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Abstract. In [Ros08b] Roscoe outlines a class of languages,
termed CSP-like languages, that can be simulated within
CSP. Furthermore, Roscoe provides a construction that,
given the operational semantics of an operator, gives a CSP
simulation of the operator that is strongly bisimilar to the
original operator. However, the construction is difficult to
use, both for specifying the operational semantics and the
processes that the user wishes to simulate. Furthermore, the
construction is unfortunately infinite state even when simple
recursive processes are used and therefore the construction is
unable to be compiled by the CSP model checker, FDR.

In this Thesis we aim to solve both of these problems by,
firstly, giving an adaptation to the construction that enables
recursion to be successfully compiled by FDR. We then give
many optimisations to the simulation to enable it to run at a
reasonable speed through FDR. Lastly, we introduce Tyger,
a Haskell program that is able to automate the construc-
tion of the simulation given a specification of the operational
semantics of a language. Furthermore Tyger allows a user
to supply process definitions using custom infix operators
meaning that process definitions can be input and read eas-
ily. Lastly, Tyger also implements a type checker for the
functional language that it uses meaning that many errors
that would result in esoteric runtime errors in FDR can be
caught at compile time.
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1. Introduction

In recent years a number of languages and formalisms, such as [Ros01,
Low96], have been complied into CSP [Ros97, Hoa85] by hand, a time con-
suming and difficult process. Furthermore, many new semantic models, such
as those in [Low09, Low10, Ros09], have been proposed for CSP. Whilst FDR
[Ros94, For97] has been extended to support some of these models doing so
often takes long periods of time and thus denies the researcher an opportu-
nity to fully experiment with the new model’s, or languages’s expressiveness.

In light of the above it would be desirable to automate the translation
from the language definition, or the semantic model definition, into CSP. In
[Ros08b] Roscoe provides a method that, given the operational semantics of
the language or model, builds a simulation that is strongly bisimilar to the
original definition. Therefore, we can simulate arbitrary languages within
CSP and, furthermore, we can simulate new semantic models by simulating
their operational semantics over the existing models available in FDR (for
examples see Section 4).

Unfortunately, specifying the operational semantics and the processes the
user wishes to compile in the required format is both time consuming and
difficult. Furthermore, the simulation has the unfortunate effect of being
infinite state, and thus unable to be compiled by FDR, when given recursive
process definitions. We aim to solve both of these problems in this Thesis.
We firstly extend the simulation to allow recursive processes to be compiled
by FDR. We then describe Tyger, a tool that is able to automatically gen-
erate a corresponding CSP simulation given the operational semantics and
the user processes. Furthermore, the input formats of both the operational
semantics and the user processes are easy to use.

For the rest of this Thesis we assume familiarity with chapters 1–7 of
[Ros97]; in particular we assume familiarity with the standard operational
semantics of CSP. We further assume some knowledge of FDR, including the
functional language CSPM and some intuition as to what processes may be
successfully compiled using it. Lastly, we assume basic knowledge of type
systems and knowledge of Haskell.

1.1. Contributions of this Thesis. We start in Section 2 by describ-
ing the CSP simulation that will be used; in particular we firstly describe
Roscoe’s machine representation of the operational semantics of operators
for use within CSPM before giving Roscoe’s operator simulation. We then
discuss why the simulation is infinite state when simulating recursive pro-
cesses before giving a solution to the problem that works by automatically
refactoring the users script into one that will be finite state (but is equiv-
alent to the original script). Then, we describe many optimisations to the
CSP model that enable it to be relatively efficiently evaluated by FDR.

In Section 3 we discuss Tyger and describe its features, the methods that
it uses and the output files that it creates. In particular, in Section 3.1 we
describe the input file format of the operational semantics before describing
the type system that is used to type check the operational semantics. Then,
in Section 3.2 we describe the input format for the users’ process definitions.
We then describe a type checker for CSPM in Section 3.2.2 that is able to
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type check the users’ definitions. Lastly, in Section 3.2.3 we describe how
the automated refactorings that were proposed for making recursion finite
state are implemented within Tyger.

In Section 4 we consider a couple of examples of languages that can be
simulated using Tyger and give example input files. Lastly, we discuss what
we achieved in this Thesis and future research in Section 5.

2. CSP Model

In this section we firstly consider what class of languages we are able to
simulate within CSP. Then, we give Roscoe’s representation of both opera-
tional semantics (in Section 2.3) and the process that simulates an operator
using this representation (in Section 2.4). In Section 2.5 we detail the subset
of CSP-like languages that can be simulated by FDR and give adaptations
necessary for a basic implementation of Roscoe’s simulation to be compiled
by FDR. In Section 2.5.3 we discuss recursion and give an automated tech-
nique for simulating recursion in a form that FDR can compile. Then, in
Section 2.6 we give many optimisations that enable the model to be run
efficiently by FDR.

Throughout this section we will need to enlarge the alphabet of events
that the environment makes available. Therefore, for the remainder of the
Thesis we will use:
• Σ (or UserEvents is CSPM scripts) to denote the set of events that the

user wishes to use in their script;
• Σ0 ⊃ Σ (or SystemEvents in CSPM scripts) to be the set of all user

events and special language events (such as tick to indicate termination
in the case of CSP, or in the case of Lowe’s Availability model, as defined
in Section 4.1 {offer .a | a ∈ Σ});
• Σ1 ⊃ Σ0 (or Events in CSPM scripts) to be the set of all events used

by the simulation.

2.1. CSP-Like Languages. Throughout this section we consider simula-
tion to mean strong bisimulation.

The simulation that Roscoe defines in [Ros08b] only allows translation of
some languages that he terms CSP-like languages. In order to define this
we first introduce a definition that distinguishes different types of process
arguments of operators (i.e. arguments of an operator that are processes).

Definition 2.1 ([Ros08b]). A process argument P of an operator Op is said
to be off iff it can perform no event (either a tau or otherwise) and on
otherwise.

Example 2.2. In the standard operational semantics of CSP in P 2 Q
both P and Q are on since both are capable of performing both tau’s and
visible events. This contrasts with a → P where P is off , since it is unable
to perform any event.

Using the above definition we are then able to define CSP-like as follows.

Definition 2.3 ([Ros08b]). An operator Op is said to be CSP-like iff all of
the following conditions hold:
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(1) The operator is positive in that the absence of one event cannot cause
another event to happen. For example the following rule is not admis-
sible:

¬(P
a−−→ P ′)

Op(P)
a−−→ Op(P ′).

(2) No precondition of any rule depends on any argument performing multi-
ple events (either in sequence of in parallel). For example the following
rule is prohibited:

P
a−−→ P ′ ∧ P ′

a−−→ P ′′

Op(P)
a−−→ Op(P ′′).

(3) There are tau promotions rules for all on arguments of Op and no tau
promotion rules for any off arguments. For example, the following rule
must be present for every on argument P of Op:

P
τ−−→ P ′

Op(P)
τ−−→ Op(P ′)

but the following rule must not be defined for any off argument Q of
Op:

Q
τ−−→ Q ′

Op(Q)
τ−−→ Op(Q ′).

(4) If the precondition of a rule contains P
a−−→ P ′ then in the resulting state

of Op P will be in state P ′ (if present). For example, the following rule
is prohibited since P changes state to P ′ but P ′ is not included in the
resulting operator:

P
a−−→ P ′

Op(P)
a−−→ Op(P).

(5) No on argument may be turned off (but it may be discarded). As an
example the following rule is allowed for any on argument P:

P
a−−→ P ′

Op(P ,Q)
a−−→ Op′(Q)

but the following rule is not allowed (supposing that Op ′ takes one ar-
gument that is off):

P
a−−→ P ′

Op(P)
a−−→ Op′(P ′).

(6) Every off argument that is an argument of the resulting state of Op
is in its initial state. As an example the following rule is prohibited,
assuming Q is an off argument of Op:

Q
a−−→ Q ′

Op(Q)
a−−→ Op(Q ′).

(7) No on argument may be cloned. For example the following rule would
be prohibited:

Op(Q)
τ−−→ Op′(Q ′,Q ′).
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A CSP-like language is therefore defined as a language in which every
operator is CSP-like. The definition of CSP-like languages includes many
existing languages including CCS [Mil82] and the π-calculus [Mil99]1.

2.2. CSP+. Unfortunately, it is the case that CSP is not complete in the
sense that it is unable to simulate every CSP-like operator. In particular,
there is no facility for an on process to perform a visible event and then
immediately discard itself. To fix this problem an exception operator, P ΘA

Q was introduced that initially behaves as P but after having performed an
event a ∈ A behaves as Q . This can be defined as follows.

Definition 2.4 (From [Ros08b]2). The operational semantics of the excep-
tion operator are defined by the following inductive rules:

P
a−−→ P ′

P ΘA Q
a−−→ Q

a ∈ A
P

b−−→ P ′

P ΘA Q
b−−→ P ′ ΘA Q

b /∈ A

Whilst this exception operator can be simulated up to traces and failures
equivalence by interrupt, renaming and parallel3 there is no combination
that results in a strong bisimulation between the operator and the simulated
operator. This was observed in [Ros08a] by noting that if any CSP operator
performs an event a as a result of a process P changing state to P ′ then P ′

is always in the resulting state of the operator. Therefore, since P ′ is still
on, if P ′ can diverge then the resulting operator can. Clearly, the exception
operator does not fit this pattern since a → div Θ{a} Q is strongly bisimilar
to a → Q . Hence, for the rest of this Thesis we make use of CSP+, which
is defined to be CSP but with the exception operator included.

2.3. Representation of Operational Semantics. In this section we de-
scribe an encoding, defined by Roscoe in [Ros08b], that enables operational
semantics rules such as:

P 2 Q
a−−→ P ′

P
a−−→ P ′

a ∈ Σ

to be written in a form that can be processed automatically. Therefore,
given an operator α we define n(α) as the number of on arguments and
I (α) as the number of off arguments. We also make the decision to consider
operators such as ‖

A

as a family of operators with one for each A ⊆ Σ . This

1In fact CCS is not CSP-like as in the expression P +Q if either P or Q performs a tau
then it resolves the choice. However, in [Ros08b] Roscoe shows how to use the simulation
provided in spite of this.

2This was originally defined in [Ros08a] but was generalised to the form we present
here in [Ros08b].

3For example, consider the following simulation, Exception(P ,A,Q):

Exception(P ,A,Q) =̂

(
P 4 Run(Prime(Σ)) ‖

Σ∪Prime(Σ)

R

)
[[UnPrime]]

R =̂ 2
x∈A

x → Q [[Prime]] 22
x /∈A

x → R.

where Prime is a function that renames every event a ∈ Σ to a ′ and UnPrime is its
inverse.
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has the convenient consequence that the only arguments of an operator
are the on and off processes and therefore we assume that each operator
α has a sequence of on processes and a sequence of off processes as its
arguments. Furthermore, we index the on arguments by the set {1 . . .} and
off arguments by {. . .− 1} to make it explicitly clear whether an argument
is on or off .

We can now define the operational semantics of an operator α to be
represented via a set of tuples of the form (φ, x , β, f , ψ, χ,B) where:
• φ: is a map from {1 . . .n(α)} to events, in particular if φ(x ) = b it

means that the x th on process should perform the event b;
• x : is the resulting event that α performs;
• β: is the resulting operator;
• f : is a map from {1 . . . k} (where k is equal to the number of processes

turned on by this rule) to {−I (α) . . .− 1} where if f (x ) = y then the
x th newly turned on process is a copy of the y th off process;
• ψ: is a map from {1 . . .n(β)} to {1 . . .n(α) + k} where ψ(y) = x

indicates that the y th argument of β is either, if x ≤ n(α) then the x th

on argument of the current operator, or otherwise the x−n(α)th newly
turned on operator;
• χ: is a map from {−I (β) . . . − 1} to {−I (α) . . . − 1}where χ(y) = x

means that the y th off argument of β is the x th off argument of α;
• B : is the set of on processes that are discarded4.

We note that all the above maps are partial functions and therefore they
can be represented by sets of pairs.

As this representation is not necessarily easy to understand we now define
a function Rules that, given a CSP operator returns the set of rules according
to the standard CSP operational semantics (for a subset of the operators).
In the following we assume that there exists a special event tau that is
contained in Σ1 (note that tau is not equal to τ since τ is in the semantics
of the language whereas tau is in the syntax). Given this we can define the
function Rules as follows:

Rules(Identity) =̂

{({(1 , a)}, a, Identity , {}, {(1 , 1 )}, {}, {}) | a ∈ Σ0}
Rules(Prefix .a) =̂

{({}, a, Identity , {(1 ,−1 )}, {(1 , 1 )}, {}, {})}
Rules(ExtChoice) =̂

{({(1 , a)}, a, Identity , {}, {(1 , 1 )}, {}, {2}) | a ∈ Σ}
∪ {({(2 , a)}, a, Identity , {}, {(1 , 2 )}, {}, {1}) | a ∈ Σ}

Rules(IntChoice) =̂

{({}, tau, Identity , {(0 ,−1 )}, {(1 , 1 )}, {}, {}) | a ∈ Σ}
∪ {({}, tau, Identity , {(0 ,−2 )}, {(1 , 1 )}, {}, {}) | a ∈ Σ}

4This was not in Roscoe’s original model but is added for speed; this is discussed further
in Section 2.6.1.
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Rules(Parallel .A) =̂

{({(1 , a), (2 , a)}, a,Parallel .A, {}, {(1 , 1 ), (2 , 2 )}, {}, {}) | a ∈ A}
∪ {({(1 , a)}, a,Parallel .A, {}, {(1 , 1 ), (2 , 2 )}, {}, {}) | a /∈ A}
∪ {({(2 , a)}, a,Parallel .A, {}, {(1 , 1 ), (2 , 2 )}, {}, {}) | a /∈ A}

Rules(Hide.A) =̂

{({(1 , a)}, tau,Hide.A, {}, {(1 , 1 )}, {}, {}) | a ∈ A}
∪ {({(1 , a)}, a,Hide.A, {}, {(1 , 1 )}, {}, {}) | a /∈ A}.

Note the inclusion of an identity operator above; this operator has a spe-
cial status in terms of recursion (see Definition 2.6) and is therefore always
included. For the rest of this section we assume that a function Rules has
been defined for the language that we are attempting to model.

2.4. Basic Model. In this section we define the process
Operator(α, onProcs, offProcs), that Roscoe developed in [Ros08b],
that simulates, up to strong bisimulation, the operational semantics of α.
The general form that the process will take is5:

Operator(α, onProcs, offProcs) =̂(
‖
(n,P)∈onProcs

(Harness(P ,n),AlphaProc(n))

‖⋃
n∈{1 ...card(onProcs)} AlphaProc(n)

Reg(α, card(onProcs), id{1 ...card(onProcs)}, id{−card(offProcs)..−1}))
[[Rename]] \ {tau}.

It should be clear from the above that the left hand side of the parallel
does not depend on the current operator, only the on processes. Therefore,
only the regulator, Reg , differs between Operator(ExternalChoice, 〈P ,Q〉, 〈〉)
and Operator(Parallel .Σ , 〈P ,Q〉, 〈〉). Thus, in order to ensure that we can
differentiate between the two operators we need to rename the events of each
on process to allow the processes to synchronise together in any possible
way. The regulator could then only allow those events that correspond to
rules of the current operator to occur. For example, in the case of the
external choice it would allow either process 0 or 1 to perform an event
after which the opposite process would turn off . However, in the case of
parallel (synchronising on Σ ) processes 0 and 1 would have to synchronise
together to perform the a. Therefore, the general event form that will be
used in the operator simulation will be a tuple (φ, x ,B) where:
• φ: is a map from on process to events; in particular if φ(x ) = y the x th

process should perform the event y ;
• x : is the resulting event;
• B : is the set of on processes that should be discarded.6

5For a derivation of this see [Ros08b] where a step-by-step construction is made with
each iteration being able to simulate more operators than the previous version.

6 Roscoe’s original construction renamed events to a 5-tuple with two extra components
m and f where:
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Therefore, we can simply define Rename as the function that renames
(φ, x ,B) to x . Furthermore, AlphaProc(n) can be defined to be the set
of all (φ, x ,B) such that n is either in dom(φ) or B .

We now consider the definition of Harness(P ,n); the harness needs to
run the process P as though it was the nth on process, renaming every
event that it performs into one of the above form. It also needs to turn this
process off when an event of the form (φ, x ,B) where n ∈ B is performed.
Hence, we can define Harness(P ,n) as follows:

Harness(P ,n) =̂ ((P [[Prime]] Θ{x ′|x∈Σ0 } Stop)

4 off → Stop)[[HarnessRename]]

where off is a fresh event and Prime maps every event x ∈ Σ0 to both x
and x ′. Rename is therefore the relation defined by:

a Rename (φ, x ,B)⇔ φ(n) = a ∧ n /∈ B

a ′ Rename (φ, x ,B)⇔ φ(n) = a ∧ n ∈ B

off Rename (φ, x ,B)⇔ n /∈ dom(φ) ∧ n ∈ B .

Hence, the event off is used when the process is discarded by an event
performed by another process (e.g. external choice); the primed event a ′ is
used when the process performs the event and discards itself in the process
(e.g. the exception operator); the event a is used only when the process
performs an event and stays on (e.g. parallel).

We now consider the definition of the regulator. In our simulation the
regulator has three principle responsibilities: it must ensure that only the
events that are allowed by the current operator can be performed by the
processes; it must track which process on the left hand side corresponds
to which process of the current operator; lastly it must turn on processes
according to the executed rule. Hence, the regulator must take several
parameters as follows:
• λ: is the current operator;
• m: is the current number of processes that have been started;
• Ψ : is a map from {1 . . .n(λ)} to {1 . . .m}; in particular if Ψ(x ) = y

it means that the the x th on argument of λ is the y th on argument;
• χ: is a map from {1 . . . I (λ)} to {1 . . . I (α)} where α is the starting

operator (i.e. the operator for which Operator(α, . . .) was called); in
particular if χ(x ) = y it means that the x th off argument of λ is the
y th off argument of α.

– m: is the current count of on processes;
– f : is a map from {1 . . . k} to off processes and if f (x ) = y then the x th turned on

process should be the y th off process.
Roscoe required these two components since he defined an extra process that would use
m and f to start up new processes. However, in our simulation we make the regulator
perform this role, as shall be seen later.
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We can then define the regulator, Reg(λ,m,Ψ , χ) as follows:

Reg(λ,m,Ψ , χ) =̂

2(φ,x ,β,f ,ψ,χ′,B)∈Rules(λ) (φ ◦Ψ−1 , x , {Ψ(x )|x ∈ B})→
‖n∈{m...m+card(f )}

(Harness(offProcs(χ(f (n −m)))),AlphaProc(n))⋃
n∈{1 ...m+card(f )} AlphaProc(n)‖⋃n∈{m+card(f )...} AlphaProc(n)

Reg(β,m + card(f ), (Ψ ∪ idm+1 ,...,m+card(f )) ◦ ψ, χ ◦ χ′)

 .

Therefore it follows that the state of Operator having performed the event
(φ, x ,B) is equivalent to:[
‖
(n,P)∈onProcs

(Harness ′(P ,n),AlphaProc(n))

‖⋃
n∈{1 ...m} AlphaProc(n)

‖n∈{m...m+card(f )}

(Harness(offProcs(χ(f (n −m)))),AlphaProc(n))

⋃
n∈{1 ...m+card(f )} AlphaProc(n)‖⋃n∈{m+card(f )...} AlphaProc(n)

Reg(β,m + card(f ), (Ψ ∪ idm+1 ,...,m+card(f )) ◦ ψ, χ ◦ χ′)


]
[[Rename]] \ {tau}.

where m is equal to card(onProcs) and Harness ′(P ,n) is the state of
Harness having performed (φ, x ,B). Thus it follows that the above is equiv-
alent to Operator(β, . . .).

2.5. Implementation in Machine-Readable CSP. In this section we
firstly consider what subset of CSP-like operators we can simulate within
FDR. We then, in Section 2.5.2, consider adaptations that are required
in order to express the simulation in machine-readable CSP before giving
a basic implementation. In Section 2.5.3 we consider adaptations to the
simulation that ensure that the simulation is finite state where possible,
thus enabling recursive processes to be simulated. Lastly, in Section 2.6 we
consider many optimisations to the basic model that enable the simulation
to be run in an acceptable time.

2.5.1. Operators that can be simulated within FDR. It should be clear that
the major problem with the above construction is that the alphabets in-
volved are infinite; in particular the synchronisation alphabet of the regu-
lator AlphaProc(n) is infinite. This is because it is possible that an infinite
number of processes can be turned on by an operator, or by a collection
of mutually recursive operators. Therefore, since the on processes have to
be able to be synchronised in any possible way AlphaProc(n) is necessarily
infinite. As an example, consider the following operator, Farm(P):

Farm(P)
start−−−→ P ||| Farm(P)
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This operator, as defined above, will turn on an infinite number of processes.
However, it is (assuming the standard CSP semantics) equivalent to the
following CSP process:

Farm(P ) = start→ (P ||| Farm(P ))

which is infinite state. Therefore, it follows that the operator Farm would
result in infinite state processes that could not be compiled by FDR. Thus,
we make the restriction that operators such as Farm(P) are not allowed.
Formally, we disallow any operators that can possibly turn on an infinite
number of processes. (Note that this is not checked automatically, but it is
assumed.)

2.5.2. The Implementation. We now consider the actual implementation of
Operator in machine-readable CSP. The first thing that is done is to declare
a channel, renamed along which the (φ, x ,B) events are sent (this is neces-
sary since all events must be sent along channels in FDR). Thanks to the
above restriction it is possible to bound the maximum number of processes
turned on to some constant N that can be statically computed. Therefore,
assuming that we represent partial functions by sets of pairs, the type of the
channel can be calculated as follows:

{(φ, x ,B) | φ ⊆ {(x , e) | x ∈ {0 . . .N − 1}, e ∈ Σ0},
x ∈ Σ0 ∪ {tau},B ⊆ {0 . . .N − 1},
card(dom(φ)) = card(φ)}.

The last line of the set comprehension ensures that a process is expected
to perform at most one event. We note that whilst this set may be very
large it is certainly computable. After this has been done the rest of the
translation is purely mechanical and so we give the machine-readable CSP
for an unoptimised version in Listing 2.5.

Listing 2.5. Here we define a basic machine-readable CSP version of
Roscoe’s simulation, as defined above. However, as this is the simplest
possible implementation possible it is very slow. We discuss this more in
Section 2.6.

N = . . .

−− I n t h i s s imu l a t i o n t h e r e a r e no s p e c i a l e v en t s and thus we

−− omit SystemEvents

Use rEvent s = . . .

−− Func t i o n a l components

z i p (<>, ) = <>

z i p ( , <>) = <>

z i p (<x>ˆxs , <y>ˆys ) = <(x , y)>ˆ z i p ( xs , ys )

−− P a r t i a l Func i t on s

domain ( f ) = {x | ( x , ) ← f }
i d e n t i t y ( lb , ub ) = {( x , x ) | x ← { l b . . ub}}
i n v e r s e ( f ) = {( a , b ) | (b , a ) ← f }
−− equa l to ( f s 1 o f s 2 ) ( a l s o copes w i th f s 2 be i ng not d e f i n e d on a l l

−− e l ement s o f f s1 ’ s image ) .
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compose ( f s1 , f s 2 ) =

{( a , app l y ( f s1 , b ) ) | ( a , b ) ← f s2 , member (b , domain ( f s 1 ) )}
app l y ( f , x ) =

l e t e x t r a c t ({ x }) = x

with in e x t r a c t ({ a | ( x ’ , a ) ← f , x == x ’ } )
app lySeq ( f , x ) =

l e t e x t r a c t (<x>) = x

with in e x t r a c t (<a | ( x ’ , a ) ← f , x == x ’>)

−− Operato r S imu l a t i o n

channel tau

channel o f f

channel renamed :

{( phi , x ,B) | ph i ← Set ({ ( x , e ) | x ← { 0 . .N−1} , e ←
Use rEvent s } ) ,

x ← un ion ( UserEvents , { tau } ) , B ← Set ( { 0 . .N−1}) ,
ca rd ( domain ( ph i ) ) == card ( ph i )}

channel pr ime : Use rEvent s

datatype Opera to r s =

Op Pre f i x . Use rEvent s

Ru l e s ( Op Pre f i x . x ) =

{ ({} , x , Op I d en t i t y , {(0 ,−1)} , { (0 , 0 )} , {} , {}) }
. . .

Operato r ( a lpha , onProcs , o f f P r o c s ) =

l e t

onProcMap = z i p (<0..> , onProcs )

offProcMap = z i p (<(− l e n g t h ( o f f P r o c s )). .−1> , o f f P r o c s )

Harness (P , n ) =

( (P [[ x ← x , x ← pr ime . x | x ← Use rEvent s ]]

[| {| pr ime |} . STOP)

4 o f f → STOP)

[[ x ← y | ( x , y ) ← RenamingsForProc ( n ) ]]

RenamingsForProc ( n ) =

{( x , renamed . y ) | x ← un ion ( UserEvents , {| prime , o f f |} ) ,
renamed . y ← AlphaProc ( n ) ,

Rename (n , x , y )}
Rename (n , x , ( phi , , B) ) =

i f member (n , domain ( ph i ) ) then

i f member (n , B) then ( x == ( pr ime . app l y ( phi , n ) ) )

e l s e ( x == app l y ( phi , n ) )

e l s e i f member (n , B) then ( x == o f f ) e l s e f a l s e

AlphaProc ( n ) =

{ renamed . ( phi , x , B) | renamed . ( phi , x , B) ← {| renamed |} ,
member (n , domain ( ph i ) ) o r member (n , B)}

AlphaProcs (n ,m) = Union ({ AlphaProc ( i ) | i ← {n . .m}})

Reg ( a lpha , m, Ps i , c h i ) =
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2 ( phi , x , beta , f , p s i , ch i ’ , B) : Ru l e s ( a lpha ) •
renamed . ( compose ( phi , i n v e r s e ( Ps i ) ) , x ,

{ app l y ( Ps i , x ) | x ← B}) →
( ‖ n : {m. .m+card ( f )−1} • [ AlphaProc ( n ) ]

Harness ( app lySeq ( offProcMap , app l y ( ch i , app l y ( f , n−m) ) ) , n )

[| AlphaProcs (0 ,m+card ( f )−1) |]
Reg ( beta , m+card ( f ) ,

compose ( un ion ( Ps i , i d e n t i t y (m,m+card ( f )−1)) , p s i ) ,

compose ( ch i , ch i ’ ) ) )

with in

( ( ‖ n : { 0 . . l e n g t h ( onProcMap)−1} • [ AlphaProc ( n ) ]

Harness ( app lySeq ( onProcMap , n ) , n ) )

[| AlphaProcs (0 , l e n g t h ( onProcMap)−1) |]
Reg ( a lpha , l e n g t h ( onProcMap ) ,

i d e n t i t y (0 , l e n g t h ( onProcMap )−1) ,

i d e n t i t y (− l e n g t h ( offProcMap ) ,−1)))

[[ renamed . ( phi , x ,B) ← x | renamed . ( phi , x ,B) ← {|renamed|} ]]

\ { tau }

P r e f i x ( x , P) = Operato r ( Op Pre f i x . x , <>, <P>)

. . .

2.5.3. Recursion. As mentioned previously recursion within the simulation
does not work within FDR; more precisely it causes FDR to loop forever
attempting to compile the simulated process. To see why this is the case con-
sider simulating (using the standard CSP operational semantics) P = a →
P . This would be simulated by the process P = Operator(Prefix .a, 〈〉, 〈P〉).
We calculate the definition of this as FDR would below, writing HR for the
renaming done by the Harness and R for the renaming done by Operator .
Furthermore, we note that since neither Prefix nor Identity discards any
arguments we can simplify Harness(P ,n) to P [[HR]].

P = Operator(Prefix .a, 〈〉, 〈P〉)
= Reg(Prefix , ...)[[R]] \ {tau}
= (({}, a, {})→ (Harness(P , 0 ) ‖

...
Reg(Identity , ...)))[[R]] \ {tau}

= a → (Harness(P , 0 ) ‖
...

Reg(Identity , ...))[[R]] \ {tau}

= a → (P [[HR]] ‖
...

Reg(Identity , ...))[[R]] \ {tau}

Thus, Pi , the process that is P unwrapped i times, is equivalent (by the
unique fixed point principle) to:

P0 = P

Pi+1 = a → ((Pi [[HR]] ‖
..

Reg(Identity , ...))[[R]] \ {tau})

Clearly FDR will be unable to compile the limit of the above sequence of
processes since an infinite number of copies of Reg(Identity , . . .) would be
put in parallel.

A solution to the problem described above would be to periodically throw
away the collection of identity operator regulators that have been spawned.
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This would be done in such a way to ensure that we eventually have a
transition to P which would allow FDR to recognise the recursion. To see
how this works consider the following simulation of P = a → P :

PSim =̂ Loop(Operator(Prefix .a, 〈〉, 〈CallPSim〉))
CallPSim =̂ callPSim → Stop

Loop(Q) =̂ Q Θ{callPSim} PSim.

We then calculate the value of PSim as follows:

PSim = Loop(Operator(Prefix .a, 〈〉, 〈CallPSim〉))
= Operator(Prefix .a, 〈〉, 〈CallPSim〉) Θ{callPSim} PSim

= (({}, a, {})→ Harness(CallPSim, 0 ) ‖
...

Reg(Identity , . . .))[[R]] \ {tau}

Θ{callPSim} PSim

= a →
[
(Harness(CallPSim, 0 ) ‖

...
Reg(Identity , . . .))[[R]] \ {tau}

Θ{callPSim} PSim

]
= a →

[
(CallPSim[[HR]] ‖

...
Reg(Identity , . . .))[[R]] \ {tau}

Θ{callPSim} PSim

]
= a →

[
((callPSim → Stop)[[HR]] ‖

...
Reg(Identity , . . .))[[R]] \ {tau}

Θ{callPSim} PSim

]
= a → [(({(0 , callPSim)}, callPSim, {})→

Stop[[HR]] ‖
...

Reg(Identity , . . .))[[R]] \ {tau} Θ{callPSim} PSim

]
= a →

[
callPSim → ((Stop[[HR]] ‖

...
Reg(Identity , . . .))[[R]] \ {tau})

Θ{callPSim} PSim

]
= a → callPSim → PSim

Hence, FDR is able to compile PSim; furthermore, PSim \ {callPSim} ≡FD

P (in fact they are strongly bisimilar except for the extra τ that is introduced
when recursing).
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We now consider how to generalise this to arbitrary processes and arbi-
trary operational semantics. The first refactoring will be as above; namely
every call inside a recursive process to another recursive process P will be
replaced with a callProc.P event. For the remainder of this section we make
the assumption that processes can be transmitted over channels (in Sec-
tion 3.2.3 we discuss how to actually simulate this). In order to define the
generalisation we define a process WrapThread, analogous to Loop above, as
follows:

WrapThread ( proc ) =

( proc [| {| c a l l P r o c |} . c a l l P r o c ? proc ’ → WrapThread ( proc ’ ) )

\ {| c a l l p r o c |} .

Unfortunately, at this time, FDR does not support such a generalised ex-
ception operator. However, we can simulate one as follows:

channel c a l l P r o c , s t a r t P r o c : Proc

C a l l ( p roc ) = c a l l P r o c . p roc → STOP

−− The f o l l o w i n g makes i t e a s i e r to r e d e f i n e t h i s i n S e c t i o n 3 .2 .3

GetProc ( proc ) = proc

WrapThread ( proc ) =

l e t

Recu r s i o nRegu l a t o r =

c a l l P r o c ?p → s t a r t P r o c ! p → Recu r s i o nRegu l a t o r

2 2 e : SystemEvents • e → Recu r s i o nRegu l a t o r

Thread ( proc ) =

GetProc ( proc )

[| {| c a l l P r o c |} .

s t a r t P r o c ? proc ’ → Thread ( proc ’ )

with in

diamond7( Thread ( proc )

[| un ion ( SystemEvents , {| c a l l P r o c , s t a r t P r o c |}) |]
Recu r s i o nRegu l a t o r )

\ {| s t a r tP r o c , c a l l P r o c |}

For the remainder of this section we refer to a process as wrapped iff it is
of the form WrapThread(Q) for some process Q . Furthermore, note that
no callProc events can propagate out of a wrapped process. As an example
of how the simulation can be used note that P above is simulated by the
process PSim = WrapThread(a → CallProc(PSim)).

Note that since the callProc events are not in UserEvents it follows that
we will have to add new clauses to the operational semantics of the operators
to allow them to propagate. However, it is easy to see that in all but the
case of the identity operator that if a callProc event were to propagate then
information would be lost. For example consider the following processes:

P = a → P 2 R

R = b → R.

7The use of the compression function diamond here yields excellent results in terms
of performance. Interestingly, using sbisim does not yield any further improvement, as is
normally the case when using diamond.
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Here, since the call to R on the right hand side of the external choice is
replaced by a callProc event it follows that the recursion would resolve the
external choice which is clearly incorrect. Hence, only the identity operator
has the following rule added:

P
callProc.p−−−−−−→ P ′

Identity(P)
callProc.p−−−−−−→ Identity(P ′)

p ∈ Proc

However, this too introduces a problem with operators such as external
choice. For example, consider the simulation of the processes P and R as
defined above. If we were to simulate them as suggested above the right hand
side of the external choice would be replaced by a callProc event. Since these
are not allowed to propagate through the external choice it follows that only
the choice of the left hand side would be presented which is clearly incorrect.
The only solution to this is to inline the definition of R as follows:

P = a → P 2 b → R

R = b → R.

We term an argument of an operator finalised iff the first event may not
be a callProc event. Note that this can be generalised to n-finalised where
none of the first n events may be callProc events. For example, consider the
following operator, RenameN (N ,R,P) that renames the first N events of
P :

P
a−−→ P ′

RenameN (N ,R,P)
b−−→ RenameN (N − 1 ,R,P ′)

(a, b) ∈ R ∧ N > 0

RenameN (0 ,R,P)
τ−−→ P

and the following processes:

P = Rename (N, {( a , b )} , Q) 2 c → P

Q = a → Q

Since both P and Q are recursive the call to Q from P would be replaced
by a callProc event. However, since these may not propagate through the
RenameN operator it follows that the simulation of P would deadlock.
Again, the only solution would be to inline the definition of Q ; in particular
the first N events would need to be inlined as follows:

P = RenameN(N, {( a , b )} , a → a → . . . → a → Q) 2 c → P

Q = a → Q

Therefore, we re-write all process definitions so that the correct number of
events are inlined8.

The last re-writing that we need to consider concerns operators that are
infinitely recursive, such as CSP’s parallel operator. What we need to be
able to do is to calculate which arguments of an operator may perform
infinitely many events without ever coming in scope of an identity operator.
We term such arguments infinitely recursive and all other arguments finitely
recursive. For example:
• Both arguments of parallel are infinitely recursive;

8In Section 3.2.3 we discuss how this is implemented in Tyger
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• Both arguments of external choice are 1-finalised and thus finitely re-
cursive;
• The left argument of interrupt is infinitely recursive but the right ar-

gument is 1-finalised and thus finitely recursive;
• The left argument of exception is infinitely recursive but the right is

finitely recursive (and 0-finalised).
Clearly, if an argument P of an operator Op may perform an infinite num-
ber of events without Op evolving into an identity operator (with P as
its argument) then we must ensure that P cannot perform callProc events
since these cannot propagate through any operator other than the identity
operator. We can formalise the above as follows.

Definition 2.6. An argument P of an operator Op is infinitely recursive
iff there exists an infinite chain of the form:

Op(. . . , P, . . .)
a1−−→ Op1(. . . , P1, . . .)

a2−−→ Op2(. . . , P2, . . .) . . .

where for infinitely many i, ai ∈ Σ, none of the Opi is the identity operator
and where P eventually performs infinitely many events (i.e. for infinitely
many i, Pi 6= Pi+1 ). An argument P of an operator is finitely recursive iff
there exists no chain of the above form (i.e. the process always eventually
ends up in scope of an identity operator, or, in any such chain P is off).
Note that an operator is n-finalised for some n iff it is finitely recursive.

Therefore, following our above intuition we ensure that any argument of
an operator that is infinitely recursive is wrapped. For example, consider
simulating the following process P:

P = Q [| Events |] RUN( Events )

Q = a → Q.

Furthermore, consider the simulation in which the simulated Q is not
wrapped:

PSim = QSim [| Events |] RUN( Events )

QSim = Operato r ( Op Pre f i x . a , <>, <Ca l lP r o c (QSim)>).

Note that QSim is equivalent (by the unique fixed point principle) to the pro-
cess QSim’ = a → callProc.QSim → QSim’. Hence, since callProc events cannot
propagate through the parallel composition it follows that PSim would be
equivalent to a → STOP. Therefore, we ensure that every infinitely recur-
sive argument of an operator is wrapped since this ensures that no callProc
events can propagate.

Thus, in summary the re-writing of process definitions that must be done
is as follows:
(1) Every call from a recursive process to another recursive process is re-

placed by the corresponding callProc event;
(2) Every call from a non-recursive process to a recursive process calls the

wrapped version;
(3) Every infinitely recursive argument of an operator is wrapped;
(4) Every finitely recursive argument is inlined by the correct amount.

In Section 3.2.3 we discuss how these are automated within Tyger.
It is worth noting at this point that the simulation we provide now is

not strongly bisimilar to the original as there are two taus created by a
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recursive call, rather than the standard one. However, this is not an issue
when we consider CSP since all the standard models equate the processes

Q and · τ−−→ Q .

2.6. Optimisations. In this section we consider a number of optimisations
that were made to the CSP model in order to make it run efficiently within
FDR.

As a running example throughout this section we consider the runtime of
a simulated variant of the Dining Philosophers in the standard CSP opera-
tional semantics. All runtimes that we refer to concern the amount of time
that it took to verify the two assertions in the following code, where N + 1
is the number of Philosophers.

channel s i tdown , getup , ea t : { 0 . .N}
channel pickup , putdown : { 0 . .N} . { 0 . .N}
Use rEvent s = {| s i tdown , getup , eat , p ickup , putdown |}

mplus ( i , j ) = ( i + j ) % (N+1)

MyFork ( i d ) =

Ex t e r n a lCho i c e (

P r e f i x ( p i ckup . i d . id , P r e f i x ( putdown . i d . id , C a l l ( P Fork . i d ) ) ) ,

P r e f i x ( p i ckup . mplus ( id , 1 ) . id ,

P r e f i x ( putdown . mplus ( id , 1 ) . id , C a l l ( P Fork . i d ) ) )

)

MyPhi losopher ( i d ) =

P r e f i x ( s i tdown . id ,

P r e f i x ( p i ckup . i d . id ,

P r e f i x ( p i ckup . i d . mplus ( id , 1 ) ,

P r e f i x ( ea t . id ,

P r e f i x ( putdown . i d . mplus ( id , 1 ) ,

P r e f i x ( putdown . i d . id ,

P r e f i x ( getup . id , C a l l ( P Ph i l o s ophe r . i d ) ) ) ) ) ) ) )

Main =

l e t

p h i l s =

R e p l i c a t e d I n t e r l e a v e (<WrapThread ( P Ph i l o s ophe r . id>)

| i d ← <0..N>>)

f o r k s =

R e p l i c a t e dA l p h aP a r a l l e l (<WrapThread ( P Fork . i ) | i ←
<0..N>>,

<AlphaFork ( i ) | i ← <0..N>>)

with in

P a r a l l e l ( p h i l s , f o r k s , {| pickup , putdown |})

−− O r i g i n a l p r o c e s s

Ph i l o s o ph e r ( i d ) =

s i tdown . i d → p i ckup . i d . i d → p i ckup . i d . mplus ( id , 1 ) → ea t . i d →
putdown . i d . mplus ( id , 1 ) → putdown . i d . i d → getup . i d →

Ph i l o s o ph e r ( i d )

Fork ( i d ) =

p ickup ? p h i l : { id , mplus ( id , 1 )} ! i d → putdown ! p h i l ! i d →
Fork ( i d )
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AlphaFork ( i d ) =

{ p i ckup . i d . id , putdown . i d . id , p i ckup . mplus ( id , 1 ) . id ,

putdown . mplus ( id , 1 ) . i d }
System =

( ||| i d : { 0 . .N} • Ph i l o s o ph e r ( i d ) )

[| {| putdown , p i ckup |} |]
( ‖ i d : { 0 . .N} • [ AlphaFork ( i d ) ] Fork ( i d ) )

a s s e r t Main vFD System

a s s e r t System vFD Main

All timing tests were carried out on a 3Ghz Dual-core Linux machine
with 2GB of RAM using a pre-release version of FDR 2.91 (that contains
the exception operator and one other special feature that we discuss later).

2.6.1. Precomputation of Discardable Args. As mentioned in Section 2.3 we
explicitly include the processes that are discarded in our representation of
the operational semantics. This is because if we were to define a function
discard(rule, op) that computed which arguments should be discarded by
the current operator we would have to traverse every rule in the operator.
Since there are a polynomial number of rules (in terms of Σ0 ) for each
operator and since this function would have to be called many times by the
regulator this would result in a significant slow down. Hence, since it is easy
to statically compute which processes are discarded the discarded process
are included in the rules.

2.6.2. Sets – Computing the Transitive Closure of the Events. The basic im-
plementation that we consider is as described in Listing 2.5. Unfortunately,
it is so inefficient that even with only 2 philosophers FDR consumes over
2GB of memory. Therefore, no figures are available for its performance. The
major factor contributing to this is the size of the channel renamings; it is
of size O(card(Σ0 )×2 N ×2 N×card(Σ0 )). Therefore, computing the functions
RenamingsForProc(n) and AlphaProc(n) will be very slow.

Whilst renamings is very large, in the case of most operators the major-
ity of the events in the renamings channel are never required. For example,
in the case of CSP’s parallel operator over a set A only events of the form
({(0 , a), (1 , a)}, a, {}), ({(0 , b)}, b, {}), ({(1 , b)}, b, {}) are needed, where a
ranges over A and b ranges over Σ \ A. In fact, all standard CSP opera-
tors only use (at most) O(card(Σ0 )2 ) events. Therefore a significant gain
could be achieved by calculating RenamingsForProc(n) and AlphaProc(n)
using the subset of renamings that corresponds to the events that could be
used either by the current operator or any resulting operator. We refer to
this technique as computing the transitive closure of the events over the
operators. This yields substantially better results which we summarise as
follows:

N 2 3 4 5
Runtime (s) 23 126 440 1335

2.6.3. Sequences Using Transitive Closure of Events. The next optimisation
follows from a surprising result; namely that the implementation of sets
within FDR is extremely slow. For example, the Haskell program (using the
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implementation of sets from Data.Set) size (fromList [0..3000]) ex-
ecutes instantly whereas the equivalent CSP program, card(set(<0..3000>))

takes around 7 seconds to execute. Therefore, since there are few places
where duplicates are created, we instead represent all the rules, partial
functions and associated data structures using sequences and eliminate du-
plicates explicitly9. This yields a big improvement on the runtime as follows:

N 2 3 4 5 6

Runtime (s) 8 20 44 94 Did not finish10

2.6.4. Using Integers Rather than Tuples. The next optimisation follows
from the observation that the average tuple on the renamed channel is com-
plicated, thus making equality comparisons slow. Therefore, to solve this
every tuple was represented by an integer and the type of renamed was then
declared to be {0 ..M } for some M sufficiently large. This on its own would
yield results that were no better, since many equality comparisons would still
have to be done in order to lookup the integer for a given tuple. Therefore,
the computation of the transitive closure of the events over the operators
was altered so that it returned a partial function that allowed the regulator
to get the set of events that it should offer, along with the resulting state
it should go to. This yielded a reasonable improvement in the runtime as
follows:

N 2 3 4 5 6
Runtime (s) 5 13 29 88 Did not finish

2.6.5. Only Using the Full Harness When Necessary. The last optimisation
that we consider is by far the simplest. Recall that the harness is defined as
follows:

Harness(P ,n) =̂ ((P [[Prime]] Θ{x ′|x∈Σ} Stop)

4 off → Stop)[[Rename]].

Clearly, if it is not possible for the process n to be turned off (as is the
case with CSP’s parallel operator, for example) then Harness(P ,n) would
be equivalent to P [[Rename]]. Therefore, we adapt the computation of the
transitive closure of events to also calculate which processes may be dis-
carded by any future operator, and then we only use the full harness when
the process may be discarded. This yields a considerable improvement in
the asymptotic behaviour of the runtime as follows:

N 2 3 4 5 6 7 8
Runtime (s) 5 12 25 49 91 163 319

9Unfortunately this required converting a set to a sequence (since there is no sequence
equivalent to {|e |}); therefore a function seq was implemented in a special release of FDR
that returns a sequence (non-deterministically) that is equivalent to the set.

10Unfortunately, due to a bug in the pre-release version of FDR the author has access
to, one of the intermediate processes has to be explicated resulting in a huge blow up in
the memory requirement meaning that some checks could not be completed.
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2.6.6. Summary. The runtime for FDR on the non-simulated version where
there are 8 philosophers is only 2 seconds indicating that our simulation
is still substantially slower than the non-simulated version. However, this
is not a massive problem since the main point of this construction is to
allow a user to experiment with their language or model on reasonable-sized
problems. It is not designed or intended that it implements it in the most
efficient way possible. Hence, in Tyger we make use of the simulation as
described in Section 2.6.5. The full source code for this simulation given the
CSP operational semantics can be found in Listing B.2.

3. Tyger

Tyger is a Haskell program that, given two files, one specifying the opera-
tional semantics of a language and the other containing process definitions,
will produce a CSP file containing simulations of the processes that can be
compiled by the model checker FDR. In particular, the user may specify the
syntax of their operators and then use this syntax in the process definitions.
For example, the user could specify that the string !! should be recognised
as a binary operator Foo and thus the definition R = P !! Q would be
parsed as R = Foo(P,Q).

For the rest of this section we assume that script refers to the script
containing the users’ process definition and that operational semantics def-
inition refers to the file containing the users’ description of the operational
semantics. In Section 3.1 we describe the operational semantics side of
Tyger including the input file formats and the type checker. In Section 3.2
we describe how the script is processed, including the type checking that
is performed and how recursion is handled. Lastly, in Section 3.3 we give
an example of a run through in Tyger detailing which Haskell functions are
called when.

3.1. Operational Semantics.

3.1.1. Input Format. The operational semantics of a language are specified
by a file containing several operator descriptions. As an example of an
operator description consider the following snippet that describes the CSP
parallel operator (ignoring sequential composition):

Operator Parallel(P : InfRec, Q : InfRec, A)

Syntax Binary "[| $3 |]" 12 AssocNone

Rule

P =a=> P’

Q =a=> Q’

------------------------------ a <- A

P [| A |] Q =a=> P’ [| A |] Q’

EndRule

Rule

P =a=> P’

------------------------------ a <- diff(Sigma, A)

P [| A |] Q =a=> P’ [| A |] Q
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EndRule

Rule

Q =a=> Q’

------------------------------ a <- diff(Sigma, A)

P [| A |] Q =a=> P [| A |] Q’

EndRule

EndOperator

We describe the meaning of each section in turn. The declaration
Parallel(P : InfRec, Q : InfRec, A) declares that this operator is
named Parallel and takes three arguments, P , Q and A where P and Q are
infinitely recursive (as defined in Definition 2.6). The line Syntax Binary

"[| $3 |]" 12 AssocNone is used for parsing both the subsequent rules
and the script and indicates:
• that the parallel operator is a binary operator;
• the operator is recognised by any string of the form [| e |] where e

is an expression, and that the third argument (namely A) is e;
• the operator is not associative;
• the operator has a precedence of 12 (the lower the number the tighter

the operator binds); the pre-defined operators’ precedences are given
by:

Operator Precedence
e(...) (function application) 0

- (unary) 1
/, %, +, -, * 2

., #, ^ 3
>, >=, <, <=, !=, == 4

and, or, not 6
Each rule of the operator consists of zero or more premises (where the rela-

tion
a−−→ is written as =a=>) separated by a string of - (that may be of any

length) from the rule indicating how the operator evolves. The side condi-
tion is written next to the -. It may include clauses that bind free variables
(written as p <- e for p a pattern and e an expression that evaluates to a
set) and clauses that are propositional formulas (where the basic predicates
are e1 == e2, member(p,e1) and e1 <= e2 (i.e. subset) for e1, e2 expres-
sions and p a pattern). Note that tau promotion rules are not required since
the operational semantics for CSP ensures that taus of any on process are
promoted.

Support is also available for replicated operators. As an example we give
the input corresponding to the alphabetised parallel operator of CSP:

Operator AlphaParallel(P, Q, A, B)

Syntax Binary "[ $3 || $4 ]" 12 AssocNone

Rule

P =a=> P’

Q =a=> Q’

------------------------------ a <- inter(A,B)

P [A || B] Q =a=> P’ [A || B] Q’
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EndRule

Rule

P =a=> P’

------------------------------ a <- diff(A, B)

P [A || B] Q =a=> P’ [A || B] Q

EndRule

Rule

Q =a=> Q’

------------------------------ a <- diff(B, A)

P [A || B] Q =a=> P [A || B] Q’

EndRule

Replicated(P, A)

Syntax Prefix "|| $0 @ [$2]" 9

BaseCase({}, {})

CSPSTOP

EndBaseCase

InductiveCase(Ps, As)

P [A || Union(As)] InductiveCase

EndInductiveCase

EndReplicated

EndOperator

We describe each element of the new Replicated section in turn. The dec-
laration Replicated(P,A) states that the current operator has a replicated
version where every item in the list has arguments P and A. The Syntax

statement is mostly as before, except $0 is a special indicator meaning the
generators that a replicated operator takes (i.e. a comma separated list of
expressions of the form p : e and e for e an expression and p a pattern). The
BaseCase({}, {}) statement indicates that the base case of the replicated
operator corresponds to having an empty set of arguments and is equal to
CSPSTOP. InductiveCase(Ps,As) gives the recursive case; in particular P

and A are in scope and bound to the current item and Ps and As are bound
to the remaining set of processes and the remaining set of alphabets re-
spectively. Inside the inductive case InductiveCase gives the process that
results from the recursive call.

Note that in in some models it may be required to extend Σ (see Section
4 for examples). We support this by allowing channels to be declared by
including the following section as the first section in the file:

Channels

tick

offer : Sigma

offerSet : Set(Sigma)

EndChannels
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where Set is the powerset constructor. A complete sample input file for the
standard CSP operators may be found in Listing B.1. For a formal grammar
of the input file see Appendix A.

3.1.2. Type Checker. Tyger contains a type checker for the operational se-
mantics that not only checks for the consistency of the rules but also checks
most of the rules for CSP-likeness. In particular it checks rules 2—7 as de-
fined in Definition 2.3. Rule 1 is implicitly checked since it is not possible
to express the absence of an event being performed as a precondition.

We now consider the type system that is used; assuming a set of type
variables V the set of types T can be defined inductively by:

v ∈ V
v ∈ T TEvent ∈ T TOnProcess ∈ T TOffProcess ∈ T

TProcArg11 ∈ T
t ∈ T
{t} ∈ T

t1 ∈ T , . . . , tn ∈ T

〈t1 , . . . , tn〉 ∈ T

t1 ∈ T , . . . , tn ∈ T

TChannel 〈t1 , . . . , tn〉 ∈ T

t1 ∈ T , . . . , tn ∈ T

TOperator 〈t1 , . . . , tn〉 ∈ T

where TChannel 〈t1 , . . . , tn〉 is the type of a channel that takes n compo-
nents each of type ti , and TOperator 〈t1 , . . . , tn〉 is the type of an operator
that takes n arguments each of type ti . The rules for type checking the op-
erational semantics are unsurprising and are thus omitted; they can however
be viewed in OpSemTypeChecker.hs (Appendix C.2.3). The type checker is
also able to output GHC-style (Glasgow Haskell Compiler12) error messages
that can help pinpoint the error. For example, given the operator definition:

Operator Rename(P : InfRec, A)

Rule

P =a=> P’

----------------------------- (a,b) <- A

Rename(P,A) =b=> Rename(P’,A)

EndRule

Rule

P =a=> P’

----------------------------- a <- diff(Sigma, {b | b <- A})

Rename(P,A) =a=> Rename(P’,A)

EndRule

EndOperator

the following error is produced:

Could not match the types:

"Event"

and

"(Event, Event)"

11This type is relevant to the implementation of recursion in Tyger. In particular, it
is used to define the semantics of the identity operator and is never deduced as a type for
any user operator.

12Available from: http://www.haskell.org/ghc/.

http://www.haskell.org/ghc/
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in the expression:

diff(Sigma, {b | b <- A})

in the rule:

P =a=> P’

------------------------------- a <- diff(Sigma, {b | b <- A})

Rename(P, A) =a=> Rename(P’, A)

in the operator "Rename".

In the current version of Tyger mutual recursion amongst the operators is
not supported by the type checker. Therefore, the user is required to specify
the operators in an order such that if Op precedes Op′ then Op may not
call Op′.

3.1.3. Recursion. As mentioned in Section 2.5.3 recursion requires extra
support. In particular, in order to support the automated refactorings we
need to be able to deduce from the operational semantics which arguments
of which operators are finitely recursive, infinitely recursive and finalised.
We note that most languages (CSP included) contain only infinitely recur-
sive operators and 1-finalised operators. Therefore, we require the user to
annotate any arguments that are infinitely recursive and assume otherwise
that any argument is finitely recursive. This can be specified as follows:

Operator Parallel(P : InfRec, Q : InfRec, A)

...

EndOperator

This ensures that the argument will be identified as infinitely recursive rather
than finitely recursive which affects the automated refactorings that are
discussed in Section 3.2.3.

3.1.4. Output Format. Tyger outputs a file (that is intended to be in-
cluded by the file created by the functional portion of Tyger) containing
one module, Operator M, that contains the simulation of the operational
semantics along with operator shortcuts such as ExternalChoice(P,Q) =

Operator(Op ExternalChoice, <P,Q>, <>). Most of the code that is out-
put does not change with the operational semantics (and is contained in the
file ConstantCode.hs (Appendix C.2.6)); the only portions that are dynam-
ically generated are the function Rules, as defined in Section 2.3 along with
the operator shortcuts. The only other point of note is that every variable
name has a 0 appended to its name, except the operator shortcuts that have
a prime appended to their names. This is to ensure that there are no vari-
able name clashes between the generated code and the pre-defined code. As
an example Listing B.2 gives the CSP produced when given the operational
semantics in Listing B.1.

3.2. Functional Language.

3.2.1. Input. In this section we describe the programming language that
the user may give their process definitions in. It is essentially the functional
portion of CSPM together with support for the users’ custom operators.
For example, Listing 3.1 gives a file defining the Dining Philosophers prob-
lem that could be input to Tyger along with the standard CSP operational
semantics (as defined in Listing B.1).
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Listing 3.1. CSPM input script for the Dining Philosophers using the stan-
dard CSP operational semantics as defined in Listing B.1. This differs only
from the version that would normally be given to FDR in that bounds are
specified for the recursive processes (see Section 3.2.3) for more details).

N = 2

ID = { 0 . .N}
channel pickup , putdown : ID . ID

channel s i tdown , eat , getup : ID

mplus ( x , y ) = ( x + y ) % N

−− O r i g i n a l p r o c e s s

Ph i l o s o ph e r : : ( ID ) → Proc

Ph i l o s o ph e r ( i d ) =

s i tdown . i d → p i ckup . i d . i d → p i ckup . i d . mplus ( id , 1 ) → ea t . i d →
putdown . i d . mplus ( id , 1 ) → putdown . i d . i d → getup . i d →

Ph i l o s o ph e r ( i d )

Fork : : ( ID ) → Proc

Fork ( i d ) =

2 p h i l : { id , mplus ( id , 1 )} • p i ckup . p h i l . i d →
putdown . p h i l . i d → Fork ( i d )

AlphaFork ( i d ) =

{ p i ckup . i d . id , putdown . i d . id , p i ckup . mplus ( id , 1 ) . id ,

putdown . mplus ( id , 1 ) . i d }

System =

( ||| i d : { 0 . .N} • Ph i l o s o ph e r ( i d ) )

[| {| putdown , p i ckup |} |]
( ‖ i d : { 0 . .N} • [ AlphaFork ( i d ) ] Fork ( i d ) )

We do omit several notable features that are usually admissable in CSPM

scripts as follows. The most notable is the lack of support for prefixing,
namely expressions of the form x?y. This was omitted mostly due to the
difficulty in supporting this; in particular the user would have to specify
what prefixing means (e.g. in CSP prefixing is equivalent to the replicated
external choice over an appropriate set). There is no reason why this could
not be supported but time did not allow.

Another notable feature that is missing is support for CSP’s module sys-
tem. The reason for omitting this is principally because the semantics are
ill-defined. For example, FDR does not emit an error when given the pro-
gram:

module A

f = 0

exports

endmodule

g = A::f
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which it should do since f should not be accessible outside of A as it is not
exported.

We also do not allow the use of the dot operator in arbitrary contexts;
in particular the left hand side of a dot must either be a Datatype or a
Channel. This is done to ensure that type checking is decidable, in particular
it means that the definition x = 0 . <x> is not admitted. This is useful since
the the type of x is infinite and thus no type can be inferred for it. Also,
this restriction has no practical impact since we omit prefixing which is the
only place where this is commonly used (for pattern matching over multiple
components of a channel simultaneously).

The last notable feature that we omit is not one that the author realised
existed until attempting to write a type checker for CSPM , namely, support
for functions that pattern match on different types such as:

gen ( t r u e ) = f a l s e

gen (1 ) = 0

A decision was made not to support these sort of expressions since they
muddy the semantics of the language. Furthermore, more elegant solutions
(such as Haskell’s type classes) could be used to solve this. A related item
that we omit is pattern matching on channels. For example, we do not admit
the definition:

channel p : A

channel q : B

gen ( p ) = . . .

gen ( q ) = . . .

for analogous reasons to the above. Again, this is not a well-used feature
and therefore its omission, in practice, does not cause issues.

3.2.2. Type Checker. In order to support the automated refactoring required
for recursion it was necessary to be able to get all process definitions from
within a file (i.e. all definitions that have type TProc). Therefore a type
checker was written that takes as input an abstract syntax tree (henceforth
AST) and produces as output either an AST annotated with type informa-
tion or an error. The errors are similar to ones emitted by GHC; as an
example when type checking the program:

f ( x ) = x + 1

g = f ( t r u e )

the following error is emitted:

Could not match the types:

Int

and

Bool

in the expression at <stdin>:2:6:

f(true)

in the declaration of g.

In this section we describe the type system and type inference algorithm,
both of which are extensions of the standard Hindley-Milner type inference
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algorithm [Hin69, Mil78] to support the extra features of machine-readble
CSP.

The type system used by the type checker is rank-1 polymorphic meaning
that the type ∀ a · (a → a) is valid but (∀ a.a → a) → a is not (the
former is the type of the identity function whereas the latter is the type of
a function that takes a polymorphic function and returns a). It also admits
basic type constraints of the form Eq and Ord . For example, the function
cmp(x,y) = x == y is typed as ∀Eq a · (a, a) → Bool . This means that the
type system is a bounded rank-1 polymorphic type system (see e.g. [CW85]).
We now describe the set of valid monomorphic (i.e. types that are not
quantified) types T , assuming a set V of variables and N a set of datatype
names. We firstly give inductive rules referring to the basic types:

v ∈ V
TVar v ∈ T Int ∈ T Bool ∈ T Proc ∈ T

t ∈ T
{t} ∈ T

t ∈ T
〈t〉 ∈ T

t1 , . . . , tm ∈ T

(t1 , . . . , tm) ∈ T

n ∈ N t1 , . . . , tn ∈ T

TDataType n 〈t1 , . . . , tn〉 ∈ T

t ∈ T t1 , . . . , tn ∈ T

(t1 , . . . , tn)→ t ∈ T

t1 ∈ T t2 ∈ T
TDotable t1 t2 ∈ T

where TDotable t1 t2 means that something of this type can be dotted
(i.e. placed on the left hand side of a ‘.’) with a t1 to yield the type
t2 , and TDataType n 〈t1 , . . . , tn〉 means a datatype clause that is in the
datatype n that takes t1 , . . . , tn as its components. For example, given the
datatype definition datatype T = A.0 | B.0.0, A has type TDataType T 〈Int〉
and B has type TDataType T 〈Int , Int〉. Also, you could write A’s type as
TDotable Int (TDataType T 〈〉) (but the former is its most general type).

We now consider what types need to be added in order to support chan-
nels. Firstly, we consider the type of g when defined by g(x,y) = {|x.y|}. Sup-
pose we let y have type b; it follows that we have to allow x to be any channel
that takes a b as its first component, but that it may have arbitrarily many
components after that. Hence, x must have type TChannel y for any se-
quence of types y that begins with b. In order to express this we define the
following types:

v ∈ V
TPolyList v ∈ T

t1 ∈ T t2 ∈ T
TList t1 t2 ∈ T TListEnd ∈ T

t ∈ T
TChannel t ∈ T

Therefore, we define type list to mean a structure that contains TPolyList ,
TList and TListEnd components. It should be noted that the in-
ner type in a TChannel is always a type list (and type lists only
appear in the contexts of channels) but, in order to simplify the
implementation only one set of types is defined. Thus, the type
TChannel (TList t1 TListEnd) indicates that the channel has one com-
ponent, t1 . The type TChannel (TList t1 (TPolyList v)) indicates that
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the channel has at least one component, t1 but then may have arbi-
trarily many components after. Lastly, we note that an event is the
same as a channel that has no components. Thus the type of g is
∀ a, b · (TChannel (TList b (TPolyList a)), b)→ {TChannel TListEnd}.

We can now define the set of polymorphic types TS that we admit, as-
suming C is a set of constraints that contains a constraint that admits all
types, as follows:

t ∈ T v1 , . . . , vn ∈ V c1 , . . . , cn ∈ C

∀ c1 v1 , . . . , cn vn · t ∈ TS

The process of going from a monomorphic type to a polymorphic type is
known as generalisation.

Before describing the type checking algorithm we make a few definitions.

Definition 3.2. A strongly connected component (SCC) in a directed graph
G is a set of vertices C where there is a path between any v1 , v2 ∈ C .

Definition 3.3. A topological sort of a sequence of strongly connected com-
ponents is an ordering on the components such that c precedes d iff there is
no edge from c to d.

We now describe the general type checking algorithm. The input is an
AST consisting of a number of definitions. The type checker firstly computes
the dependency graph amongst the definitions (i.e. the graph where there
is an edge from d1 to d2 if d1 uses a variable bound by d2 ) and then iden-
tifies the strongly connected components within it (using a built in Haskell
function from the Data.Graph module that internally uses Tarjan’s Strongly
Connected Components Algorithm [Tar72]). Then, it topologically sorts the
strongly connected components so that the first group of definitions that are
type checked depends on no other group. It then performs type inference on
each definition in the group before generalising the types. It then stores the
polymorphic types so that types can be correctly inferred for the subsequent
groups. The source code for the type checker is contained in Appendix C.4

To see why we must ensure that we type check only mutually recursive
functions together consider the following example:

i d ( x ) = x

g = i d ( t r u e )

h = i d ( 0 ) .

Note that if we were to type check all the definitions together before gener-
alising an error would be encountered. This is because lines 1 and 2 would
infer a type for id of Bool → Bool which would thus mean that the call to
id on line 3 would not be correctly typed. However, if we perform the type
checking as described above the correct types will be inferred as the type
for id would be generalised to a polymorphic type before type checking g or
h. Unfortunately, this does not solve every problem. For example, consider
the program:

f s t ( ( x , y ) ) = x

f ( x ) = ( x ,m)

m = f s t ( f ( t r u e ) )
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and note that the most general type of m is Bool and thus f is of type
∀ a · a → (a,Bool). However, the algorithm described above will infer that
f will be of type Bool → (Bool ,Bool) since the type of f is generalised only
after it has been restricted to being a boolean. Interestingly, GHC has the
same problem when presented with the equivalent Haskell program and relies
on the user manually annotating f with the correct type in order to infer
the most general type. However, the technique that GHC uses to do this (as
described in [VWPJ06]) is exceedingly complicated and (reportedly) unused
and has therefore been scheduled for removal in a subsequent release. As a
result of this we make no attempt to support the above case.

We now compare our type checker to the two existing publicly announced
CSPM type checkers that have been developed. The first we consider is that
of Gao and Esser as described in [GE01]. Whilst their type system is able
to accommodate most of the peculiarities of CSPM , the type system they
present is unable to type the function g(x) = {|x|} as it contains no way to
state that x is a channel with arbitrary components. This is because they
have no equivalent to our TPolyList v constructor above.

The other CSP type checker that is available is that of Formal Systems
Europe [For01] Ltd. It is, in some senses, more complete than the one pre-
sented above as it admits arbitrary usage of dot (and thus does not terminate
in some cases) along with union types (which the author thinks should not be
part of the language). However, it too is unable to correctly type the above
function g(x) = {|x|} and thus, when presented with the following, well-typed,
program emits an error erroneously:

datatype B = A

channel a : {0} .{0} .{0}
channel b : B

f ( x , y ) = {| x . y |}
p = f ( a , 0 )

q = f (b ,A)

The reason why this fails to type check is unknown as there is insufficient
documentation available on the type system. However, it would appear that
it suffers from the same problem as described above: namely the type system
is unable to express the fact that in the above example x is a channel that
takes y as its first component but then has arbitrarily many components
after that.

3.2.3. Recursion. As stated in Section 2.5.3 recursion, unfortunately, re-
quires extra support. In this section we discuss the implementation of the
automated refactorings that were discussed in Section 2.5.3 within Tyger.
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Recall that in our implementation of recursion in Section 2.5.3 we assumed
that processes may be transmitted over channels. Since FDR does not al-
low this we must instead use a different technique of transmitting which
process should be called. Instead, we chose to create a datatype ProcArgs

that contains one entry for each process that may be called recursively (with
components according to the type of each argument). However, this does
introduce one issue; since channels must be finite13 we must be able to infer
finite bounds on all arguments of recursive processes. However, this is not
trivial as the following example shows:

Count (0 ) = up → Count (1 )

Count ( n ) = n < N & up → Count ( n+1) 2 down → Count (n−1).

Clearly the bound on the value of the argument n not only depends on the
starting value but it can also only be deduced by evaluating Count(i) where
i is the initial value until the whole state space has been explored. Whilst
this is theoretically possible it would require implementing an evaluator
for CSPM , something that is beyond the scope of this Thesis. Hence, an
alternative solution is to require the user to manually bound arguments by
giving the set of arguments that are allowed as follows:

Count : : ( { 0 . .N}) → Proc

Count (0 ) = up → Count (1 )

Count ( n ) = n < N & up → Count ( n+1) 2 down → Count (n−1).

If no bounds are given for a process then it is assumed that the process only
recurses a finite number of times. For example, no bounds are required on
the process:

Spawn (P , 0) = STOP

Spawn (P , N) = P ||| Spawn (P , N−1)

since although it is recursive it can only recurse N times.
In order to simplify the refactorings that are done automatically a number

of restrictions are placed on the script. In particular, no recursive process
definitions may be made in let expressions and lambda expressions with a
return type of TProc; recursive functions must be of type TProc (and not a
tuple for example); further recursive curried functions are prohibited. Also,
we assume that the user has inlined all finalised arguments appropriately.
Given this we can summarise the algorithm as follows:
• A graph of processes is constructed (where there is an edge from P to

P ′ iff P calls P ′), and every process that is within a strongly connected
component is identified as recursive (unless no bounds have been placed
on its arguments);
• The ProcArgs datatype is then computed, with an entry for each recur-

sive process;
• The function GetProc(proc) is defined as

GetProc(Proc P...) = P UNWRAPPED(...) for every recursive P ;
• The AST of the script is then transformed as follows:

13FDR does allow infinite channels providing only a finite portion of it is used. However,
we cannot make use of this since if we did the definition of WrapThread would use an
infinite set as the alphabet of the exception operator.
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– Two copies of every recursive process P are made, namely P and
P UNWRAPPED where P is defined to be CallProc(Proc P...) and
P UNWRAPPED is defined as P was originally but with every call
to a recursive process replaced by an appropriate Call(Proc...) call;

– Each infinitely recursive argument of an operator is wrapped by
ensuring that every call to another process calls the wrapped
version.

As an example of the above refactorings Listing 3.4 shows the output
of Tyger when given the standard CSP operational semantics as defined
in Listing B.1 and the input file for the Dining Philosophers as defined in
Listing 3.1.

Listing 3.4. The output of Tyger when given the standard CSP operational
semantics file in Listing B.1 and the Dining Philosophers input file in Listing
3.1.

i n c l u d e ”CSP . csp ”

Use rEvent s = {|pickup ’ , putdown ’ , s i tdown ’ , eat ’ , getup ’ |}

datatype ProcArgs = Proc Ph i l o s ophe r ’ . ID ’ | Proc Fork ’ . ID ’ |
Proc Phi lCanEatSpec ’ . ID ’

GetProc ( P ro c Ph i l o s ophe r ’ . a rg 1 ’ ) =

Philosopher UNWRAPPED ’ ( arg 1 ’ )

GetProc ( Proc Fork ’ . a rg 1 ’ ) = Fork UNWRAPPED ’ ( arg 1 ’ )

GetProc ( Proc Ph i lCanEatSpec ’ . a rg 1 ’ ) =

PhilCanEatSpec UNWRAPPED ’ ( arg 1 ’ )

N’ = 2

ID ’ = { 0 . .N’}

channel pickup ’ , putdown ’ : ID ’ . ID ’

channel s i tdown ’ , eat ’ , getup ’ : ID ’

mplus ’ ( x ’ , y ’ ) = ( x ’ + y ’ ) % N’

Philosopher UNWRAPPED ’ ( id ’ ) =

P r e f i x ’ ( s i tdown ’ . id ’ ,

P r e f i x ’ ( p ickup ’ . id ’ . id ’ ,

P r e f i x ’ ( p ickup ’ . id ’ . mplus ’ ( id ’ , 1 ) ,

P r e f i x ’ ( eat ’ . id ’ ,

P r e f i x ’ ( putdown ’ . id ’ . mplus ’ ( id ’ , 1 ) ,

P r e f i x ’ ( putdown ’ . id ’ . id ’ ,

P r e f i x ’ ( getup ’ . id ’ ,

Ca l l P r o c ( P ro c Ph i l o s ophe r ’ . id ’ ) ) ) ) ) ) ) )

Ph i l o s ophe r ’ ( a rg 1 ’ ) = WrapThread ( P ro c Ph i l o s ophe r ’ . a rg 1 ’ )

Fork UNWRAPPED ’ ( id ’ ) =

Rep l i c a t e dEx t e r n a lCho i c e ’(< Pr e f i x ’ ( p ickup ’ . p h i l ’ . id ’ ,
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Pr e f i x ’ ( putdown ’ . p h i l ’ . id ’ ,

Ca l l P r o c ( Proc Fork ’ . id ’ ) ) ) | ph i l ’

← seq ({ id ’ ,

mplus ’ ( id ’ ,

1)})>)

Fork ’ ( a rg 1 ’ ) = WrapThread ( Proc Fork ’ . a rg 1 ’ )

AlphaFork ’ ( id ’ ) =

{ pickup ’ . id ’ . id ’ , putdown ’ . id ’ . id ’ , p ickup ’ . mplus ’ ( id ’ , 1 ) . id ’ ,

putdown ’ . mplus ’ ( id ’ , 1 ) . id ’}

System ’ =

P a r a l l e l ’ ( R e p l i c a t e d I n t e r l e a v e ’(< Ph i l o s ophe r ’ ( id ’ ) | id ’

← seq ( { 0 . .N’})>) ,

R e p l i c a t e dA l p h aP a r a l l e l ’(<Fork ’ ( id ’ ) | id ’ ← seq ( { 0 . .N’})> ,

<AlphaFork ’ ( id ’ ) | id ’ ← seq ( { 0 . .N’})>) ,

{|putdown ’ , p ickup ’ |})

PhilCanEatSpec UNWRAPPED ’ ( n ’ ) =

P r e f i x ’ ( eat ’ . n ’ , Ca l l P r o c ( Proc Ph i lCanEatSpec ’ . n ’ ) )

Phi lCanEatSpec ’ ( a rg 1 ’ ) = WrapThread ( Proc Ph i lCanEatSpec ’ . a rg 1 ’ )

a s s e r t Phi lCanEatSpec ’ ( 0 ) vF Hide ’ ( System ’ ,

{|pickup ’ , putdown ’ , s i tdown ’ , getup ’ , eat ’ . 1 , eat ’ . 2 |})

3.2.4. Output Format. Tyger outputs a file that uses a include statement to
include the file that was created by the operational semantics portion and
contains all the definitions in the input script (having been refactored as
described above) along with several functions that are assumed to exist by
the operational semantics simulation. In particular UserEvents is defined as
the set of all events that the user uses; the function GetProc and datatype
ProcArgs are defined as described in Section 3.2.3. Also, as in the case of the
operational semantics output, every variable name has a prime appended to
it to ensure that no variable names clash with names used in the internal
simulation.

3.3. Anatomy of a Run Through Tyger. In this Section we de-
scribe in more detail the Haskell implementation of Tyger by showing
how two input files are transformed. Suppose the input to Tyger is two
files, Semantics.opsem giving the operational semantics definitions and
Example.csp giving the process definitions. These files are processed by
Tyger as follows:
(1) Firstly, Semantics.opsem is parsed in OpSemParser.hs (Appendix

C.2.2). This happens in two passes through the file. On the first pass
all the syntax components of every operator are extracted. Then, in
the second pass these syntax components are used to parse the oper-
ator definitions. The output of this stage is either an AST (of type
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InputOpSemDefinition as defined in OpSemDataStructures.hs (Ap-
pendix C.2.1)) or an error message. The parser itself is written using
the monadic parser combinator library, Parsec14.

(2) The operational semantics are then typechecked in
OpSemTypeChecker.hs (Appendix C.2.3); this is where the spe-
cial identity operator is injected into the operational semantics. The
type checking is as described above in Section 3.1.2. The output of this
stage is either an AST where every operator is annotated with its type
(of type OpSemDefinition as defined in OpSemDataStructures.hs

(Appendix C.2.1)) or an error message.
(3) Example.csp is then parsed in CSPMParser.hs (Appendix C.3.2); this

makes use of the output of the previous stage in order to know the
syntax of the users’ custom operators. Again, the parser is written
using Parsec and the output for this stage is either an AST (of type
[PModule], as defined in CSPMDataStructures.hs (Appendix C.3.1)),
annotated with source locations, or an error message detailing a syntax
error.

(4) The next stage is to then typecheck the functional language (the source
code for this section spans multiple files in Section C.4). This takes
as input both the operational semantics definitions (so that the types
of the users’ operators are known) and the AST created in the previ-
ous stage. The algorithm then proceeds as outlined in Section 3.2.2
and outputs either an AST annotated with type information (of type
[TCModule]) or an error message indicating a type error (these make
use of the source locations that the AST is annotated with).

(5) Having done this the users’ definitions are then refactored by the code
in CSPMRecursionRefactorings.hs (Appendix C.3.4) as described in
Section 3.2.3 in order to support recursion. The input to this stage is
the typechecked AST (so that type information is available) and the
output is either the transformed AST or an error message indicating
that the user has done something that is unsupported by the automated
refactorings. Furthermore, the output contains two new definitions,
GetProc and the datatype ProcArgs, both as defined in Section 3.2.3.

(6) At this point we know that the users’ input is valid and therefore start
producing output. The first thing to do is to convert the users’ oper-
ational semantics definitions from the format they were input in (i.e.
standard inductive rules) to the format described in Section 2.3. This is
done in OpSemRules.hs (Appendix C.2.5) and takes as input the opera-
tional semantics AST, annotated with argument types and produces as
output a list of CompiledOp (as defined in OpSemDataStructures.hs

(Appendix C.2.1)). This is then pretty printed (by OpSemRules.hs

(Appendix C.2.5)) to produce the function Rules, the operator shortcuts,
the Operator datatype, the user channel definitions and the SystemEvents

definition. These definitions are then spliced into the appropriate places
in the code contained in ConstantCode.hs (Appendix C.2.6).

14Available from http://hackage.haskell.org/package/parsec.

http://hackage.haskell.org/package/parsec
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(7) Lastly, the users’ process definitions, as transformed in stage (5), are
pretty printed in CSPMPrettyPrinter.hs (Appendix C.3.3) along with
the set UserEvents.

What we describe above is essentially what is implemented in Main.hs (Ap-
pendix C.1.2).

4. Examples

In this section we present a number of input files that are able to simulate
a number of languages available in the literature.

4.1. Lowe’s Availability Model. In [Low10] Lowe defines a new model
for CSP that records what events a process makes available in addition to
the events that it actually performs. Furthermore, he provides congruent
CSP-like operational semantics meaning that we can use Tyger to simulate
the model. He gives several different variants of this model of which we now
discuss two.

4.1.1. Singleton Model. The simplest model is known as the singleton avail-
ability model and enables processes to indicate that they can perform a
particular event. The operational semantics of this model can be deduced
from the standard operational semantics of CSP as follows:

P
a−−→ P ′ ⇔ P

a
==⇒ P ′ P

a−−→ · ⇔ P
offer a
====⇒ P

where
a−−→ specifies CSP’s operational semantics and

a
==⇒ specifies the se-

mantics of the singleton availability model. We can implement these se-
mantics directly in the format required by Tyger without any difficulty. We
firstly have to specify the channel offer as follows:

Channels

offer : Sigma

EndChannels

In Listing 4.1 we give the definition of prefixing and external choice. A more
complete version can be seen in Listing B.3.

Listing 4.1. The operational semantics of the prefixing and external choice
operators in the singleton availability model can be defined as follows:

Operator Prefix(a, P)

Syntax Binary "->" 8 AssocRight

Rule

-------------------------

a -> P =offer.a=> a -> P

EndRule

Rule

-------------

a -> P =a=> P

EndRule

EndOperator

Operator ExternalChoice(P, Q)
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Syntax Binary "[]" 10 AssocLeft

Rule

P =a=> P’

------------------- a <- Sigma

P [] Q =a=> P’

EndRule

Rule

Q =a=> Q’

-------------- a <- Sigma

P [] Q =a=> Q’

EndRule

Rule

P =offer.a=> P’

------------------------- a <- Sigma

P [] Q =offer.a=> P’ [] Q

EndRule

Rule

Q =offer.a=> Q’

------------------------- a <- Sigma

P [] Q =offer.a=> P [] Q’

EndRule

Replicated(P)

Syntax Prefix "[] $0 @" 9

BaseCase({})

CSPSTOP

EndBaseCase

InductiveCase(Ps)

P [] InductiveCase

EndInductiveCase

EndReplicated

EndOperator

4.1.2. Set Model. Lowe also defines a version of his availability model that
gives a set of events that the process offers concurrently. The operational
semantics of this can, again, be defined in terms of the operational semantics
of CSP by:

P
a−−→ P ′ ⇔ P

a
==⇒ P ′ P

offer A
=====⇒ P ⇔ ∀ a ∈ A · P a−−→

In order to produce a simulation using Tyger we firstly have to specify the
channel offer as follows:

Channels

offer : Set(Sigma)

EndChannels
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In Listing 4.2 we give the definition of prefixing and alphabetised parallel in
this model. A more complete version can be seen in Listing B.4. Using the
two simulations above we can then show that the that the set availability
model is more coarse than the singleton availability model by noting that
the assertions in the following script both hold in the singleton availability
model but the second fails in the set availability model.

channel a , b

P = a → CSPSTOP 2 b → CSPSTOP

Q = a → CSPSTOP u b → CSPSTOP

R = a → CSPSTOP

a s s e r t P vT Q

a s s e r t Q vT P

Listing 4.2. The operational semantics of the prefixing and alphabetised
parallel operators in the set availability model can be defined as follows:

Operator Prefix(a, P)

Syntax Binary "->" 8 AssocRight

Rule

-------------------------

a -> P =offer.{a}=> a -> P

EndRule

Rule

-------------------------

a -> P =offer.{}=> a -> P

EndRule

Rule

-------------

a -> P =a=> P

EndRule

EndOperator

Operator AlphaParallel(P, Q, A, B)

Syntax Binary "[ $3 || $4 ]" 12 AssocNone

Rule

P =offer.X=> P’

Q =offer.Y=> Q’

-------------------------------------------------

X <- Set(Sigma), Y <- Set(Sigma), X <= A, Y <= B,

inter(X,A) == inter(Y,B)

P [ A || B ] Q =offer.union(A,B)=> P’ [ A || B ] Q’

EndRule

Rule

P =a=> P’
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Q =a=> Q’

------------------------------------ a <- inter(A,B)

P [ A || B ] Q =a=> P’ [ A || B ] Q’

EndRule

Rule

P =a=> P’

----------------------------------- a <- diff(A,B)

P [ A || B ] Q =a=> P’ [ A || B ] Q

EndRule

Rule

Q =a=> Q’

----------------------------------- a <- diff(B,A)

P [ A || B ] Q =a=> P [ A || B ] Q’

EndRule

EndOperator

4.2. Lowe’s Readyness Testing Model. In [Low09] Lowe considers an
extension to CSP that allows processes to test whether an event is available.
He does this by adding an operator, if ready a then P else Q that, if a
is offered by the environment behaves like P and otherwise behaves like
Q . In this section we show how to simulate the Readiness-Testing Traces
Model within FDR using the operational semantics given in Appendix A of
[Low09].

The operational semantics of Lowe’s readyiness-testing model are based
upon the standard CSP operational semantics with some additional events.
In particular, there are offer .a, notOffer .a, ready .a, notReady .a events that
indicate respectively that: the process is offering an a; the process is not
offering an a; the process is testing if an a is available; the process is testing
if an a is not available. In order to model this with Tyger we declare the
following channels:

Channels

offer: Sigma

notOffer : Sigma

ready : Sigma

notReady : Sigma

EndChannels

Using these definitions we can then define the operational semantics of the
language. In Listing 4.3 we present the operational semantics of prefixing
and of the ready testing operator. The full semantics of the language are
given in Listing B.5.

In [Low09] Lowe gives a solution to the readers and writers problem
[CHP71] that is fair to the writers in that collectively the writers cannot
forever be denied access to the resource. Lowe then gives a (necessarily)
complicated simulation of the solution for use within FDR. However, using
the operational semantics that we defined above we are able to express this
much more succinctly in Tyger’s input format as follows:

MaxReaders = 1

MaxWriters = 1

Readers = { 0 . . MaxReaders}
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Wr i t e r s = { 0 . . MaxWriters }

channel s t a r tWr i t e , s ta r tRead , endWrite , endRead

Guard : : ( Readers , Wr i t e r s ) → Proc

Guard ( r , w) =

i f w == 0 and r < MaxReaders then

i f r eady s t a r tW r i t e then STOPT

e l s e s t a r tRead → Guard ( r +1,w)

e l s e STOPT

2 i f r > 0 then endRead → Guard ( r−1, w) e l s e STOPT

2 i f r == 0 and w == 0 then s t a r tW r i t e →
Guard ( r , w+1) e l s e STOPT

2 i f w > 0 then endWrite → Guard ( r , w−1) e l s e STOPT

Reader = s t a r tRead → endRead → Reader

Wr i t e r = s t a r tW r i t e → endWrite → Wri t e r

Reade r sWr i t e r s =

( ||| i d : { 1 . . MaxReaders} • Reader )

||| ||| i d : { 1 . . MaxWriters } • Wri t e r

System =

l e t

a lphaGuard =

{| s t a r tWr i t e , s ta r tRead , endWrite , endRead |}
a l phaRead e r sWr i t e r s =

{| s t a r tWr i t e , s ta r tRead , endWrite , endRead |}
with in

Reade r sWr i t e r s [ a l phaRead e r sWr i t e r s ‖ a lphaGuard ]

Guard (0 , 0 )

The reason why the simulation is fair to the writers is that if a writer is
waiting to write then it will make the startWrite event available. Therefore,
the guard process detects this using the if ready a then P else Q construct
and does not allow any more readers to enter until a writer has done so.
This ensures that if a writer wants to enter then no more readers will be
allowed to enter until a writer does.

Listing 4.3. The operational semantics of the prefixing and ready test-
ing operators in Lowe’s Readyiness-Testing traces model can be defined as
follows:

Operator PrefixHat(a, P)

Rule

----------------------

PrefixHat(a, P) =a=> P

EndRule

Rule

----------------------------------------

PrefixHat(a,P) =offer.a=> PrefixHat(a,P)

EndRule

Rule
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------------------------------------------- b <- Sigma, b != a

PrefixHat(a,P) =notOffer.b=> PrefixHat(a,P)

EndRule

EndOperator

Operator Prefix(a, P)

Syntax Binary "->" 8 AssocRight

Rule

--------------------------- b <- Sigma

a -> P =notOffer.b=> a -> P

EndRule

Rule

---------------------------

a -> P =tau=> PrefixHat(a,P)

EndRule

EndOperator

Operator TestReady(Q, P, a)

Syntax Prefix "if ready $3 then $2 else" 12

Rule

-----------------------------

TestReady(Q,P,a) =ready.a=> P

EndRule

Rule

--------------------------------

TestReady(Q,P,a) =notReady.a=> Q

EndRule

Rule

----------------------------------------------- b <- Sigma

TestReady(Q,P,a) =notOffer.b=> TestReady(Q,P,a)

EndRule

EndOperator

5. Conclusions

In this Thesis we have adapted Roscoe’s model from [Ros08b] to allow it
to be relatively efficiently evaluated within FDR. Furthermore, we extended
the simulation to allow it to support recursive processes in a way that FDR is
able to compile. We then described Tyger, a tool that enables a simulation
of a language and process definitions using the language to be specified
easily. Lastly we presented a number of simulations that were automatically
constructed by Tyger of CSP models from the literature. This was intended
to demonstrate that Tyger is exceptionally easy to use and that it enables
models of languages to be built with comparative ease.
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The biggest issue with Tyger in its current form is the performance of the
simulation. Whilst the simulation performs reasonably on small examples its
performance on combinatorial problems is not as good as the performance of
FDR. This can mostly be put down to FDR’s two level compilation strategy:
namely that some operators are fully evaluated and have their LTS explicitly
constructed whilst others are compiled using supercombinators and do not
have their LTS fully constructed. Unfortunately, the current definition of
Harness appears to cause FDR to explicitly construct the LTS of the process
that is in the harness. It would therefore be interesting to consider methods
of alleviating this problem. The author suspects that the best solutions to
this would involve using special simplified operator simulations for operators
that, for example, never turn arguments off or on.

Beyond what we have described in this Thesis there are many tasks that
Tyger could be put to, some of which would require more alterations than
others. One possible use of it would be to build interpreters for domain
specific languages that allow a particular problem to be expressed succinctly.
This could be done by defining CSP-like operators with convenient syntaxes
that could manipulate the language. It is worth noting that this would
probably require a richer type system for the operational semantics than
the one currently implemented; however, this poses no practical problem.

An example of a domain specific language would be that used in Roscoe
and Hopkins’s shared variable analyser (SVA), as described in [RH07]. SVA
takes as input a program that uses shared variables written in a simple
sequential language and produces a CSP simulation of the program. It
can then check that the program accesses the shared variables properly.
The author conjectures that it would be possible to express each of the
constructs of the sequential language as a CSP-like operator that could then
be simulated using Tyger. This would enable the simulation to be built
automatically rather than manually.

There are other possible uses of Tyger that extend beyond its original
purpose; for example, the CSPM type checker could be used as a stand
alone program that could be used to typecheck standard CSPM programs
before running them through FDR. The author has, in fact, done this himself
several times now and has found it extremely useful; with a bit of work on
the error messages it would be ready for general consumption.

Lastly, one slightly more ambitious task would be to make Tyger directly
construct the labelled transition system (LTS) and verify it itself rather than
outputting CSP for FDR to verify. This would have the potential advantage
of reducing the considerable performance overhead that the simulation has.
It is likely to be extremely difficult to reach performance that is on par with
FDR given the number of years that FDR has had to mature. However,
given that Tyger is written in Haskell and should therefore be relatively
accessible to most students it may be of pedagogical interest.
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Appendix A. Operational Semantics Input
Format

In this section we give the input file format of the operational semantics
in EBNF form. Due to the fact that the user may give custom syntax
for their operators we use operator application to denote a valid string
corresponding to a valid application of a user operator (e.g. ”P [] Q” given
the CSP syntax).

name ::= letter, { letter | digit | "’" | "_" } ;

symbol ::= "[" | "]" | "|" | "/" | "\" | "-" | "<" | ">"

| "{" | "}" | "~" | "=" | "@"

number ::= digit { digit };

event ::= "tau" | name { ".", name };

pat ::= "(", pat, { pat }, ")" | "{", pat, { ",", pat }, "}"

| name;

exp ::= "Sigma" | "InductiveCase" | name

| ? operator application ? | "{", { exp }, "}"

| "diff(", exp, ",", exp, ")" | "union(", exp, ",", exp, ")"

| "inter(", exp, ",", exp, ")" | "Set(", exp, ")"

| "Union(", exp, ")" | "diff(", exp, ",", exp, ")"

| "{", exp, { ",", exp },

"|", sidecondition { ",", sidecondition }, "}";

sidecondition ::= pat, "<-", exp | propositionalformula;

propositionalformula ::=

"member(", exp, ",", exp, ")" | exp, "==", exp

| exp, "<=", exp | "not", formula

| formula, "and", formula | formula, "or", formula

| "false" | "true";

processrelation ::= exp, "=", event, "=>", exp;

inductiverule ::=

{ processrelation }, "-", { "-" }, { sidecondition },

processrelation;

syntaxDecl ::= "Syntax", ("Binary" | "Prefix" | "Postfix"),

"\"", { ((letter | digit | symbol) | ("$", number) },"\"",

number, ("AssocNone" | "AssocLeft" | "AssocRight");

channel ::= name, [ ":" exp { "." exp } ];

channelsection ::= "Channels", { channel }, "EndChannels";

ruleSection ::= "Rule", inductiveRule, "EndRule";

replicatedOpSection ::=

"Replicated", ["(", name, { "," name }, ")"],

"BaseCase(", { pat }, ")", exp, "EndBaseBase",

"InductiveCase(", { name }, ")", exp, "EndInductiveCase",

"EndReplicated";

operatorSection ::=

"Operator", name, ["(", name [":InfRec"],

{ "," name [":InfRec"] } ")"]

[ syntaxDecl ]

{ ruleSection }, [ replicatedOpSection ],
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"EndOperator";

Also, comments may be included in a operational semantics file as follows:

/*

Multi-line comment

*/

// Single line comment
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