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Abstract—The mCRL2 language is a formal specification
language that is used to specify, model, analyze and verify
behavioral properties for distributed systems and protocols. The
semantics of the mCRL2 language is defined formally using
Structural Operational Semantics (SOS). In [32] we propose an
approach that takes the SOS of a formal language, along with a
concrete model, that serves as an initialization, and transforms
it to a Linear Process Specification (LPS). In this paper we
extend the approach and show that it can be applied to a formal
language that is actually used to specify and model discussed
systems. Hence, we take mCRL2’s own operational semantics
and transform it into an mCRL2 specification. In essence, this
means that we are feeding the mCRL2 toolset its own formal
language definition. This semantic dogfooding approach validates
the implemented behavior for the mCRL2 language against its
formal definition. By performing this exercise we revealed gaps
between the defined and implemented semantics. These gaps have
subsequently been resolved.

I. I NTRODUCTION
Embedded systems have become ubiquitous and modern society has become –– to some extent –– dependent on them. This
means that we require them to always function ‘correctly’. To
guarantee correctness under all possible circumstances, one
could formally analyze a model that captures the essential
system behavior in an unambiguous way. This requires that
a behavioral model is written in a specification language for
which the syntax and semantics are defined formally.
In [32] the authors propose a framework that transforms
the Structural Operational Semantics (SOS) [26] of a formal
specification language into a restricted mCRL2 [14] specification (i.e., Linear Process Specification (LPS) [4], [12]).
The mCRL2 language is a formal specification language for
modeling the behavior of distributed systems and protocols.
Using the underlying mCRL2 toolset [1], mCRL2 specifications can be simulated or model checked (if a modal property
is provided).
The initial framework presented in [32], [33] considers only
the transformation of SOS deduction rules in the De Simone
format as a first step. This work has been used in [35] to
model the SOS of a domain specific language (DSL), by
which we successfully verified the behavior of domain specific
models. Because we wanted to show the applicability and
extensibility of the approach, this paper considers the mCRL2
language as another instance of a formal language on top of

our framework, see Figure 1. Because the mCRL2 language
uses semantic notations that have not been considered so far,
we have extended the initial transformation framework. These
extensions are detailed in [30], [31] and include the use of data
valuations, data parameters in action transitions, multi-actions,
action renaming and the generation of fresh variables.
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Fig. 1: Schematic overview of our approach
The formal semantics of the mCRL2 language is given
in SOS whereas the execution behavior of the supporting
mCRL2 toolset is manually written in the C++ language. This
means that no automated coupling exists between the formal
language definition and its manual implementation. To investigate the correspondence we apply our extended framework
to transform mCRL2’s SOS, along with a specification –– i.e.,
a model –– into an mCRL2 specification. Because we model
all transformation rules directly in the mCRL2 language, we
force the underlying toolset to eat, rewrite and execute its
own formal language definition. This technique is commonly
applied in industry [9], [16], [21], [27] and is known as “eating
your own dogfood” [17] or dogfooding for short.
In this paper we effectively demonstrate that our framework
is extensible and mature enough to capture the rich semantics
of a language like mCRL2. Moreover, the semantic dogfooding approach reveals that –– despite the formal characterization
of the mCRL2 language and its thorough study and broad
use by many students and researchers –– a number of (subtle)
differences existed between (i) the intended formal semantics,
(ii) the specified semantics, (iii) the implemented semantics
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and (iv) the modeled semantics. The discovered issues have
been addressed and subsequently been resolved.
This paper is structured as follows. Section II describes the
preliminaries on SOS and the relevant syntactic and semantic
concepts of the mCRL2 language. Section III outlines the
modeling of the mCRL2 syntax and semantics in an mCRL2
specification. Section IV presents the results, includes dogfooding examples, and shows the discovered issues. Section V
positions our work and Section VI presents our conclusions
and elaborates on future work.
II. P RELIMINARIES
A. Structural Operational Semantics
Structural Operational Semantics (SOS) specifies the actions a piece of syntax can perform, typically represented by
a Transition System Specification (TSS) [5], [13]. A signature
defines the syntax for which the semantics is defined. A signature fixes the composition operators and their corresponding
arities, for which we assume a set of variables VSOS and a set
of action labels ASOS .
A signature ΣSOS consists of (i) a collection SSOS of sorts
represented by S, S1 , . . . , Sn , and (ii) a collection of function
symbols together with their arities. The collection of terms
T (ΣSOS ) over signature ΣSOS is the smallest set such that (i)
S
(set of variables restricted to sort S) is
a variable x ∈ VSOS
a term of sort S, and (ii) f (t1 , . . . , tn ) is a term of sort S,
if t1 , . . . , tn are terms, where ti is a term of sort Si and f ∈
ΣSOS is an n-ary function symbol of sort S1 × · · · × Sn → S.
S
A valuation σ : VSOS
→ MS is a sort preserving function
from variables to a collection of modeled values of sort S,
represented by MS . Let p, p0 ∈ T (ΣSOS ) be terms, let l ∈
S
→ MS , then a transition formula
ASOS , and let σ, σ 0 : VSOS
l
is of the form (p, σ) −→ (p0 , σ 0 ).
A Transition System Specification (TSS) [5], [13] denotes a
set of deduction rules. It is defined by a tuple (ΣSOS , DSOS ),
where ΣSOS is a signature and DSOS is a set of deduction
H
rules. A deduction rule is of the form C where H is a set of
transition formulas or Boolean expressions, called the set of
premises, and C is a transition formula, called the conclusion.
To derive the conclusion, and perform an action, all premises
need to be satisfied.

B. The mCRL2 Language
The mCRL2 language is action based and geared towards
the specification and behavioral verification of distributed
systems, parallel computer programs and protocols. To describe the specifications the mCRL2 language uses a formal
syntax and semantics that are rich. Although we have dogfed
the entire untimed part of the mCRL2 language, we only
introduce those syntactic and semantic notions that are needed
for showing the discovered issues by the (entire) dogfooding
approach. The full syntax and semantics can be found in [15],
[30]. The entire dogfooding approach can be found in [30],
[31].

1) Syntactic Concepts: An mCRL2 process specification
is a five tuple PS = (DmCRL2 , AD, PE , p, X mCRL2 ) where
DmCRL2 is a data specification, AD is an action declaration, PE is a set of process equations, p is a process
expression and X mCRL2 is a set of global variables. Here
DmCRL2 = (ΣmCRL2 , E) consists of a signature ΣmCRL2
and a set of data equations E. A signature ΣmCRL2 =
(S mCRL2 , C mCRL2 , MmCRL2 ) consists of a set of sorts names
S mCRL2 , a set of constructor functions C mCRL2 and a set of
mappings MmCRL2 .
a) Sorts: The mCRL2 data specification incorporates
built-in (container) sorts, like B, N, Z, R, Set, List along with
their conventional functions for manipulation, but also allows
the specification of user defined sorts and user defined functions to manipulate data. Within this paper we use the standard
available (container) sorts, mappings and constructor functions
to model the syntax and semantics. In addition, we also use
structured sorts that are of the form:
sort S = struct c1 (π11 :D11 , . . . , πn1 :Dn1 )?is c1 | . . . |
cn (π1n :D1n , . . . , πnn :Dnn )?is cn ;
Here S denotes the sort name for the structured sort. Then for
1 ≤ i, j ≤ n, ci ∈ C mCRL2 denotes a constructor function,
πij denotes the j th projection function S → Dji for the ith
element, and is ci denotes the recognizer function that only
evaluates to true if the term is headed by the constructor
function ci .
Example A sort Tree for storing natural numbers in the leaves
can be modeled as:
sort Tree = struct leaf (val :N)?isleaf |
node(left:Tree, right:Tree)?isnode ;
A tree only containing the leaves 1 and 2 can be modeled as
node(leaf (1), leaf (2)). If t ∈ Tree, then we can test if t is a
node by isnode (t) using the recognizer function, or obtain t’s
left branch by using the projection function left(t).
b) Data: Data expressions in mCRL2 specifications are
expressions, that are inductively constructed from variables
and function symbols. Such data expressions have to be welltyped, see [20]. They are used to influence the behavior of
processes. Data expressions can be manipulated using data
equations. Data equations are of the form:
map f : D1 × · · · × Dn → D;
var v1 : D1 , . . . , vn : Dn ;
eqn f (v1 , . . . , vn ) = M ;
where f ∈ MmCRL2 is a mapping , D1 , . . . , Dn , D ∈
S mCRL2 are sorts, v1 , . . . , vn ∈ X mCRL2 are variables of
respectively the sorts D1 , . . . , Dn , and M is the resulting data
expression, either a constant or a function that is defined by a
subset of variables v1 , . . . , vn and (possibly other) mappings
and/or constructor functions.
Example Assume that we take the sort Tree from our previous example. Now we define a function SUM that takes the
sum over all leaves in the tree. This function can be modeled
as:
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map SUM : Tree → N;
var t, u : Tree;
a : N;
eqn SUM (leaf (a)) = a;
SUM (node(t, u)) = SUM (t) + SUM (u);
If we take node(leaf (1), leaf (2)) and apply SUM to it,
we get SUM (node(leaf (1), leaf (2))) = SUM (leaf (1)) +
SUM (leaf (2)) = 3
The mCRL2 language allows many mathematical notations
that follow their mathematical counterparts as closely as possible. Next to the basic operations on, e.g., natural numbers and
Booleans, the language also allows more complex operations
like set comprehensions or the union of sets. To illustrate a
set comprehension of all natural numbers up to (not including)
the value 5, however including the value 12, we write:
{n : N | n < 5 ∨ n ≈ 12}
To unify sets S and T , assuming that both are of the same
type, we simply write S ∪ T .
c) Actions: For every process specification we assume
that a set of action labels AmCRL2 is available. An action
declaration is a subset of AmCRL2 . All the actions that are
specified inside a process specification have to be declared by
an action declaration. Syntactic multi-actions are of the form:
~ | α|α,
α ::= a(d)
where a ∈ AmCRL2 denotes an action label and d~ denotes
a vector of data parameters. The syntactic multi-action α|α0
consists of the actions from both the syntactic multi-actions α
and α0 .
d) Processes: To describe behavior we use Process expressions. Process expressions are of the form:
P
p ::= α | c→p |
v:D p | p·p | pkp |
∇V (p) | X(v1 =d1 , . . . , vn =dn )
Here, p denotes a process term, α denotes a syntactic
multi-action, c ∈ B denotes a Boolean data-expression, v,
v1 , . . . , vn ∈ X mCRL2 (n≥0) are variables, V denotes a set
of multi-action labels, and d1 , . . . , dn denote data expressions.
For
P processes, c→p denotes the conditional if-then execution,
p denotes the non-deterministic choice over the domain
v:D

of D by selecting a value for variable v, p·p denotes the
sequential composition, and pkp denotes the parallel composition. The operator ∇V (p) allows only the multi-actions from
the set V of multi-action labels. X is a recursion variable,
X(v1 =d1 , . . . , vn =dn ) is a process reference to a process
equation. For a process equation X(v1 :D1 , . . . , vn :Dn ) = p ∈
PE holds that p is a process expression, and for (1 ≤ i ≤ n),
vi ∈ X mCRL2 are variables of sort Di ∈ S mCRL2 .
2) Semantical Concepts: The semantics for the mCRL2
language is rich [15], [30], [31]. As it is too lengthy to be
described in full, we only describe the semantic notations
that are relevant for the dogfooding approach. So we restrict
the sorts of the input data specifications to only the Boolean
sort. Hence, S mCRL2 corresponds to only the sort name B
with the constructor functions true and false, presuming that

true and false are different. We assume no mappings, i.e.,
MmCRL2 = ∅.
Let MB be the DBmCRL2 -model where the domain of MB is
the sort B, i.e., {true, false}. Then we write σ:X mCRL2 →
MB to describe a (partial) valuation function. We write σ[v 7→
w] for the valuation σ 0 with domain dom(σ) ∪ {v}, such that
σ 0 (v) = w and ∀v0 ∈dom(σ)\{v} σ 0 (v 0 ) = σ(v 0 ) hold.
The semantic interpretation function {[·]}σ on a data expression is defined as:
σ
mCRL2
• {[v]} = σ(v) for every variable v ∈ X
.
σ
• {[true]} = true.
σ
• {[false]} = false.
~ B and let α, β be syntactic
Let a ∈ AmCRL2 , let w
~ ∈ M
multi-actions. Then the interpretation of a syntactic multiaction under σ is inductively defined by:
Ja(w)K
~ σ = a({[w]}
~ σ)

Jα|βK = JαKσ |JβKσ

Note, that for presentation purposes the syntactic and the
semantic action labels are both represented by AmCRL2 .
Let α, β be semantic multi-actions, then the semantic multiaction equivalence relation is defined as the smallest equivalence relation that satisfies:
α|β∼β |α

(α | β) | γ ∼ α | (β | γ)

The equivalence class with respect to ∼ of a multi-action α
is denoted by a ∼ subscript:
α∼ = {β :: β ∼ α}
~ B , and let α∼ , β∼ be
Let a ∈ AmCRL2 and let w
~ ∈ M
multi-action equivalence classes, then we define a function that
combines separate equivalence classes into a new equivalence
class by:
(a(w)
~ ∼ )∼ = a(w)
~ ∼

(α∼ | β∼ )∼ = (α | β)∼

Given a process specification, we express the semantics of
the process expression through a transition system. The way
in which a process expression relates to a transition system is
described via deduction rules.
Let PS be a process specification and let σ0 be a data
valuation. The semantics for a process specification PS given
AmCRL2 and σ0 is defined by a transition system (S, Act, −→
, s0 , T ):
0
0
• The states S contain all pairs (p , σ ) for process expres0
0
sions p and valuations σ . The state where a process
successfully terminates is denoted by X.
• The set of labels Act is the set of semantic multi-action
equivalence classes.
• The transitions are inductively defined by the deduction
rules in Table I. These describe the semantics for the
restricted mCRL2 language. The transition relation is
m
m
denoted by (p0 , σ) −→ (p00 , σ 0 ), (p0 , σ) −→ X ∈ S ×
Act × S.
• The initial state s0 corresponds to (p, σ0 ).
• T ⊆ S is the set of terminating states. The set of
terminating states corresponds to the states where X
holds.
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(Alpha)

JαKσ

(α, σ) −→∼ X
m

(Seq 1 )

m

(p, σ) −→ X
m
(p·q, σ) −→ (q, σ)

(Seq 2 )

{[b]}σ=true
m
(p, σ) −→ X
(Cond 1 )
m
(b→p, σ) −→ X

{[b]}σ=true,
m
(p, σ) −→ (p0 , σ 0 )
(Cond 2 )
m
(b→p, σ) −→ (p0 , σ 0 )

m

(p, σ[v 7→ w]) −→ X, w∈MB
P
m
( p, σ) −→ X

(Sum 1 )

v:B

m

(p[v 7→ v 0 ], σ[v 0 7→ w]) −→ (p0 , σ 0 ), w∈MB
P
m
( p, σ) −→ (p0 , σ 0 )

(Sum 2 )

v:B

where v 0 is a fresh variable of sort B, i.e., v 0 6∈ dom(σ)
m

(Par 1 )

(p, σ) −→ X
m
(pkq, σ) −→ (q, σ)

(Par 3 )

(q, σ) −→ X
m
(pkq, σ) −→ (p, σ)

m

(Par 2 )

(p, σ) −→ (p0 , σ 0 )
m
(pkq, σ) −→ (p0 kq, σ 0 )

(Par 4 )

(q, σ) −→ (q 0 , σ 0 )
m
(pkq, σ) −→ (pkq 0 , σ 0 )

m

m

(Par 5 )

m

n

m

(p, σ) −→ X, (q, σ) −→ X
(pkq, σ)

(m|n)∼

−→

m

(Par 7 )

(Par 6 )

(pkq, σ)

n

(m|n)∼

−→

(q 0 , σ 0 )

(p0 , σ 0 )
n

(m|n)∼

−→

(p0 kq 0 , σ 0 ∪σ 00 )

m

(p, σ) −→ X, m ∩ V 6= ∅
m
(∇V (p), σ) −→ X

~ σ ]) −→ X
(q, σ[~v 7→ {[d]}
m
~
(X(~v =d), σ) −→ X

−→

(p, σ) −→ (p0 , σ 0 ), (q, σ) −→ (q 0 , σ 00 )
(pkq, σ)

(Allow 2 )

m

(Def 1 )

(m|n)∼

m

(Par 8 )

m

(Allow 1 )

n

(p, σ) −→ (p0 , σ 0 ), (q, σ) −→ X

X

(p, σ) −→ X, (q, σ) −→ (q 0 , σ 0 )
(pkq, σ)

(p, σ) −→ (p0 , σ 0 )
m
(p·q, σ) −→ (p0 ·q, σ 0 )

(Def 2 )

(p, σ) −→ (p0 , σ 0 ), m ∩ V 6= ∅
m
(∇V (p), σ) −→ (∇V (p0 ), σ 0 )

m
~ σ ]) −→
(q[~v 7→ v~0 ], σ[v~0 7→ {[d]}
(q 0 , σ 0 )
m
0
0
~
(X(~v =d), σ) −→ (q , σ )

where X(~v :~
B) = q ∈ PE and v~0 are fresh variables of sort ~
B with respect to σ, i.e., v~0 ∈
6 dom(σ)

TABLE I: SOS deduction rules for the restricted mCRL2 language

III. M ODELING THE SEMANTICS OF THE M CRL2
LANGUAGE IN AN M CRL2 SPECIFICATION
An mCRL2 specification consists of two parts, namely
a data specification part and a process specification part.
Computations that are performed by the data specification are
executed by a higher order rewriter. The behavior associated
with process operators is manually implemented in code.
By dogfooding the semantics of the mCRL2 language, we
lift the specification of the operators from code to the higher
order rewriter. This is accomplished by modeling process
terms as data expressions (i.e., the signature of the process
terms is described by a structured sort), by modeling deduction rules as mappings with corresponding rewrite rules (i.e.,
deduction rules are represented by set comprehensions), and
by expressing transition relations as process expressions. Data
(sorts, mappings, constructors, . . . ) can be modeled by the data
itself. Syntactic and semantic concepts that are expressed in
their lifted form are referred to as notions in the meta notation.
Transition relations for the deduction rules are modeled
by an mCRL2 specification of a particular form, namely a
Linear Process Specification (LPS). An LPS can be viewed
as a symbolic representation for a (possible infinite) labeled
transition system. A formal definition of an LPS and its

components can be found in [4], [12]. An LPS consists of an
mCRL2 data specification, a Linear Process Equation (LPE),
and an initialization. The (simplified) LPE that we use in this
paper is:
P ~
~ D)
~ e))·X(g(d,
~ e))
~
X(d:
=
c(d, e)→a(f (d,
e:E

where e and E respectively denote a variable name and a sort
~ e) is a data expression of sort B that serves
expression, c(d,
~ e)) : AmCRL2 × D
~ is an
as a guard to allow actions, a(f (d,
~ e) is a term of sort D
~
action with data parameters and g(d,
that denotes the next state.
To capture mCRL2’s syntax and semantics in an mCRL2
specification, we take design and modeling decisions such that
the resulting models are proper mCRL2 specifications and they
can be subjected to exhaustive simulation. In the context of
mCRL2, exhaustive simulation corresponds to the exploration
of all possible behavior. So if one models a system with
infinite branching or specifies a non-terminating process, the
exhaustive simulation runs infinitely and will be only limited
by the available time and memory a machine or user has.
This section explains the modeling decisions for (i) the
modeling of the signature of a process term, (ii) the representation of data expressions, (iii) the computation of syntactic
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multi-actions into semantic multi-action equivalence classes,
(iv) the representation of the transition relations and (v) the
SOS deduction rules.

syntactic actions are the ones specified in an mCRL2 specification. Semantic actions are observed during the execution of
a process. For both kinds we introduce sorts such that we can
represent them. So, we represent syntactic action by the sort:

A. Process Terms

sort Act Ξ = struct
Act(actionlabel :Act Lab , args:List(EB ));

The signature of a process term is translated into a structured
sort, represented by P. Process terms in the mCRL2 language
are defined by a single sort. For every mCRL2 process term,
we introduce a constructor that carries the textual characterization of the function symbol. Arguments of these terms
can be represented by different sorts. They describe, e.g., the
condition in the conditional choice operator, the actions that
are allowed to execute within the scope of an allow operator,
or a sub-process term. To model the sorts for syntactic multiactions, Boolean data expressions, variables, sets of syntactic
multi-actions, process labels, and lists of process parameter updates, we respectively introduce and use the sorts List(Act Ξ )1 ,
EB , V, Set(Bag(Act Lab )), X and List(Q). The arguments of
the terms are modeled by their mathematical counterparts.
To access the operands of a term, we add projection functions. Here, πn denotes the nth operand of a process term of
sort P. To access other operands of other sorts, like c in c → p,
we add projection functions with specially selected names,
e.g., πc . For the conciseness of the model, the X predicate is
modeled via the Xp constructor. Based on these decisions, we
model the signature of the process expressions as:
sort P = struct
Xp ?is X
| Alpha(πmultiaction :List(Act Ξ ))?is α
| Seq(π1 :P, π2 :P)?is Seq
| Cond (πc :EB , π1 :P)?is Cond
| Sum(πd :V, π1 :P)?is Sum
| Par (π1 :P, π2 :P)?is Par
| Allow (πV :Set(Bag(Act Lab )), π1 :P)?is Allow
| Def (πPE lab :X , πProcParAsss :List(Q))?is Def ;
B. Data
Data expressions are either values or variables. A data
expression is modeled by a structured sort. Because we restrict
the language to the Boolean sort, we only have to represent
this sort in the meta notation. So, the sort for the Boolean data
expression is modeled by EB (condition’s guard):
sort V = struct v1 | . . . | vn ;
Λ
sort EB = struct EV (dvr :V)?is V
E | EΛ (dvl :B)?is E
where sort V models the set of variables, EV models a data
expression being a variable and EΛ models a data expression
being a value. The signature of valuation σ is modeled via
sort S. The implementation of S can be found in [30], [31].
C. Multi-actions
The mCRL2 language has two kinds of multi-actions,
namely the syntactic actions and the semantic actions. The
1 For convenience and presentation purposes we present an multi-action as
a list of actions.

A syntactic multi-action consists of a list of syntactic actions,
i.e., List(Act Ξ ). A semantic action is represented by the sort:
sort Act Σ = struct
ActSem(actionlabel :Act Lab , args:List(MB ));
A semantic multi-action equivalence class consists of an (ordered) list of semantic actions, i.e., List(Act Σ ). To transform
syntactic multi-actions into semantic multi-action equivalence
classes, we provide an interpretation function sem List
Act Ξ :
List(Act Ξ ) × S → List(Act Σ ) that models J·Kσ . Its full
definition is described in [30], [31].
D. Transition Relation Representation
Deduction rules describe transition relations, that are prea
sented as (p, σ) −→ (p0 , σ 0 ). Such a transition relation is
composed from (i) a modeled state, (ii) the signature of a
modeled transition, and (iii) a transition with the corresponding
updated state (p0 , σ 0 ). All of these components are modeled
accordingly.
To model (i), we first observe that a state of an mCRL2
transition relation consists of a process term p and a data
valuation σ. The meta notation introduces process X with
a process parameter that stores the meta notation of process
term p and the meta notation for valuation σ. Hence, process
X describes the transition relation for a state (p, σ).
Data expressions cannot be directly used as transitions. Thus
the semantic multi-action equivalence class is modeled as a
data parameter with a dedicated action label A. The action
label denotes the kind of relation, i.e. the transition relation.
a
To model (ii), the signature of a transition for −→, we declare
(and use) the following mCRL2 action declaration. Note that
semantic multi-actions are expressed through notions that are
also used for the syntactic actions.
act

A:List(Act Σ );

To model (iii) we define a function that, given
computes the transitions and the corresponding state
for a transition relation. Hence, we introduce sort
represent a solution that consists of a multi-action, a
term and a data valuation:

a state,
updates
Rat to
process

sort Rat = struct at(πα :List(Act Σ ), πp0 :P, πσ0 :S);
Here, at is the constructor function for a solution, argument
πα denotes the multi-action equivalence class, argument πp0
denotes the updated process term and argument πσ0 denotes
the updated valuation. Then for every deduction rule (d ∈
DSOS ), we introduce Rd :P × S → Set(Rat ) that provides
the modeled deduction rule for d. The deduction rule itself
is encoded as a set comprehension. The set of solutions is
computed by R:P × S → Set(Rat ), which unifies the solution
sets of the individual deduction rules.
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map R, RAlpha , RAlt1 , . . . , RDef 1 , RDef 2 :P × S → Set(Rat );
var p:P;
s:S;
eqn R(p, s) = RAlpha (p, s) ∪ RAlt1 (p, s) ∪ . . . ∪
RDef 1 (p, s) ∪ RDef 2 (p, s);

to deduction rule Seq 1 and Seq 2 are computed by RSeq1
and RSeq2 , respectively. Note that RSeq2 demands that the
signature of the resulting process term is again a sequential
composition (is Seq (πp0 (r))). Hence, we specify the following
two data equations:

Since only the applicable functions return a non-empty set,
only the actual solutions remain. So we model the transition
relation with help of the LPE as:

eqn RSeq1 (p, s) = if(is Seq (p),
{r:Rat | at(πα (r), Xp , πσ0 (r)) ∈ R(π1 (p), s)
∧ πp0 (r) ≈ π2 (p) ∧ πσ0 (r) ≈ s}, ∅);
RSeq2 (p, s) = if(is Seq (p),
{r:Rat | is Seq (πp0 (r))
∧ at(πα (r), π1 (πp0 (r)), πσ0 (r)) ∈ R(π1 (p), s)
∧ π2 (πp0 (r)) ≈ π2 (p) ∧ ¬is X (π1 (πp0 (r)))}, ∅);

proc X(p:P,
P s:S) =
(r ∈ R(p, s)) → A(πα (r)) · X(πp0 (r), πσ0 (r))
r:Rat

If (p0 , σ0 ) denotes the initial state for the mCRL2 model in
the meta notation, then the LPS is initialized by:
init

X(p0 , σ0 );

E. Deduction Rules
The original deduction rules in [15] describe the semantics
for dense domains, e.g., the idle time transition and the
(possible) enumeration over sort R. To avoid computational
problems during the analysis we prohibit the use of dense
sorts in the translation. Note that incorporating these dense
domains into the translation, does not hinder the approach, as
shown in [30], [31]. In this paper we present a limited set of
deduction rules that are relevant for the discovered issues.
To illustrate the modeling of deduction rules, we describe
how the deduction rules for multi-actions (Alpha), sequential composition (Seq1 , Seq2 ) and the conditional choice
(Cond1 , Cond2 ) are modeled. The complete set of modeled
deduction rules can be found in [30], [31].
a) Multi-actions: Let a1 , . . . , an ∈ Act Ξ , then a syntactic multi-action is written in the meta notation as:
Alpha([a1 , . . . , an ])
The function RAlpha computes the solutions that correspond to
the deduction rule of a multi-action by means of a set comprehension. We allow a solution r in the set iff (i) input term p is
an action process term (is α (p)), (ii) the semantic multi-action
corresponds to the syntactic multi-action, evaluated under the
data valuation (πα (r) ≈ sem List
Act Ξ (πmultiaction (p), s)), (iii)
the process term denotes a successful termination relation
(is X (πp0 (r)), and (iv) the data valuation remains unchanged
(πσ0 (r) ≈ s). Hence, we express RAlpha :
eqn RAlpha (p, s) =
if(is α (p),
{r:Rat | πα (r) ≈ sem List
Act Ξ (πmultiaction (p)), s)
∧ is X (πp0 (r)) ∧ πσ0 (r) ≈ s}, ∅);
b) Sequential Composition: The sequential composition
operator is denoted by p · q. The meta notation expresses the
sequential composition as:

c) Conditional Choice: The conditional choice c → p
allows the execution of behavior with respect to the evaluated
condition. The operator only executes the behavior of process
p if the data expression c evaluates to true. The operator is
modeled by:
Cond1 (c, p)
Here c ∈ E is a data expression and p ∈ P is a process term.
The operand contains a syntactic Boolean data expression
that requires a semantic interpretation. With the help of
function sem E , we compute the semantic value for πc (p) (the
projection function C applied to process term p) under the
data valuation s ∈ S. The function B↓ evaluates whether the
semantic interpretation, corresponds to the logical value true.
Note, that the condition is written inside the guard of the if statement, instead of the body of the set comprehension, to
circumvent infinite rewrite sequences executed by tools.
The behavior for the operator c → p corresponds to the
deduction rules Cond1 and Cond2 in Table I. for which we
provide two data equations:
eqn RCond1 (p, s) = if(is Cond1 (p) ∧ B↓ (sem E (πc (p), s)),
{r:Rat | r ∈ R(π1 (p), s)
∧is X (πp0 (r)) ∧ πσ0 (r) ≈ s}, ∅);
RCond2 (p, s) = if(is Cond1 (p) ∧ B↓ (sem E (πc (p), s)),
{r:Rat | r ∈ R(π1 (p), s) ∧ ¬is X (πp0 (r))}, ∅);
IV. R ESULTS
This section discusses some of the results obtained from our
semantic dogfooding approach. We first reshape the deduction
rules into a format that can be digested by our framework.
Secondly, we outline the constructed models that have resulted
from the transformation. Subsequently, we present a couple
of illustrative examples that have been processed by both
the framework and the mCRL2 toolset. Finally, we present
the correspondence issues that have been discovered using
the dogfooding approach. Here the defined semantics deviates
from the implemented semantics, i.e., the defined semantics
was stated incorrectly.

Seq(p, q)
where p, q ∈ P are process terms in meta notation.
Deduction rule Seq 1 in Table I expresses the successful
termination of p. Deduction rule Seq 2 in Table I expresses
the continuation as p0 · q after p has performed an action
and does not successfully terminate. The solutions that belong

A. Conformance
Although the semantics of the language is formally defined,
it still contained ambiguous behavior. To illustrate, the original
specification states: “let there be a fresh variable d0 ”. Does this
mean that d0 is an unique fresh variable or do infinitely many
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fresh variables correspond to d0 ? We assumed the first since it
provides a model that can be (exhaustively) simulated. When
assuming the second, every introduction of a fresh variable
would correspond to infinite branching behavior. Also, we
have adapted the definition of a semantic multi-action. In the
original semantics, the multi-action is a collection of semantic
actions. It assumed that such a semantic multi-action is an
equivalence class. However, this was never explicitly stated.
Since we need to apply functions on these semantic multiactions, we have explicitly stated that there indeed exists such
an equivalence as included in Section II-B. We stress that
these differences are related to the implementation of the
mathematics and not to the mathematics themselves.
When considering the deduction rules in Table I we observe
some peculiarities. First, deduction rule Def 2 introduces fresh
variables with respect to σ. As already explained this dictates
infinite branching. However if we observe the behavior of
the mCRL2’s (exhaustive) simulation tools, they suggest that
the rule should only specify one v~0 , for which all variables
are disjoint from dom(σ). For our convenience, we assume
fresh(dom(σ), n) = ~v that generates a list of variable of
length n provided dom(σ), such that dom(σ) ∩ ~v = ∅ holds.
Hence, we redefine deduction rule Def 2 as:
m

~ σ ]) −→ (q 0 , σ 0 ),
(q[~v 7→ v~0 ], σ[v~0 7→ {[d]}
fresh(dom(σ), |~v |) = v~0
(Def 02 )
m
~ σ) −→
(X(~v = d),
(q 0 , σ 0 )
~ = q ∈ PE .
where X(~v :B)
Second, the deduction rule Par 8 silently assumes that the
values of the non freshly generated variables remain the same.
To make the assumption explicitly we introduce the notation
σ 0 =dom(σ) σ 00 :
σ 0 =dom(σ) σ 00 ≡ ∀v∈dom(σ) σ 0 (v) = σ 00 (v)
Since deduction rule Def 02 now generates specific fresh
variables, we need to rename all freshly generated variables
from the second premise that were also introduced by the first
premise. For this we use the same mechanism as for generating
fresh variables. Let vdup
~ be a list of variables, then we define
deduction rule Par 8 as:
m

(Par 08 )

n

(p, σ) −→ (p0 , σ 0 ), (q, σ) −→ (q 0 , σ 00 ),
σ 0 =dom(σ) σ 00 ,
fresh(dom(σ 0 ) ∪ dom(σ), |vdup
~ |) = v~0
(m|n)∼

(pkq, σ) −→ (p0 k(q 0 [vdup
~ 7→ v~0 ]), σ 000 )

B. Implementing the mCRL2 semantics
The complete untimed mCRL2 language is captured in
(roughly) 1000 lines of mCRL2 code, by which we exhaustively simulated over 100 models. The signature of the process
terms and sorts required for the action transitions are encoded
in 30 lines of code each. To express and model the transition
relation we require two lines of code; one line to declare the
action relation and another one for conducting the transitions.
Then 550 lines of code have been used to encode the 43
deduction rules from the original specification. A 150 lines
of code have been used to model the functions that operate
on transitions. An instance of a model is captured by a single
line of code. The remaining lines of code are used to capture
the auxiliary mathematical concepts, like substituting variables
in a process term, encoding the order on a list of semantic
actions such that a equivalence class has one representative,
concatenating two lists of semantic actions, etc. . . .
The latest stable release of the mCRL2 toolset (Release
February 2012) has been used to implement the framework and
validate the behavior. For validation we compared the behavior
of different models by taking two routes for each of them. The
first route takes an mCRL2 specification, linearizes the model
using the tool mcrl22lps, after which we then generate the
corresponding state space using the tool lps2lts. In the
second route we take the same specification, provide it to our
framework, use the result as the input for the tool txt2lps,
and subsequently generate the state space for it. The results
are afterwards compared for behavioral differences.
C. Illustrative dogfooding examples
From these 100 models we have selected three examples, for
which their corresponding behavior is depicted in the Figures
2, 3 and 4. Every example corresponds to an LTS for a model
in the meta notation and is generated using the mCRL2 toolset
(Release February 2012). In an LTS every arrow depicts a
transition relation. A node depicts a state. The initial state
is indicated with a doubly lined node. The characteristics of
the models that belong to the state spaces are provided in the
corresponding captions.

A([ActSem(a1 )])

1

0

Fig. 2:

P

v1 → a 1

v1 :B

such that for σ 000 holds:
∀v∈dom(σ0 ) σ 000 (v) = σ 0 (v)
∧ ∀v∈dom(σ00 )\dom(σ0 ) σ 000 (v) = σ 00 (v)
000 ~0
00
∧ ∀1≤n≤|vdup
~ )n )
~ | σ ((v )n ) = σ ((vdup
000
0
∧ dom(σ ) = dom(σ ) ∪ dom(σ 00 ) ∪ {v~0 }
where {vdup
~ } is the set interpretation of vdup
~ for which holds
{vdup
~ } = (dom(σ 00 ) ∩ dom(σ 0 )) \ dom(σ), and (~v )i denotes
the ith element of ~v .

Guarded action FigureP2 depicts the state space for the
mCRL2 process term “
v1 → a1 ”. The corresponding meta
v1 :B

notation for this term is:
Sum(BV (v1 ), Alpha([Act(a1 )]))
where the data valuation is initially empty. When we compare
the models from both routes we see that their behavior is
identical.
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Fig. 3: P1 = a1 ·(a2 kP1 )
Branching parallelism Figure 3 illustrates the behavior for
the recursive process definition “P1 = a1 ·(a2 kP1 )”. Every
time the recursion is unfolded, the process allows more
concurrent behavior. The corresponding meta notation for this
term is:
eqn PES (P1 ) =
Seq(Alpha([Act(a1 )]),
Par (Alpha([Act(a2 )]), Def (P1 , [])));
The initialization is provided through the mCRL2 process
term “P1 ” or, in meta notation, “Def (P1 , [])”. It is a valid
mCRL2 specification but since the process introduces more
concurrency at every recursion, it can not be linearized by
the toolset. That is, to linearize an mCRL2 specification it
must be either in the pCRL format [28] or comply to the
LPS format. Since the specification is none of the above, it
cannot be used as input. Our framework produces models that
conform to the LPS format, so the resulting models can be
directly processed by the same mCRL2 toolset. This means
that, natively, we can not input this mCRL2 process term and
generate the corresponding state space. If we use the technique
described in [32], and we first write the model in the meta
notation, we can generate a part of the state space. Because the
model unfolds infinitely we observe exponential (unbounded)
growth in computation time (and memory usage) to calculate
the transitions. Therefore we only show the corresponding
transitions for the first five states2 .

0

1

5

Fig. 5: Recursion in mCRL2

process:
P2 (v1 :B) = a1 ·a2 ·P2 (v1 =true)
This model specifies the alternating execution of the actions
a1 and a2 , after which the value for variable v1 is set to
true. Figure 5 depicts the state space for the native mCRL2
specification. Now, in meta notation we write:
eqn PES (P2 ) =
Seq(Seq(Alpha([Act(a1 )]), Alpha([Act(a2 )])),
Def (P2 , [ProcParAss(BV (v1 ), EV (true)))]));
For the state space of the meta notation model, we witness
a non-terminating path (illustrated by a dotted line). If we
compare the state spaces, we the behavior between the two
models deviates. Investigation shows that the difference is
caused by the generation and subsequently renaming of the
fresh variables in a process definition. The mCRL2 semantics
states that every unfold of a process definition introduces
a (fresh) variable. This means we will never visit a state
for which both the process term and data valuation have
previously encountered values.
Finally, the authors have proven, in previous work [34],
[30], the isomorphic relation for the behavior executed by the
specified model and the translated model for deduction rules
that comply to the De Simone-format. Although the deduction
rules of the mCRL2 language, the ones stated here, are in a
more elaborate format, we believe that the same isomorphic
relation holds between the specified model and a translated
model. Under this assumption we conducted experiments
with the tools to support this claim. Here, we saw that the
assumed relation was stronger than the relation provided by
tools, i.e., the tools preserve a strong-bisimulation equivalence
relation on the model’s behavior. Hence, native and counterpart
mCRL2 models may depict different state spaces (e.g., as we
have seen with the model P2 (v1 :B) = a1 ·a2 ·P2 (v1 =true),
Figure 4).

5
A([ActSem(a1 )]) 4
A([ActSem(a2 )]) 3
A([ActSem(a1 )]) 2
A([ActSem(a2 )]) 1
A([ActSem(a1 )]) 0

Fig. 4: P2 (v1 :B) = a1 ·a2 ·P2 (v1 =true)
Infinite trace Figure 4 shows the behavior for the recursive
2 For illustration purposes we added a 6th state, and renamed the transition
labels A([ActSem(a1 )]) and A([ActSem(a2 )]) to as1 and as2 respectively

D. Discovered correspondence issues
Although the semantics has been considered finalized since
September 2009, the approach still discovered errors. These
errors include simple oversights in the documentation such as
duplicate deduction rules (e.g., for bb3 ) and a missing deduction
rule for the parallel operator. Also, seven auxiliary operators
were missing from the deduction rules as the one for (Allow 2 )
illustrated in Table II.
More interestingly, we also discovered that the implementation deviates from its intended semantics in at least two cases.
The first deviation has already been discussed in Section IV-A,
3 The

details of the operator can be found in [30], [31]
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Missing operator
m

Added missing operator

(p0 , σ 0 ), m

(p, σ) −→
∩ V 6= ∅
m
(∇V (p), σ) −→ (p0 , σ 0 )

m

(p0 , σ 0 ), m

(p, σ) −→
∩ V 6= ∅
m
(∇V (p), σ) −→ (∇V (p0 ), σ 0 )

TABLE II: Example of a missing operator in a deduction rule

where every iteration introduces fresh variables. The second
semantic deviation is illustrated by the following example. The
original specification assumed the following deduction rule:
m

(p, σ[v 7→ w]) −→ (p0 , σ 0 ), w∈MB
(Sum 2 )
P
m
( p, σ) −→ (p0 , σ 0 )
v:B

Now consider the following mCRL2 process:
P
proc P =
a·d → b;

to the Maude rewriting logic is outlined and proven correct.
In [6] GSOS/OSOS rules are modeled in Maude allowing
them to execute Ordered-SOS specifications. The work of
[18] shows the implementation of Eden (the parallel extension
of the functional language Haskell [19]) in Maude. More
recent work [29] presents the implementation of the semantics
for the πCRWL calculus and the formalization of AADL
in [25]. In all, we believe that it is possible to implement
the syntax and semantics of the mCRL2 language in Maude.
However, we would have to use separate toolsets meaning we
would not have discovered the implementation issues where
the intended formal semantics and implemented semantics do
not correspond. That is, with our approach we are not only
able to validate the semantics but also its implementation.

VI. C ONCLUSIONS AND F UTURE W ORK

d:B

init

Q = P kP ;

The process P selects a Boolean value and assigns it to the
variable d after which it performs the actions a and then b,
if d was assigned true. Now, let Q be P kP . If left P sets
d ≈ true and performs the action a, and then the right P sets
d ≈ false and performs the action a, the process comes into
a deadlock state. The sum operator does not introduce a fresh
variable resulting in a global rather than a local value change.
The deviation has been resolved by redefining deduction rule
Sum 2 from the original specification to following deduction
rule4 :
m

(p[v 7→ v 0 ], σ[v 0 7→ w]) −→ (p0 , σ 0 ), w∈MB
(Sum 2 )
P
m
( p, σ) −→ (p0 , σ 0 )
v:B

V. R ELATED W ORK
Dogfooding is applied in (ordinary) software development
for developing new, or extending existing (software) products. Examples can be found in e.g., compilers [36], where
dogfooding (or in this case bootstrapping) is applied to construct them. Other examples include the Eclipse framework
[16] that is used to develop plug-ins for Eclipse. Wolfram
Research [22] states that (parts) of their web sites, applications,
documentations, and test and build processes are driven by the
Mathematica Language. Within academia we also see examples of people eating their own dogfood. For example, almost
all interactive theorem provers, e.g., Isabelle [8], Coq [10],
PVS [3], ACL2 [2], perform a form of dogfooding when using
their own tools. Dogfooding as it is performed in this paper,
i.e., where we have a model checker rewrite and interpret the
formal syntax and semantics of its own language, is not that
common. In fact, we believe that our semantic dogfooding
approach is unique and the first of its kind.
To the best of our knowledge, Maude [11] would be the only
candidate to directly express the SOS of the mCRL2 language.
Maude is a high-level language and high-performance system
supporting both equational and rewriting logic. To illustrate,
in [7] a translation from Modular SOS (MSOS) [23], [24]
4 This

is the same deduction rules as the one mentioned in Table I

In this paper we effectively demonstrate that our initial
framework is extensible and is mature enough to capture the
SOS semantics of a rich language like mCRL2. Our semantic
dogfooding approach shows that the mCRL2 toolset can actually eat and exhaustively simulate the Structural Operational
Semantics (with a given model) of its own language. To
illustrate the feasibility and applicability, we have included
a number of illustrative examples with their generated state
spaces.
The approach revealed, that despite the formal characterization of mCRL2, a number of (subtle) differences between
the specified formal semantics, intended formal semantics and
the implemented semantics. For that we have modeled 43
deduction rules in an mCRL2 specification that is slightly
over a 1000 lines of code. The differences have been studied
by using 102 different models, specially selected for the
experiments. These mismatches range from simple oversights
to (minor) implementation issues and semantic errors; we have
found 7 simple oversights in the documentation, discovered 2
duplicate deduction rules, one missing deduction rule, and two
deduction rules for which the implemented semantics deviated
from the specified semantics. Moreover, by using the approach
we were also able to specify (legal) behavior that was not
permitted by tool limitations.
In the future, we would like to dogfood the timed fragment
of the mCRL2 language. Performing a direct interpretation of
the dense time domain would pose all kind of new challenges,
that need to be resolved first before one can do (exhaustive)
simulation. An option worthwhile to consider is to extend the
framework with partitioning rules, that partition and discretize
the dense time domain.
In conclusion, we believe that our approach is definitely
applicable to other formal languages and possibly even other
toolsets. To use and benefit from the semantic dogfooding
approach, the formal language and toolset have to support
the definition and computation of set comprehensions, have
the ability to deal with quantifiers and support a mechanism
to systematically perform transitions (i.e. can implement an
LPS). Given the number of discovered issues, we encourage
others to conduct experiments similar to ours.
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