| = 1 and |¢| > 1, and it additionally satisfies confluence and the following
property: For every letter a of the alphabet, the R-ancestors of a form a regular
set R(e,) for some expression e, so that KAg - e, = a. Recall that KAg is the
system of KA extended with equations corresponding to the rules of R.

Intuitively, we say that R is well-behaved if it allows two important algebraic
constructions. First, the special form of the rules allows the automata-theoretic
descendants construction (described in §3), which can be modeled in KA, because
automata can be encoded as matrices. Then, the regularity requirement for the
sets of R-ancestors of single letters implies that we can apply a homomorphism to
obtain all the ancestors of a regular set. We can thus “close” a regular expression
under the congruence induced by R.

Theorem 3 (Completeness). Let R be a well-behaved rewrite system over X.
For any expressions e1 and ez, Gr(e1) = Gr(ez2) implies that KA F e1 = eq.

Example 1 (Idempotence Hypotheses). We will see how the general com-
pleteness metatheorem we have shown (Theorem 3) can be used to obtain a
completeness result for the regular algebra of a simple finitely presented monoid.
Consider the monoid M = (a,b | aa = a). The rewrite system R contains only
the rule aa — a. In order to invoke Theorem 3 we verify that R is well-behaved:
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e For the only rule £ = aa — a = r of R, we have that |r| =1 and |¢| > 1.

e To show confluence of R, it is sufficient to show local confluence, since R
is terminating. This is known as Newman’s Lemma (see [16, 19]). We have
the following critical-pair lemma: Suppose that ©« — = and u — y. If x =
y, we are done. If x # y, then u,x,y must be of the following forms: u =
via™ M vea™ g, ¢ = via™vea™ s, and y = via™ vea™vs. Notice now
that z,y — via™wvea™vs, which establishes local confluence.

e For the R-ancestors of the letters a and b, we see that Ancer(b) = {b}, and
Ancer(a) = {a* | i > 1} = R(a"), where a™ = a;a*. We put e, = b and
eq = at. Clearly, KAg - e, = b. Reasoning in KAg: @ < a™ and at = a;a* <
a <= a;a < a <= a;a = a. We have thus shown that KAgr F e, = a.

Since the rewrite system R satisfies the conditions of Theorem 3, we get com-

pleteness of KA together with the equation a;a = a for the interpretation Ry, .

We would like to generalize our result in a way that allows us to designate
certain strings as being non-well-formed or undefined. Any string with a non-
well-formed substring has to be discarded from the interpretation. For a string
a1 - - - ay, over the alphabet, we declare it to be non-well-formed using the equation
ay---ar = 1, where L is a special “undefined” symbol not in the alphabet.

We define a partial monoid to be an algebraic structure (M, -, 157, Las) satis-
fying the monoid axioms, as well as the equations x- Ly = Ly and Lz = Ly
The identity is 157, and L, is called the undefined element of M. In a presen-
tation of a partial monoid M| = (¥ |1 = y1,22 = y2,...,21 = L,zo = L,...)
we allow equations x = y between strings over X' (call the collection of these R),
as well as equations of the form z = L, where z is a string over X' (L is not in
X)). In order to give a concrete description of the partial monoid, we consider
the strings over the extended alphabet X' U {1}, and the equations R :

Ti = Ui zi=1 al=1, la=1 (a€l) ll=1
Let ~ be the smallest congruence on (X' U{.L})* that contains the relations R .
The partial monoid M is the set of strings (X' U {L})* quotiented by the con-
gruence ~, and hence equal to (¥U{L} | R} ). The identity is the ~-congruence
class [¢], and the undefined element is the class of [1].

Assumption 1. We collect a list of assumptions for (X, R, R, ). First, assume
that R is a confluent and terminating rewrite system over the alphabet X'. The
rewrite system R, extends R with rules of the form z — 1, where z € X* and
|z| > 2. Moreover, R contains the rule 1 1 — 1, as well as all the rules al — L
and la — L for every letter a € Y. We further assume that R, is terminating,
and that the seamlessness property is satisfied: If zzy is a string with z — L
in R, then any R-successor of xzy is of the form x'z'y’, where 2/ — 1 is in
R, . Intuitively, seamlessness says that if a string contains a non-well-formed
substring, then no R-rewriting can make it well-formed.

Definition 5 (Partial Coalesced Product). Let (X, R, R, ) satisfy Assump-
tion 1. Define the partial coalesced product ¢ on R -irreducibles in X*:
uov = nfg(uwv), if uv £ L; u ¢ v = undefined, if uv ~ L.
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The condition uv « L is equivalent to nfg(uv) not having a substring z with
z — L. We lift the coalesced product into a total operation on sets of R -
irreducibles: Ao B ={uov |uowv exists, u € A, v € B}.

Definition 6 (Language Interpretation). Let (X, R, R, ) satisfy Assump-
tion 1. For a string u, define [u]x = X* N [u]. For a language L C X*, put:

G, (L) = {nfr(u) |ue LI\ [y @, (L) = [Ls U U, luls
Now, Gr, sends a regular expression to a set of R, -irreducibles of X*:

Gr, (a) = {nfr(a)} \ [L]s Gr, (e1 +e2) =Gr, (e1) UGR, (€2)
Gr,(0)=10 Gr, (e15e2) = Gr, (e1) ©Gr, (e2)
Gr, (1) = {nfr(e)} \ [L]s Gr, (€*) = Uns09r, (€)™

where A = Gp (1) and A1) = A o A, Define Cr, (¢) = €r, (R(e)). The
interpretation Gr, discards the undefined strings, but Cr, adds them all in.

Definition 7 (Well-Behaved). We suppose that (¥, R, R ) satisfies Assump-
tion 1. We say that it is well-behaved if R, consists of finitely many rules, every
rule £ — r of R satisfies |r] = 1 and |¢| > 1, and it satisfies the property: For
every letter a of the alphabet, the R-ancestors of a form a regular set R(e,)
for some regular expression e4, so that KAg F e, = a. The empty string and
the single-letter strings are R -irreducible. We write KAg, for the system KAgr
extended with an equation a1;--- ;ar = 0 for every rule aj ---ar — L of R.

Theorem 4 (Completeness). Suppose that (X, R, R, ) is well-behaved. Then,
Gr, (e1) = Ggr, (e2) implies that KAg, F e1 = es.

5 Completeness: Typed Monoid Equations

We further generalize the partial monoid setting by assuming more structure on
the strings and the rewrite system. One major difference from the partial monoid
case is the introduction of a new category of primitive symbols, the subidentities,
which allow the encoding of Booleans. We show how to cover several examples:
plain KAT, KAT with simple Hoare hypotheses b; p; ¢ = 0, KAT with hypotheses
c;p = ¢, and NetKAT. There are even more applications which for lack of space
we do not present here: commutativity equations b; p = p; b (test b, atomic action
p), Boolean equations b = ¢ (tests b, ¢), and so on. These examples attest to the
generality and wide applicability of our technique.

Assumption 2. We collect a list of assumptions for (P,Id, R, R, ). Let X =
P U Id be a finite alphabet, whose symbols are partitioned into a set P of
action symbols and a set Id of subidentities. We write p,q,r,... to vary over
actions symbols, «, 3,7, ... to vary over subidentities, and a, b, c, . .. to vary over
arbitrary symbols of Y. Let S be the subset of X* consisting of all strings in
which an action symbol p always appears surrounded by subidentities, as in
apB. The set S is regular, and the corresponding regular expression is eg =
Id-(Id* - P-1d)* - Id*. Let R be a rewrite system over X' that includes at least
the rules acv — « for every subidentity a € Id, and additionally it satisfies:
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(1) S is closed under —pg: if x € S and * —pg y then y € S. Moreover, S is
closed under the inverse of —p: if y € S and © — g y then z € S. (2) For every
rule ¢ — r of R we have that |¢| > |r|. (3) R is confluent on S: For u,z,y € S,
u =% ¢ and u =% y imply that + =% 2 and y =% 2 for some z € S. Now,
suppose that R extends R with the rules a8 — L for all subidentities a # 3,
and possibly more rules of the form z — L, where z € S and |z| > 2. Moreover,
R, contains all the rules al — L, 1a — L (for each a € X), as well as the rule
11 — 1. We assume that R, satisfies additionally the seamlessness property:
For zzy € S with 2 — 1 in R}, any R-successor of xzy is of the form 2’2’y for
some rule 2’ — L of R . We will use the term irreducible (unqualified) to mean
R -irreducible of S. Finally, define the function cp to send every letter a of X to a
finite subset cp(a) of S, called the components of a. For a subidentity « € Id, we
put cp(e) = {a}. For an action symbol p € P, we put cp(p) = {apB | a, f € Id}.

Definition 8 (Language Interpretation). Let (P, Id, R, R, ) satisfy Assump-

tion 2. For a string u, we put [u]s = S N [u]. For a language L C S, we define:
Yn, (L) = {nfa(u) [ue DY\ [Ls  r, (L) = [L]s UU,cluls

The coalesced product of irreducibles, written o, is defined as in Definition 5. The

interpretation Gr, sends a regular expression to a set of irreducibles:

Gr, (a) = nfr(cp(a)) \ [L]s Gr, (e1+e2) =Gr, (e1) UGRr, (€2)
Gr,(0)=10 Gr, (e1;5€2) = Gr, (e1) © Gr, (e2)
Gr,(1)=1d Gr, (€") = Upnzo9r. ()™

Define Cr, (e) = €r, (R(e)), for expressions e with R(e) C S.

Definition 9 (Well-Behaved). Let (P, Id,R,R) be a tuple satisfying As-
sumption 2. We say that the tuple is well-behaved if R} consists of finitely many
rules, every rule £ — r of R satisfies [r| = 1 and |¢] > 1, and it satisfies the
following property: For every letter a of the alphabet, the R-ancestors of a form
a regular set R(e,) for some regular expression e,, so that KAg F e, = a.

We define the finite collection E of equations associated with the well-behaved
tuple (P, Id, R, R, ) to contain: (1) an equation x = y for every rule x — y of R,
(2) an equation z = 0 for every rule z — L of R, as well as (3) the equation
Y acia @ = 1. We write KAg for the system of KA augmented with the equations
E. Tt is easy to prove in KAg the equation ZxECp(a) x = a for every letter a.
Theorem 5 (Completeness). Let (P, Id, R, R} ) be well-behaved, and E be the
associated equations. Then, Gr, (e1) = Gr, (e2) implies that KAg - e1 = es.

Applications. Theorem 5 gives us four completeness results as corollaries. First,
we show that KAT is complete for the standard interpretation of KAT terms as
sets of guarded strings. We then consider the case of KAT extended with simple
Hoare hypotheses b;p;c = 0 (tests b, ¢, atomic action p), and with hypotheses
c;p = c¢. We conclude with a completeness proof for NetKAT.

Theorem 6. Let Gkar be the standard interpretation of KAT expressions. For
any e; and eg, it holds that Gkat(e1) = Grar(e2) implies KAT F e = eo.
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A simple Hoare assertion is an expression {b}p{c}, where b, ¢ are tests and p is
an atomic action. It can be encoded in KAT with the equation b; p; =¢ = 0. This
equation is equivalent to the conjunction of the equations 5;p;~ = 0, where 3,y
are atoms with 5 < b and v < —¢. So, w.l.o.g. we restrict attention to assertions
of the form f;p;~ = 0, where /3,7 are atoms and p is an atomic action.

Theorem 7. Let Z; be a finite collection of strings of the form ~pd, where
7,60 are atoms and p is an atomic action symbol. Let W be the set of strings
containing some ypd in Zp, and H be the collection of equations ~;p;d = 0 for
every vpd in Zp,. Define the interpretation G, by Gi(e) = Grar(e) \ W. Then,
Gr(e1) = Gn(ez) implies KAT + H F e = ea.

We consider now another class of equations of the form ¢;p = ¢, where ¢
is a test and p is an atomic action. We see that ¢;p = c is equivalent to the
conjunction of v;p = v for v < ¢. So, we can restrict our attention to equations
of the form ~y;p = 7, where 7y is an atom, and p is an atomic action.

Theorem 8. Let X be a finite set of strings of the form yp, where v is an atom
and p is an atomic action symbol, and H be the set of equations v;p =  for
every vp in X. For an atomic action symbol p, define the set of atoms A(p) =
{7 | vp € X}. Let Gy, be the interpretation that differs from Gat only for the
base case of atomic action symbols: Gy (p) = A(p) U {ypd | v ¢ A(p)}. Then,
Gn(e1) = Gn(ea) implies KAT+H F e1 = eq, for any KAT expressions e1, es.

We turn to the case of NetKAT. Fix an alphabet At of atoms. For a € At
we introduce an action symbol p,, and we put P = {p, | o € At}. Let dup be a
new action symbol, and set X' = P U {dup} U A¢. NetKAT extends KA with:

Dowea =1 a;dup = dup; o Da = Paj &
a;B=0 (a#pB) Pa;Pp =D a = a;pa
The axioms imply a;a = a;po;a = a;po = «, for every atom a. So, NetKAT
can also be defined as an extension of KAT. The following axioms
Yowear =1 aa=a a;pa;a=a  a;dup; S =0 (a# B)
aB=0(a#B) paasps=ps  a;ps;y=0(BF#7)
give an equivalent axiomatization of NetKAT.

Theorem 9. Let At be the subidentities (atoms), and P’ = P U {dup} be the
alphabet of action symbols, where P = {p,, | @ € At}. Define R and R, as:

aa — a (a € At) apea — a (a € At)  paapg — pg (o, f € At)

af —» L (a#p) adupf— L (a#p) apgy = L (B #7)
(P, At, R, R, ) is well-behaved, and NetKAT is complete for Gg | .

6 Conclusion

We have identified sufficient conditions for the construction of free language
models for systems of Kleene algebra with additional equations. The construc-
tion provides a uniform approach to deductive completeness and coalgebraic de-
cision procedures. The criteria are given in terms of inverse context-free rewrite
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systems [16]. They imply the existence of free language models in a wide range
of previously studied instances, including KAT [6] and NetKAT [8], as well as
some new ones. We have also given a negative result that establishes a limit to
the applicability of the technique.

For the future, we would like to investigate the possibility of developing a uni-
form approach to coalgebraic bisimulation-based decision procedures [8, 12-15].
Such decision procedures typically involve some variant of Brzozowski derivatives
and are highly dependent on the existence of language models.
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