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Summary

In this report we define a type inference algorithm for both a simple and linear type
system for the -calculi. -calculi were originally introduced by Bengtson et al. and the
type systems originally introduced by Hiittel.

The two type inference algorithms developed in this report are very similar, and
follows the same approach: we convert the typing rules for processes into constraint
generation rules. We utilise an already existing and decidable fragment of first-order
logic as the constraint language, as this ensures that we can always either find a solution
to the constraints, or determine that there is no solution. The conversion from typing
rules to constraint generation rules is relatively straight forward: instead of using a type
environment that assigns types to names, we use an environment assigning type variables
to names, and instead of checking the side conditions in the typing rules, we encode them
as constraints instead. This way, in order to determine if a process is well-typed, it is
enough to find a solution to the constraints, i.e. an assignment of types to type variables.

As the 1-calculi is just a framework for defining process calculi, it must be instantiated
in order to be used. This requires one to define what terms, assertions, and conditions are
allowed in the particular ¢-calculus one considers. Consequently, the type systems defined
by Hiittel depends on this instantiation, and the typing rules for terms, assertions, and
conditions are thus in general undefined; there are however some requirements the rules
must adhere to. This implies, as one might expect, that the type inference rules for terms,
assertions, and conditions are in general undefined in our type inference algorithm, and
must be defined together with the instantiation of the type system. The rules can in most
cases be constructed by a similar conversion as the one we conducts for the typing rules
for processes. Defining the constraint generation rules for terms, assertions, and conditions
are however not enough. The logic we have chosen to utilise in this report, requires one to
define the axioms by which the constraints can be manipulated. In other words, relations
have no inherent meaning, and we must define the meaning of the relations through a
fixed set of constraints. We refer to these constraints as axioms. An example of such an
axiom could be

Va : Vb : Ve : ((Eq(a,b) A Eq(b,c)) = Eq(a,c))

which ensures the relation Eq becomes transitive. The axioms are required to adhere
to some simple requirements, in order to ensure that the type inference is correct. The
definition of these axioms is entirely dependent of which relations one chooses to utilise
for ones type system, and therefore they must be defined from scratch each time. One
could argue that we could have predefined for instance an equivalence relation to represent
equality with the required axioms, as this would always be the same. However such
a relation is trivial and it would provide no notable benefits to have such a relation
predefined.

We can now summarise the steps requires to instantiate the type inference algorithm:

(1) Instantiate a suitable t-calculus

(2) Instantiate the type system as required

(3) Derive the constraint generation rules for terms, assertions, and conditions

(4) Define the required relations and axioms
After the above steps have been completed, one have a type inference algorithm that is
proved to be correct.
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CHAPTER 1

Introduction

Since the introduction of the CCS [17] and w-calculus [18] by Milner et al., process
calculi have been a fundamental tool to describe and reason about parallel and distributed
systems. Since then, many versions of the m-calculus have been developed. For instance
the spi calculus [24] was developed by Abadi and Gordon with the purpose of describing
cryptography protocols and the distributed m-calculus [23], D, was developed by Hennessy
and Riely in order to reason about dynamically evolving networks, where processes can
migrate between locations. In [7] Gardner and Wischik introduce a 7-calculus that captures
the fusion of names i.e. when a process like alz.P | a?y.Q) communicate we conduct the
substitution [Wy]Q, which is the same as stating that henceforth, for P | @), we have
x = y. These equalities thus becomes part of the process syntax, but have no semantics by
themselves. In addition many papers introduce their own version of such process calculi,
tailored specifically for the problem setting relevant to the paper. While this approach
of developing a new process calculus for every new problem setting does provide some
benefits, it also introduces an unnecessary overhead: the syntax, semantics, semantic
equivalence, and axiomatization of equivalence must be defined every time, despite being
similar to the myriad of other derivations of e.g. the m-calculus. In 2009 Bengtson et
al. formulated a new group of process calculi called the v-calculi [2]. The t-calculi is
a framework characterising many of the common aspects of the many process calculi
previously defined, where every v-calculus shares the same basic syntax and semantics
for processes, but the terms, assertions, and conditions used can be unique for each
instantiation of the framework. Unlike the w-calculus, -calculi are allowed to use more
complex structures then just names for e.g. channels, and the assertions and conditions
allows one to make complex reasoning, e.g. in a case-structure similar to the programming
languages of the C-family. This allows one to define a 1-calculus as required by the setting
in which the calculus is to be utilised, without having to provide the syntax and semantics
of the full calculus, but instead only the definition of terms, assertions, and conditions. In
addition one get the notion of semantic equivalence, axiomatisation of equivalence, and
other properties proved for the -calculi for free.

While process calculi provide a desirable way to define parallel and distributed systems,
they provide no means of reasoning about properties of such systems. For this purpose
type systems have been commonly used. One of the first type systems for process calculi
was developed by Milner [18] for the m-calculus; the idea here was to ensure only names
of the correct type could be send along each channel, thus preventing one from sending
e.g. numbers on channels meant for strings. Since then a myriad of type systems have
been developed: In [6] Fournet, Gordon, and Maffeis define a type system, based on the
one described by Gordon and Jeffrey in [10], for the spi calculus which ensures that all
expectations are justifiable i.e. if a processes at some point expect X to hold, then we
know that we have the sufficient evidence for this; and in [15] Kobayashi et al. introduce
the concept of linearity to the m-calculus: channels may be linear meaning they can and
must only be used once, or channels can be unlimited and used arbitrarily (including
never). This allows us to, for instance, ensure that some specific communication takes
place, and that it only happens once.

Unfortunately, just as for process calculi, for each of these type systems one must also
prove a common set of theorems, like subject reduction and some form of safety. Moreover
each of these type systems was developed for a particular incarnation of some process
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2 1. INTRODUCTION

calculus, and if we would like to combine them for some common process calculus, we
would have to redefine and re-prove each theorem again. In [16] Ko6nig defined a generic
type system for analysing input/output capabilities in the 7-calculus; and in [14] Igarashi
and Kobayashi define a generic type system for a variation of the m-calculus that uses an
abstraction of the process as its environment and can be used for, among other things,
deadlock detection and race detection. Utilising the -calculi as defined by Bengtson et
al., Hittel defined two generic type systems for all ¢)-calculi in [12, 13], the first concerning
simple type systems a la [18], the second for resource dependent type systems a la [15].
Just like the t-calculi framework, these type systems are partially undefined, e.g. the
typing rules for terms depends on the definition of terms in the particular -calculus,
and must thus be defined together. However, as long as these definitions satisfy certain
well-defined properties subject reduction is guaranteed.

While type systems are beneficial for their ability to ensure that certain properties
holds, they do require the user to explicitly define the type of each term in order to
determine if a process is well-typed. This may be doable for small example systems, but
quickly becomes impractical for larger parallel or distributed systems. The automation of
defining the types for each term is called type inference or type reconstruction, and this is
a well-studied area. For instance most programming languages with types provides some
semblance of type inference, as no programmer wants to define and write the type of each
term in their program.

In general one can split type inference algorithms into three categories: One is to
create an original algorithm from scratch, for instance in [22] Palsberg and Schwartzbach
utilise a trace graph to generate constraints, instead of the more common approach of
using syntax-directed rules; and Flanagan et al. conduct their inference in [5] using a
minimal assignment they iteratively increase until either a solution or contradiction is
found. Another approach is to generate constraints in a known logic, and using a solver
for said logic to find a solution. This can be seen in [9, 11], where Hiittel et al. conduct
type inference for the type system defined in [6] by creating constraints in the alternating-
fixed-point-logic. The final approach is to translate the problem into another type system,
conduct inference there, and translate the solution back, as seen in [21], where Padovani
conducts type inference on session types by translating them into linear types.

However, just as for the correctness of the type systems, each of these different type
inference approaches is required to provide proofs of correctness. Since Bengtson et al. and
Hiittel successfully defined frameworks capable of encompassing many different previously
defined process calculi and type systems, the question thus becomes whether or not one
can define a general framework for type inference building on the same ideas. If successful,
one would have a complete process calculi framework, i.e. a framework for processes,
a framework for type systems, and a framework for type inference, and thus removing
some of the otherwise tedious, but required work, involved when defining a processes
calculus, type system, and type inference algorithm. Moreover, exchanging ideas and/or
incorporating ideas from other type systems becomes easier, as they will all share common
basic definitions and typing rules. To achieve this one has to consider what type inference
approach would be applicable. Koénig gives a very general type inference algorithm for her
generic type system in [16], but does not provide any details about how to accomplish
each step; and in [14] Igarashi and Kobayashi provide a set of constraint generation rules
for their type system, that require additional rules to be defined for each instantiation,
though they do not provide a strategy for solving these constraints. For a general type
system, following their example and creating constraints, but making them easy to solve
by doing so in a known logic seems like the most sensible way to proceed. It is difficult
to create an new unique algorithm with large parts missing, and likely even harder to
find a way to instantiate the gaps in such an algorithm. And to come up with another
non-generic type system, that any instantiation could be translated into with relative ease,
would likely be impossible. On the other hand, we can generate constraints in a know
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logic by rules similar to the typing rules, as long as one manages to find a way to represent
the types and their relations in the constraint language.

Contribution and structure. In this report we define a type inference approach
for the type systems defined in [12, 13] for the t-calculi. To our knowledge this is the first
proposed algorithm for type inference for these type systems, and specifically:

e We propose a framework for type inference for both simple and linear type systems
in the 1-calculi

We prove that the proposed framework is sound

We provide example instantiations of the type inference framework

We provide examples of how to use the instantiated framework for type inference
We highlight some of the problematic aspects of more advanced type systems
with regards to the proposed framework

The report is structured as follows: in Chapter 2 we introduce the -calculi and ALFP;
in Chapters 3 and 4 we describe type inference for two generic type systems in the following
way: in Section 3.1 we introduce the type system defined in [12]; in Section 3.2 we define
the constraint generation and type inference for this type system; in Sections 3.3 and 3.4
we introduce two example encodings of previous type systems in the 1-calculi and conduct
type inference for those; in Section 4.1 we introduce the type system of [13]; in Section 4.2
we describe its constraint generation and inference; in Section 4.3 we introduce an example
encoding of a previous type system in the 1-calculi and conduct type inference for this;
in Section 4.4 we look at a failed attempt at instantiating the linearly typed v-calculi to
ensure termination in value-passing processes and make our own attempt at correcting it
and generating constraints for it; and finally we present our conclusion in Chapter 5.






CHAPTER 2

Preliminaries

Before presenting our work, we will use this chapter to describe some important
concepts, namely ¢-calculi in Section 2.1 and alternation-free least fixpoint logic in
Section 2.2.

2.1. t-calculi

-calculi, as presented in [12] generalise variants of the m-calculus. A t-calculus has a
set of processes, ranged over by P, (@, ..., containing occurrences of terms, ranged over by
M, N,.... Both processes and terms can contain names. The syntax of processes can be
seen in Table 2.1.1.

The syntax mostly resembles the m-calculus, with a few key differences: Rather than a
channel name, M in an output or input prefix can be an arbitrary term. Furthermore, in
the input construct M (AZ)N.P, (AZ)N is a pattern, where the variable names Z can occur
free in N and P. Any N’ received on channel M must match the pattern (AZ) N, meaning
that it must be possible to get N’ by instantiating the variable names & in N with terms.

We also introduce the concept of a nominal set, meaning a set whose members can be
affected by names being bound or swapped. When z is a member of a nominal set and
a is a name, we use a#x to denote that a is fresh for x. We refer to a nominal set with
internal structure as a nominal datatype. We use term substitution—X|[Z := Y] means
that the terms of Y substitute the names of # in X——in the nominal datatypes of y-calculi,
shown in Table 2.1.2. We also have a number of operations on the nominal datatypes,
seen in Table 2.1.3, which must be instantiated for each w-calculus.

We let names(P) describe the names of a process P and fn(P) describe the free names
of P.

We also introduce some requirements and definition related to the assertions. We
introduce the concept of equality for assertions denoted ~, and in addition introduce some
requirement for composition of assertions as defined in Definition 2.1.1.

P := M(MY)N.P input
M N.P output
P | P parallel composition
(vn:T)P restriction of name n
xP replication
case o1 : Pp,...,0;: Py conditional
() assertion process

TABLE 2.1.1. The syntax of the i-calculi

Nominal data type Variables

T terms M, N
C conditions o
A assertions g

TABLE 2.1.2. Nominal data types
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®:A XA — A composition of assertions

& TxT—C channel equivalence
1€ A unit assertion
FCAxC entailment

TABLE 2.1.3. Operations on nominal data types

DEFINITION 2.1.1 (Assertions equivalence (~)). For any assertion U we have ¥ ~ W.
For composition of assertions, the composition must adhere to the following constraints:

U@ Wy~ Wy ® W,y U@ (V@ VU3) ~ (U] @ V) @ U3
Y1~V UV =0l ~0 U,
In addition we say that an assertions ¥ is idempotent if ¥ @ W ~ ¥

Since we in general allow assertions to be combined, it is only natural to also introduce
an ordering of assertions. We define the ordering of assertions as seen in Definition 2.1.2.
The definition is rather straightforward, and should not be surprising.

DEFINITION 2.1.2 (Ordering of assertions). We write ¥; < Wy if there exists a ¥ such
that U1 @ ¥ ~ WU,

Since we consider composition of assertions, we ultimately also consider decomposition
of assertions. These two notions are however not enough, and we additionally define
the assertion exclusion operator + in Definition 2.1.3. This operator is representing the
removal of any and all sub-assertions ¥; in an composite assertion ¥ that involves a given
set of names. If the assertions is not composite or if all sub-assertions involve the given
set of names, the unit assertion 1 is the result.

DEFINITION 2.1.3 (Assertion exclusion). For every assertion ¥ and name set of names
L we assume the existence of a largest sub-assertion ¥ +~ L < ¥ not containing any
occurrences of names in L

The assertion information of i-calculi processes can be extracted as its frame F(P) =
(Ep,Vp), where Ep records the types of the names local to P and W p records the assertions
of P. These are called qualified frames. Definition 2.1.4 shows how to find the frame of a
process. We use F(P) ® F(Q) to mean (Ep, Eg,¥p ® ¥g) when dom(Ep)#dom(Eq),
dom(Ep)#¥q, and dom(Eq)#Vp, and use (vn : T')F(P) to mean (n: T, Ep,¥p).

DEFINITION 2.1.4 (Frame of a process).
F(P|Q)=FP)®FQ) F((vn:T)P)= (vn:T)F(P)
F(¥)) = (6, ¥) F(P) =1 otherwise
We use labelled semantics to describe t-calculi. Our labelled transitions are of the
form ¥ <1 P % P’ where the label « is defined by the following rules:

ouz=7|MN|MN | (vb:T)MN.

Lastly we define the function bn, defined as bn((vb : T)MN) = b and for any other a
bn(a) = () and present the the labelled semantic rules in Table 2.1.4.
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UEM&K U E M&K
In] KN[#=L [Out] =7 KN
v a MOF)N.P = pir g vaMN.P Y, p
‘I/Q @V <P M(va:T)N P
U, 00 aQ 2 @
UVRUp Vgt M&K vap S P U E ¢
(Com] 2ot i#Q [Case) 22D D YEO
VAP |Q—wad:T)(P|Q) case G: P — P/
VoUW aP 5 P vapPS P b#ta, ¥
Par bn(a Scope .
[Par] VaP|Q (@#Q [Scope U< (wb:T)P S (vb:T)P
Open] v g p MEEDN, b Rep  LIPIP S P
U< (b Ty)p MEETITDN, b UaxP = P
b#a, VU, M and

—

b € names(N) U names(7") U names(77)
TABLE 2.1.4. Labelled sematics of the -calculi

2.2. Alternation-free least fixpoint logic

We make use of the alternation-free least fixpoint logic (ALFP) as defined in [20] to
formulate the constraints used to conduct type inference. We therefore briefly present
the syntax of this logic. We assume a fixed countable set of variables X ranged over by
x,... and a finite ranked alphabet of predicate symbols R ranged over by R, .... The set
of clauses, C, is given by Table 2.2.1.

We utilise the ALFP for our constraint solving, as it constitutes a decidable fragment
of first-order logic with already existing solvers [19]. This allows us to focus solely on the
definition and generation of constraint adhering to the rules of ALFP, as the solution to
such constraints can be found using existing tools.

In the remainder of this paper, we will utilise the Succinct Solver as developed in [20,
19] for solving our ALFP constraints. In Appendices A.1 to A.3 we provide the Succinct
Solver’s solutions to the examples presented in Sections 3.4.3, 4.3.1 and 4.4.2. We do not
present any examples of the Succinct Solver encoding of the generated constraints, as this

P .= Pre-condition
R(xy,...,xx) predicate
—R(z1,...,zk) negation of predicate
PiNP conjunction
PV P disjunction
dx: P existential quantification
Vo : P universal quantification

C = Clause
R(z1,...,xx) predicate
1 true
Cy NCy conjunction
P=C implication
Vo : C universal quantification

TABLE 2.2.1. The syntax of the ALFP
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encoding is straight forward and follows many of the known patterns from programming
languages. For instance we encode PAQ as “P & Q7, P = Q as “P => Q”, Vx : P as “A
x.(P)”, and so forth. The translation from the constraint presented in the examples to
the constraints given to the Succinct Solver is thus trivial.

REMARK. According to the Succinct Solver manual [25] and [19] the Succinct Solver
V2.0 is not compatible with pre-conditions of the form Vx : P. This implies that constraints
like Vz : (Vy : P(y,z)) = Q(x) are not solvable by the Succinct Solver V2.0.



CHAPTER 3
Simply typed -calculi

In this chapter we introduce the first of our two generic type systems, simply typed
1-calculi, in Section 3.1; present our type inference for said type system in Section 3.2;
and present two examples of instantiations of the type system and inference in Sections 3.3
and 3.4.

3.1. A type system for a simply typed v-calculi

We introduce the generic type system for all ¢-calculi developed in [12]. This is a
simply typed type system, resembling the earlier type systems developed for e.g. the
m-calculus. A notable difference between this type system and most others is the generality
of the type system. The type system only partially defines the required typing rules,
and utilises undefined side conditions for some rules. While this might seem problematic
it is the consequence of the generality of the i-calculi. The type system must thus
be instantiated together with the instantiation of the particular -calculus in question.
The instantiation of the type system requires adding typing rules for terms, assertions
and conditions; defining the binary relation «P for types; and defining the required side
conditions in the compositionality rules. For instance if one wanted to create a -calculus
to model the m-calculus, see [2], and chose to instantiate this type system to model a
simply typed m-calculus, e.g. the type system used in [8], one would be required to define
the typing rules for terms, which in this case would simply be names, the <P relation, and
the side conditions for compositionality. The side conditions would be mostly trivial as
composition is not utilised and the typing rules for assertions would not be required, as
the simple typed m-calculus does not utilise such constructs.

We now proceed to present the type system. Firstly we consider the typing contexts, or
environments, used by this type system. The environments are defined in Definition 3.1.1,
and consists of type annotations or bindings of names of the form x : T" and assertions of
the form W.

DEFINITION 3.1.1 (Environments and well-formedness). Let environments, I', be
defined as
Fu=T,2:T|T,V|0.
We say an environment I' is well-formed, denoted I' F ¢ if it is a partial function from
names to types such that if ' =T'y, ¥, T’y and « is a name in ¥ then = € dom(T'y).

In addition to the definition of environments we define extension of environments, both
in terms of bindings and assertions as seen in Definitions 3.1.2 and 3.1.3. We combine the
two notions of extension as seen in Definition 3.1.4.

DEFINITION 3.1.2 (Binding extension (<7)). Let I'; and I'y be environments such that
ko, Tobo, 't =T, ..., Tieyr), and T'e = Tho,un « T, Tiyug : Ty ooy uge s T, Ty
for some wu; : T;. We then say I'y extends I'y with additional bindings, denoted I'y <7 I'9

DEFINITION 3.1.3 (Assertion extension (<%)). Let I'; and I'y be environments such
that I's =T'1, ¥. We say I's extends I'y with an additional assertion, denoted I'; <?4 Ts.
In addition we let <4 be the transitive closure of <%

DEFINITION 3.1.4 (Environment extension (<)). We let the relation < denote the
least preorder containing <7 U <4
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I'-w, I'kF W,

C -Ast
[Comp-Ast] TFU, o U,

I'ko; 1<:<k X
Comp-Cond —
[ P ) L'tg(or,...,0%)

' M, :T, 1< < X
[Comp-Term| isk

k- f(My,...,Mg): T
TABLE 3.1.1. Compositionality typing rules

We now introduce the judgements for the type system. Since we have three types
of nominal data in the w-calculi, we also have three types of judgements as defined in
Definition 3.1.5.

DEFINITION 3.1.5 (Type judgements). Let judgements, J, be defined as
Ju=M:T|o|V,

namely one judgement for each of the three nominal data types in the -calculi. Moreover
we say Jr is a qualified judgement of the form I' - 7 if names(7) C dom(T")

As with environments we introduce the notion of extension for qualified judgements
as defined in Definition 3.1.6. Note that the extension of qualified judgements require
the actual judgement to be the same, but allows for an extension of the corresponding
environment.

DEFINITION 3.1.6 (Judgement extension). Let jpll and j122 be qualified judgements
such that T'y < Ty and J! = J2. We say jF22 extends \71“11 denoted jpll < jF22

Before we present the typing rules we present the compositionality rules as seen in
Table 3.1.1. These rules must be adhered to by the type system instantiating. In the
compositionality rules X denotes any additional side condition one would like to hold.
These side conditions must however satisfy three conditions: (1) the side conditions must
be monotone with regards to environment extensions, (2) the side conditions must be
topical, and (3) assertion typability must respect composition of environment assertions.
We refer to [12] for clarifications.

We finally present the typing rules in Table 3.1.2. It is worth mentioning again, that
there are no typing rules for either assertions or terms. These must be defined when
instantiating the type system. Although it must hold in any instantiation that I' - z : T if
I(z)=T.
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0,Z:THP L'+ (\B)N:T — U, LM :U, Us < U,

|
(In] T M(\Z)N.P
Out] I'EM:T; I'EN:T, I'+P T, <P T,
u —
I'FMN.P
[Par] [T, Vs - Py [, =Py F(Pr) = (1, ¥y) F(Pp) = (2, ¥y)
TFP | P
ae:THP I'EP I'EWw
R - _— Ast
Resl e TP Repl P At T
Ik o L+ P, 1<i<k r,7:T+HM:U
[Case] [Pat] =
I'caseo;: Pi,...,0%: Py FE\)M:T—U

TABLE 3.1.2. Typing rules for the simply typed -calculi

3.2. Constraint generation for simply typed i-calculi

In this section we define the constraints generation for the type system presented
in Section 3.1. The constraint generation is inspired by [9], and follows many of the
ideas proposed in this paper. This section only defines the constraints imposed by the
uninstantiated type system, and thus only provides a subset of the total required constraints.
In addition the constraints generated in this section all adhere to the definition of clauses
in ALFP (see Section 2.2), and the question of satisfiability is thus decidable.

We let [C] denote the encoding of term C' in some formalism F' to term C’ in target
formalism F” such that the meaning of C' and C’ is the same. In Tables 3.2.1 to 3.2.3
we will use this notation to express the ALFP clause encoding of some constraints. The
primary utility of this convention is to reduce the otherwise unnecessary verbosity of
simple constraints, and enable us to generate constraints whose meaning is only later
defined.

The constraint generation for processes can be seen in Table 3.2.1. The constraint
generation for processes is of the form I' - P ~» ¢ where ¢ is a constraint, created as a
conjuction of many smaller constraints, that must be satisfied in order for I' to type the

F,J—'.(Pg)l_legbl F,f(Pl)l—PQqu)g

[Par]
F'EP | P~ ¢1 /A2
LEP -~ LW~ ¢ Fix:7E P~ ¢
Rep] —————— Ass] —— " R
Repl =5 Ass] T = 6 Resl TP = o
Out] I'E M~ 1 m I'EN ~ 100 L' P~ ¢,
u —
T MN.P~ ¢ A b AdpAlTm <P 7]
o] [,%:7F P~ ¢, L'E(AZ)N ~ (T = 7); dn L'E M~ T
L FMOAZ)N.P ~ ¢y Adp A b A [T <P T
L'k o~ ¢s ' P~ ¢pi 1<i<
[Cas] a ¢ O =k

I' F case Ul:Pla"'aak:Pkw/\?:1¢si/\¢pi

TABLE 3.2.1. Constraint generation for processes
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Z:THE M~ T Om

I,
[Pat] L'E MM ~ (T = Tim); Om

[Var] Must be defined together with the type system
[Ast] Must be defined together with the type system

[Lal] [1 <P 2] Must be defined together with the type system

TABLE 3.2.2. Constraint generation for terms

THUy ~ ¢ ' Wy~ ¢

C -Ast
[Comp-Ast] [E¥ @ WUy~ @1 Ao
I'o; ; 1<i<k X~
[Comp-Cond)| %~ ¢ ! i’ ox
LEglon,...,or) ~ (N1 ¢i) A dx
'E M; ~ 75 ¢ 1<i<k X~
[Comp-Term| 7ii ¢ ! o

L F S, M) ~ 75 (N 60) A S
TABLE 3.2.3. Constraint generation for compositionality

process P. We make use of the function F in the constraint generation, but as the result
of this function can be computed statically, it introduces no additional complexity.

The constraint generation for terms, as one might expect, is largely undefined. The
constraint generation is of the form I' = M ~~ 7; ¢ where 7 is the type variable assigned to
the term M and ¢ is the the conjunction of constraints, that must be satisfied in order for
I" to type check the expression M : 7.

REMARK. The I" used in I' = P ~~ ¢ should be decided for the individual type system,
but should always use type variables 7 in stead of actual types.

The only rule that is independent of the instantiation of the type system is the [Pat]
rule as defined in Table 3.2.2. The table also includes the two remaining term rules that
must be defined, namely [Var] and [Ast]. It is worth mentioning that the instantiation of
these rules may lead to several rules for both terms and assertions, but we will refer to
these collections of rules as [Var] and [Ast] respectively. In addition, since the meaning
of the constraint 77 <P T depends on the instantiated type system, the encoding of
this constraint depends on the instantiation as well. For this reason the encoding of the
constraint T «P T5 is left undefined and must be provided together with the instantiated
type system. As for the constraint generation rules, the encoding must adhere to rules for
clauses for ALFP as defined in Section 2.2.

The last part of the constraint generation is related to compositionality of terms and
assertions as seen in Table 3.2.3. The X' ~~ ¢ part of both [Comp-Cond] and [Comp-Term]
refers to any additional side conditions one would require. These are thus instantiable.
For instance in [Comp-Term| one would most likely add a side condition relating the type
variables 7; from the premise with the type variable 7 in the conclusion.

While the generated constraints serves as a starting point, they do not explain how to
manipulate the relations. Despite what we may or may not call our relations, they have no
inherent meaning in ALFP, and all of the common logical deductions we normally apply are
nonexistent. In other words, simply presenting a conjunction of predicates does not lead
to the desired solution. Consider for instance a case where we have [r; <P m] A [r1 <P 73].
In many type systems one would be able to make the conclusion that 7 = 73, since a
channel must send/receive objects of the same type. But as we have already mentioned,
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the constraint [r; <P 72] does not state this; it merely state something must be true
between 71 and 7. Assuming we deduce that 75 = 73, we now have to represent 75 = 3.
Clearly we could make a predicate Eq(72,73), but again the predicate have no inherent
meaning—despite its name—and we have no way of determining if for instance P(73)
should hold if P(72) holds. The solution to this, is to introduce a set of axioms that
explains how to make logical and correct deductions based on the generated constraints.
While this might seem tedious it is not without advantage: we are free to determine
exactly what deductions can be made, and we are thus free to disallow otherwise common
deductions in specific cases if it should not be allowed for this case. These axioms would
have to adhere to the conditions introduced by ALFP in order to be solvable. Using this
approach we can express the above deductions as axioms in ALFP giving us

V11 V1o i V73 : ([T <P 1] A1 <P 73]) = Eq(712, 73)

and
V711 : V1o 0 (P(11) A Eq(71,72)) = P(12).

In addition to the idea of axioms we introduce a special relation called Fail. This
special relations is meant to represent failure: if a solution contains no Fail-relations it is
a real solution, but if it contains any Fail-relations the solution is in fact not a solution,
but a failure. This relation can be useful in cases where we have [r; <P 7] A [12 <P 7].
Assuming we get these constraints for a simple type system with channels, it would
represent the fact that 73 = Ch(T%) and To = Ch(T}); in other words it would represent a
recursive channel type, which is not allowed. We can represent this failure-criterion with
the Fail-relation by introducing the axiom

V11 : V70t ([11 <P =] A 12 <P 71]) = Fail(11, 72).

This way, when computing a solution, we can easily determine whether or not we have
recursive channels, and we can also easily determine which channels are the problem; we
can simply refer to the environments and find the names bound to 7 and 7o respectively.

REMARK. Whenever we refer to a solution for a constraint or a conjunction of
constraints, we assume that the solution is failure-free i.e. that there exists no Fail-relations
in the solution.

In addition to the constraint generation rules that must be defined together with the
instantiation of the type system, we require the definition of a type assigning function
>>. The type assigning function > takes a solution to one’s generated constraints and
some type variable 7, and then computes the type of 7. We can only give a very general
definition of >, as the details of type assignment given a solution to some constraints
depends entirely on how the constraint and solution are defined, which in turn depends on
the type system it was generated for.

DEFINITION 3.2.1 (Type assigning function t>). Let > : 2€ x TVar — Type be a
function that given a constraint solution, ®, and a type variable 7, returns a type T
corresponding to the type 7 have been given by the predicates of ®.

We will write ® o> 7 for the function application on the constraint solution ® and type
variable 7.

We also introduce an auxiliary function .Z as seen in Definition 3.2.2. This function
computes a solution, if one exists, to an ALFP constraint. An example of such a function
could be the Succinct Solver [20].

DEFINITION 3.2.2 (Constraint solution .#). Let . : C — 2C be a function that,
given a conjunction of ALFP constraints, ¢, computes a solution, ®. The solution ® is a
minimum set of predicates such that if all the predicates in ® hold then ¢ is satisfied.

We finally introduce the concept of a minimal typing environment. For most type
systems a process, term etc. can be typed in an environment containing only the free names
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of the process, term or whatever other constructs we might wish to type. There might
however be cases where an environment containing only the free names is not enough, and
for this reason we introduce the concept of a minimal typing environment. We formally
define the concept in Definition 3.2.3.

DEFINITION 3.2.3 (Minimal environment). Let J be a judgement. We let I" 7 denote
a minimal environment such that:
(1) T, FJT
2 V[ :THJ=T;<T

We now utilise the type assigning function >, the solution computing function .#, and
minimal environments to set forth Theorem 3.2.4 and prove it in Appendix B.1.1. Note
the five requirements of the constraint generation for terms, conditions, and assertions,
and the encoding of the compatibility predicate <P .

Theorem 3.2.4. Let P be a process. For any instantiation of the type system and
constraint generation such that:

(1) For any message M, there exists a type environment I' and type T such that
C'EM:T,ifand only if Upr = M ~~ 75 ¢ such that £ () is defined, L (p)>17 =T,
and¥n : 1, €Ty in: (L(d)>1) €T

(2) For any condition o, there exists a type environment I' such that I - o, if and only
if T'o b o~ ¢ such that £L(¢p) is defined, and ¥n : 71, €Ty :n: (L(d)>1,) €T

(3) For any assertion ¥, there exists a type environment I' such that T' = U, if and only
if Ty B U ~~ ¢ such that £ (¢) is defined, and ¥n : 7, € Ty :n: (L(p)>1,) €T

(4) For any type variables 71 and T2, and any constraint ¢, if L (P A [r1 <P 12]) is
defined, then L (¢ A [ <P 1)) > 11 <P L(PpA[m1 <P 12]) > T2.

(5) For any constraint generated by a process, ¢, and any type variables, 71 and T2,
if L(p) > 11 P L(P) > 12 then L(p A1 <P T2]) exists.

There exists a type environment I' such that I' = P, if and only if U'p = P ~ ¢ such that
Z(¢) is defined, and¥n : 1, €T'p:n:(L(p)>1,) €l

Having proven that our type inference works, the following two sections will show
some examples of how it might be instantiated for different v-calculi and instantiations of
the type system.

3.3. Explicit fusion as a vy-calculus

In this section we present a possible encoding of the 7-calculus with explicit fusion—as
introduced in [7] under the name 7p-calculus—as a simply typed v-calculus. The 7p-
calculus is similar to that of the m-calculus in the sense processes can send names to each
other, but differs on how to handle these I/O actions. In the classic m-calculus we treat
such inputs with a substitution, but in the mg-calculus we do this with explicit fusion e.g.

Ma) P 22y) QR —rp &=y | PIQ[R.

In order to encode the mp-calculus, we first define the nominal data types and its
operations as seen in Table 3.3.1, where we let A/ denote the set of names. In addition we
define our simple types as seen in Table 3.3.2. We only require a simple base type, unit,
and a channel type Ch T

Secondly, for convenience, we present the syntax of the mp-calculus in Table 3.3.3. We
omit the semantics of the wp-calculus as they are similar to that of m-calculus with the
exception of adding fusions instead of substituting names.

We can now present the encoding of the mp-calculus as a 1-calculus as presented in
Table 3.3.4.

We now only need to define the typing rules for terms, assertions, and conditions and
the corresponding constraint generation rules for inference. We define those as seen in
Tables 3.3.5 and 3.3.6. The latter of the two tables also include the encoding of 7 «P 5.
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T: N

C: {a=bla,beT}U{a>b|a,be T}

A: {ag=b,...,a,,=by} | ai,bi € Nyn >0}
®: U

1: 0

F:

{(T,a=0)|a=be EQ(V)} U{(¥,assd) | ¥ Ea =10}
TABLE 3.3.1. Nominal data types and operations

T:= Type
unit unit type
Ch T channel type

TABLE 3.3.2. Types for the ¢-calculus encoding the wp-calculus

P = Process
0 inactivity
P|P parallel composition
xzlz.P output
x?x. P input
(vx : TP restriction
(x = x) fusion
T Name

TABLE 3.3.3. The syntax of the mp-calculus

[Nil] - [0o] = ({a = a}) [Par] [P [Q]=[P]|[Q]
[Out] [z!y.P] =7y.[P] (In]  [27y.P] = z(\y)y.[P]

[Res] [(va:T)P] = (va:T)[P] [Fus] [(z=y)]={z=yj)
TABLE 3.3.4. Encoding of 7 in ¢

While having to make sure the constraints generated by the rules are enough, we also need
to make sure they satisfy the conditions imposed by ALFP. Luckily, in this case we simple
generate conjunctions of predicates for all rules, which according to Table 2.2.1 are valid
ALFP constraints.

In addition to the constraints generated by the process, we also define some axioms,
seen in Table 3.3.8. These are simply used to propagate OfChanType predicate though
type equality constraints and ensure that at least one Fail predicate will be created if and
only if no solution exists.

Finally we define the type assigning function >, as seen in Table 3.3.7.
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Vol T
Ast] T(a;) = T'(b;) 1<i<n

F}—{alzbl,...,an:bn}

I'(a) =T(b) I'(a) =T(b)
C
(Conl T+ o=5 4 T
TABLE 3.3.5. Typing rules for terms, assertions, and conditions

I'(n)=r1
[Term] F'En:7~7T
N = N — 7 < i<
(Ast] I'(ai) = Tai L'(b;i) = T _ 1<i<n
I |— {a1 = bl, ey Qp = bn} ~ i=1 EQ(TM,TM)
(Con I'a) =1, I'b)=mn and I'a) =1, ') =mn

'Fa=0b~ EQ(74,7) I'F assb ~ EQ(74, )

[r1 <P 7] OfChanType(ri,2)

TABLE 3.3.6. Constraint generation rules for terms, assertions, and condi-
tions and the encoding of T «f U in ALFP

OfChanType(ﬁ,Tg) cd S =T
b1 =ChT

AOfChanType(r,7') € ®
® > 7 =unit

TABLE 3.3.7. Type assigning function

Va : Eq(a,a)

Va : Vb : Eq(a,b) = Eq(b,a)

Va : Vb : Ve : (Eq(a,b) AEq(b,c)) = Eq(a,c)

Vit : Vtg @ Vitg : Vty : (OfChantype(ty,t2) A Eq(ty,t3) A OfChanType(ts,ts)) = Eq(te,t4)
Yty : Vtg @ Vg : Yty : (OfChantype(ty,t2) A Eq(ta, t4) A OfChanType(ts,ts)) = Eq(t1,t3)
Vit : Yty @ Vits : (OfChanType(t1,t2) A Eq(ty,t3)) = OfChanType(ts, t2)

Vit : Yty @ Vits : (OfChanType(t1,t2) A Eq(ta,ts)) = OfChanType(ty,t3)

vt : (OfChanType(t,t) = Fail(t)

TABLE 3.3.8. Axioms for explicit fusion

3.3.1. Example of simply typed w-calculus with explicit fusion. Let us now
consider the following process

P =zla.x?0.0 | y?cyle.0 | (x = y)
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which encoded in our -calculus would be defined as

P =Taz(Ab)b.({b=b}) | y(Ac)eye.l{e=c}) | {z =y},

for which we want to infer the typing environment used to type this process, if there exists
such an environment.

In order to do this we construct a minimal typing environment for the process, using
the free names of P, giving us:

IF'=x:m,y:m,a:73.

We can now apply our newly defined constraint generation rules to generate the relevant
constraints, to which—since we know they conform to ALFP—we can apply our solution
function .Z to infer the correct instantiation of the variables, if such an instantiation
exists.
Using our generation rules we get the following constraints:

OfChanType(71,73) Eq(74,74)

OfChanType(71,71) Eq(71,72)

OfChanType(72,75) Eq(7s,75)

By applying -Z to our constraints and axioms we get

OfChanType(7y,73) Eq(71,71)
OfChanType(7y,74) Eq(72,72)
OfChanType(7y,75) Eq(73,73)
OfChanType(7s,73) Eq(74,74)
OfChanType(7s,74) Eq(7s,75)
OfChanType(72,75) Eq(m1,72)
Eq(7—277—1)
Eq(7—377—4)
Eq(7a,73)
Eq(7s, 75)
Eq(7—577—3)
Eq(7,75)
Eq(7—577—4)

We finally apply our type assigning function to each of our type variables in the
minimal initial environment.

x : 712 We want to compute ® > 71. We investigate ® and find OfChanType(1, 73),
OfChanType(71,74), and OfChanType(1,75). By our axioms we know that 73 =
T4 = T5—which is also represented as relations in ®—and can chose any of them
and proceed. We chose OfChanType(7y,73) and can conclude that ¥ > 7 =
Ch(¥ > 13). We once again investigate ®, but find no OfChanType-constraint for
73 and conclude ® > 73 = unit implying ® > 7 = Ch Unit.

y : To: We want to compute ® > 7. We investigate ® and find Eq(72,71). We can
thus conclude that ® > 79 = ® > 71 = Ch unit. We could also proceed with a very
similar deduction as presented above.

a: 13: We want to compute ® > 3. We investigate ® and find no OfChanType-
constraint for 73 and conclude ® > 73 = unit.

3.4. Correspondence assertions as a -calculus

In this section we define constraint generation for correspondence assertions. We will
make use of a combination of the type systems as defined in [9] and [6]. The section is
divided into three subsections: In Section 3.4.1 we present the encoding of correspondence
assertions in a t-calculus and how to solve the generated constraints; in Section 3.4.2 we
present the problems encountered while encoding correspondence assertions, and what
restrictions we require in order for the encoding to work; and finally in Section 3.4.3 we
present an example of type inference in the constructed -calculus.
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M as defined in Table 3.4.3

(M=N|MN ecT}

{M =enc(x,k) | M € T,k e N}

{M #enc(x,k) | M € T,k e N}

{M as N |M,N €T}

{a<>b | a,b e N}

A: {begin{(M) | MecT L¢gN}U{end ¢(M)|MecT,l¢N}
{Z =dec(M,k) | M e T,ke N,Z C N}

Qe

®: undefined
1: 1
E:  undefined

TABLE 3.4.1. Nominal data types and operations

T := Type
Un public data
Ch(T) channel type
Pair(z : T,T) dependent pair
Ok(S) ok to assume S

TABLE 3.4.2. Types used for correspondence encoding

3.4.1. Correspondence encoding. As previously, we only need to define the con-
straint generation for terms, assertions, and conditions, but unlike explicit fusion, the
terms we consider in this case are not just names, but messages. The nominal data types
for the 1-calculus we use to encode correspondence assertions are shown in Table 3.4.1;
the terms are defined by formation rules as presented in Table 3.4.3; and finally the types
as seen in Table 3.4.2. The compatibility predicate is defined as follows: Ch(T') «p T
and Un <P Un. The opponent type Un is used to denote public data. This data may
flow to and from the any opponent process. The purpose of a opponent process can be
summarised as:

Given a process P representing the legitimate participants making up a
system, we want to show that no opponent process O can induce P into
an unsafe state, where some expectation is unjustified. An opponent is
any process within our spi calculus, except it is not allowed to include
any expectations itself. (The opponent goal is to confuse the legitimate
participants about who is doing what.) [6]

It is worth noticing that the composition of assertions for this ¢-calculus is undefined,
but that is intentional: the syntax only allows for one assertion at a time, and disal-
lows combination. It is not possible—with the syntax we have chosen—to combine e.g.
begin ¢(M) and begin ¢(NN) into for instance begin ¢(M, N) as this will denote something
else, namely the assertion of the pair ¢(M, N) and not both ¢(M) and ¢(N) individually.

Regarding the syntactical components we have chosen, we have chosen to use split
instead of e.g. exercise as defined in [9]. We did this only for convenience, and one could
just as well have chosen exercise, as each can be encoded using the other.

The two components begin £(M) and end ¢(M) represents assertions of the effects ¢(M).
We will interchangeably use effects and assertions to denote ¢(M) as they, for the this type
system, are synonymous. The begin ¢(M)-assertions is used to denote that the process
can now safely assume that ¢(M) holds. Correspondingly the end ¢(M)-assertions denotes
that a process at this point assumes ¢(M) holds. A straight forward notion of safety for a
process is thus: if P reduces to something like end ¢(M) | P’ then P’ = begin ¢(M) | P".
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P = Process
M{M) output
a(z).P input
0 inactivity
P|P parallel composition
P replication
(va:T)P restriction
case M ofxys: P else @ decryption
if M = N then P else @ choice
split M as (z,y) in P split
begin (M) assert ¢(M)
end ((M) expectation of assertion ¢(M)
M ::= Message
T variable
pair(M, M) pair
{Mi '}, message encrypted with key My
fst M first element of pair
snd M second element of pair
ok ok
a Name
T Variable

TABLE 3.4.3. The syntax of the m-calculus for correspondence assertions

This implies that every time the process assumes something holds, we can with certainty
conclude that the assertions holds.

The encoding of the syntax presented in Table 3.4.3 as a w-calculusis straightforward
and presented in Table 3.4.4. Notice that we have to enforce termination of a process
after an output, as i-calculi in general do not adhere to this principle, and we encode
termination as the unit assertion (1). The unit assertion in this setting has no inherent
meaning or implications, and thus serves the same purpose as the more classical nil process
0. The only non-trivial encoding cases are [If], [Spl] and [Dec], and we will explain them
briefly. While [If] and [Spl] might at first glance seem similar, they are inherently quite
different. In [If] the check of whether M = N is purely a semantic detail and in terms
of type checking irrelevant. M might be of type T and N of type U, or they might be
of the same type. In any case we only care whether or not the processes P and Q are
well-typed—if they are, the choice will be well-typed—as determining whether or not M
and N have the same type is superfluous: even if they have the same type, we cannot
determine whether they are equal or not. For instance consider two messages with the
type Un. Since all messages can have the Un-type, there is no way the type alone is
enough. In [Spl] on the other hand, it is crucial that M and pair(z,y) share the same
type: in split we are clearly stating that M can be written as pair(z,y) and thus they
must share the same type. For this reason we utilise the condition M as N instead of the
“empty” condition M = N used in [If]. In addition we make sure that the names x and y
are correctly scoped using the (v : T,)(vy : T,) component. For [Dec] we introduce the
assertions M; = enc(x, Ms) and M; # enc(x, Ms), which are used to determine whether
or not M is encrypted using the key M. If that is the case, we introduce the assertion
Z = dec(Mj, My) denoting that the names & now represent the decoding of M; with key
Mo.

We now present the typing rules for first assertions, conditions, and then terms
(messages). The typing rules for assertions are found in Table 3.4.5. The only rules of
importance are the rules [End] and [Dcr]. For the [End] rules we either require the assertion
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[Out] [N (Ma)] = My Ms.[0]
(n]  [a(z).P] = a(Ax)z.[P]
Nil [0]=(1)  [Pa] [P|QI=[P]|[Q]  [Rep] ['P]==[P]
Res]  [(va:T)P] = (va: T)[P]
[Dec] [case My of 1 P else Q] =
(v : T) <a % ;2:2&:;%33 ; ﬁgfﬂz dec(My, My)) | [P]) )
Iff  [if M =N then Pelse Q] =case M =N :[P] , M # N :[Q]
Spl)  [split M as (x,y) in P] = (va: To)(vy : T,)(case M as pair(z,y) : [P])

[Beg] [begin {(M)] = (begin £(M)) [End] [end ¢(M)] = (end £(M))
TABLE 3.4.4. Encoding of correspondence 7 in v

[One] TI'F1
Der-1] Pkaz:T I'F M : Key(T) I'=M; :Un
'+ 2 = dec(M;1, Ms)
Fa: F : F :
Der-2] I'kx:Un I'F Ms : Un ' M; :Un

'k 2 = dec(My, Mo)
[Bgn] Tk begin ¢(M)

D=T1,0(M), Ty fn(M) C dom(I'y)
I'tend ¢(M)

I =Ty,z:0k(S),Ts  (M)CS
I'Fend ¢(M)

Remaining assertions are assumed to always be well-typed

TABLE 3.4.5. Typing rules for assertions

£(M) to exists in the environment I', or we require that there exists an ok : Ok(.S) binding
in the environment I" such that ¢(M) C S; in other words that the process has received
the ability to assert end £(M).

The typing rules for conditions are equally simple, and can be seen in Table 3.4.6. The
only noticeable rule is [Seq]. We use this condition in the encoding of spilt, and since we
here explicitly require the two terms to be equal, they must have the same type.

The typing rules for terms can be seen in Table 3.4.7. The rules are identical to ones
presented in [9] but with the addition of opponent type Un, as in [6]. This implies we
for most terms have two rules: either the term can be typed with its specific or more
describing type—e.g. a pair having the type Pair(z : T, U(z))—or it can be typed with
the type Un.
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[Eqg TI+M=N

'eEM,:T 'EMy:T

[Seq] T F M, as M,

[Eeq-1] T'F M; = enc(x, Ms)
[Eeq-2] T'F M; # enc(x, Ma)

TABLE 3.4.6. Typing rules for conditions

I'kFo FzFl,a:T,Fg

N
[Nam] Tha:T
: FN:
(Enc] r-M:T ' N :Key(T)
TF {M}y:Un
I'M:Un 'FN:Un
[Enc-Un] T+ {M}y : Un
_ 'EM:T M T (M)
[Pai] g y
I+ pair(M, M’) : Pair(z : T, T"(x))
(Pai-Un] ' M:Un 'F M :Un
I' - pair(M, M) : Un
oK I'ko  VoeS: ¢elVI(a:OkR)el: peR
I'F ok : Ok(S5)
I'kFo
OkUnl - F G- Un
L' M : Pair(z : T,T'(z))
[Fst] TFfst M:T
I'M:Un
Fst-Unl 5 e ar: Un
L' M : Pair(z : T,T'(z))
[Snd]
I'Fsnd M : T'(fst M)
I'EM:Un
[Snd-Un] I'Fsnd M :Un

TABLE 3.4.7. Typing rules for terms (messages)

The main property of the type system is, as described in Theorem 3.4.3, that if a
process P can be typed when all its free names have the type Un, then P is robustly safe.
Safe and robustly safe are defined in Definition 3.4.1 and Definition 3.4.2 respectively.

DEFINITION 3.4.1 (Safe process). A process P is safe if whenever P —* (vad :
T)(end £(M) | P') we have P’ = (begin £(M) | P") for some P”

DEFINITION 3.4.2 (Robustly safe process). A process P is robustly safe if for every
opponent O we have that P | O is safe
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T Eq(a,b)

Eqa(u1, p2, 13, pa) Eqi(p1, p2, i3, pa) Eqi(u1, p2, 13, pa, 115, o)
IsCha(1, 72) IsKey(71, 72) IsOk(7)

IsPair(1, p, 72, T3) CanOk(T,¢) IsUn(T)

IsCha?(ry, 2) IsKey?(T1, 72) IsOk?(T)

IsPair?(1, p, 72, 73) CanOk?(T,£)

NamVar(a) PairVar(z)

MsgPai(p1, p2, 113) MsgOk() MsgEnc(u, pi2, p3)
MsgFst(u1, p2) MsgSnd(p1, p2) FrmIMsg(&, ¢, 1)

ISAbs (71, T2, p1, f12, 73) Abs (11, pa, p13)

AbsCanOk(T, u, §) AbsCanOk? (T, u, &)

AbsMsgPai(fi1, pa, p13, pra) ~ AbsMsgOk(pa, p12) AbsMsgEnc (41, pia, i3, i)
AbSMSgFSt(uh/JQ:,ufi) AbSMsgsnd(Mb/J'%,ufﬂ) AbsFrmIl\/Isg(p,l,f,E, MQ)
Ins(m, K2, M3)

InsCanOKk(T, i1, p2, &) InsCanOK? (7, pu1, 2, &)

InsMsgPai(pi1, p1a, 113, p1a, p15)  InsMsgOk(pua, p2, p3) InsMsgEnc (g1, pa, 13, pa, 15)
InsMsgFst(p11, p2, 13, f1a) InsMsgSnd (i1, pi2, pi3, pa)  InsFrmIMsg(ps, 2, €, 4, p3)

TABLE 3.4.8. Constraint language

Theorem 3.4.3. Ifx; : Un,...,xp : Unk P where {z1,...,z} = fn(P) then P is robustly
safe.

3.4.1.1. Constraint generation for terms, assertions, and conditions. Before we present
the constraint generation rules for the typing rules presented in Tables 3.4.5 to 3.4.7
we introduce the constraint language we will use, and what each of the constraints is
supposed to denote. The full constraint language can be seen in Table 3.4.8. As the rules
have to be syntax directed, we need to collapse the two rules for each term into a single
rule. We do this by following the approach presented in [11] and introduce the concept
of maybe-constraints. These constraints denote that something might be true, but not
necessarily. For instance, a pair can be typed either with a Pair(z : T, U(z)) type or an
Un type. In the constraint generation we thus introduce the constraint IsPair?(r,---) to
denote that the type 7 might be a Pair-type. If we later on discover that 7 also might be
channel type, i.e. we get a IsCha?(r,---) constraint, we can conclude that 7 must be an
Un type, as this is the only type that can correctly type both channels and pairs. If we
never get a contradictory constraint for the IsPair?(7, - --) constraint we can conclude that
7 is indeed a Pair-type.

The correspondence assertions themselves require a bit more work. If we limited the
processes to always combine an ok-term with the full term of one of the assertions, e.g.
begin ¢(a) | Z pair(a,ok).(1), we could handle the correspondence assertions using only a
single variable. This, however, is not the case. Consider for instance the process

(begin ¢(pair(a,b)) | Z pair(a,ok).(1)) | - - - | z(Ac)c.case ¢ as pair(d, e) : end ¢(pair(d,b)).

It is clear that this process can be well-typed, assuming that the name b is known to
all parallel components. The problem thus lies in the dependent pair pair(a, ok) and the
assertion begin /(pair(a,b)). We need to make sure the type of the ok-term allows us to
substitute a for d in the receiving process. We do this by encoding the message inside
the assertion (pair(a,b)), using the MsgX predicates—here X is simply a placeholder—to
encode messages, e.g. MsgFst(u1, u2) predicate means that g = fst ug, and similarly
FrmIMsg(&, ¢, 11) denotes that £ = £(u), and then conducting our substitution on those, by
using the Abs predicate to denote that a type is an abstraction of another, and the Ins
predicates to denote that a type is an instantiation of another. The encoding of messages
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reN
MN-C
[ ] x — x;NamVar(z); T
[MP—C} M = pim; Vi Om N = pin; Yn; on
pair(M, N) - W3 MsgPai(u, Hm s Mn)? Y N Gm N A o
M —~ fim; Pm; Pm
MF-C
| g Vg 113 MsgFst (4, pm )3 m A ¢m
M — i Yims; Om
IMS-C] Fon; Y @

snd M — p; MsgSnd (4, pn ); Ym A dm
[MO-C] ok — p; MsgOk(u); T

M — s Ym; dm N = i Yn; én
{M}N = [ Mngnc(,u, Hm, Nn)§ UYm N\ P N hn N\ P
M — ;b5 ¢
(M) — & FrmIMsg (&, 4, p); v A @
TABLE 3.4.9. Message and formula structure encoding constraints

[ME-C]

[FM-C]

is defined in Table 3.4.9, and further discussion of the difficulties of combining Ok- and
Pair-types can be found in Section 3.4.2.

We can now finally present the constraint generation rules for terms and assertions as
seen in Tables 3.4.10 and 3.4.11.

In order to solve the constraints, we need a set of axioms, that allows us to reason
about the predicates constructed during the constraint generation. We thus introduce the
set of constraints seen in Tables 3.4.13 to 3.4.15. Many of the axioms are rather simple:
for instance if Eq(a,b) and IsOk(a) then IsOk(b) and so forth. Others are slightly more
complicated, for instance the constraint

Vt iV i Vuy : Vug : Vg 2 Vg @ (IsOk?(t) A —lsCha?(t, uq) A —lsKey?(, us)
A —lsPair?(t, x, ty, ts) A —lsUn(t)) = IsOk(t)

allows us to deduce whether or not a IsOk?(7) constraint can be transformed from its
maybe-state to certainty-state.

We also need to define the type assigning function >, as seen in Table 3.4.16. In the
definition we make use of the functions >/, <1, [J, and ¢ defined in Tables 3.4.16 to 3.4.18,
for constructing abstract types, messages, abstract messages, and instantiated abstract
messages, respectively. Note that we use T to denote that any type may be used, and
IsX(7,T) to denote IsOk(7), IsCha(r, 1), IsPair(7, z, 71, 72), IsKey(r,71), or IsUn(7). Also
note that we use the same x as the reconstruction of all «’s in pairs. This is because the
same pair will use one x when being sent, and another when being split. Obviously these
types need to be identical when reconstructed, so we use Y.

We are now almost ready to prove Items 1 to 5 of Theorem 3.2.4 for correspondence
assertions, but before we can do so we need Lemmas 3.4.5 to 3.4.8, which we prove in
Appendices B.1.2, B.1.3, B.1.6 and B.1.7, and to define the minimal environment.

The minimal environment used for our type inference is defined as seen in Defini-
tion 3.4.4, and in order to ensure robust safety one can simply add A  IsUn(,) to

n€ran(T)
the conjunction generated by P.

The proofs of Item 4, Item 5, and Items 1 to 3 of Theorem 3.2.4 for correspondence
assertions can be found in Appendix B.1.4, Appendix B.1.5, and Appendix B.1.8. It should
be noted that we only prove that a type assignment is found if the process is robustly safe,
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ko I(a) =71

[Nam-C} I' Fa ~» 7;NamVar(a)
L' M~ 75 Om I'EN ~ 75 0p
[Enc-C]
CHEA{M}N ~ T; ¢dm A dp AlsUn(T) A IsKey?(7p, Tim)
[Pai-C] ['E M~ T om M — p;m; om ['E N~ 7505
. ~ Om AU A @m A ¢, A NamVar(z) A PairVar(z)A
[+ pair(M, N) ~ 7; IsPair? (7, z, Ty, 7;,) A ISAbS? (7)) T, 11y T, T
Ok-C] I'Fo Wi = &is s ¢ v, el
IsOk?(7) A IsOkTerm(7) A A\;(CanOk?(7, &) A i A i) A
I - ok - Nrremgm) (V€' (IsOk(7") A CanOk(7',£')) = CanOk?(7,£))A
RARE Arcmgm) (V€ : Vo : Vi o (1sOk(7') A InsCanOk(7', z, 1, €) A
IsOk(7)) = InsCanOk?(T, z, 11,£))
I'-M s Om
[Fst-C] = Tms ¢ ;
L fst M s 7 Om N IsPair? (1, x, 7, 75) A NamVar(z)A
™5 1sAbs?(7h, T2,y , 7) A PairVar(z)
C'EM ~ 705 Om fst M — p;1;
[Snd-C] T/\¢ A ¢1 A lsPai ‘jt 5 w’l/\gZSl
T'Fsnd M ~ 7 ¢m 1;[}1 ¢1 S alr.(Tm,l',Tl,T)

" IsAbs?(7’, 7, pi, &, 71) A NamVar(x) A PairVar(z)

[EqC] TFM=N~~T
[Neg-C] T HM#N T

I'E M~ T o I'E N~ 75 0n
T'FMas N~ ¢ A b AEQ(Ti, Tn)

[Seq-C]

[Eeq-C-1] T'F My = enc(*, M) ~ T

[Eeq-C-2] T'F M; # enc(x, M) ~ T

TABLE 3.4.10. Constraint generation for correspondence terms and condi-
tions in ¢

as defined in Definition 3.4.2, as a type assignment will not be found if the process can
only be typed if there is an Ok-type in the initial environment.

DEFINITION 3.4.4 (Minimal correspondence environment). For any safe process P the
minimal environment I'p used for type inference is

T'p= U n:Ty
nefn(P)
where all 7,, are distinct and unique

Lemma 3.4.5 (Message and formula encoding).

(1) For any message M, if M — u;1; ¢ then LW AN o) <u=M
(2) For any assertion £(M), if {(M) — &;1; ¢ then LY A p) 1€ = L(M)
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[One-C] T'F1~T

Fl_x“")Tx;d)x F'_leTml;ﬁbml F'_M2“’“’Tm2;¢m2

Der-C
er-C = dec(Mh, 3] — 15Key?(romz, 72) A 1SUN (o) A b 1 et s

[Bgn-C] T'F begin ¢(M) ~~T
[fn(M) C dom(T)] if (M) eT

[fn(M) C dom(D)] A¢p A PN

[End-C] T Fend £(M) ~ < ((Agerer(VE V" VY -V

((—=CanOk(r, &) v =Eq(&, &) A
(~InsCanOK(r, 7, 1 €") V ~EGi(€, 7, 1,€"))))) =
FAIL(E))

where (M) — & ;¢

TABLE 3.4.11. Constraint generation for correspondence assertions in

[r1 <P 1] = IsCha?(r1,72)
TABLE 3.4.12. Encodings

Lemma 3.4.6. For all 7 and ¢ where IsAbs(7', 7, p,z,7") € L (), PairVar(xz) € L (),
and ZL(¢) > 17 = Ok(S) we have L(¢) >’ 7/ = Ok(R) and L (p) < u = M such that
R =5[]

Lemma 3.4.7. For all 7' and ¢ where IsAbs(7', 7, u, z,7") € L (), PairVar(x) € ZL(¢),
and L(p) >’ 71 = Ok(S) we have L(¢) > 1 = Ok(R) and L (p) < pu = M such that
sMAl=R

Lemma 3.4.8.

(1) The relations Eq, Eqa, and Eqi-6 are equivalence-relations

(2) For all constraints ¢ for which ® = £(¢), type variables a and b, if Eq(a,b) € ®
then ®>a=®>b

(3) For all M — pum; ¥m; om and N — pn;n; on if © = L (imny A @immny) then
Eq(km, tin) € = © < prn = @ < iy

(4) For all abstract message M with index X, variable i, and constraint ¢,
and abstract message N with index xn, variable p, and constraint ¢, if & =
g(¢m A ¢n) then Eqa(Xm7Nm7Xn7Nn) €= (I)D(Xma ,um) = (I)D(Xm Mn)

(5) For all instantiated message M with index Xom, ph,, variable p,, and constraint
Om and message N with variable p, and constraint ¢y, if ® = L (pm N ¢p) then
Eqi(fin, Xims s i) € D = @O(Xim, fays fim) = P < i

(6) For all instantiated message M with index Xm, pl,,, variable i, and constraint
Om and instantiated message N with index Xn, pl,, variable pi,,, and constraint ¢y,
if ® = L (pm N dn) then EQi(Xum, frms thms Xns By fin) € © = @O(Xum» firns fim) =
DO(Xn, Hns Hn)
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Va : Eq(a,a)
Va : Vb : Eq(a,b) = Eq(b,a)
Va : Vb : Ve : (Eq(a,b) A Eq(b,c)) = Eq(a,c)

Vtq : Vig : (|SUn(t1) A Eq(tl,tg)) = |SUn(t2)
Yty : Vig : (|SOk?(t1) A Eq(tl, tg)) = |SOk?(t2)
Yty : Vig : (|SOk(t1) A Eq(thtg)) = |SOk(t2)

Vitq : Vg : Vuy : Vusg : (|SCha?(t1,t2) A Eq(lﬁ7 ul) AN Eq(t27 UQ)) = IsCha?(ul, ug)
Vit : Vi @ Vg : Vug @ (IsCha(ty, t2) A Eq(t1, u1) A Eq(te, uz)) = IsCha(uy, ug)
Vi1 : Vig : Vi3 : (|SCha?(t1, tg) N IsCha?(tl, ts)) = Eq(tg,tg)

Vtq : Vig : Vg : (|5Cha(t1,t2) N |SCha(t1,t3)) = Eq(t27t3)

Vit Vig @ Vg : Vug((IsKey?(t1,t2) A Eq(ty, u1) A Eq(ta, uz)) = IsKey?(u1, uz))
Viy 2 Vg Vug : Vua((IsKey(t1, t2) A Eq(tr, ur) A Eq(te, ug)) = IsKey(u1, ug))
Vi1 : Vg : Vu : ((IsKey?(u, tl) N IsKey?(u,tg)) = Eq(tl,tQ))

Viy 2 Vg Vu e ((IsKey(u, t1) A lsKey(u, t2)) = Eq(t1,t2))

Vit Vo Vu s Vg o Vg o (IsPair?(t, @, tg, ts) A Eq(t, u)) = IsPair?(u, ,tf,t,)

Vit oV Vu o Vi o Vig o (IsPair(t, x, tf,ts) A Eq(t,u)) = IsPair(u, x,t, ts)

Vit Va Vi Yy Vg 2 (IsPair?(t, o, tp, ts) AEq(ty, up)) = IsPair?(t, z, uy, ts)

Vit iV Vi Vug @ Vig o (IsPair(t, x, ty, ts) AEq(ty, ug)) = IsPair(t, z, uy, t,)

Vit Vo Vu Vo : Vo, Vip o Vi : Yuy Y, @ (IsPair(t, @, tr, ts) A lsPair(u, @y, ug, us) A Eq(t, u)) =
(Eq(ts, ur) A Eq(ze, z) A Eqlts, us))

VitV VitV Vg s Va2 VE] < (IsPair(t, @, ty, t)) AlsAbs(t), ts, a, ¢, t7) A lsOk(ts)) = IsOk(t})

Vit Vo Vi Vit Vts : Va V) (IsPair(t, @, t g, t)) A lsAbs(t), ts, a, z,t)) A IsOk(t,)) = 1sOk(ts)

Vit : V:Jct(:)VEf :)Vts VYV, Vug - Vg (IsPalr(t Ty, ty ts) A IsPalr(u T, Uf, Us) A Eq(t, u) AlsOk(t,)) =
IsOk(ug

VitV VitV Vg 2 Va  VE < (IsPair(t, z, b, t)) AlsAbs(t), ts, a, z,th) AlsUn(ts)) = IsUn(t))

Vit Va ViV 2 Vg : Va : VE < (IsPair(t, , ty, t)) AlsAbs(t), ts, a, z,t7) AlsUn(t,)) = IsUn(t,)

Yt : Vg : V(tf :)Vts sV Vo,  Vug - Vug @ (IsPair(t, oy, tr, ts) A lsPair(u, 2y, ug, us) A Eq(t, u) AlsUn(t,)) =
IsUn(ug

Vit iV Vig 2 Vit o (IsOk?(t) AlsPair?(t, x, g, ts)) = (IsUn(t) AlsUn(ts) AlsUn(t,))

Vit Vu : (IsOk?(t) A IsCha?(t,u)) = (IsUn(¢) A IsUn(w))

Yt : Vu : (IsOk?(t) A lsKey?(t,u)) = (IsUn(t) A IsUn(u))

Vit : Vuy : Vug : (IsCha?(t,u1) A lsKey?(t, ug)) = (IsUn(t) A lsUn(u1) A IsUn(usg))

Vit oV Vu o Vi o Vi (IsCha?(t, u) AlsPair?(t, x,tr,ts)) = (IsUn(t) AlsUn(u) A lsUn(ts) A lsUn(t,))
Vit Vo Vu o Vg 2 Vi« (IsKey?(t, u) A lsPair?(t, =, ty,ts)) = (IsUn(t) A lsUn(u) A lsUn(ts) A lsUn(ts))

Viy 2 Vg 1 Vtg Vo @ (IsUn(t1) A IsPair?(t1, z, ta, t3)) = (IsUn(t2) A IsUn(¢3))
Yty : Vig : (|5Un(t1) N |SCha?(t1,t2)) = |SUn(t2)
Vitp @ Vi : (IsUn(tl) A |SKey?(t1,t2)) = |SUn(t2)

Vit Vo Vug : Vug 2 Vg 2 Vs 2 (IsOk?(t) A —lsCha?(t, ur) A —lsKey?(t, u2) A —lIsPair?(t, z, t ¢, t5) A —lsUn(t)) =

IsOk(t)

VitV i Vuy @ Vug @ Vip 2 Vig 0 (—IsOk?(t) A lsCha?(t, uy) A —lsKey?(t, ug) A —lsPair?(t, z, ty, ts) A —lsUn(t)) =

IsCha(t, u1)

Vit iV Vuy @ Vug @ Vip 2 Vi 2 (IsOk?(t) A —lsCha?(t, u1) A lsKey?(t, uz) A —lsPair?(t, x, ty,t5) A —lsUn(t)) =

IsKey(t, uz)
Yt Vo Vug Vuz DVtp o Vi o (—IsOk?(t) A —lsCha?(t, uy) A —lsKey?(t, ug) A lsPair?(t, z, ty, ts)A
IsAbs? (¢, t,,a,z,tr) A =lsUn(t)) = (IsPair(t, z,tr, ts) A IsAbs(ts, t, a, z,tr))

(AbsCanOK? (¢, z, xi) A IsAbs(td’, ta, ma, za, ta”) A CanOk?(tc, zic) A Eq(t,ta’) A Eq(z, za) A Eq(ta, te)A

zi = zic A (Vt' : ((=Eq(¢, ") V —IsOkTerm(t')) vV (32’ : Jzi’ : Eq(x, 2')A

Eqa(z, zi, 2, 27") A AbsCanOk?(¢', ', zi’))))) = (AbsCanOk(t, z, i) A CanOk(tc, zic))
(AbsCanOKk?(t, z, xi) A IsAbs(ta’, ta, ma, xa, ta”) A InsCanOk?(tic, zic, aic, xiic) A Eq(t, ta’) A Eq(z, za)A

Eq(ta,tic) A wi = ziic A (Vt' : ((-Eq(t, ') V —IsOkTerm(¢')) V (32’ : Jzi’ : Eq(z, 2")A

Eqa(z,xi,a’, zi') A AbsCanOk?(t', 2, xi'))))) = (AbsCanOk(t, z, zi) A InsCanOk(tic, xic, aic, ziic))
(IsCha(tc,t) A 1sOk(t) A IsOkTerm(t) A CanOk? (¢, zi)A

(Vt' : ((=Eq(t,t") v —IsOkTerm(t')) v (3xi’ : Eq(zi, xi’) A CanOk? (¢, x7'))))) = CanOk(t, x1)
(IsCha(tc,t) A 1sOk(t) A I1sOkTerm(t) A InsCanOk?(¢, z, a, zi) A (Vt' : ((—Eq(t,t") V —IsOkTerm(¢'))V

(32’ : Ja’ : Fzi’ : Eqi(z,a, i, ', ', zi") A InsCanOk? (¢, 2, a’, xi"))))) = InsCanOk(t, z, a, x:i)

Vay : Vag : VI :Vmy : Vma : (FrmIMsg(x1, 1, m1) A FrmIMsg(xo, 1, m2) A Eq(m1,me)) = Eq(x1,z2)

Vm : ¥Ymy : Vmg : Vi : Vng @ VYng @ (MsgPai(m, m1, ma) A MsgPai(n, n1, n2) A Eq(ma, n1) A Eq(ma, n2)) =
Eq(m,n)

Ym :Vmy : Vmg : Vn : Vng : Vng : (MsgEnc(m, mq, ma) A MsgEnc(n,ni,n2) A Eq(mi,n1) A Eq(ma, na)) =
Eq(m, n)

Ymy : VYma : (MsgOk(my) A MsgOk(ms)) = Eq(mq, ms2)

Vmy : Ymg : Ym) : Vmb : (MsgFst(ma, ma) A MsgFst(mf, mb) A Eq(ma, mb)) = Eq(mq, mj)

Vmy : Vimg : Vm} : Vmb : (MsgSnd(my, ma) A MsgSnd(m), mb) A Eq(ma, mb)) = Eq(mi,m))

TABLE 3.4.13. Axioms for the correspondence generated constraints (I)



3.4. CORRESPONDENCE ASSERTIONS AS A ¢-CALCULUS 27

(CanOk?(t, zi) A IsAbs(t', t, a, z,t") A FrmIMsg(zi,1,m) A —Eq(a,m)) =
(AbsCanOk?(t', x, zi) A AbsFrmIMsg(z, zi,1,m) A Abs(a,z,m))

(CanOk?(t, xi) A IsAbs(t', t, a, x,t") A FrmIMsg(zi,l,m) A Eq(a, m)) =
(AbsCanOk?(t', z, xi) A AbsFrmIMsg(z, i, 1, x))

(InsCanOk?(t, z, a, xi) A IsAbs(t', t, aq, Tq,t") A InsFrmIMsg(x, a, zi,1,m) A =Eq(aq, m)) =
(AbsCanOk?(t', x4, zi) A AbsFrmIMsg(z4, i, 1, m) A Abs(ag, Tq, T, a,m))

(InsCanOk?(t, z, a, xi) A IsAbs(¥', t, aq, Tq,t") A InsFrmIMsg(x, a, zi,1, m) A Eq(aq, m)) =
(AbsCanOk?(t', x4, xi) A AbsFrmIMsg(z, zi, l, z4))

(AbsCanOk?(t', z, zi) A AbsFrmIMsg(z, zi,1,m) A IsAbs(t,,t, a, x4, th) A Eq(z, 24) A —Eq(z, m)) =
(InsCanOk?(t, x4, a, zi) A InsFrmIMsg(z4, a, i, l,m) A Ins(zq, a,m))

(AbsCanOk?(t', z, xi) A AbsFrmIMsg(z, zi, 1, m) A IsAbs(t,, t, a, x4, th) A Eq(z,x4) A Eq(z,m)) =
(InsCanOk?(t, x4, a, zi) A InsFrmIMsg(z,, a, i, 1, a) A Ins(zq, a, a))

(Abs(a, b, c) A MsgPai(m, m1, ma) A Eq(c, m) A Eq(a, m1) A Eq(a, mg)) =
AbsMsgPai(b, m, b, b)

(Abs(a, b, c) A MsgPai(m, my, ma) A Eq(c,m) A Eq(a, m1) A —=Eq(a, m32)) =
(AbsMsgPai(b, m, b, m2) A Abs(a, b, ms))

(Abs(a, b, c) A MsgPai(m, m1, m2) A Eq(c, m) A =Eq(a, m1) A Eq(a, m2)) =
(AbsMsgPai(b, m, mq,b) A Abs(a, b, m1))

(Abs(a, b, c) A MsgPai(m, m1, ms) A Eq(c, m) A =Eq(a, m1) A ~Eq(a, msg)) =
(AbsMsgPai(b, m, m1, ma) A Abs(a, b, m1) A Abs(a, b, ms2))

(Abs(a, b, c) A MsgEnc(m, m1, ma) A Eq(c, m) A Eq(a, m1) A Eq(a, m2)) =
AbsMsgEnc(b, m, b, b)

(Abs(a, b, ¢) A MsgEnc(m, my, ma) A Eq(c,m) A Eq(a, m1) A —Eq(a, m2)) =
(AbsMsgEnc(b, m, b, m2) A Abs(a, b, msa))

(Abs(a, b, ¢) A MsgEnc(m, m1, m2) A Eq(c, m) A =Eq(a, m1) A Eq(a, m2)) =
(AbsMsgEnc(b, m, m1,b) A Abs(a, b, m1))

(Abs(a, b, c) A MsgEnc(m,m1, ma) A Eq(c, m) A —Eq(a, m1) A —=Eq(a, m2)) =
(AbsMsgEnc(b, m, m1, ma2) A Abs(a, b, m1) A Abs(a, b, m2))

Abs(a, b, c) A MsgFst(m, m’) A Eq(c,m) A Eq(a,m’)) = AbsMsgFst(b, m, b)
Abs(a, b, ¢) A MsgFst(m,m’) A Eq(c, m) A —=Eq(a, m’)) = (AbsMsgFst(b, m,m’) A Abs(a,b,m’))
Abs(a, b, c) A MsgSnd(m,m’) A Eq(c,m) A Eq(a, m’)) = AbsMsgSnd (b, m, b)
Abs(a, b, c) A MsgSnd(m,m’) A Eq(c, m) A =Eq(a,m’)) = (AbsMsgSnd(b, m, m’) A Abs(a,b,m’))

(a.b,0)

)
Abs(a, b, ¢c) A MsgOk(m) A Eq(c, m) A —Eq(a, m)) = AbsMsgOk(b, m)

FrmIMsg(zi,1,m) A InsFrmIMsg(2/, m/, xi’, 1, m") A Eqi(m, ', m’, m")) = Eqi(zi,2’,m’, xi")

NamVar(n) A NamVar(n’) A Eq(n,n’) A =Eq(n’, x)) = Eqi(n, z,m,n’)

MsgPai(m], mb, m5) A InsMsgPai(my, ma, ms, ma, ms) A Eqi(mb, my, ma, mg)A
Eqi(m3, m1, ma, ms)) = Eqi(m, m1, ma, m3)

(MsgEnc(m}, mb, mj) A InsMsgEnc(my, ma, ms3, ma, ms) A Eqi(mb, my, ma, ma)A
qu(m(% mi, ma, m5)) = qu(mlla my,ma2, 777/3)

MsgFst(m}, mb) A InsMsgFst(m1, ma, ms, m4) A Eqi(mb, m1, ma, ma)) = Eqi(m}, m1, ma, ms)

(
(
E
(Abs(a, b, c) A MsgOk(m) A Eq(c, m) A Eq(a, m)) = AbsMsgOk(b, b)
(
(
(
(

MsgOk(m}) A InsMsgOk(mm1, m2, m3) A Eqi(my, m1, ma, m3)) = Eqi(m}, my, ma, ms)

(
(MsgSnd(m/, mb) A InsMsgSnd(my, ma, ms, my) A Eqi(mb, my, ma, ms)) = Eqi(m}, my, ma, ms)
(
(

Eqi(z,a,m,2’,a’,m’) A InsFrmIMsg(x1, a1, zi1,1, m) A InsFrmIMsg(z2, az, zia, [, m') A Eq(z,z1) A Eq(a, a1)A
Eq(z’,xz2) A Eq(d’,a2)) = Eqi(z, a, ziy,a’, d’, xis)

(NamVar(m) A NamVar(m’) A Eq(m, m’) A NamVar(x) A =Eq(m, z) A NamVar(z') A =Eq(m, 2)A
NamVar(a) A NamVar(a')) = Eqi(z,a, m,2’,a’,m’)

(qu(xlv ag, mi, x’l: al17 m/l) A EqI(IZ az, ma, :El27 a/’?: m/Q) A EQ(l’l, IZ) A Eq('r,h w’?) A EQ(ah aZ)/\
Eq(d}, ab) A InsMsgPai(x, a, m, m1, ma) A Eq(z,z1) A Eq(a, a1) A InsMsgPai(z’,a’, m’, my, ma)A
Ea(e/, 24) A Ea(d', })) = Eai(z,a,m, 2/, d/, )

(Eqi(z1, a1, m1, 24, ay, my) A Eqi(za, ag, ma, b, ah, mb) A Eq(z1, z2) A Eq(z), 5) A Eq(ar, a2)A
Eq(d), a}) A InsMsgEnc(z, a, m,m1, ma) A Eq(z,21) A Eq(a,a1) A InsMsgEnc(2’, @', m’, my, m2)A
Ea(z/, 24) A Ea(d, ) = Eai(z,a,m, o', o/, m)

(Eqi(z1, a1, m1, 2}, aj,my) A InsMsgFst(z, a, m, m1) A Eq(z, z1) A Eq(a, a1) A InsMsgFst(z’,a’,m’, m})A
Eq(«',2}) A Eq(d’,a})) = Eqi(z,a,m,2’,d’,m’)

(Eqi(z1, a1, m1, 2}, aj,my) AlnsMsgSnd(z, a, m, m1) A Eq(z,z1) A Eq(a, a1) A InsMsgSnd(2/, a’, m/, mi)A
Eq(2',z}) ANEq(d, d})) = Eqi(x,a,m,z’,a’,m’

1 1

(NamVar(m) A NamVar(m') A Eq(m, m’) A NamVar(z) A NamVar(z') A Eq(z, 2')) = Eqa(x, m,x’',m')

(Eqa(z1, m1,x7,m7) A Eqa(wa, ma, x4, my) A Eq(zr, 22) A Eq(a], o) A AbsMsgPai(z, m, my, ma)A
Eq(z,z1) A AbsMsgPai(z’, m’, m}, m5) A Eq(2', 2})) = Eqa(z,m,2’',m')

(Eqa(z1, m1, 2}, m)) A Eqa(za, me, xh, mh) A Eq(z1, x2) A Eq(z], 25) A AbsMsgEnc(z, m, m1, ma)A
Eq(z,x1) A AbsMsgEnc(z/, m’, m}, m5) A Eq(2/,2})) = Eqa(z, m, ', m’)

(Eqa(z1, m1, x}, m)) A AbsMsgFst(x, m, m1) A Eq(a, 1) A AbsMsgFst(z/, m’, m}) A Eq(a’, 2})) =
Eqa(z, m,a’, m’)

(Eqa(z1, m1,z}, m)) A AbsMsgSnd(x, m, m1) A Eq(z, z1) A AbsMsgSnd (2, m’, m}) A Eq(z/, z})) =

TABLE 3.4.14. Axioms for the correspondence generated constraints (II)
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(Abs(a, b, ¢, d, e) A InsMsgPai(c, d, m, my,ms) A Eq(e,m) A Eq(a,m1) A Eq(a,mg)) =
AbsMsgPai(b, m, b, b)

(Abs(a, b, c,d, e) A InsMsgPai(c, d, m, m1, mz2) A Eq(e, m) A Eq(a, m1) A —Eq(a,m3)) =
(AbsMsgPai(b, m, b, ma) A Abs(a, b, ¢, d, m2))

(Abs(a, b, c,d, e) A InsMsgPai(c, d, m, m1, mz2) A Eq(e, m) A =Eq(a, m1) A Eq(a, m2)) =
(AbsMsgPai(b, m, m1,b) A Abs(a, b, c,d, my))

(Abs(a, b, c,d, e) A InsMsgPai(c, d, m, m1, mz2) A Eq(e, m) A =Eq(a, m1) A —=Eq(a,ms)) =
(AbsMsgPai(b, m, m1, ma) A Abs(a, b, c,d, my) A Abs(a, b, ¢, d, m3))

(Abs(a, b, c,d, e) A InsMsgEnc(c, d, m, my1, ma) A Eq(e, m) A Eq(a, m1) A Eq(a,m2)) =
AbsMsgEnc(b, m, b, b)

(Abs(a, b, c,d, e) A InsMsgEnc(c, d, m, my, ma) A Eq(e, m) A Eq(a, m1) A —Eq(a,m2)) =
(AbsMsgEnc(b, m, b, ma) A Abs(a, b, ¢, d, m2))

(Abs(a, b, c,d,e) A InsMsgEnc(c, d, m, m1,mz2) A Eq(e,m) A =Eq(a, m1) A Eq(a, m2)) =
(AbsMsgEnc(b, m, my,b) A Abs(a, b, c,d,m1))

(Abs(a, b, c,d, e) A InsMsgEnc(c, d, m, my1, ma) A Eq(e, m) A =Eq(a, m1) A =Eq(a, m2)) =
(AbsMsgEnc(b, m, my, ma) A Abs(a, b, c,d,m1) A Abs(a, b, ¢, d, ms2))

(Abs(a, b, c,d, e) A InsMsgFst(f, g,m, m’) A Eq(c, f) A Eq(d, g) A Eq(e, m) A Eq(a,m’)) =
AbsMsgFst(b, m, b)

(Abs(a, b, c,d, e) A InsMsgFst(f, g,m, m') A Eq(c, f) A Eq(d, g) A Eq(e, m) A —=Eq(a,m’)) =
(AbsMsgFst(b, m,m’) A Abs(a, b, c,d, m’))

(Abs(a, b, c,d, e) AInsMsgSnd(f, g, m,m’) A Eq(c, f) A Ea(d, g) A Eq(e, m) A Eq(a,m’)) =
AbsMsgSnd(b, m, b)

(Abs(a, b, c,d, e) A InsMsgSnd(f, g, m,m") AEq(c, f) A Eq(d, g) A Eq(e,m) A —Eq(a, m’)) =
(AbsMsgSnd (b, m, m’) A Abs(a, b, ¢,d, m’)

(Abs(a, b, c,d, e) A InsMsgOk(f, g, m) A Eq(c, f) A Eq(d, g) A Eq(e,m) A Eq(a,m)) =
AbsMsgOk(b, b)

(Abs(a, b, c,d,e) A InsMsgOk(f, g, m) A Ea(c, f) A Eq(d, g) A Eq(e,m) A —Eq(a, m)) =
AbsMsgOk(b, m)

(Ins(x,a,m) A AbsMsgPai(b, ¢, d, e) A Eq(x,b) A Eq(m, c) A Eq(x,d) A Eq(x,e)) =
(InsMsgPai(x, a, m,a,a) A Ins(x, a,a))

(Ins(x, a,m) A AbsMsgPai(b, ¢, d, e) A Eq(x,b) A Eq(m, ¢) A Eq(x,d) A —Eq(z,e)) =
(InsMsgPai(x, a, m,a,e) A Ins(z,a,a) A lns(x, a, e))

(Ins(x, a,m) A AbsMsgPai(b, ¢, d, e) A Eq(x,b) A Eq(m, ¢) A —Eq(x,d) A Eq(x,e)) =
(InsMsgPai(z, a,m,d,a) A lns(z,a,d) A lns(x, a, a))

(Ins(z, a,m) A AbsMsgPai(b, c,d, e) A Eq(z,b) A Eq(m, c)
(InsMsgPai(z, a,m,d, e) A lns(x, a,d) A Ins(z, a, €))

(Ins(x,a,m) A AbsMsgEnc(b, ¢, d, e) A Eq(x,b) A Eq(m, c) A Eq(z,d) A Eq(z,e)) =
(InsMsgEnc(z, a, m,a,a) A Ins(z, a, a))

(Ins(x,a,m) A AbsMsgEnc(b, ¢, d, e) A Eq(z,b) A Eq(m, c) A Eq(z,d) A —Eq(z,e)) =
(InsMsgEnc(z, a, m,a,e) A Ins(z, a,a) A Ins(z, a, e))

(Ins(z, a, m) A AbsMsgEnc(b, ¢, d, e) A Eq(z, b) A Eq(m, ¢) A =Eq(z,d) A Eq(z,e)) =
(InsMsgEnc(z, a,m, d, a) A Ins(z,a,d) A Ins(x,a,a))

(Ins(z, a, m) A AbsMsgEnc(b, ¢, d, e) A Eq(z,b) A Eq(m,c) A Eq(z,d) A Eq(z,e)) =
(InsMsgEnc(z,a,m,d,e) A Ins(x,a,d) A Ins(z, a, e))

(Ins(z, a, m) A AbsMsgFst(b,n,n’) A Eq(x,b) A Eq(m,n) A Eq(z,n’)) =
(InsMsgFst(x, a,n,a) A Ins(x, a,a))

(Ins(z, a, m) A AbsMsgFst(b,n,n’) A Eq(x,b) A Eq(m,n) A —=Eq(z,n’)) =
(InsMsgFst(x, a,n,n’) A Ins(x,a,n’))

(Ins(x,a,m) A AbsMsgSnd(b, n,n") A Eq(z, b
(InsMsgSnd(x, a,n, a) A Ins(z, a,a))

(Ins(x, a,m) A AbsMsgSnd(b, n,n’) A Eq(z, b
(InsMsgSnd(x, a,n,n’) A Ins(x,a,n’))

(Ins(x, a,m) A AbsMsgOk(b,n) A Eq(z, b) A Eq(m,n) A Eq(z,n)) = InsMsgOk(z, a, a)

(Ins(x, a,m) A AbsMsgOk(b,n) A Eq(z,b) A Eq(m,n) A —=Eq(z,n)) = InsMsgOk(z, a,n)

A Eq(x,d) AN Eq(z,e)) =

) AEq(m,n) AEq(z,n)) =

) AEq(m,n) A —Eq(xz,n’)) =

TABLE 3.4.15. Axioms for the correspondence generated constraints (I1T)
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IsOk(7) € @

IsPair(1, 2,71, 72) € ® O =T O (2,10)=U
&> 7= Pair(x : T,U)
I’ : IsKey(7,7') € o7 =T
o> 7 =Key(T)
37’ : IsCha(r,7') € ® o7 =T
¢ > 7 = Ch(T)
S ={®<¢|CanOk(T,&) € 2} U{PO(x, 1, &) | InsCanOk(T, z, u, &) € P}
¢ > 7 = 0k(S5)
A7 IsX(1,7) € @ IsUn(T) € ®
Y — Ter="1 &7 = Un

17 1 1sX(7,7) € ® 1sOk(r) € ® S = {®0(x, &) | AbsCanOk(r, z, &) € B}
)

O/ (z, 7

e o/ (z,7) = OK(S)

IsUn(T) € ®
¢ >/ (z,7) = Un

TABLE 3.4.16. Reconstuction of types

NamVar(u) € ® PairVar(u) ¢ ®
PAp=p
PairVar(u) € ®
Qap=x
MsgPai(u1, o, pu3) € @ b <y = My b <z = Ms

D = pair(Mg, Mg)

MsgFst(pi, pu2) € @ Ay =M
S <qpuy =fst M

MsgSnd(p1, o) € @ dqus =M
d<qp; =snd M

MsgOk(p) € ®
® <= ok

MsgEnc(p1, po, pu3) € @ D Qe = M, b < pug = Ms

O <y = {Ma}ng

FrmIMsg(&, 4, ) € @ dapu=M
d<a&=4(M)

TABLE 3.4.17. Reconstruction of terms
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NamVar(usz) € @ PairVar(uz) ¢ ®
PO, p2) = po

PairVar(uz2) € @
0 (pu1, p2) = X

AbsMsgPai(p1, pa, p13, pa) € @ PO(p1, p3) = M3 PO(p1, pa) = My

(I)D(Ml, ,UQ) = pair(Mg, M4)

AbSMSgFSt(Mla M27,U3) € (I)D(lu’lv M3> =M
\I/D(Ml, /,LQ) =fst M

AbsMsgSnd(p1, pig, pi3) € P PO (p1, p3) = M
WO (py, p2) = snd M

AbsMsgOk(p1, o) € @
PO (1, p2) = pi2

AbsMsgEnc (1, pi2, p3, p14) € @ OO (p1, p3) = M3 P01, pa) = My

0 (1, p2) = { M3},

AbSFrmlMsg(,uhg’ea,uQ) €P (I)D(Mla,u2> =M
®0(n, &) = £(M)

NamVar(us) € ® PairVar(us) ¢ ®
QO (11, p2, p3) = pi3

PairVar(uz) € @
@O(Ml,,UzQ,/JB) =X

InsMsgPai(fe1, pt2, pi3, pa, pt5) € @ DO (1, p2, pra) = My DO (1, p2, ps) = Ms

DO (1, p2, p3) = pair(My, Ms)

InsMsgFst (g1, p2, 13, f1a) € @ OO(p1, p2, pra) = M
‘IIO(,Ulv 2, ﬂ3> =fst M

InsMsgSnd (1, 12, i3, p1a) € ® DO (1, pi2, pta) = M
WO (1, pr2, pt3) = snd M

InsMsgOk (y11, p2, p3) € ®
DO(pr, p2, p3) = p3

InsMsgEnc(pu1, pi2, i3, pua, pis) € P DO (1, po, pa) = Ms PO (1, p2, ps) = Ms

DO (1, p2, p3) = {Ma} sy

InsFrmIMsg(,ul,,ug,f,E, :u3) € (I)Q(Mla/@a,u:%) =M
¢<>(/'L17M27€) = K(M)

TABLE 3.4.18. Reconstruction of abstract and instantiated terms
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3.4.2. Problems and limitations. We will now show why generation constraints for
correspondence types using the ALFP is so difficult, and what we have done to circumvent
these difficulties. We will also describe certain kinds of processes, which we are not able
to provide type inference for.

3.4.2.1. Pairs. We have not managed to create a full type inference for every process,
as we have not found a general way of representing dependent types. The main issue with
representing dependent types is how to generate an encoding of T" based on an encoding of
T' or vice versa, when having a constraint 7' =T {M/w} The difficulty in this is that the
ALFP does not allow 3-qualifiers on the right side of an implication, since we otherwise
could simply create axioms like

Yty V) Vit Vo o Vs (IsCha(ty, t2) A [t = t1{% ) = 3t, : (IsCha(t], t5) A [ta = t5{H2}]))

But since this is not allowed, and ALFP requires a fixed set of names, we cannot simply
create axioms that recursively create an encoding of the other type.

The problem becomes clearly visible when considering the encoding of messages in
Ok-types: assume we have some effect begin ¢(pair(a, b)) and the following process

¢ pair(a, pair(b, ok)).(1).
The message encoding of ¢(pair(a, b)) will be done at constraint-generation-time. However,
it should be clear that the type of ¢ must be

Ch(Pair(x1 : Un, Pair(x2 : Un, Ok(£(pair(x1,x2))))))-

This will require the encoding of the effect ¢(pair(x1, x2)) which we do not have, and since
we are not allowed to create a new effect variable £ and message variable u for this, we
are unable to encode this “double-abstracted” Ok-type. In addition we would have to be
able to encode all the partial and full instantiations of this Ok-type as well, as required by
the receiving process. Assuming the receiving process looks like

c(Ay)y.(vyr : 71,92 : T2, y3 : T3)case y as pair(y, pair(y2, y3)) : ¢ pair(y1, pair(yz, ok)).(1),

then obviously the type of 73 must be Ok(¢(pair(y1,y2))) which again cannot be generated at
constraint-generation-time, and the type assigned to the type variable 7o, in the necessary
constraint IsPair(72 ok, X', 72, Tok) would have to be Pair(x’ : Un, Ok(¢(pair(y1,x’)))) which
again would require a non-constraint-generation-time produced encoding, namely the
encoding of ¢(pair(y1, x’))-

For this reason we chose to restrict the right-hand-side of pairs to only containing
elements which have the types Un or Ok. This means that one cannot have pairs, channels,
keys and so forth as the right-hand-side element of pairs, and this limits the levels of
abstraction to one. We could also have chosen to consider any other fixed number of
abstraction levels, but since none of them allows for an unlimited level of abstraction, one
is enough to illustrate the idea. While this may at first seem rather restrictive, we believe
it still provides enough expressive power to be useful. For instance [9] showed that the
correspondence type system we consider is more powerful than the simpler versions, which
only consider latent effects. Following the idea presented in this paper, we could encode
latent effects like

[M N.1] = M pair(N, ok).1
[M(AZ)N.P] = M(AZ)N.(vp : Tp,q : 7¢)(case N as pair(p, q) : P[2/n]).

This encoding would satisfy the criteria, and we can thus conclude that despite the
limitations introduced, we can still fully express type systems such as the latent effects.
In order to deal with the abstraction for Ok-types we introduce two new sets of
constraints for Ok-types and messages, namely the sets of constraints prefixed by Ins and
Abs respectively. The Abs-constraints are used to denote an abstract Ok-type and its
corresponding abstracted effects, while the Ins-constraints denotes an instantiation of an
abstraction. The idea behind these constraints is to construct the new effects—either the
abstraction or instantiation—using an index consisting of either what we abstract, or what
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we instantiate. Since each pair has its own abstraction variable, we know these indices
will be unique and thus enough. Would one want to allow for two levels of abstraction,
one would use a “double index” consisting of the possible combinations of abstraction and
instantiation.

We can summarise the two new sets of constraints as seen below. We do not include
all cases, but the idea should be clear from the examples below. Moreover we assume the
variable p denotes the message M, 7 denotes the type T', and & the effect E.

Constraint Meaning

CanOk?(7,£) The type T is allowed to include the effect E

AbsCanOk?(7, x, &) The type T is allowed to include the effect
E[%/3] some message M

InsCanOk? (7, z, i, &) The type T is allowed to include the effect
E[M7)

MsgPai( s, i1, p2) The message pair(M;, M)

AbsMsgPai(z, i, j11, 2) ~ The message pair(M1[2/ 1], Ma[Y/p]) for
some message M’

InsMsgPai(z, 1/, 1, 1, p2)  The message pair(M;[M /], Mo[M])

It is worth noticing that the seemingly arbitrary message we abstract away for = in the
Abs constraint is in fact not arbitrary. Whenever we generate a new abstraction—in other
words whenever we have a pair containing an ok-term on the right-hand-side—we also
construct the constraint Abs(M,x, M') which denotes “construct the message M'[Z/},]".
Since we only do this once for each pair, and each pairs abstraction-variable is unique it is
enough to index the abstraction with x. In the case of Ins this is not good enough: we
could have several receivers of the same abstraction and each would generate their own
unique instantiation.

3.4.2.2. Sending oks. Another problem one has to consider is if a channel is used more
than once. If we know that all channels are just used once, for a single communication,
then we can freely assign all of the assertions of the sender to the resulting Ok-type inside
the Ch-type. However if the channel is used twice we cannot do this simple assignment.
Consider for instance the the following processes, where we assume that assertions are
scoped by parenthesis:

Py = (begin ¢(x) | ppair(x, ok).(1)) | --- | (begin £(y) | B pair(y, ok).(1)).

Py = (begin {(pair(x1,x2)) | ppair(zy,ok).(1)) | ---
| (begin £(pair(y1,y2)) | P pair(yr,ok).(1)),

P3 = (begin £(z) | ppair(x,ok).(1)) | - -
| (begin £(pair(y1, y2)) | begin £(y1) | P pair(y1, ok).(1)).
Let us consider what channel-type we should assign to p in each of the cases. For P; we
can easily see that both usages of p is to send a pair with the type Pair(y : Un, Ok(£4(x))).
This is true as the message in the assertions ¢(z) and /(y) is also the element on the
left-hand-side of the corresponding pairs, and thus are abstracted away in the Pair-type.
Since both usages of p are sending something of the same type, we can thus conclude
that p : Ch(Pair(x : Un,Ok(¢(x)))). P, is similar, but we here reach a disagreement
between the two usages of the channel: for the left-hand-side we can conclude the type
of the pair is Pair( : Un, Ok(¢(pair(x,x2)))) and for the right-hand-side we instead have
Pair(x : Un, Ok(¢(pair(x,y2)))). It is clear that these two assertions are not the same;
while they are identical in structure they differ in the names in the effect namely xo and
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yo respectively. Since the two Ok-types are not identical we are left with no choice but
assigning the type Ch(Pair(x : Un,Ok(0))) to p and hope the assertions are not needed by
the receivers. Finally for P; we have a combination of the two previous cases. Clearly for
the left-hand-side we are sending something of the type Pair(x : Un, Ok(£())) and for the
right-hand-side we are sending something of the type Pair(x : Un, Ok(¢(pair(x,y2)), £(x)))-
By comparing the Ok-types within the pairs, we can see that they agree on one assertions,
namely ¢(x). We thus conclude that the type of p should allow the senders to send pairs
containing the common or shared assertions, and we have p : Ch(Pair(x : Un, Ok(¢(x)))).
The right-hand-side is thus only allowed to include a subset of all its possible assertions,
and we can hope the remaining were not required by the receiver.

The way we deal with figuring out which effects a channel is allowed to send, is to find
all the instances of it being used to output something, and only allow the effect, which are
available in all those environments.

Unfortunately, as the constraint generation rules [In-C] and [Out-C| do not keep track
of whether a channel is sending or receiving, so we need to make this information available
in another way. We therefore have decided to make a restriction to what one is allowed to
output in a process. We disallow all processes to forward a name which has a Ok-type, and
thus only allow ok-terms to have an Ok-type in an output. We illustrate this restriction
with some examples as seen below. For simplicity we abuse the notation slightly.

begin ¢(x) | Tok.(1) | z(Aa)a.ya.(1) Disallowed
begin ¢(x) | Tok.(1) | z(Aa)a.7ok.(1) Allowed

begin ¢(z) | T pair(x,ok).(1) | z(Aa)a.a as (b, c).gec.(1) Disallowed
begin {(z) | T pair(x, ok).(1) | z(Aa)a.a as (b, c).7ok.(1) Allowed

begin ¢(x) | T pair(z, 0k).(1) | z(Aa)a.a as (b, c).y pair(b, c).(1) Disallowed
begin ¢(z) | T pair(z,ok).(1) | z(Aa)a.a as (b, c).7 pair(b, ok).(1) Allowed

We introduce this restriction as it allow us to know that any output of an Ok-type comes
from an ok-term and any input of an Ok-type is bound to a name. We can use this
difference when dealing with the above mentioned problem of determining the common
effects between several senders.

3.4.3. Example of type inference. Let us consider the process

= (begin {(pair(x,y)) | ppair(z,ok).(1)) |
p(Ac)e.(vd : 111, e : T12)(case ¢ as pair(d, e) : g pair(y, ok).(1) |
qNf)f.(vg : 117, b Tig)(case f as pair(g, h) : end {(pair(d, g))))

with the initial minimal environment
I'=x:7m3,y:74,p:75,q: T6.
Using the constraint generation presented above we get a conjunction of the following

simple! constraints

1simple as in they are just predicates
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IsCha? (75, 77) IsPair? (77, 21,73, 7%) Eq(710,713)
|SCha?(T5,7'10) |SPair?(T13,x2,7'11,T{2) Eq(7'16,719)
IsCha?(7¢, T14) IsPair? (714, x3, T4, T15) NamVar(z1)
|SCha?(T6,T16) |SPaiI’?(T19,l‘4,7'17,T{8) NamVar(xg)
IsOk?(7g) IsAbs?(7g, T8, x, 21, 73) NamVar(z3)
IsOk?(715) IsAbs?(714, T12,d, x2,711) NamVar(z4)
CanOk?(7s,&1)  IsAbs?(7is, 715, Yy, 23,74) NamVar(z)
IsOkTerm(7g) IsAbs?(7{g, T18, g, ¥4, T17) NamVar(y)
IsOkTerm(715)  FrmIMsg(&1, ¢, 111) NamVar(g)
MsgPai(u1, z,y) FrmIMsg(&a, £, u2) NamVar(d)

MsgPai(p2, d, g)

and the following complex® constraints

/\76{73,7'4,7'5,7'6}
(V¢ : (IsOk(1) A CanOk(T,£’)) = CanOk?(7g,&))A
(V& :Vx : Vi (IsOk(7) A InsCanOk(T, x, , &) A IsOk(73))
= InsCanOk? (73, X, 11, §))

/\’TE{T3,T4,T5,7'6,7'1017'1117'12}
(V€' (IsOk() A CanOK(r, ")) = CanOK?(r15, &) A
(V€' : ¥y : VY : (IsOk(7) A InsCanOk(7, x, i, &) A IsOk(715))
= InsCanOk?(715, X, 11, &)

(/\76{7&3972/75927,7/’10,;}11,Té/Q,Tle,ﬁ?,Tls}
: VX, VU
((~CanOk(r,&") v Eq(&2,€))A

(—dnsCanOk(T, X5 My é) V _\EQi(fg, X5 My 5,/)))))
— FAIL(¢)

By using the axioms defined above and using the Succinct Solver as our Z-function
we arrive at the solution presented in Appendix A.1. Since the solution is a very large set
of predicates we will not present it in its full length here, and merely refer to the relevant
aspects of it as we proceed.

REMARK. Since the Succinct Solver disallows Vz : P in pres the axioms of row-group
10 of Table 3.4.13 and the constraint generated by [End-C] cannot be encoded. We thus,
for this example, simplify the axioms to

(IsOk(7) A CanOk?(T,&)) = CanOk(T,§)
(IsOk(7) A AbsCanOk?(T, x,&)) = AbsCanOk(, x, §)

and manually check the [End-C| constraint. We can rewrite the axioms for this very simple
example, as we can easily verify that the channel is only used by one sender and receiver.

We first and foremost conclude that we arrive at a solution which in itself implies there
exists some typing of the process, and it is thus well-typed. Secondly, we can conclude
that since ¢(pair(z,y)) # ¢(pair(d, g)) the typing is not just an assignment of the type Un
to all type variables 7—this can also be verified easily be looking at the IsUn-relation in
the solution.

Now that we have computed the solution .Z(¢) = ® for our constraints, we can utilise
® together with > to infer the types of our initial environment. We derive the result
manually, but this could easily be automated as well.

2complex as in they are not just predicates
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xz: 13 and y : 74t We now try to compute ® > 73 and ® > 74. We first investigate
® for any IsX-constraints for the type variables, but for both 73 and 74 we have
no IsX constraints. We can thus, by definition of > assign any type to 73 and 74.
For simplicity we choose Un as this type is natural choice for an arbitrary type.
We thus get ®> 773 =P > 74 = Un.

p: 75 For 75 we have three IsX constraints, namely: IsCha(7s,119), IsCha(7s, 77),
and IsCha(7s, 713). Luckily, by the axioms, we know that implies 719 = 77 = 713
which we can easily verify by the solution; it contains Eq(7i3,710), Eq(77, T10),
and Eq(77,713). Thus we are free to chose any of 77, 79, and 713 to proceed; we
choose 77. By > we can thus conclude ® > 75 = Ch(® > 77). Again we are here
presented with several versions of the same constraint, and we will not mention
them all. We arbitrarily choose one and proceed: IsPair(77, x1, 711, 74). We thus
know ® > 77 = Pair(y : ® > 711, ® > 7). We have no IsX constraint for 711 so we
conclude ® > 711 = Un. For 7§ we have IsOk(7) and AbsCanOk(7§, z1,&1), and
we conclude @ >’ 7§ = Ok(®O(x1,&1)). In order to compute ®(z1,£1) we need
an AbsFrmIMsg-constraint indexed by x1, &1, in our case AbsFrmIMsg(z1, &1, 4, i11)-
We thus proceed to find a message-constraint indexed by x1, u; and we have
AbsMsgPai(x1, p1,z1,y). Since both NamVar(z;) and NamVar(y) our construc-
tion of the message is complete. We also have PairVar(z;) and we conclude
O(z1,&1) = L(pair(x,y)) implying ® >’ 7§ = Ok(¢(pair(x,y))) which in turn
gives us ® > 77 = Pair(x : Un, Ok(¢(pair(x,y)))) and we finally conclude that
® > 75 = Ch(Pair(x : Un, Ok(¢(pair(x,v)))))-

q : 7¢: This case is very similar to the case for p : 75, and follows the same line of
construction. For this reason we simply provide the final result immediately:
® > 76 = Ch(Pair(x : Un, Ok(¢(pair(d, x)))))-

Our typing environment I' instantiated using ® and > is thus

I'= a:Ch(Un)

"W e 8 S 9
c
=}

: Ch(Pair(x : Un, Ok(£(pair(x,v)))))
q : Ch(Pair(x : Un, Ok(£(pair(d, x)))))

which is exactly what one would expect.






CHAPTER 4

Linearly typed -calculi

In this chapter we present our second generic type system, linearly typed i-calculi, in
Section 4.1; describe our type inference in Section 4.2; and present two instantiations of
the type system and inference in Sections 4.3 and 4.4.

4.1. A type system for a linearly typed y-calculi

We introduce the generic linear type system for the t-calculi first presented in [13]. This
linear type system shares many of the same aspects as the simple type system introduced
in Section 3.1, in particular the requirement of an instantiation and the compatibility
relation «P and all rules for type inference for terms, conditions, and assertions.

As previously we let the types of the type system be members of a nominal data type,
as they may contain names. Moreover we define equality up to Kleene equality as defined
in Definitions 4.1.1 and 4.1.2.

DEFINITION 4.1.1 (Types). We assume a set of types 7 and the types to be members
of a nominal data type.

DEFINITION 4.1.2 (Type Kleene equality). We write 71 = T of either both T} and T5
are undefined or if 77 = Ty

Unlike for the simple types we defined previously, we in the case of the linear types
define our types to be a type structure. We define this structure together with a partial
binary operator ‘+’ for the types as seen in Definition 4.1.3. These operators will be
utilised in order to decompose linear types into smaller entities.

DEFINITION 4.1.3 (Type structure). A type structure is a set of types T together with a
partial binary operator + on T such that Th + T = To+T; and (T1+T12)+T3 = Th +(To+T5)
for all T7,T5,13 € T.

As we are now dealing with type structures for which we can add information to the
type, we can also order the types. This ordering is rather straightforward and is presented
in Definition 4.1.4. In addition to this ordering we introduce the concept of unlimited
types. The unlimited types are the types which we can add together with themselves and
the result is exactly the same as the initial type. We formalise this in Definition 4.1.5.

DEFINITION 4.1.4 (Ordering of types). We write 77 < T, if either T} = T3 or there
exists a 1" such that T7 + T = T5.

DEFINITION 4.1.5 (Unlimited types). A type T is unlimited if 7'+ T =T i.e. if T is
idempotent under addition

Since we now have defined our types, we can proceed to define the type environments
for the linear types. We define the linear type environments in Definition 4.1.6 where we
once again let the type environments be partial functions from names to types, but unlike
the simple type environments the linear type environments do not contain any assertions.
We will handle the assertions separately. It is also worth noticing that we allow types to
contain type environments of their own, thus providing a foundation for dependent types.
Consider for instance the type A = Pair(z : T,U) from Section 3.4. By allowing types to
have their own environments the type could be written as A = Pair(x,U) together with
the environment 'y =z : T.

37
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DEFINITION 4.1.6 (Type environment). A type environment, I, is a partial function
from names to types. We write environments as a : 71,0 : T5,.... We allow types to
contain type environments and for any type T" we let I'r denote the type environment
associated with T

As previously, we also introduce the concept of well-formed environments. The defini-
tion of well-formed environments—Definition 4.1.7—is very similar to the one presented in
Definition 3.1.1. The most notable difference is the requirement that the type environment
of the types in the environment are well-formed with regards to the surrounding environ-
ment; they cannot assign different types to the same names, and if a name is utilised in
a type it must either be typed within the type’s type environment or the surrounding
environment. Using the example type from before, and assuming we use the environment
I' as the surrounding environment, we would thus require either I'(z) = I'4(x) = T or
x ¢ dom(T") and T'4(z) =T.

DEFINITION 4.1.7 (Well-formed environment). A type environment I' is well-formed if
whenever I' = x : T,T” then
(1) = ¢ dom(I)
(2) Yy € dom(I'7) Ndom(I") : T'r(y) =T'(y)
(3) Vz € names(T) \ dom(I'7) : z € dom(I")

Moreover we also introduce the concept of well-formedness for assertions. Since
assertions themselves does not give rise to a meaningful well-formedness property, we
define well-formedness for assertions with respect to a type environment as seen in
Definition 4.1.8. Ensuring that our assertions are well-formed with respect to our given
environment, ensures that we are not asserting anything about names we do not know.
From this point on, we generally always assume 'OW for any I' and ¥ unless stating
otherwise.

DEFINITION 4.1.8 (Well-formed assertion). An assertion W is well-formed with regards
to an type environment I', denoted 'OV, if names(¥) C dom(T")

We now proceed to define composition, and thus in some sense also decomposition, of
environments and define unlimited environments. In order for two environments to be
composable we require that the types of any names they share must be composable i.e. if
I'1(a) = T1 and I'y(a) = T3 then in order for I'y +T'y to be defined, T7 + 75 must be defined
and this type is the type assigned to a in the composed environment. This is formalised
in Definition 4.1.9. An unlimited environment as we define them in Definition 4.1.10, just
as for types, is an environment that can be composed with itself and the result is identical
to the initial environment.

DEFINITION 4.1.9 (Type environment addition). Let I'y and I'y be type environments.
The sum of I'y and I's is defined as the type environment I'y 4+ I's such that

() x € dom(T'1) \ dom(T'2)
(T1 4+ Ta)(z) =< Ta(x) x € dom(T'2) \ dom(T';)
I'(z) 4+ Ta(x) otherwise

and I'y 4+ I's must be well-formed if I'; and I'y are.

DEFINITION 4.1.10 (Unlimited type environments). A type environment I" is unlimited
ifI'=r+T

Again, just as for assertions and types, we can introduce an ordering of the environments.
We do this in Definition 4.1.11.

DEFINITION 4.1.11 (Ordering of environments). We write I'y < I'y if there exists a I'
such that I'y +T' =19
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We can now introduce the type judgements used by the type system. We have three
kinds of judgements, namely one for assertions, terms, and processes respectively. We
define the judgements as seen in Definition 4.1.12.

DEFINITION 4.1.12 (Type judgements for assertions, terms, and processes). The type
judgement for assertions is of the form

IRV
The type judgement for conditions is of the form

Voo
The type judgement for terms is of the form

ILOEM:T

The type judgement for processes is of the form

oEP
We write I', ¥ - 7 for an arbitrary judgement.

As we can order the environments, and since we have just defined the type of judgements
used, we can introduce the notion of a minimal type judgement. A minimal type judgement
is a type judgement for which there exists no smaller environment for which the term,
process, or assertion can be well-typed. We formalise this in Definition 4.1.13.

DEFINITION 4.1.13 (Minimal type judgement). Let T' be and environment, ¥ an
assertion, M some term, and 7" some type. We say the type judgement I', U - M : T is
minimal, denoted T', ¥ i M : T, if for every IV < T and ¥/ < ¥ we have I/, ¥' ¥ M : T

Finally we introduce the compatibility relation <P in Definition 4.1.14. This relation
serves the same purpose as it did in the simple type system introduced in Section 3.1,
namely it describes the relationship between the type of the channel and the type of the
information send on the channel.

DEFINITION 4.1.14 (Compatibility relation). We introduce the predicates <P, <P,
and «P* to describe which types of values can be carried by channels of a given type. We
distinguish between input capability «P~ and output capability <™. If 77 «P~ T and
T, <™ Ty we write Ty <P Th.

4.1.1. Criteria for type rules.

Assertion invariance. As assertions are identified up to ~ this must also be the case
for the type system. This implies that if we have a valid judgement I', ¥ I 7 and ¥ ~ ¥’
then the judgement I', ¥/ I 7 must also be valid.

The empty assertion. In 1-calculi the empty assertion 1 serves as the empty process.
We therefore require the following typing rule for the empty assertion

[T-One] '+ 1 where T is unlimited.

This rule ensures the empty assertion can only be typed in an environment where no
limited resources remain.

Substitutivity. We require that the substitution property for judgements holds for any
instantiation of the type system. The substitution property for judgements is defined as
seen in Definition 4.1.15.

DEFINITION 4.1.15 (Substitution property for judgements). Suppose I' + & : T.9+J
with ZNdom(T") = 0, fn(J) C Z, and T';, U; - M, : T; for all i € [1,|Z]]. Then I'g, ¥y +
J[Z := M) where

Lo=T+ > Ty
1<i<|7]
and
=0 &K ¥

1<i<|7]
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I +Z:T,0 P
Ly, Uy by AN : T — U,

Toin] I's, W3 Fmin M : Us b gs (_;‘7 S{OF ey
“In - where =11 2 3
I, ¥+ M(A\Z)N.P U="U, 00, Vs

I, Wy Fin M 2 T
Po, Wo Fpin N : T,

+
I3, Uz P Ty «p7 To
[T-Out] T UVLAIND where I'=11+19+ 13
’ ' V=" QU V¥;
I'=I141%
[ +Tp, U1 @ Uy F Py U=V @0,
F2+FP17\I’2®\IJIP |_P2 ./T"(Pl):(l_‘p \I/p)
T-P . h b
[T-Par] T,UF P | P, WIS F(Py) = (Tp,, Up,)
‘I’:p1 < Vp,
\IJPQ S \I}PZ
vrP T" is unlimited
[T-Rep] LUk xP where ¥ idempotent
I'+o: T, OFP T VO
T-R T-Ass] —2
T-Res] o e TP T-Ass]
Ul o; ok P 1<i<k
[T—Cas] ) U’L 9 K2 = 2 =
I''Vtcaseoy: P,...,o01: P
LU, P C(P, U 0,#:T, U+ N:U
[T-Wea] —— (5% [T-Pat] o

[0 @Wy b P L, U - (AN : (T — U)

TABLE 4.1.1. Typing rules for linearly typed -calculi

4.1.2. Typing rules. We are now in a position to introduce the typing rules for
the linear type system for t-calculi. The typing rules are defined in Table 4.1.1, and we
proceed briefly explain the reasoning behind them. For more information we refer to [13].

In [T-Par] we distribute the bindings according to the rules of context split. The rule
is in spirit similar to the one presented in Table 3.1.2, and frame is defined the same way.
But we here use \II’Pl < ¥p, and thus allow, but do not require, the parallel components to
utilise assertions from the other parallel components. In [T-Res| we make sure to remove
any and all assertions involving the restricted name. We do this since the name is not
known outside the scope, and consequently the assertions involving this name become
partially unknown and thus unusable. Finally [T-Wea] allows us to add assertions to a
typing assuming the assertion used to satisfy P satisfies some condition C with regards to
the processes P.

4.2. Constraint generation for linearly typed i-calculi

Just as we did in Section 3.2 we need to convert the typing rules into constraint
generation rules. The generation rules we present in this section are very similar to the
ones found in the aforementioned section. The main difference lies in the fact that we
now have type environment and assertions as two different parts of the type check, and
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the requirement of minimal type checks. Before we can present the constraint generation
rules, we require the definition of a predicate b that takes a type environment I" in which
each name is assigned a type variable, and then returns a new environment I such that
dom(T") = dom(I"”) and ran(I") Nran(I") = 0 i.e. the predicates ensures we have a copy
of the input environment where each assigned type variable has been changed to some
hitherto unused variable. We formalise this in Definition 4.2.1.

DEFINITION 4.2.1 (Fresh environment Fb(I')). Let I' be an environment such that
dom(T") € A and ran(I') C TVar. Then we say that Fb(I') = I" if dom(I") = dom(I"),
ran(I") Nran(I”) = 0, and ran(I") is fresh i.e. hitherto unused in the constraint generation

We use this new predicate b in our constraint generation to simulate the context
split. Instead of splitting the environment—as we at constraint generation time cannot
know which binds belongs where nor can we know how to split the types—we instead
create a new copy of the environment. We can then afterwards compare the types assigned
to a name in each of the environments, and then determine if a split was possible and
assuming it is, how the types must have been in the complete environment. In order for
this approach to work we need to introduce an additional type similar to the unit assertion
1; this type is going to represent when a name is not bound in an environment. Before we
formally define this type as seen in Definition 4.2.3, we would like to give some intuition
to its uses in a small example below.

Because of the rule [T-Wea| and the use of ¥/ < ¥ in [T-Par] we cannot know, during
the constraint generation, what assertion we will be using in the typing of a process. We
therefore encode these assertions using constraints and assertion variables, denoted by .
This means we need a new definition of frame, F’, seen in Definition 4.2.2, in which we
use the same definitions of .Z and > as in Section 3.2.

DEFINITION 4.2.2 (Constraint Frame, ). Given a process P, F'(P) = (T, v, ¢) if
o F(P)= (")
o L(p)>p =¥

We now present the constraint generation rules, based on the typing rules of Table 4.1.1.
They are of the form I' - M ~~ 7;1; ¢, where 7 is a type variable representing the type of
the term M, v is an assertion variable, representing the assertion used to type M and ¢
is the conjunction of constraints that must be satisfied in order for I';¢ = M : 7 to hold.
The constraint generation rules are similar to the ones presented previously in Table 3.2.1
in Section 3.2. The main difference between the two, are the usages if «P~ and «P™ instead
of «p, the encoding of not only types, but assertions, and the incorporation of [T-Wea]
into each of the other rules. This is a necessity as [T-Wea] is not syntax directed, and
we therefore cannot at constraint generation time know where to apply this rule. Let us
consider a simplified version of the [T-Par| constraint generation case. Assume we have
the processes ab.1 | @c.1 and type variable environment I'. As mentioned above we now
simulate the context split using b and we have I'j = Ib(I") and I'y = Ib(I"). Assuming
we generate constraints using I'y - ab.1 ~» ¢ and I's - @c.1 ~» ¢o it should be quite
clear that the name ¢ does not appear in any of the constraints ¢; while the name b does
not appear in ¢o. For this reason we can assign the empty type € to ¢cin I'; and b in 'y
givingus Iy = a : 71,0 : Tbl,c ceand Ty = a : 72,b: e,c: 72. Since we would like € to
represent the notion “this name should not appear in this environment”, we can conclude
that Iy +To=a: (70 +72),b: (1} +e),c: (e+72) =a: (L +72),b: 7} c: 72

DEFINITION 4.2.3 (Empty type (¢)). Let € be the type such that for any other type T
we have T'+e =T

In Table 4.2.1, the constraints are represented as encodings, which will have to be con-
verted into ALFP when the constraint generation is instantiated for a specific type system.
The meaning of most of the encodings is obvious, with [[if C(P,v’) then Weak(v), ¢') else ) =
1'] being the only exception. This encoding is meant to represent a possible use of [T-Wea].
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TABLE 4.2.1. Constraint generation for linear types

Since we do not know when [T-Wea] may be used, we need to consider the possibility of it
occurring between every syntax-directed rule, which is why the above encoding is found in
all the rules.

Criteria for constraint generation. If we are to prove anything about our type inference,
we need to define certain criteria regarding how to instantiate it. These greatly resemble the
one seen in Theorem 3.2.4, but instead of just an encoding of [ <P 72] we have multiple
different encodings. In order to ensure that the constraints generated in Table 4.2.1 are
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enough, we need to ensure that a solution to such constraints, .2 (¢), and the instantiation
function, >, not only models the constraints, but also respect the operators +, ®, =, and
so forth. We thus for instance require that “for any constraint generated by a process,
¢, and any assertion variables, ¥, ..., ¥y, if Z(¢) > 1)1 = Z(d)>1ha @ R L(P) > ¢y,
then Z(p A1 = 2 ® - - ®1)y]) exists”. The complete list of criteria is listed below, and
should not be surprising.

(1) For any term M, there exist a type environment I', an assertion ¥, and a type
T such that I')¥ by M @ T if and only if T'py = M ~ 7;9;¢ such that
Z(¢) is defined, ZL(p)>7 =T, L(p) >t = U, dom(l) = {z |z : 7, €
Ty and Z(¢) > 7, # €} and for all x € dom(T), T'(z) = Z(¢) > Tpr(x)

(2) For any condition o, there exists a type environment I" and an assertion ¥
such that I', ¥ F o, if and only if 'y - o ~ ;¢ such that Z(¢) is defined,
Z(@p)>1 =¥ and dom(T") = {z |z : 7, € Ty and Z(¢) > 7, # €} and for all
z € dom(T), I'(z) = Z(¢) > 'y (2)

(3) For any assertion ¥, there exists a type environment I' and an assertion ¥’
such that T, ' - W, if and only if T'y F ¥ ~» ;¢ such that Z(¢) is defined,
ZL(p)>1vY =V and dom(T') = {z | x : 7, € 'y and Z(¢) > 7, # £} and for all
x € dom(D), I'(x) = Z(¢) > T'y(x)

(4) For any type variables 71 and 72, and any constraint ¢, if £ (¢ A [ <P~ m]) is
defined, then Z(p A [r1 <P~ w]) > 11 <P~ L(O A [11 <P~ T2]) > To.

(5) For any constraint generated by a process, ¢, and any type variables, 71 and 7o,
it Z(p)>11 P~ L(¢) > 19 then Z(p A 11 <P~ 72]) exists.

(6) For any type variables 71 and 75, and any constraint ¢, if £ (¢ A [r1 «PT 7)) is
defined, then Z(¢ A [r1 «PT 1)) > 711 «PT L(P A1 «PT ]) > 7.

(7) For any constraint generated by a process, ¢, and any type variables, 71 and 7y,
if Z£(¢)>11 <Pt L(¢) > 12 then L (P A [11 «PT 1)) exists.

(8) For any type variables 71, ..., T, and any constraint ¢, if Z(pA[11 = T2+ -+74])
is defined, then Z(pA [ =n+ -+ )b =ZL(PA[n=n+ - +7]) >
rot A LGN = T2t 4 7a]) B T

(9) For any constraint generated by a process, ¢, and any type variables, 11,..., 7,
if Z@p)omn=ZL@) >+ -+ L(P)>1, then L(pA[r1 =72+ +7])
exists.

(10) For any assertion variables 1, ...,1,, and any constraint ¢, if £ (¢ A [t1 =
P ® - ®@1y]) is defined, then L(dA 1)1 = 2@ @Y,]) > Y1 = L(O A1 =
P2@- - @Yp]) DY@ @ L(DNA[1 =2 ® - @ Yp]) > Yn.

(11) For any constraint generated by a process, ¢, and any assertion variables,
Bl o, i L(9) B 1 = L(6) >t ® -+ @ L() > 1y then L(6 A [ty =
o ® -+ ®1hy]) exists.

(12) For any assertion variables 11 and 19, and any constraint ¢, if £ (¢ A [¢1 < 12])
is defined, then Z (¢ A [th1 < o)) > 1 < Z(¢ A [Y1 < 2]) > oo

(13) For any constraint generated by a process, ¢, and any assertion variables, ¢ and
o, if $(¢) > < $(¢) > 1o then $(¢ A [[wl < wgﬂ) exists.

(14) For any assertion variables 1, ...,%y,, and any constraint ¢, if £ (¢ A [¢1 =

- =1by,]) is defined, then L(p A1 = =Y ) > y1 == L(d A [t)1 =

(15) For any constraint generated by a process, ¢, and any assertion variables,
Uiy .ooyUn, if L(@) > Y1 = -+ = ZL(¢) > Yy, then L(p Ath1 = -+ = ])
exists.

(16) For any assertion variables 11 and v, any = € N, and any constraint ¢, if
ZL(¢ N[ = pg +z]) is defined, then L(PA [t = Yo +a]) > 1 = L(PA ¢ =
P =+ x]]) > Y2 + .

(17) For any constraint generated by a process, ¢, any assertion variables, ¥ and g,

and any z € N, if Z(¢) > Y1 = L(¢) > 1Yy +x then L (o A [t = 19 + x])) exists.
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(18) For any assertion variables ¢ and v, any process P, and any constraint ¢,
if L (¢ A [if C(P,11) then Weak(t)g, 1) else ¢ = 11]) is defined, then either
C(P,Z (¢ N [if C(P,v1) then Weak(1)2, 1) else 12 = 101]) > 1) holds and £ (¢p A
[if C(P, wl) then Weak(ng, wl) else 9 = 1/)1]]) > = g((ﬁ/\ [[wl = 19 —.%'ﬂ) > 1o ®

U3 for some W3 allowed by [T-Weak] or Z(oA[if C(P, 1) then Weak(t)2, 1) else 19 =

P1]) > Y1 = ZL(@ A [ = b2 + 2]) > o
(19) For any constraint generated by a process, ¢, any assertion variables, ¥ and g,
and any process P, if either C(P, £ (¢ A [if C(P, 1) then Weak(t)2, 1) else 1pg =
1)) > 1) holds and Z (¢ A [if C(P,1)1) then Weak (12, 1)1) else 1o = 91]) >1p1 =
L(p N1 = 2 + x]) > 2 @ Y3 for some V3 allowed by [T-Weak] or £ (¢ A
[[if C(P, ¢1) then Weak(¢2,w1) else ¥y = ¢1ﬂ) > = .iﬂ(qb A [[Lbl =1y + ZL‘]]) > g
then Z(¢ A 11 = 12 + x]) exists.
Now that these criteria have been established, we put forth Theorem 4.2.4 and
prove it for any instantiation of the type generation which satisfies the above criteria in
Appendix B.2.

Theorem 4.2.4. For any process P, there exists a type environment I' and an assertion
U such that T, ¥ + P, if and only if Tp b P ~> ;¢ such that £ (¢) is defined, L () >V,
and dom(I") = {z |z : 7, € T'p and L(¢) > 7 # €} and for all z € dom(T"), I'(z) =
Z(¢)>Tp(x)

4.3. Simple linear types as a 1-calculus

In this section we present an encoding of the simple linearly typed m-calculus as a
typed w-calculus. We choose the type system originally introduced by Kobayashi et al. in
[15]. The type system is simple in the regard that we only have channel types and denote
non-channels by channel types with no capabilities i.e. they cannot be used for either input
or output. In addition each type is associated with a multiplicity: either the type has the
multiplicity 1 which denotes that it can (and must) be used exactly once or it can have
the multiplicity w which allows the channel to be used freely (or not even used at all).

The nominal data types and operations, the type system, the syntax of the m-calculus,
and finally the encoding of the m-calculus as a 1)-calculus are presented in Tables 4.3.1
to 4.3.4.

We also need to define the typing rules for terms, assertions, and conditions. However,
since we have no assertions—aside from 1—there are no additional typing rules for
assertions. For conditions we have simply written b in the [If]-encoding, and the actual
typing rules would depend on what one is allowed to write in b. For this example however
this is of little importance, and we will simply leave the typing rules for conditions
undefined. Finally for terms we have only a single simple rule as shown in Table 4.3.5. For
simplicity we also include the constraint generation rule for variables in the same table.

We now proceed to define the required constraint encodings as seen in Table 4.3.6.
Since we have no assertions for this simple type system, all constraints related to assertions
are simply ignored.

The last required definition, namely the one for the type and assertions reconstruction
function is defined by the rules seen in Table 4.3.7. It is worth noticing there are no

T: N

C: {ab|a,be T}
A1

®: undefined

1. 1

F:  undefined

TABLE 4.3.1. Nominal data types and operations
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T:= Type
p™T channel type
p = Capability
0 no capability
{1} output capability
{7} input capability
{1,?7} Dboth input and output capability
m = Multiplicity
1 linear
w unlimited

TABLE 4.3.2. Types for the v-calculus encoding the wp-calculus

P .= Process
0 inactivity
P|P parallel composition
x!Z.P output
x?Z. P input
(vx:T)P restriction
*x 7T replicated input

if b then P; else P, if-then-else construct

x Name

TABLE 4.3.3. The syntax of the simple linearly typed m-calculus

[Nit] - [0] = (1) [Par] [P |QI=T[PT|[Q]
[Out] [z!y.P] =7y.[P] [In]  [2?y.P] = 2(A\9)y.[P]
[Res] [(vx:T)P] = (vz:T)[P]

[If] [if b then P else P2] = caseb: [Pi] , —b: [P2]
TABLE 4.3.4. Encoding of 7 in ¢

I'(n)=T

V N/ -
Varl T

[Ast] undefined

[Con]  undefined

L(n)=r
F'kEn:7~s 1T
TABLE 4.3.5. Typing rules for terms, assertions, and conditions

[Var-C]

reconstruction rules for assertions as we have no assertions in this simple type system. The
remaining rules are straight forward and should not require any additional explanations.
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[r1 <~ =] = In(11,72) [r1 <™ 2] = Out(my, 72)
[r1 =72+ ] = Add2(11, 72, 73) [11 =72+ 73 + 74 = Add3(71, T2, T3, 7T4)

TABLE 4.3.6. Constraint encoding

cap mul val

Emp(7) ¢ ¥ o> T=0p > T=m o>T17=T
b7 =p"T

Emp(7) € ¥
Op>T=¢

Bin(r,7") € @ AOut(r,7") € ®

cap

or>T=10
In(r,7") € @ BOut(r,7") € ®
o> r={7)

Bin(r,7') € @ Out(r,7") € ®
cap

o> 7={l}

In(r,7') € @ Out(r,7") € ®
cap
o >7={,7}

In(r,7") € ® o7 =T BUn(r) € @
val mul
dPp>r=T o> Tr=1
Out(r,7) € ® o7 =T Un(t) € ®
val mul
d>T1=T d>T=w

An(r,7) € ® AOut(r,7") € ®

val
d>T=¢

TABLE 4.3.7. Type and assertions reconstruction function

We now only need to define the axioms used to derive the solution to the constraints
and thus the ability to infer the types. We present the axioms in Table 4.3.8. We introduce
the constraints NotEmp and Emp to denote if we are allowed to assign the type € to a type
variable. For instance if we assume we have some process a(Ax)x.P where x ¢ names(P)
we could accidentally end up assigning the empty type to x, since we never generate any
type constraints for x. This would however be a mistake; recall that we use € to denote
that a name should not appear in an environment, and obviously x should appear in the
environment. Not only should x appear in the environment used to type check P, it should
appear in at least one chain of environments all the way down to a 1. This is the case as we
cannot remove names arbitrarily from environments. The constraint NotEmp(7) denotes
that € cannot be assigned to the type variable 7 whereas Emp(7) allows this assignment.
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Va : Eq(a,a)
Va : Vb : Eq(a,b) = Eq(b,a)
Va : Vb : Ve : (Eq(a,b) A Eq(b,c)) = Eq(a,c)

Vit : Vity : Vi : (In(t, tl) VAN |n(t,t2)) = Eq(tl,tg)
Vit @ Vtq @ Vi @ (Out(t, t1) A Out(t, t2)) = Eq(t1,t2)
Vit : Vity : Vi : (In(t, tl) VAN Out(t,tg)) = Eq(tl,tg)

Vi1 : Vg : V- (In(tl,t’) A Eq(tl,tQ)) = |n(t2,t/)
Vi, : Vit V- (Out(tl,t’) VAN Eq(tl,tg)) = Out(tg,t/)
Vt1 : Vg - (NOtEmp(tl) A Eq(tl,t2>) = NOtEmp(t2>

Vit : V' :In(t,t') = NotEmp(t')
Vit : V' : Out(t,t") = NotEmp(t')

Yty : Viy : Vig : (Add2(t1,t2,t3) VAN NotEmp(tg)) = NotEmp(tl)
Vity : Viy : Vig . (Add2(t1,t2,t3) VAN NotEmp(tg)) = NotEmp(tl)

Yty : Vig : Vig : Viy : (Add2(t1,t2,t3) A NotEmp(tl) —|NotEmp(t2)) = NotEmp(tg)

th 2Vt2 : vtg : \V/t4 : (Add3(t1,t2,t3,t4
Yty @ Vitg @ Vg : Yty @ (Add3(t1, ta, L3, 14
Yty @ Vitg : Vitg : Yty @ (Add3(t1, ta, t3, t4
Vity : Vig : Vig : Viy : (Add3(t1,t2,t3,t4 A NotEmp(t;

A=NotEmp(t2) A =NotEmp(t3)) = NotEmp(t4

~—

A NotEmp(tz)) = NotEmp(t;
A NotEmp(t3)) = NotEmp(
A NotEmp(t4)) = NotEmp(t;
(t1)
(ta)

h)
t1)
h)

Yty : Vitg : Vi3 : Vt : (Add2(t1,t2,t3) VAN |n(t2, )) = |n(t1,t)

Vi1 : Vitg : Vi3 : Vt : (Add2(t1,t2,t3) VAN In(t3, )) (tl t)

Yty : Vig : Vig : Vt : (Add2(t1,t2,t3) A Out(tg, )) = Ou (tl,t)
Vtq : Vitg : Vig : Vt : (Add2(t1,t2,t3) A Out(tg, )) = Out(tl,t)
Vit : Vitg : Vig : Vit : Vt : (Add?) tl,tg,tg,t4) A In(t2, )) = |n(t1,t
Vi1 : Vg : Vig : Vig : Vit : (Add3(t1, to,t3,t4) A |n(t3, )) = |n(t1,t
Vit : Vo : Vig : Vit : Vit : 1,t)) = In(tq,

( )
(Add3( ) )
(Add3(t to, t3, 4) VAN In(t , )
Yty @ Vig @ Vg : Yty o Vit : (Add3(t1, ta, t3,t4) A Out(ta,t)) = Out(ty,
Vi1 : Vg : Vig : Vig : V. (Add?)(t to, 13, 4) A Out(tg,t)) = Out(tl,
Yty : Vig : Vig : Vig : Vt : (Add3(t1,t2,t3,t4) VAN Out(t4,t)) = Out(tl,

t)
t)
t)

Vit : Vity : Viy: (In(t,tl) VAN |n(t,t2) ANty # tg) = Un(t)

Vit : Vity : Viy: (Out(t,tl) A Out(t,tg) ANty # tg) = Un(t)
Vit : Add2(t,t,t) = Un(?)

Vit . Add3(t,t,t,t) = Un(t)

Vi (V' =In(t, t) A (VE 2 =Out(¢,¢')) A =NotEmp(t)) = Emp(t)

Vt1 : Vg - (ln(tl,tz) A Eq(tl,tg)) = Fail(tl)
Vt1 : Vg - (Out(tl,tg) A Eq(tl,tg)) = Fail(tl)

TABLE 4.3.8. Axioms for simple linearly types

4.3.1. Example. Let us now consider the simple process
P=7y.(1) | z(Aa)aabac.(1) | y(Ad)d.y(re)e.(1)

for which we wish to conduct type inference.

In order to do this we first construct the minimal typing environment for the process,

using the free names of P, giving us

IF'=x:7m,y:7m,b:73,¢c:74.

Using the constraint generation rules of Tables 4.2.1 and 4.3.5 we generate the following

constraints:
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Add3 )
Add3 )
Add3(73, 73,73?,7'3?)
Add3(r4, 74,7, 73)

2 3
7-1 7-1,7—1,7—1

NN SN N
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zy.(1)

z(Aa)a.ab.ac.(1)

y(Ad)d.y(Ae)e.(1)

Out(Tl ,7'212) |n(7’1 ,7'5) |n(’7’2 ,T6)
Add3(7‘1,7'1 ,7'112,7'113) Add3 7'1,7'1 ,7'122,7'123) Add3(7’1,7'f’1,7'f’2,7'f’3)
Add3(7’2,7211,7'2 ,7'213) Add3(7’2,7'2 ,7'2 ,7'223) Add3(72,75’1,7§2,7'§’3)
Add3(7'3,7311,7'3 ,7'3}3) Add3(7'3,7'31,7'3 ,7'3?3) Add3(7'3,7'§1,7§2,7'§3)
Add3(7-4a7-i177_4 77—413) Add3(7-4a7—4%157_4 77—33) Add3(7’4,7}fl,7';§2 7_23)
Out( 231 ??32) |n( 331 7.7)
Add3(7’1 , 7'1231, Tt 232 7'1233) Add3(7‘1 , 71331, Tf’32, Tf?’?’)
Add3 (7%, 730, 3 735)  Add3(rg®, ry m2, )
Add3(73 , 73?31, 73232, 7'3?33) Add3(7'3 , 7'5’31, 7'332, T§'33)
Add3(7'4 T, 231 7_23277_233) Add3( 331 7_332’7_233)
Add3( 5’7_5231 23277.5233) Add3( 331 332 T6333)
OUt( 2331 42332)
Add3( ,7.2331 T2332 7.2333)
Add3( 7_2331 7.2332 7.2333)
Add3( 7_2331 7_2332 7.2333)
Add3( 7_2331 7_2332 7.233 )
Add3( 2331 2332 7.2333)

Using the axioms of Table 4.3.8 we construct the solution found in Appendix A.2. In

the solution we let t_abc_xyz denote the variable 7,

:cyz

We can now use this solution,

which we shall denote ® and the function > to determme the types assigned to the type
variables 11, T, 73, and 74.

cap l
x : 71: In order to compute ¥ > 7 we need to compute dpr>T7, P D 71, and ¢ [ 1.
cap
> : Since we have In(7,75) € ® and Out(7y,752) € ® we can conclude that
cap
o > T = {' 7}

mul

> : Since we have no Un(7;) in ® we can conclude ® D = 1.

val

>: Since we have In(71,75) € ® we need to compute ® > 75. This computation
follows the same pattern, and we, for simplicity, immediately present the

result, namely ® > 75 =

{1}¥(@e). This implies that ® S = {1}*(0%).

Since we have computed the capabilities, multiplicity, and value type of 71 we
can conclude that ® > = {!, 7} ({!}*(0'e))

cap
T 72 In order to compute ¥ > 75 we need to compute ® > o, ¢ D To, and ® > 7.

' Since we have In(72,76) € ® and Out(m, 7}

cap

(I)l>7'2—{' 7}

mul

> : Since we have Un(72) € ® we can conclude o>

val

val

€ ® we can conclude that

T — W.

>>: Since we have In(72,76) € ® we need to compute ® > 7. This computation
follows the same pattern, and we, for simplicity, immediately present the

result, namely ® > 75 = ()'e. This implies that ® gl 9 = Ple.
Since we have computed the capabilities, multiplicity, and value type of 7 we
can conclude that ® > 7 = {!, 7}*(0'e)
b : 732 This computation is similar to the above, and since we have no In, Out, or
Un constraints for 73 we can easily conclude ® > 73 = (e
¢ : 74: This computation is similar to the above, and since we have no In, Out, or

Un constraints for 74 we can easily conclude ® > 74

= (e
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I +Z:T, 0 P
T's, Us Fimin ()\f)N T — U, Us -~ U,
I3, W3 bFmin M = Us &7 (U, ¥, Uy, \113)

T h
[T-In] [0 F MO\Z)N.P WHETE b Dy 4Ty 4T
V=", ¥, \113

', Wy Fin M 2 T

Lo, Wo Fmin N = T, T, &t T,

I3, U3+ P T (U, Wy, Uy, U3)
T_ I h b b b)
[T-Out] — T 7rNp R A N S o

UV="U;@¥,® Vs

TABLE 4.4.1. New typing rules for linearly typed w-calculi

4.4. Ensuring termination for value-passing as a -calculus

In [13] Hiittel attempts to create an instantiation of the linearly typed v-calculi to
ensure termination in value-passing processes inspired by [3], but we have found that this
instantiation does not work, allowing the typing

a:Chlb:Chlc:1,3F xa(Ax)z.bx.(1) | *b(A\y)y.ay.(1) | @c.(1),

even though the process obviously does not terminate. One reason it does not work is
because the definition of ®: m ® chan(m) = n for n > m and n ® kK = max(n, k) is not
associative—(chan(1) ® 1) ® 2 < 2 and chan(1) ® (1 ® 2) is undefined—as required by
the definition of v-calculi. The replicated input rule he presents also cannot be derived
from the typing rules for replication and input, and in addition cannot be used to ensure
termination in the same way as in [3]. Finally, the proposition supposed to prove that the
type system ensures termination would also hold for a type system, which types everything
with the same type, which would obviously not ensure termination.

Since this instantiation does not work, we have instead attempted to make our own
instantiation to ensure termination, but found it very tricky. The idea behind the type
system is to assign a level to each type, and only in- and output on a channel guarded by
replicated input on another, if the first channel has a lower level than the one used in the
replicated input. Since we needed a way for the type system to know when an input or
output directly followed replication, and to be able to ensure a correlation between the
assertion used to type the channel being used and the rest of the process in an input or
output. We also needed to prevent replicated output, parallel composition at so forth,
so processes like xa(Ab)b.P | @ c.Q) could not be typed. The first we managed to do in
the instantiation using a relation, «P (¥, Uy, Uy, U3), on the assertions. The relation is
similar to T' <P U for types, and is used to describe the relationship between the assertions
for the type check of the process with the input/out, the channel, the term, and the
remaining process respectively. As a result, we have altered the typing rules for input and
output slightly, so that they now make use of this new relation, and we present those in
Table 4.4.1. It is worth mentioning that the addition of this relation have no effect on the
proofs of safety and subject reduction seen in [13]. As for preventing replication before
anything other than input, e.g. preventing *(P | @), we resort to make a restriction on the
syntax for this particular -calculus, preventing such processes. While it might be possible
to enforce this restriction using the type system itself, we have been unable to achieve this
and thus simply disallow such processes instead. We therefore for the remainder of this
section assume that replication can only occur before an input process i.e. as *a(Ax)z.P.
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We can then define an instantiation of the type system that ensures termination. The
idea is to assign a level to each type such that channels only send types with a level that is
at most equal to their own, and ensure that any channel used for input or output guarded
by a replicated input would have a lower level than the one used for the replicated input.

We have a set of types defined by

T:=Ch"|n

Where Ch™ is the type of channels allowed to send names of type m for m < n. We also
define type addition as T'+ T =T for all types T.
We then define the assertions used in this type system here:

U ::= [n,m] | *[n,m| | chan(n) where n,m € N.

We use [n, m] to assert a process which is not immediately preceded by and does not start
with a replication wherein all types have a level of at most m, we use *[n, m] to assert a
process which is immediately preceded by or starts with a replication wherein all types
have a level of at most m, and we use chan(n) to type channels of type Ch". In addition
we use of r[n, m| to denote that an assertion can be either [n,m] or %[n, m].

We then define our assertion compatibility predicate in Definition 4.4.1. It ensures that
when x[n, m| is used to assert input the r1[ni, m;] used to assert the rest of the process
has a lower level m; than the chan(ns) used to assert the channel the input is received on.
The compatibility predicate for types, seen in Definition 4.4.2, ensures that channels only
send names with a level smaller or equal to their own.

DEFINITION 4.4.1 (Assertion «P). We define the compatibility of assertions like this:
7 (x[n, m],r[n1, m1], [n2, ma],chan(ng)) if m; < ng
<~ ([n,m],r[n1, m1], [n2, ma], chan(ns))
<t ([n,m], r[n1, m1], [n2, ma], chan(ns))

DEFINITION 4.4.2 (Type < ). We define the compatibility of types like this:

Ch™ «p n where m > n

The last thing we need to define before we present the typing rules for terms assertions
and conditions is assertion composition, seen in Definition 4.4.3. These are designed to
ensure that *[n, m] ® x[n, m| = x[n,m] and [n, m] ® [n, m] is not defined, but that these
can otherwise be used the same ways.

DEFINITION 4.4.3 (Assertion composition). Let assertion composition be defined as

chan(ny) ® chan(ng)  ny,ne <m
ma S m,
chan(ny) & ra[na, ma] n1 < m,
[n, m] = no S mo

mi,mo < m,
ri[n1, mi] ® ra[ng, ma]  ny < my,
ri[ni, mi] # ra[ng, ma

chan(ny) ® chan(ng) ni,ng <m
mo S m,
chan(ny) ® rolng, mo ny <m
= | O @rafraa] < e
mi,ma S m,
r1[n1, mi] ® ra[ng, mo] n; < mi,
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[Nam] T,[n,m]Fa:T if T'(x)=T
[Cha] T, chan(n)t a:Ch" if I'(a) =Ch"
T, [n,m] - M; : n; 1<i<|M|

[Com] ifnignf0r1§i§|]\2|

T, [n,m] l—f(]\_j)n

TABLE 4.4.2. Typing rules for terms, assertions, and conditions

Ty = M~ 75 Y dm
1—‘N F ()‘f)N ~ (F_> Tn>;wn§¢n
Lp,Z:TH P~y dp Par = Ib(T)

[CAn] M OPNP — o Ao b where Eg z }}E((;))
/\[W = wm ® P ® %]] A [[Tm - Tn]]
A =72+ 13+ 74]
I'(z)=m1
Ly (z)=72
T
A[lif C(M(AZ)N.P,v') then Weak (v, ) else ¢ = 9]
AT (s ¥p, Yns thm)]
Car = M~ T Vs Om
Ly E N~ 7 Yn; on
ngpwz;-:f ’ L'y =1b(I)
[C-Out] — pr where I'y = Ib(I)
FFMNPWlb’(ﬁm/\(ﬁn/\(]ﬁp FPZI{)(F)

A" = thm & Yn @ Yp] A [T <PT 7]
AN =7 +7+ 14
I'(z)=71
Iy (z)=m2
I'n(z)=73
Fp(x):7'4

A[if C(M N.P,v') then Weak (¢, 1) else 1) = 1]
AT (8, ¥p, Y, Y]

TABLE 4.4.3. New constraint generation rules for linearly typed v-calculi

Finally we present our typing rules for terms in Table 4.4.2. They resemble the ones
seen in [13] a great deal.
We can now put forth Theorem 4.4.4 and prove it in Appendix B.2.2.

Theorem 4.4.4 (Termination). If there exists a I' and ¥ such that I',¥ + P then P
terminates

4.4.1. Constraint encoding. Before we can present the encoding of the constraints
generated by the constraint generation rules of Table 4.2.1, we first need to define the
constraint generation rules for terms and the new input and output rules. The constraint
generation rules for input and output are identical to the ones defined in Table 4.2.1
with the exception of the introduction of the new side condition <P (¥, Wy, Uy, U3). The
constraint generation rules for terms are equally straight forward. We present the new
constraint generation rules for input and output, and the constraint generation rules for
terms in Tables 4.4.3 and 4.4.4 respectively.
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C.V I(z)="71

[ - ar] F'_wa;l/’;ASS(@b,p,n,u)/\Lin(p)
A(Chan(7) = (AssChan(y)) A Eq(T,n)))
A(AssChan(y) = Chan(7))

[C-Com| LF M~ 7 9i; i L <i<|M|

Tt f(M) ~ 7395 \ s

NAss(v, p,n, 1) A Eq(n, )
AN (Vpi N 2 Y - (Ass(vi, pi, miy i) = LessEq(ni, m)))

TABLE 4.4.4. Constraint generation rules for terms

Ass(i, p,n, 1) AssChan(y) Rep(p)  Lin(p)
Chan(r) Val(7) Less(a,b) LessEq(a,b)
Eq

TABLE 4.4.5. Constraint language for termination

We now proceed to define the constraint language we will utilise as seen in Table 4.4.5,
and explain what the relations will denote. For assertions, as we in linearly typed -
calculi have to encode those, we make use of the following constraints: Ass(v, p,n, 1) and
AssChan(v)). The relation Ass(1, p, 1, 1) denotes that the assertion variable v represents the
assertion p[n, u]. The relation AssChan(7)) denotes that the corresponding Ass(, p,n, it)-
relation is to be read as chan(n) instead of p[n, p]. For the multiplicity variables p we utilise
the relations Rep(p) and Lin(p) to denote whether p is % or nothing. We once again let 7
denote type variables and for the types we make use of the two relations Chan(7) and Val(T)
to denote either 7 is of the form Ch™ or n for some n € N. For the variables that denote
numbers i.e. 7, 1, and p we utilise the relations Less(a, b) and LessEq(a, b) to denote “a < b”
and “a < b” respectively. Lastly, as previously we let Eq(a, b) denote that two variables
are equal, and we will include axioms to ensure that the relation Eq will be an equivalence
relation and that it carries information correctly e.g. Val(m1) A Eq(m1, 72) = Val(m2) and so
forth.

In Table 4.4.6 we present the encoding of the constraints generated by the constraint
generation rules for processes as presented in Tables 4.2.1 and 4.4.3.

These encodings and axioms should not be surprising, when one considers the meaning
of the predicates. One side effect of these axioms, which may seem a bit odd is that
because an Eq(7,7n) predicate is generated in [C-Var| and [C-Com], the axiom V7 : V7o :
((Chan(7y) AEq(71,72)) = Chan(7z)) creates a Chan(n) predicate, even though it obviously
makes no sense to have a p[Ch", u] assertion. But we can simply define 1> in a way that
does not allow such a predicate, as seen in Table 4.4.8. Since p does not appear in any
of the criteria from Section 4.1.1 it does not matter whether .Z(¢) > p = Ch™. Only the
reconstruction of the type- and assertion variables matters, and these will obviously not

be influenced by Chan(p). The type reconstruction rules are otherwise as expected, with

level
S using Less and LessEq to find the minimum possible value for levels of types and in

assertions.
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[[FP— (¢7¢1>¢2a¢3)]] =
ASS(%ZJ’ P 1, M) A ASS(U)h P1,1M1, Ml) A ASS(¢27 P2, 12, )u2) A ASS(¢37 P3,13, M3)/\

(Rep(p) = (Rep(p3) A Less(ui1,m3))) A (Lin(p) = Lin(p3)) A Lin(p2)A
AssChan(v3)

[[(_P—F (wa 1/)17 wQa QJZ)3)]] =

Ass(v, p,n, ) A Ass(P1, p1,m1, 1) A Ass(a, pa, 12, pi2) A Ass(v3, p3, 13, 113) A\
Lin(p) A Lin(p2) A Lin(ps) A AssChan(w)3)

|I7'1 P~ 7'2]] =
Chan(71) A Val(12) A LessEq(12, 1)

|I7'1 -t 7’2]] =
Chan(7y) A Val(m2) A LessEq(2, 1)

[rn=mn+m]=
Eq(71,m) A Eq(T2, T3)

[m=m+7m+7] =
Eq(71, ) A Eq(72, 13) A Eq(73,74)

[y <apo] =
Eq(v1, 12)

[t =1p2 + 2] =
Eq(djla 1112)

[if C(P,12) then Weak(e1,1)2) else ...] =
Eq(v1,2)

[t = Y2 ® 3] =

Ass(1, p1,m1s 1) A Ass(g, p2, 2, pi2) A Ass(3, p3, 13, 13) A
LessEq(pi2, 111) A LessEq(us, p11) A LessEq(nz, p2) A

LessEq(ns, u3) A ((Ea(pz, p3) A Eq(nz,n3) A Eq(ue, 13)) = Rep(p1))
(AssChan(%1) = Fail(¢1))

[1 = Y2 @ Y3 @14] =
ASS(lpl, P1, M1, ,U,l) A ASS(1/JQ, P2,12, :u’2) A ASS<1/}37 P3,M3, M3) A A55(¢4= P4, M4, /’L4)/\
LessEq(pa, f11) A LessEq(ps, p11) A LessEq(pia, p11)
LessEq(na, p2) A LessEq(ns, 1s) A LessEq(na, pa)
(AssChan(t1) = Fail(¢1))

TABLE 4.4.6. Constraint encoding
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Va : Eq(a,a)
Va : Vb : Eq(a,b) = Eq(b,a)
Va : Vb : Ve : (Eq(a,b) A Eq(b,c)) = Eq(a,c)

YV 1 Vp1 :Vpo : V1 Vgt Ve : Yus :
((ASS(Qp,pl, 7717/”’1) A A55(¢,P27772a ,U'Q)) =
(Ea(p1, p2) A Ea(ni, m2) AEq(p1, p2)))

V’(ﬁl 2V1ﬂ2 : (Eq(d)l,wz) =
(Vp1 :Vpo : V1 Vg = Yug = Vus :
(Ass(th1, p1,m; 1) A Ass(t, p2, 12, pi2)) =
(Ea(p1, p2) A Ea(n, m2) A Eq(ur, 12))))

Vb1 : Vibg : ((AssChan(w)1) A Eq(t)1,12)) = AssChan(1)2))
Vp1 : Vpz : ((Lin(p1) A Eq(p1, p2)) = Lin(p2))

Vo1 : Vp2 : ((Rep(p1) A Eq(p1, p2)) = Rep(p2))

V711 : V72 : ((Chan(11) A Eq(71,72)) = Chan(7y))

V1 2 Vo ((Val(mi) A Eq(71, 2)) = Val(m2))

Vp1 : Vp2 : ((Rep(p1) A Rep(p2)) = Eq(p1, p2))

Vp1 : Vpz : ((Lin(p1) A Lin(p2)) = Ea(pr, p2))

Va : Vb : Ve : ((Less(a,b) A Eq(a,c)) = Less(c, b))

Va : Vb : Ve : ((Less(a,b) A Eq(b,c)) = Less(a,c))

Va : Vb : Ve : ((Less(a,b) A Less(b, c)) = Less(a,c))

Va : Vb : Ve : ((Less(a,b) A LessEq(b7 c)) = Less(a,c))

Va : Vb : Ve : ((Less(a,b) A LessEq(b, a)) = Fail(a)

Va : Vb : Ve : ,¢)) = LessEq(a, c))

((LessEq(a, b) A LessEq(
Va : Vb : Ve : ((LessEq(a,b) A Eq(b, c)
Va : Vb : Ve : ((LessEq(a,b) A Eq(a,c)
Va : Vb : ((LessEq(a,b) A LessEq(b, a)

= LessEq(c,b)

b a
) = LessEq(a,c))
) )
) = Eq(a, b))

Va : Vb : ((Less(a,b) A Less(b,a)) = Fail(a, b))

Vp : ((Rep(p) A Lin(p)) = Fail(p))
V7 : ((Chan(7) A Val(7)) = Fail(7)

TABLE 4.4.7. Axioms
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level

&> T=n Val(r) € ®

d>T=n

level

> T=mn Chan(r) €
dp>7=Ch"

level

> u=n Ass(v, p,n,p) € P AssChan(¢) € ®
® > ) = chan(n)

level level
> > n<n<m > pw=m Ass(i, p,n, 1) € © Lin(p) € ®
O > = [n,m]
level level
> > n<n<m > pw=m Ass(i, p,n, 1) € ® Rep(p) € ®

O > ) = x[n,m|

Pb: Less(b,a) € ® or LessEq(b,a) € ® where Eq(b,a) ¢ ®

level

P > a=0

3b : Less(b,a) € ® or LessEq(b,a) € @

level
({ 3b : LesskEq(b,a) e band m=® > bor })
n=max [ { m

Less(b,a) e Pand m=14+@ > b

level
> a=n

level
TABLE 4.4.8. Type and assertions reconstruction function
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4.4.2. Example. We now show an example of type inference on the simple process
P = xa(\¥)z..bx. | ac..

In order to generate constraints, we provide the environment I' =a : 7,0 : 79,c : 73. We
use the constraint generating rules to get a conjunction of the following constraints:

Ass(11, p18, M8, H18) Ass(111, p19:M19s 1119)  Ass(P12, P20, 11205 f120)
LessEq(j119, f118) LessEq (20, f118) LessEq(n19, p19)
LessEq(20, t120)

(Eq(p19, p20) A Ed(m19,m20) A Eq(p1g, pa0)) = Rep(pis)

AssChan(v1) = Fail(¢1) Ass(1pa3, pa1, 21, pi21)  Ass(113, p22, 122, f122)
Ass(114, pa3, 23, 1h23) LessEq(p22, fi21) LessEq(pe23, f121)
LessEq(n22, 122) LessEq (23, f123)

(Eda(p22, p23) A Eq(n22,1m23) A Eq(pasz, p23)) = Rep(pa1)

AssChan(v23) = Fail(1)23) Ass(117, pas, Noa, piaa)  Ass(111, p2s, 125, f25)
Ass(113, pas, 1265 1426) LessEq(pas, f124) LessEq(ua6, f124)
LessEq(n2s, f125) LessEq(726, 126)

(Ea(p2s, p26) A Eq(n2s, 126) N Eq(pi2s, t26)) = Rep(p24)

ASSChan(¢17) = Fa”(iﬂn) Eq(1/117, 1/)1) Eq(wlg, ¢15)

Eq(¢14, ¥16) Eq(71,71,) Eq(71,,71,)

Eq(72, 72,) Eq(72,,72,) Eq(7s, 73,)
Eq(7s,,73,) Ass(1)o, par, na7, pra7)  Ass(1ha, pag, 128, tiog)
Ass(1h2, p2g, 129, 1129) LessEq(ptas, f127) LessEq( 29, ft27)
LessEq(72s, fi28) LessEq (729, 1129)

(Eq(pas, p20) A Ed(m2s, m20) A Eq(pizs, pag)) = Rep(p27)

AssChan(y2) = Fail(v2) Eq(v1,v2) Ass(v3, p3, 13, 113)

VaI(Tlll) = Ass(w&planlvMI) Lln(p3)

Chan(ry,,) = (Ass(¢3, p2,m2, p12) A AssChan(vpz) A Eq(71,,,72))
AssChan(v3) = Chan(7y,,) Ass(4, pa, N4, p14) Lin(p4)
VaI(T4) = ASS(¢4, P55, ,u5)

Chan(74) = (Ass(v4, ps, 16, i) N AssChan(14) A Eq(74,76))

AssChan(t)4) = Chan(7y) Ass(Vs, P30, 11305 130)  ASS(13, P31, 731, [131)
Ass(tp4, p32, 32, 1132) Ass(v6, 33, m33, p133)  LessEq(us1, pso)
LessEq(us2, 1130) LessEq(p33, t30) AssChan(v5) = Fail(¢5)
Chan(r,,) Val(74) LessEq(74, T1,,)
Eq(7—11’7-111) Eq(TlnaTllz) Eq(7-11277—113)

Eq (7—21 ) 7-211) Eq (7—211 ) 7-212) Eq (7-212 ) 7—213)

Eq (7—31 ) 7-311) Eq (7—311 ) 7-312) Eq (7-312 ) 7—313)

Eqa(vs,¥2) Ass(12, paz, a2, praz)  Ass(1e, a3, M43, 1143)
Ass(14, paa, a4, has) Ass(3, pas, Nas, pas)  Rep(paz) = Less(p43,M45)
Lin(p42) = Lin(p45) ASSChan(¢3) ASS(¢7, P7, N7, ,u7)

Va|(7'2131) = ASS(1/}7, P8, 18, ,ug) Lin(p7)

Chan(m,,) = (Ass(¢7, po, M9, tt9) A AssChan(7) A Eq(T2,4,,79))
AssChan(¢7) = Chan(7'2131) ASS(I/Jg, £10, 110, ,um) Lin(plo)
Val(T4y4,) = Ass(1s, p11, 111, f111)

Chan(7y,,,) = (Ass(¢s, p12, M2, t12) A AssChan(ig) A Eq(74,4,,m12)))

AssChan(vg) = Chan(7y,s,) Ass(Y10, P34, M34, 34)  Ass(7, p3s, M35, 135)
Ass(vs, p3s, 1136, 1136) Ass(vg, p37,m37, p3r)  LessEq(uss, p3a)
LessEq(1136, 1434) LessEq(j437, f134) AssChan(t10) = Fail(¢)10)
Chan(7-2131) VaI(T4132) LessEq (7—4132 ) 7'2131)
Eq(T1137 7—1131) Eq<71131 ) 7—1132) Eq(7113277'1133>

Eq(7213a 7—2131) Eq(72131 ) 7—2132) Eq(T2132772133>

Eq(7313, 7—3131) Eq(T3131 ) 7—3132) Eq(T31327T3133>

Eq (747 T4131) Eq (74131 ) 7—4132) Eq(T4132 ) T4133>
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Eq (s, ¥10) Ass(1)6, pas, Na6, tas)  ASS(Wg, pat, Naz, tat)
Ass(1)g, pag, 148, 148 Ass(1)7, pag, Mag, pag)  Lin(pag)
Lin(pas) Lin(pa9) AssChan(v7)

Val(T1,,,) = Ass(¥19, p14, M4, p14)  Ass(1g, p13,m3, 13) Lin(p13)
Chan(7i,,,) = (Ass(t19, p15, M5, p115) A AssChan(i19) A Eq(T1y,,,m15))
AssChan(t19) = Chan(r,,,) Ass (120, p16, M6, 16) Lin(p1e)
Val(73,,,) = Ass(¥20, p17, M7, f17)

Chan(s,,,) = (Ass(¥20, p18, M8, H18) A AssChan(thao) A Eq(T3,,5, ms))

(AssChan(2) = Chan(7s,,,)) Ass(1a2, p3s; M3s, th3s)  Ass(Y19, P39, 1139, H39)
Ass(120, P40, M40, [140) Ass(to1, par, na1, par)  LessEq(pisg, pss)
LessEq (140, 1138) LessEq( a1, ss) AssChan(v2) = Fail(122)
Chan(7—1211) Va|<T3212> LessEq (7—32127 7—1211)
Eq(7—12177—1211) Eq (7—1211 ) 7—1212) Eq(7121277—1213)

Eq (722177—2211) Eq (7—2211 ) 7—2212) Eq (7221277—2213)

Eq (7321 ) 7—3211) Eq (7—3211 ) 73212) Eq (7321277—3213)
Eq(t22,v18) Ass(v18, P50, M50, H50)  ASS(21, P51, 751, h51)
Ass (120, ps2, 52, 152) Ass(119, p53, 153, t453)  Lin(ps0)

Lin(p52) Lin(p53) AssChan(a/w)

Val(7y) Eq(v23, 18) Eq(T1,: T1a1)

Eq (7-22’ 7-221) Eq (7_3277_321)

Using the axioms found in Table 4.4.7 we construct the solution found in Appendix A.3.
In the solution we let ¢ x_y denote 7,,, s_x denote ¢, r_x denote p,, n_x denote 7,
and m_ x denote u,. We now use the solution found to reconstruct the types 71, 7, and
73 together with the initial assertion 1/17. Due to a small error in the constraint generation,

this assertion will be replicated, whereas it would under normal circumstances have been
linear.

a : 112 We want to compute the type of 7. We first investigate the solution ® to

determine whether tau; is a channel or a value. We find Chan(7;). We now need

level
to compute ® S 71. We now need to determine if there exists any variable

with a value less than or equal to 7. We once again investiagte the solution
and find: Less(uag,71), Less(uss, 71), Less(usa, 1), Less(uas, 71), LessEq(Tayq,, 1),
LessEq(T4,45,71), LessEq(7s, 71), LessEq(Ts,,, 1), LessEq(Ts,,s, 1), LessEq(T3,,, 1),
LessEq(7s,,,,71), LessEq(7s,,, 71), LessEq(7s,, 71), LessEq(73,4,, 71 ), LessEq(Ts,, , 71),
LessEq(73,4,,71), LessEq(7s,, 71), LessEq(73,45, 71), LesSEQ(T3,,5, T1), LessEq(74,4,, 1),

and LessEq(74,71). We thus have to compute the value of all of these variables,

level
and select the maximum of those. We proceed by computing ® S ag. We once

again need to determine if there exists any values less than or equal to psg. As

before we investigate the solution, but find that all values less than or equal to

level
{46 are not larger than any other values, and by =" we have pag = max({0}) = 0.

We apply a similar approach for the remaining variables and get pus3 = 0, uzq = 0,
H43 = 07 7-4131 - 07 T4133 = 07 T3 = 07 7311, = 07 T3913 = 07 T35 = 07 T3211 = 07

T313 = 0, T3y = 0, T3131 — 0, T321 = 0, T3132 = 0, T3, = 0, T3133 — 0, T3212 = 0,
level

Tiys, = 0, T4 = 0. We thus have ® > 7 = max({1,0}) = 1. We can finally
conclude @ > 7y = Ch'.

b : 7o: This computation is similar to the one for a : 71. For simplciity we immediately
present the result, namely ® > 75 = Ch°.

¢ : 132 During the computation for a : 71 we derived that ® > 73 = 0.

Y17¢ To compute ® > 117 we need to find its corresponding Ass-relation. We
invesitgate ® and find Ass(117, paa, m24, p2a). We now determine if the assertion

is linear or replicated. We investigate ® and find Rep(p24) and we conclude the

level level
assertion is replicated. We need to compute ® eée 124 and @ ege t24. By a
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evel level

l
similar approach as for a: 7 we get ® > 19y =0and ® > p9q = 1, implying
o> ¢17 = *[0, 1]



CHAPTER 5

Conclusion

In this report we succeeded in creating general type inference algorithms for both
generic type systems considered, and also proved the algorithms to be correct. We used
the approach of constraint generation where we used the ALFP as the constraint language,
since this is a decidable fragment of first order logic. While successful, we had serious
problems using the algorithms on more complicated instantiations of the type systems, as
we discovered ALFP was not a suitable language for certain conditions. For instance, the
dependent types caused problems because the ALFP does not allow the creation of new
names/variables while solving, requiring any encoding of a type 7" defined as 7" = T[]
to utilise only names used in the encoding of 7. While this may in some cases be enough
to infer whether a solution exists or not, it becomes increasingly problematic when one
wants to use the solution to reconstruct the type 7. We managed a partial solution to
this problem, as detailed in Section 3.4.2. It is possible that one can incorporate ideas
such as the ones presented by Felty and Miller in [4] to correctly handle fully dependent
types with no restrictions.

We also found that using ALFP when attempting to find the optimum solution rather
than just an arbitrary solution was problematic. If we consider a type system like [1]
in which we can always type a process—in this case by simply assign the type Pub to
everything—the question is not simply whether there exists a typing or not, but instead
what is the most strict typing we can use? Strictness in case of [1] would be proportional
to how many secret types we have in our typing. This was problematic as ALFP is not
able to compare e.g. the number of times names appears in a specific relation.

Lastly we also discovered that the stratification requirements from the ALFP become
problematic when one have circular dependencies in ones constraints. Stratification
becomes problematic as it states that the rank of any query must be less than or equal
to the rank of the assertions, and the rank of negative queries must be less than the
rank of the assertions. Thus it easily becomes impossible to formulate cyclic constraints
involving negative queries, as we for instance cannot have =P = @ and —-@Q) = P. This
implies that if we have for instance that a type is either linear or unlimited and we assume
we have two predicates on type variables denoting this, we cannot construct constraints
that ensures that either Lin(7) or Un(7) as these constraint will utilise a negative query
on the counterpart (similar to the example above). The problem can also arise if we
know —P = (@), but in another constraint we have (... AQA...) = (...APA...).
Clearly rank(P) < rank(Q) by the first constraint, but rank(Q) < rank(P) by the second
constraint. Obviously no assignment of natural numbers to P and @ can satisfy this.

Results. We created a method of generating ALFP constraints for type inference
for two generic type systems—simply typed -calculi and linearly typed w-calculi—and
proved that these methods worked. We showed examples of instantiations of the generic
type systems and type inference, and proved that the instantiations of the type inference
worked. We also looked at the attempt at creating a linearly typed 1/-calculus to mimic
the type system by Deng and Sangiorgi [3] as presented by Hiittel in [13], but found
several problems with this instantiation. We have detailed the problems and presented a
possible solution to this in Section 4.4. We have not formally proved the correctness of
you proposed solution due to time constraints.

59



60 5. CONCLUSION

Future work. As detailed above, we found it difficult to use ALFP to find solutions
for a number of instantiations of the generic type systems, and it would therefore most likely
be a sensible idea to consider alternative logics as constraint languages. In addition, since
all the concepts used in the generic constraint generation for both type systems can be used
for any language, it might be possible to replace A with a different symbol for conjunction,
thereby allowing different logics to express constraints for different instantiations of the
type systems depending on what is best suited. This might make it easier to deal with
issues like dependent types or optimisation of solutions.

In addition we would want to formally prove that the constraints and axioms presented
in Section 4.4.1 are in fact enough to correctly infer the types for the corresponding type
system.
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APPENDIX A

Succinct Solver solutions

A.1. Succinct Solver solution for the example in Section 3.4.3

The Universe:
(t1, t2, t5, t7, t10, t6, t14, ti16, t13, t19, x1, t3, t8’,
x2, ti1, t12’, x3, t4, ti15’, x4, ti17, t18’, t8, x, tl12, d, ti15, y, ti18,
g, xil, 1, ml1)

Relation LAL/2:
(t6, t19), (t6, t16), (t6, t14), (t5, t13), (t5, t10), (&5, t7),
(t1, t2),

Relation EQ/2: (ml, m1), (1, 1), (xi1, xil1), (g, g), (t18, t18), (y, y),
(t15, t15), (d, 4, (t12, t12), (x, x), (t8, t8), (t18’, t18’),
(t17, t4), (t17, t17), (x4, x3), (x4, x4), (t15’, t15’), (t4, ti7),
(t4, t4), (x3, x4), (x3, x3), (t12’, t12’), (t11, t3), (t11, ti11),
(x2, x1), (x2, x2), (87, t8’), (3, t11), (3, t3), (x1, x2), (x1, x1),
(13, t7), (£t13, t10), (t13, t13), (t19, ti14), (t19, ti16), (t19, t19),
(t1, t1), (t5, t5), (t6, t6), (t2, t2), (t7, t13), (t7, t7), (t7, t10),
(t14, t19), (t14, t14), (t14, tie), (t16, ti4), (t16, ti6), (ti6, t19),
(t10, t7), (t10, t10), (£10, t13),

Relation IsPair_/4:

(t10, x1, t11, t8’), (t10, x1, t3, t8’), (t10, x2, t3, t12’),
(t10, x2, t11, t127), (t1e6, x3, t17, t15’), (ti16, x3, t4, ti15’),
(t16, x4, t4, t18’), (t16, x4, t17, t18’), (t19, x3, t17, t15’),
(t19, x3, t4, t15’), (t19, x4, t4, t18’), (t19, x4, t17, t18’),
(t14, x4, t4, t18’), (t14, x4, t17, t18’), (t14, x3, t17, t15’),
(t14, x3, t4, t15’), (t13, x1, t11, t8’), (t13, x1, t3, t8’),
(t13, x2, t3, t12’), (£13, x2, ti11, t12’), (7, x2, t3, t12’),
(t7, x2, t11, t12°), (7, x1, t11, t8’), (+7, x1, t3, t8’),

Relation IsAbs/5:
(t18’, t18, g, x4, t17), (t15’, t15, y, x3, t4), (£12°, t12, d, x2, t11),
(t8’, t8, x, x1, t3),

Relation IsOk_/1:
(t15), (t8),

Relation CanOk_/2:
(8, xil),

Relation FrmlMsg/3:
(xit, 1, ml),

Relation MsgPai/3:
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(m1, x, y),

Relation IsOk/1:
(t18), (t18’), (t15’), (t12), (t12’), (£8’), (£8), (t1b),

Relation CanOk/2:
(t8, xil),

Relation ICO/4:
(t8, x1, x, xil), (t18, x4, g, xil), (t15, %3, y, xil1), (t15, x2, d, xil),
(t12, x2, 4, xil),

Relation IsPair/4:

(t16, x3, t4, t15’), (t16, x3, t17, t15’), (t16, x4, t4, t18’),
(t16, x4, t17, t18’), (t19, x3, t4, t15’), (t19, x3, t17, t15°),
(t19, x4, t4, t18’), (t19, x4, t17, t18’), (t14, x3, tl17, t15°),
(t14, x3, t4, t15’), (t14, x4, t4, t18’), (t14, x4, t17, t18’),
(t10, x1, t3, t8’), (t10, x1, t11, t8’), (10, x2, t3, t12’),
(t10, x2, ti11, t12’), (t13, x1, t3, t8’), (t13, x1, t11, t8’),
(13, x2, t3, t12’), (t13, x2, ti11, t12’), (t7, x1, t11, t8’),
(7, x1, t3, t8’), (t7, x2, t3, t12’), (t7, x2, ti1, t12’),

Relation IsCha /2:
(t1, t2), (5, t13), (5, t7), (t5, t10), (%6, t19), (t6, t14),
(t6, t16),

Relation IsCha/2:
(t6, t16), (t6, t14), (6, t19), (t5, t10), (t5, t7), (tb, t13),
(t1, t2),

Relation IsKey_/2:

Relation IsKey/2:

Relation IsUn/1:

Relation MsgEnc/3:

Relation ACO0/3:
(t12°, x2, xil1), (t18’, x4, xil), (t15’, x3, xil),
(t8’, x1, xil),

Relation AFM/4:
(x2, xi1, 1, m1), (x4, xil, 1, ml1), (x3, xil, 1, ml),
(x1, xi1, 1, ml),

Relation Abs/3:
(x, x1, v, (x, x1, ml),

Relation AMP/4:
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(x4, mi1, 4, x4), (x2, ml, x2, y), (x3, ml, d, x3),
(x1, m1, x1, y),

Relation AME/4:

Relation IFM/5:
(x1, x, xi1, 1, m1), (x3, y, xil, 1, ml1), (x4, g, xil, 1, ml),
(x2, 4, xi1, 1, ml),

Relation Abs/5:
(a4, x2, x2, d, y), (d, x2, x2, d, m1), (x, x1, x1, %, y),
(x, x1, x1, x, m1), (g, x4, x4, g, 4, (g, x4, x4, g, ml),
(y, x3, x2, d, d), (y, x3, x2, d, m1), (y, %3, x3, y, 4d),
(y, %3, %3, y, ml),

Relation IMP/5:
(x4, g, m1, d, g), (x3, y, m1, 4, y), (x2, d, ml, d, y),
(x1, x, m1, x, y),

Relation Ins/3:
x1, x, y), (x1, %, m1), (x2, 4, y), x2, d, m1), (%3, y, 4,
(x3, y, m1), (x4, g, 4), (x4, g, ml),

Relation IsAbs-03412/5:
(t18’, x4, t17, t18, g), (t15’, x3, t4, ti15, y), (¢12°, x2, ti1, t12, 4),
(t8’, x1, t3, t8, x),

Relation LAL-10/2:
(t13, t5), (t19, t6), (t16, t6), (t14, t6), (10, t5), (£7, t5), (t2, t1),

Relation IsKey_-10/2:

Relation IsAbs-10234/5:
(t18, t187, g, x4, t17), (t15, t157, y, X3, td4), (t12, t12’, 4, x2, ti11),
(t8, t8’, x, x1, t3),

A.2. Succinct Solver solution for the example in Section 4.3.1

The Universe:
(t_1, t. 1.1, t 12, t13,t2, t21,t22,t 23, t3, t 31, t 32,
t 4, t 4.1, t 42, t 4.3, t_1_11, t 212, t_1_12, t_1_13, t_2_11,

311, t.3.12, t 3 13, t 4_11, t 412, t 4 13, t_1 21, t_5,

123, t 221, t.2.22, £t 223, t.3.21, t.3.22, t 323, t 421,
, t 4,23, t 5231, t.3.232, t 1 231, t_1 232, t_1 233, t_2 231,
32, t_2.233, t_3.231, t_3 233, t 4231, t_4 232, t_4 233, t_5_232,
33, t_5.2331, t_4 2332, t_1 2331, t_1 2332, t_1 2333, t_2 2331,
332, t_2 2333, t_3 2331, t_3_.2332, t_3 2333, t_4 2331, t_4 2333,
332, t 52333, t.2.31, t 6, t.1 .31, t.1 .32, t 1 33, t_2 32, t_2_33,
1, t.3.32, t.3.33, t 4 31, t 4.32, t 433, t.2.331, t.7, t_1_331,
332, t_1.333, t_2. 332, t_2 333, t_3.331, t 3332, t_3_333, t_4 331,
332, t_4 333, t_6_331, t_6_332, t_6_333)

w
ct
o

_
W -

|

N
NN
ct ot ot

DR, WOOaONONDDEFE,NDW

|
W NDNDNDDNDDN

Gt t t t t t F ot ot



70

Relation ADD3/4:
(t_6, t_6_331,
(t_3.33, t_3_331,
(t 133, t_1 331,
(t_ 3.3, t.3 31,
(t_1.3, t.1 31,
(t_4 233, t_4_2331,
(t_3_233, t_3_2331,
(t_2 233, t_2_2331,
(t_1 233, t_1_2331,
(t_5, t_5 231,
(t_3_23, t_3_231,
(t_1_23, t_1_231,

A. SUCCINCT SOLVER SOLUTIONS

t_6_332, t_6_333),
t_3.332, t_3.333),
t_ 1 332, t_1_333),
t 332, t_.3.33),
t 132, t_1_33),
t_4 2332,
t_3.2332,
t_2_ 2332,
t_1_2332,
t_5_232, t_5_233),
t_3.232, t_3_233),
t_1_232, t_1_233),

(t_4 33, t_4 331,
(t_2.33, t 2_331
(t 4.3, t_
(t_ 2.3, t_2 31,
(t_5_233, t_5 2331,

t_4_2333),
t_3_2333),
t_2_2333),
t_1_2333),

(t_4_23, t_4_231,
(t_2_23, t_2_231,
(t_4.2, t 421, t 422, t 4 _23),

t_4 332, t_4_333),
t_2 332, t_2_333),
_4 32, t_4_33),

, t_2 33),

_5_2332, t_5_2333),

4 31, t
t_2_32
t

t_4 232, t_4_233),
t_2 232, t_2_233),

(t_3_2, t.3_21, t.3.22, t.3.23), (t_2_2, t 221, t.2.22, t_2_23),
(t_1.2, t_1.21, t_1.22, t_1.23), (t_4_1, t_4_11, t_4_12, t_4_13),
(t_3_1, t_3_11, t_3_12, t_3_13), (t_2_1, t_2_11, t_2_12, t_2_13),
(t_1.1, t_ 111, t 1 12, t_1_13), (t_4, t 4.1, t 4.2, t_4_3),
(t_3, t.3.1, t.3.2, t.3.3), (t_2, t 2.1, t 2.2, t_ 2 3)

(t_1, t_1.1, t.1.2, t_1_3),

Relation OUT/2:
(t_ 2, t 4 2332),
(t_2.12, t_4_2332),
(t_5, t_4_2332),
(t_5_231, t_3.232),

Relation IN/2:
(t_ 2, t_6),
(t_2.33, t.7),

Relation EQ/2:
(t_6_333, t_6_333),
(t_4 333, t_4_333),
(t_3_333, t_3_333),
(t_2 333, t_2_333),
(t_1.332, t_1_332),
(t_7, t.3.232),
(t_4 33, t_4_33),
(t_3.32, t_3.32),
(t_1_33, t_1_33),
(t_6, t_3.232),

(t_5_2333, t_5_2333),
t_4_2333),
t_3_2332),
t_2_2332),
t_1_2332),

(t_4_2333,
(t_3_2332,
(t_2_ 2332,
(t_1_2332,
(t_4_2332,
(t_5_2331,
(t_4_233, t_4_233),
(t_3_233, t_3_233),
(t_2.232, t_2_232),
(t_1.232, t_1_232),
(t_3.232, t.7),
(t_5_231, t_5_231),

t_3_232),

(t 2, t_
(t_2.331, t.7),

(t_3_31,

(t_1_11,

7),

(t_6_332,
(t_4_332,
(t_3_332,
(t_2_332,
(t_1.331, t_
(t_7, t_6), (£t_7, t_7),
(t_4_32, t_4_32),
t_3_31),
(t_1.32, t_1_32),
(t_6, t_7),

(t_1,

(t_2, t.3.232),
(t_2_12, t_3_232),
(t_5, t_3_232),
t 2 12),

t 5
(t

(t_ 2.1, t_4_2332),
(t 1, t.2.12),
(t_5_233, t_4_2332),

(t 1.1,
(t_5_2331,

), (1.2, t.5), (£.2.3, t.7),
_2.31, t_6), (t_1_21, t_5),

(t_ 2.1, t .3.232),
t 2 12),

t_4_2332),

(t_ 2.3, t_6),

t_6_332),
t_4_332),
t_3_332),
t_2_332),
t_1_331),

(t_4_31,
(t_2_33, t_2_33),
(t_1_31,
(t_6, t_6),

(t_6_331,
(t_4_331,
(t_3_331,
(t_1_333,

t_6_331),
t_ 4 331),
t_3_331),
t_1_333),

(t_7, t_4_2332),

(t_2_331,
t 4

t 1
(t_2_ 31,

_31),

t_2 331),

31), (t_3.33, t_3.33),
(t_2_32, t_2_32),
(t_6, t_4_2332),
t_2_31),

t_5_2331),

(t_3.232, t_6),

(t_4_2331,
(t_3_2331,
(t_2_2331,
(t_1_2331,
(t_4_2332, t_7),
(t_5_233, t_5_233),
(t_4_232, t_4_232),
(t_3.231, t_3_231),
(t_2.231, t_2_231),
(t_1.231, t_1_231),

(t_4.23, t_4_23),

(t_5_2332, t_5_2332),
t_4_2331),
t_3_2331),
t_2_2331),
t_1_2331),
(t_4_2332, t_4_2332),
(t_5_232, t_5_232),
(t_4 231,
(t_2_233, t_2_233),
(t_1_233, t_1_233),
(t_3.232, t_4_2332),
(t_3.232, t_3_232),

(t_4.22, t 4 22),

(t_3_2333, t_3_2333),
(t_2_2333, t_2_2333),
(t_1_2333, t_1_2333),
(t_4_2332, t_6),

t_4 231),
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(t_4_21, t_4_21), (t_3_23,
(t_3_21, t_3_21), (t_2_23,
(t_1.23, t_1.23), (t_1_22,

t_3_23), (t_3_22, t_3_22),
t
t
(t_1.21, t_1.21), (£t _4_13, t
t
t
t

3
2.23), (t_2_22, t_2.22), (t_2_21, t_2_21),
1.22), (¢.5, t 2 12), (t_5, t.5),

4 13), (t_4_12, t_4_12), (t_4_11, t_4_11),
(¢_3_13, t_3_13), (t_3_12, t_3_12), (t_3_11, t_3_11), (t_2_13, t_2_13),
(t_2_11, t_2_11), (+_1_13, t_1_13), (t_1_12, t_1_12), (t_2_12, t_5),
(t_2_12, t_2_12), (t_1_11, t_1_11), (t_4.3, t_4.3), (t_4_2, t_4_2),

(t_ 4.1, t 4_1), (t_4, t_4), (£_.3.3, £t_.3.3), (£_3_2, t.3_2), (£_3_1, t_3_1),
(t.3, t.3), (£ 2.3, t.2.3), (t. 2.2, t22), (t. 2.1, t2 1, (t.2, t.2),

(t_ 1.3, t_1.3), (t_1.2, t.1.2), (t_1.1, t_1_1), (t_1, t_1),

Relation NOTEMP/1:
(t_2.12), (£.5), (t.7), (£.3.232), (t_4 _2332), (t_6),

Relation UN/1:
(t_5), (t_2_.12), (t_2_1), (£_2_3), (t_2),

Relation ADD2/3:

A.3. Succinct Solver solution for the example in Section 4.4.2

The Universe:
(s1, r18, ni18, m18, si11, r19, n19, mi19, si12, r20, n20, m20, s23, r21, n21,
m21, s13, r22, n22, m22, si4, r23, n23, m23, s17, r24, n24, m24, r25, n25,
m25, r26, n26, m26, sl1b5, s16, t1, t1_1, t1_2, t2, t2_1, t2_2, t3, t3_1,
t3_2, s2, r27, n27, m27, r28, n28, m28, r29, n29, m29, s3, r3, n3, m3,
t1_11, r1, nl, ml, r2, n2, m2, s4, r4, n4, m4, t4, r5, n5, mb, r6, n6, mb,
s5, r30, n30, m30, r31, n31, m31, r32, n32, m32, s6, r33, n33, m33, t1_12,
t1_13, t2_11, t2_12, t2_13, t3_11, t3_12, t3_13, r42, n42, m42, r43, n43,
m43, r44, né44d, md4, r45, nd5, m4b5, s7, r7, n7, m7, t2_131, r8, n8, m8, 19,
n9, m9, s8, r10, n10, mi10, t4_132, ri1l, nll, mll, r12, nl12, m12, s10, r34,
n34, m34, r35, n35, m35, r36, n36, m36, s9, r37, n37, m37, t1_131, t1_132,
t1_133, t2_132, t2_133, t3_131, t3_132, t3_133, t4_131, t4_133, r46, n46,
m46, rd7, nd7, md47, rd8, n48, m48, r49, n49, m49, s19, ri13, ni13, mi3,
t1_211, ri14, nl4, ml4, r15, ni15, ml5, s20, ri16, nl6, ml6, t3_212, rl7,
nl7, ml7, s22, r38, n38, m38, r39, n39, m39, r40, n40, m40, s21, r4l, né4i,
m4l, t1_ 21, t1_212, t1_213, t2_21, t2_211, t2_212, t2_213, t3_21, t3_211,
t3_213, s18, r50, n50, m50, r51, nb51, mb1, r52, n52, mb52, r53, n53, m53)

Relation ASS/4:
(s18, r50, n50, m50), (s21, r51, nb51, m51), (s21, r4l, n4il, m4l),
(s22, r38, n38, m38), (s20, r52, n52, m52), (s20, rl17, nl17, ml7),
(s20, r40, n40, m40), (s20, ri16, ni16, mi16), (s19, r53, nb3, m53),
(s19, r15, ni15, m15), (s19, r39, n39, m39), (s19, r13, ni13, ml3),
(s9, r47, n47, m47), (89, r37, n37, m37), (s10, r34, n34, m34),
(s8, r48, n48, m48), (s8, rii1, nii1, mil), (s8, r36, n36, m36),
(s8, r10, n10, m10), (s7, r49, n49, m49), (s7, r9, n9, m9),
(s7, r35, n35, m35), (s7, r7, n7, m7), (s6, r46, n46, mi6),
(s6, r43, n43, m43), (s6, r33, n33, m33), (s5, r30, n30, m30),
(s4, r44, nd44, md4d), (s4, r5, n5, mb), (s4, r32, n32, m32), (s4, r4, nd, md),
(s3, r45, n45, m45), (s3, r2, n2, m2), (s3, r31, n31, m31), (s3, r3, n3, m3),
(s2, r42, n42, m42), (s2, r29, n29, m29), (s2, r28, n28, m28),
(s2, r27, n27, m27), (s17, r24, n24, m24), (s14, r23, n23, m23),
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(s13, r26, n26, m26), (s13, r22, n22, m22), (s23, r21, n21, m21),
(s12, r20, n20, m20), (si11l, r25, n25, m25), (si11, ri19, nl9, ml9),
(s1, r18, n18, mi18),

Relation LESSEQ/2:
(m24, m42), (m24, m24), (m24, m28), (m24, mi8), (m24, m29), (m24, m30),
(m24, m27), (m42, md42), (m42, m24), (m42, m28), (m42, mi8), (md42, m29),
(m42, m30), (m42, m27), (mi18, m42), (mi18, m24),

Relation EQ/2:
(m53, m13), (m53, m39), (m53, m15), (m53, mb3), (n53, n3), (nb3, n31),
(n53, n45), (n53, n13), (nb53, n39), (nb3, t1), (n53, ti1_11),
(n53, t1_211), (nb3, t1_12), (nb53, t1_21), (nb3, t1_13), (nb3, t1_212),
(n53, n2),

Relation REP/1:
(r42), (r24), (r28), (r18), (r29), (r30), (r27),

Relation ASSCHAN/1:
(s19), (s7), (83),

Relation FAIL/1:

Relation LIN/1:
(r45), (r31), (r2), (r44), (r32), (r5), (r33), (r43), (r34), (ri11), (r36),
(r9), (¥35), (r38), (r21), (r17), (r40), (r15), (r39), (£53), (r52),
(r50), (r16), (r13), (r49), (r48), (r46), (r10), (7)), (r4), (r3),

Relation VAL/1:
(t4_133), (£4_131), (t3), (t3_11), (£3_213), (t3_12), (£3_211), (t3_13),
(¢3_2), (£3_131), (£3_21), (£3_132), (t3_1), (£3_133), (t3_212), (t4_132),
(t4),

Relation CHAN/1:
(t2_213), (t2_12), (t2_2), (£2_13), (t2_212), (t2_132), (t2_1), (t2_133),
(t2_211), (n9), (£2_21), (n49), (t2), (@35), (t2_11), (7)), (n2), (t1_2),
(t1_131), (n15), (t1_132), (t1_213), (t1_133), (t1_13), (@53), (t1_1),
(n39), (t1_12), (n13), (t1_212), (n45), (t1), (n31), (t1_21), (n3),
(t1_211), (t2_131), (t1_11),

Relation LESS/2:
(m46, t1_12), (m46, t1_13), (m46, t1_212), (m46, n2), (md6, ti1_2),
(m46, t1_131), (m46, ni5), (md6, t1_132), (m46, t1_213), (md6, t1_133),
(m46, t1_211), (m46, n53), (m46, ti_1), (m46, n39), (m46, t1_11), (m46, ni3),
(m46, t1), (m46, n31), (m46, t1_21), (md46, n3), (m46, n45), (m33, ti1_12),
(m33, t1_13), (m33, t1_212), (m33, n2), (m33, ti1_2), (m33, tl1_131),
(m33, ni15), (m33, t1_132), (m33, t1_213), (m33, t1_133), (m33, t1_211),
(m33, n53), (m33, t1_ 1), (m33, n39), (m33, t1_11), (m33, ni13), (m33, ti1),
(m33, n31), (m33, t1_21), (@33, n3), (m33, n45), (m34, t1_12), (m34, t1_13),
(m34, t1 212), (m34, n2), (m34, t1_2), (m34, t1_131), (m34, nlb),
(m34, t1_132), (m34, t1 _213), (m34, t1 133), (m34, t1 _211), (m34, n53),
(m34, t1_1), (m34, n39), (m34, t1_11), (m34, n13), (m34, t1), (m34, n31),
(m34, t1_21), (m34, n3), (m34, n45), (m43, t1_12), (m43, t1_13),
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(m43, t1_212), (m43, n2), (m43, t1_2), (m43, t1_131), (m43, nib),

(m43, t1_132), (m43, t1_213), (m43, t1_133), (m43, t1_211), (m43, n53),
(m43, t1_1), (m43, n39), (w43, t1_11), (m43, n13), (m43, t1), (m43, n31),
(m43, t1_21), (m43, n3), (m43, n4b),

Relation FAIL/2:






APPENDIX B

Proofs

B.1. Proofs for Chapter 3

B.1.1. Proof of Theorem 3.2.4.

To prove Theorem 3.2.4 we prove first that if there exists a I' such that I' = P, then
I'p = P ~» ¢ such that .Z(¢) is defined, and Vn : 7, € I'p : n: (Z(¢) > 7,) € I', and then
that if U,empyn : Tn b P~ ¢ and ¢ is satisfiable, then there exists a I such that I' = P
andVn:m, €e'p:n: (ZL(p)>1,) €l

If there exists a type environment I' such that I' = P, then I'p = P ~~ ¢ such that
Z(¢) is defined, and¥n : 1, € I'p :n: (L(¢) > 1) € I'. We prove this through induction
in the typing rules from Table 3.1.2:

In: By the case we have P = M (AZ)N.P’ and we use [In-C] to generate constraints,
giving us: Ip b M ~» 7y ¢, Tp B (AD)N ~~ (T = 7); Oy Tp, @2 TH P~ oy,
and [7, <P 7,]. By Item 1 of Theorem 3.2.4 and the induction hypothesis—as
CFM:U,TF AN :T = U, I'Z: T F P'—we know that Z(¢p,) is
defined, Z(¢m) > T = Us, L(¢n) is defined, L(¢n) > (F — 1) = (T — U,),
Z(¢y) is defined, and Vn : 7, € Tp, & : 7 : n: (L(¢p) > 1) € I, &, T. Moreover
as Us «P U,, we know from Item 5 that [r,,, <P 7] is satisfiable and by the
case we know the constraints ¢,,, ¢,, and ¢, are not contradictory, and we
thus conclude Z(¢p A ¢ A Gy A [Ty <P 7)) is defined and, since Vn : 7, €

—

Cp,@:7:n: (L(d) > 1) € T,ZT and ¢ A b A b A [T @ Tu] = by,
Vn: 7, €lp:n: (L(¢p)>1) €l

Out: By the case we have P = M N.P’ and we use [Out-C] to generate constraints,
giving us: Tp = M ~» T3 @, Tp b N~ T30, Tp B PP vs ¢p, and [1, <P 7]
By Item 1 of Theorem 3.2.4 and the induction hypothesis—as I' - M : T, T' -
N :T,, '+ P'—we know .Z(¢y,) is defined, £ (¢pn) > 7, = Ts, L (¢p,) is defined,
L(pn) > 1y = Tpp, L(¢p) is defined, and Yn : 7, € T'p : n: (L(¢p) > 1) € T
Moreover as Ts <P T,, we know from Item 5 that [r,, <P 7,] is satisfiable
and by the case we know the constraints ¢,,, ¢,, and ¢, are not contradictory,
and we thus conclude Z(¢m A ¢ A ¢p A [T, <P 7,])) is defined and, since
Sm A P N dp AT <P o] = ¢pand Vn : 1, € Tp : n 2 (L(¢p) > 1) € T,
V.7, €Tp:in: (L(¢)>1,) €l

Par: Trivial

Res: Trivial

Rep: Trivial

Ast: Trivial

Case: By the case we have P = case 01 : P1,...,01 : P, and we use [Case-C]| to
generate constraints, giving us: I'p - 0; ~ ¢5; and I'p = P; ~ ¢y for 1 <i < k.
By Item 2 of Theorem 3.2.4 and the induction hypothesis—as I' - ¢; and I' - F;
for 1 < i < k—we know that for 1 < i < k, Z(¢si) and Z(¢pp) are defined,
Vn:m, €lg:in: (L(psi)>7) e, and Vn: 7, € Ty :n: (L(¢pi) >7) €. By
the case we know none of the constraints ¢s; and ¢,; are contradictory and we thus
conclude .Z(AF_; (dsi A ¢pi)) is defined and ¥n : 7, € Ty : 1m0 : (L(p) > 7,) €T

Pat: By the case we have P = (AZ)M and we use [Pat-C] to generate constraints,
giving us: U'p,Z: TH M ~ Tpy; ¢py. By Item 1 of Theorem 3.2.4—as T', % : TH

75
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M : U—we have Z(¢n,) is defined, £ (¢pm) > 7y =U,and Vn : 7, € I'p, & : 7 :
n: (L (dm)> 1) € T,Z,T, and the result follows.

There exists a I' such that ' = P, if Upempyn : T B P~ ¢ and ¢ is satisfiable.
Firstly we observe that the constraint generation rules and the type checking rules treat
the environments identically. By this we mean that whenever e.g. a typing rule add a
name to the environment, the constraint generation rule does the same, and vice versa.
By letting the type variables assigned to a name in the constraint generation environment
correspond the the type assigned to the same name in the type checking environment, it is
obvious that the environments are manipulated identically in both derivations. Moreover
we observe that the only constraint generated is the constraint [7; <P 73] in the [In-C] and
[Out-C] rules (as terms, conditions, and assertions are undefined). We know from Item 4,
that this means that Z(¢) > 7, <P ZL(¢)>7, and L(P) > Ty, <P L (@) > Ty, as required in
the typing rules. We can thus conclude that if we successfully generate/derive constraints,
we have the constraints corresponding to the side conditions of [In-T] and [Out-T| and if
those are satisfiable we can successfully derive the type check, as the derivation of the two,
because of the environments, are identical and the side conditions for the type check are
satisfied.

B.1.2. Proof of Lemma 3.4.5.

For any message M, if M — u;1¢;¢ then L(¢Y A ¢) <p = M. And for any
assertion (M), if (M) — &;1; ¢ then L () A ¢) <& = L(M).

We first prove that for any message M, if M — u; ¢;1 then Z (Y A ¢p) Qu = M by
structural induction on M:

M = z for some x € N:: In this case we know that ¢y = NamVar(z) and ¢ = T.
This means that NamVar(z) € Z (¢ A ¢) and therefore £ (¢ A ¢) < p = x.

M = ok: In this case we know that ¢» = MsgOk(u) and 1) = T. This means that
MsgOk(p) € £ (¢ A ¢) and therefore £ (Y A ¢) <t u = ok.

M = pair(My, Ms): In this case we know that My — pi;1; ¢1, Moy — ;s ¢a,
Y = MsgPai(p, pi1, p2), and ¢ = 11 A g1 Ao A da.

From the induction hypothesis we get that, since ¢ = 11 A1 Aho Ao, meaning
that Z (¢ A ¢) is also a solution for Y1 A ¢1 and o A ¢2, L (Y AN @) < 1 = My
and Z (Y A @) < ug = Ms.

Since MsgPai(u, p1,pu2) € LY N ¢) we therefore get L (Y A @) < pu =
pair(My, Ms).

M = {M;}p,: Similar to above
M =fst M’: In this case we know that M’ — u/;¢';¢', v = MsgFst(u, ') and
d=9¢'Ng.

From the induction hypothesis we gen that, since ¢ = ¢’ A ¢/, meaning that
Z( A @) is also a solution for ¥/ A ¢/, L (W AN o) <y =M.

Since MsgFst(u, 1') € Z (¥ A ¢), we therefore get L (1 A ¢) <y = fst M'.

M =snd M’: Similar to above

We then prove that for any assertion ¢(M), if {(M) — &;1; ¢ then Z(YAp) <€ = L(M):
Since {(M) — &;9;¢, we know from rule [FM-C|, that M — p;¥m;om, ¥ =

FrmIMsg(€, £, 1), and 6 = tm A 6.
As proved above, since ¢ = 1, A ¢p,, meaning that £ (¢ A ¢) is also a solution for

1/1m/\¢m7$(1/1/\¢>)<1,u:M.
Since FrmIMsg(&, 4, 1) € L (Y A ¢), we therefore get L (Y A @) <& = €(M).

B.1.3. Proof of Lemma 3.4.8.

(1) The relations Eq, Eqa, and Eqi-6 are equivalence-relations
(2) For all constraints ¢ for which ® = Z(¢), type variables a and b, if
Eq(a,b) € ® then P>a=Pd>b
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(3) For all M — pim; ¥m; pm and N — pn; tp; pp if @ = g(w{m,n} /\(p{m,n}) then
EqQ(ptm, pin) € = @ Q iy, = D < iy,

(4) For all abstract message M with index y,,, variable y,,, and constraint
¢m and abstract message N with index x,,, variable y,, and constraint ¢,
if & = Z(¢m A dn) then Eqa(xm, fim, Xn, in) € Y = @O(Xm, tim) = PO(Xn, tin)

(5) For all instantiated message M with index yx,,,u,,, variable u,,, and
constraint ¢,, and message N with variable pu, and constraint ¢, if
D = Z(Ppm A ¢n) then EQi(tin, Xm, firns Hm) € @ = PO(Xm, s im) = @ < pip,

(6) For all instantiated message M with index x,,,u,,, variable u,,, and
constraint ¢,, and instantiated message N with index x,, u,,, variable
pin, and constraint ¢, if @ = Z(dm A dpn) then EQi(Xm, i, s Xns oy, Hn) €
® = ©O(Xms Hans Hm) = PO (X Hs i)

We prove each of the cases individually.

(1) We consider each of the three relations:
Eq: Follows directly from row-group 1 of Table 3.4.13
Eqi-6: We consider each of the five axioms of row-group 4 in Table 3.4.14 indi-
vidually. We first consider the case where z = m as this case is immediately
disallowed by the axiom. The reasoning is simple: if x = m then surely the
message should have been a and not m, since the constraint is capturing the
message m for which we have instantiated x with ¢ and thus the message
would have been z,a,a instead of x,a, m. We now proceed to prove the
three required properties for all valid selections of x, a, and m by induction
in definition of Eqi where the ordering of the cases correspond to the order
in which the axioms appear in Table 3.4.14. We can do this, as the axioms
can be read as derivation where P = () denotes the derivation rule g.
(a) We prove the three required properties
Eqi(z,a,m,z,a,m) for all z, a, and m: For all the cases where
we have x # m the result follows by the Eq case: since Eq is an
equivalence relation, then surely Eq(m,m), Eq(x, z), and Eq(a, a)
for all m and a and any valid z, giving us Eqi(z,a, m,z,a, m) as
expected
Eqi(z,a,m,2’,a’,m’) = Eqi(2/,a’,m’, x,a,m): Similar to the case
above: since Eq is an equivalence relation we know that if Eq(a, a’)
then Eq(a’,a) for any a and o’
Eqi(z,a,m,2',a’,m') NEqi(z',a’,m/, 2", a",m") = Eqi(xz,a,m,z", a",m"):
Similar to the case above: since Eq is an equivalence relation we
know that if Eq(a,a’) and Eq(a’,a”) then Eq(a,a”) for any a, d/,
and a”
(b) We prove the three required properties
Eqi(z,a,m,z,a,m) for all z, a, and m: Given an instantiated mes-
sage InsMsgPai(z, a, m, m1, ma) we know, by the induction hypoth-
esis, that Eqi(z,a, my,z,a,m;) and Eqi(z, a, ma,x,a, my). More-
over by the fact that Eq is an equivalence relation, we know that
Eq(.%',l'), ECI(G,CL), Eq(m,m), Eq(m17m1>a and Eq(m27m2)' ThiS,
by the axiom, gives us Eqi(x, a, m, z,a, m) and the result follows
Eqi(xz,a,m,2’ a’,m’) = Eqi(2’,a’,m’, x,a,m): Similar to the case
above: since Eq is an equivalence relation we know that if Eq(a, a’)
then Eq(a’,a) for any a and o’
Eqi(xz,a,m,2';a’,m') NEqi(2’,a’,m, 2", a",m") = Eqi(z,a,m,x", a",m"):
Similar to the case above: since Eq is an equivalence relation we
know that if Eq(a,a’) and Eq(d’,a”) then Eq(a, a”) for any a, d/,
and a”
(c) Similar to the case above
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(d) Similar to the case above
(e) Similar to the case above
Eqa: Similar to the case above
(2) We assume we have some ¢ for which -#Z(¢) = ® such that for some type variables
71 and T we have Eq(71, ) € ®. We know proceed to prove that ®>713 = &> 7o
by structural induction in ® > 7.

Un: Assume ® > 7 = Un. This implies, by definition of >, that we must have
some IsUn(71) constraint in ®, and by row-group 2 of Table 3.4.13 we have
IsUn(m2) € ®. By row-group 9 of the same table, we clearly have that there
can be no other type assignment of 7 in ® as all transitions from IsX? to
IsX requires the absence of a IsUn(73) constraint, which we have just argued
exists.

Ok(S): Assume ® > 71 = Ok(S). In a similar way to the case above can we
deduce that there must exist some IsOk(72) € ®. We now need to argue that
for every CanOk(7y,&), InsCanOk(7y, x, 1, &), and AbsCanOk(7q, x&) there
exists a CanOk(7,&’) for which Eq(&, z4"), InsCanOk(7, X/, 1, &) for which
Eqi(x, i, &, X', &), and AbsCanOk(7, X/, &) for which Eqa(y, &, x/,¢). In
order to do this, we investigate where we introduces new Eg-relations:

(a) If 71 = 79 i.e. they are the same variable
(b) If we have IsCha(7, 1) A IsCha(7, 72)
(c) If we have IsKey(7, 1) A IsKey(7, 72)
(d
(

)

)

) If we have IsPair(7, x, 71, 7") A IsPair(7, x, 72, 7")

e) If we have IsPair(, x, 7/, 1) A IsPair(7, x, 7/, 72)

For (1) the result follows trivially. For (2) we can apply the two last axioms
of row-group 10, and we know that S only contains the effects for which
both 71 and 7 already have CanOk?s and InsCanOk?s that satisfy Eq(&,¢’)
or Eqi(x, i, &, X', 1/, &) and the result follows. For (3) we can deduce S = ()
as the only place we transform CanOk?, InsCanOk?, and AbsCanOk? to their
definitive versions is in row-group 10 of Table 3.4.13, and none of these
axioms are applicable in this case. We thus conclude the result must hold,
since there are no CanOk, InsCanOk, or AbsCanOk for 7. For (4) we can
use a similar argumentation as for (3). For (5) we can apply the two first
axioms of row-group 10, and we know that S only contains the effects for
which both 71 and 7 already have AbsCanOk?s that satisfy Eqa(x,&, x’, &)
and the result follows.

Ch(T'): Assume ®>7; = Ch(T). This implies, by definition of >, we must have
some IsCha(ry,7{) constraint in ® for which ® o> 7{ = T. By row-group 3 of
Table 3.4.13 and the assumption that Eq(71, 72) we know, since Eq(7{,7{) by
row-group 1, there must exists some IsCha(7z, 71) constraint in ®. In addition,
by row-group 9, we know there cannot exists any other IsX-constraint for o,
implying that ® > 7 = Ch(® > 1) =Ch(T) =d > 7

Key(T'): Similar to the case above

Pair(x : T,U): Similar to the case above

(3) By Lemma 3.4.5 we know that if M — p;;¢ then £ (Y A p) <= M. This
implies that ® < p,, = M and ® < p,, = N. We now proceed to show that
if Eq(f4m, pin) then M = N by induction on M seen in row-group 1 and 11 of
Table 3.4.13. The first case encompass all the axioms from row-group 1.

M € N: From the definition of <t we know that this means that NamVar(u,,) €
Z (W A ¢). This means that the only way Eq(fim, tn) could have been
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generated is by using one of the following axioms:

Va.Eq(a,a)

Va : Vb : Eq(a,b) = Eq(b,a)

Va : Vb : Ve : (Eq(a,b) AEq(b,c)) = Eq(a,c)

Vt Vo Y Vo 0V, Vi o Vs : Yuy - Vg @ (IsPair(t, o4, tr, ts) AlsPair(u, zy, u s, ug)
NEq(t,u)) = (EC](tfa uf) N EBq(zt, u) A Eq(ts, us))

If the first axiom was used, it is obvious that M = N, and if the second
or third axioms were used, it would require other Eq prefixes to have been
generated previously, which would have to be generated using one of the
other two axioms. If the fourth axiom was used then we know that whenever
we generate IsPair?(7y,x, 19, 73) we also generate PairVar(x). This means
that PairVar(xz;) € ® and PairVar(z,) € ®, and therefore either ® > p,, =
P, =P iy = pp or D> piyy = x = P> iy
M = pair(My, Ms): Here we know from the definition of <1, that MsgPai(jtm,, i, p2,) €

Z (Y N ). This mean that Eq(gm, itn) must have been generated using the
axiom

Vm :¥my : Vmg : Vn : VYng : Vng 1 (MsgPai(m, mi, ma) A MsgPai(n, ny, na2)A
Eq(m1,n1) A Eq(ma,n2)) = Eq(m,n) '

In this case we have MsgPai(gin, tiy,, 1472), EQ(tm, fin), EQ(tigys pir,), and Eq(piz,, 7).
By the induction hypothesis we have ® <t ul = ® < pl = M; and ® < p2 =
® < p2, = My. By definition of < we thus have ® < ju,, = pair(My, M>).

M = {M;}nr,: Similar to the case above

M = ok: Similar to the case above

M = fst M’: Similar to the case above

M =snd M’: Similar to the case above

(4) We prove this case by induction on @O (xm, tim)-

PO Xm, i) € N In this case we know from the definition of [J, that have
NamVar(m) € ®. This means that Eqa(xm, ftm, Xn, tn) must have been gen-
erated using the axiom (NamVar(m)ANamVar(m') AEq(m, m’) ANamVar(z) A
NamVar(z') A Eq(z,2)) = Eqa(xz, m,z’,m’). This means that NamVar(1,,),
Eq(tem, tin), NamVar(x., ), NamVar(xy ), and Eq(Xm, xn).- Since Eq(tim, tn) €
®, we know that & < p,, = ® <y, as in they are the exact same name.

ST (Xm, m) = pair(Mi, Ms): Here we know from the definition of J, that there
exist pl and p2, such that AbsMsgPai(xm, fim, thy, 12,), @O (Xm, i) = My,
and ®0(xn, p2,) = Ms. This means that Eqa(Xm, ftm, Xn, in) must have
been generated using the axiom

(Eqa(z1, my, x}, m)) A Eqa(zz, ma, x5, my) A Eq(21, 22) A Eq(a], 25)
AAbsMsgPai(x, m, my, ma) A Eq(z, 1) A AbsMsgPai(z', m’, m}, mb) A Eq(a’, z}))
= Eqa(z,m,2’,m’)

In this case we have AbsMsgPai(Xu, tin, fi, 147)s EGa(Xons fays Xns ta,)s EGA(Xms Himys Xy 113,),
and Eqa(Xm, fm, Xn, Hn)- By the induction hypothesis we have ®(xy,, pt) =

OO (X, piy) = My and ®O(xp, p2) = ®O(xm, p2,) = Mz. By definition of

0 and AbSMsgPai(Xm,um,u}n,Ui) we have (I)D(Xm Mn) = pair(Ml, MZ)'

ST (X ttm) = {M1}ar,: Similar to the case above

DO (Xm, i) = fst M’: Similar to the case above

DO (Xm, m) = snd M': Similar to the case above

(5) We prove this case by induction on ®O(Xom, il fim)-

DO (Xm, tiys ) € N2 In this case we know from the definition of ¢, that
NamVar(u,,) € ®. This means that the only way Eqi(in, Xim, iy, tm) could
have been generated is by using the axiom (NamVar(n) A NamVar(n') A
Eq(n,n’) A —Eq(n/, z)) = Eqi(n,z, m,n’). In this case we have NamVar(pu,,),
Eq(un, tim), and =Eq(pm, Xm). As mentioned previously, the latter of the
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constraints is to prevent nonsense instantiated messages like x, i, x, which
should obviously be x, i, u. By the three former constraints we can deduce

that i, = pin, and thus © < pp = pp = pm = (I)O(Xma ,U';na Mm)-
DO (Xm, Hiys o) = pair(My, Ms): Here we know from the definition of ¢, that

there exist ju,, and 17, such that InsMsgPai(Xom, fs i, s i)y PO(Xims Hims H,)

My, and, ®O(Xom, ph,, 112,) = M. This means that Eqi(fin, Xm, fly, fm) MUSE
have been generated using the axiom

(MsgPai(m/, mb, mj5) A InsMsgPai(m1, ma, ms, ma, ms) A Eqi(mb, mi, ma, mg)A
Eqi(mgvmlvm%mn’))) = Eqi(m,hmlam%mS)

In this case we have MsgPai(pn, p1),, mu2 ), EQi(1, Xom Hin» Hor)» EQI(1E, X Hi» 12,),

and EqQi(ftn, Xm, foys fim)- By the induction hypothesis we have ® <1 ul =
DO(Xom, s 1) = My and ® <1 p2 = DO (X, iy, 12,) = Mo. By definition
of <1 and by MsgPai(fin, pl, 12) we can conclude ® <y, = pair(My, My).
DO (Xm, tiys ) = fst M: Similar to the case above
DO (Xm, Hys om) = snd M: Similar to the case above
DO (Xm, tyys m) = { M1} a2 Similar to the case above
(6) Similar to the two previous cases

B.1.4. Proof of Item 4 of Theorem 3.2.4 for correspondence assertions.

Let 71 and 7 be type variables and ¢ be a constraint. If there exists a
solution to Z(¢ A [r1 <P 12]), then ZL(p A1 P m]) > 11 <P L(PpA[r1 <P T2]) > T2.

Due to the definition of <P, we need to show that either £ (¢ A [11 «P m]) > =
Ch(Z(pA[r <P 1)) >12) or L(pA[r1 <P 1) > 11 =L (PN <P T2]) >72 = Un.

Since [ <P 2] = IsCha?(11, 72), we look at the axioms involving IsCha? (7, 72). The
axioms:

Vt @ Vu @ (IsOk?(t) A IsCha?(t,u)) = (IsUn(t) A IsUn(u))
Vt @ Yuy @ Vg : (IsCha?(t, ui) A IsKey?(t, uz)) = (IsUn(t) A IsUn(uq) A IsUn(uz))
Vt VoV Vip 2 Vi 2 (IsCha?(t, u) AlsPair?(t, x,ty,ts)) =
(IsUn(t) AlsUn(u) AlsUn(tf) AlsUn(t))
Vi1 2 Vig @ (IsUn(t) A IsCha?(t1,t2)) = IsUn(t2)
Vit Vo Vg Yug @ Vi Vg 0 (<lsOk?(2) AlsCha?(t, uq) A —IsKey?(, ug)
A-lsPair?(t, z,ty, ts) A —lsUn(t)) = IsCha(t, uy)

mean that if IsCha?(7, 72) then either IsCha(r, 72) or IsUn(7;) and IsUn(m).
In the first case Z(p A 11 «P m]) > 71 = Ch(Z(p A 11 «P m])) > 72), and in the
second case L (¢ A [r1 <P m])) > 711 = ZL(p A1 <P 72]) > 12 = Un, proving the lemma.

B.1.5. Proof of Item 5 of Theorem 3.2.4 for correspondence assertions.

For any constraint generated by a process, ¢, and any type variables, 7
and 7, if Z(¢) > 1 P L(¢) > 2 then L (P A [11 <P T2]) exists.

The only way to generate Fail predicates is through a ((A,. e (V€ : V" : Vo : Vi
((=CanOk(r, &) v =Eq(£, ') A
(—InsCanOk(7, z, u, §") vV —Eqi(§, =, 11, £"))))) =
FAIL({)) constraint generated by [End-C]. The only way this constraint would cause
ZL(p N[ <P m2]) to include a FAIL predicate when Z(¢) does not is if IsCha? (7, m2)
prevented an IsOk(7) and therefore also a CanOk(r,¢’) or InsCanOk(T, z, u, ") predicate
from being generated because of the axiom Vt : Vo : Vuy : Vug : Vg @ Vtg @ (ISOk?(t) A
—lsCha?(t, u1) A —IsKey?(t, ua) A—lsPair?(t, x,t s, ts) A—lsUn(t)) = IsOk(t). But that would
require that 7 = 71 and IsOk(7;) € Z(¢), which in turn would mean that Z(¢) > 7 =
Ok(S), making it impossible that .Z(¢) > 11 <P Z(¢) > To.
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B.1.6. Proof of Lemma 3.4.6.

For all 7 and ¢ where IsAbs(7/,7,a,2,7") € Z(¢) and Z(p) > 1 = Ok(S) we
have Z(¢) >’ 7/ = Ok(R) such that R = S[X/]

For each /(M) in S we have two cases: either a CanOk(7,&) or an InsCanOk(r, z, a, &)
for some z, a, and &, using either < or ¢ have given rise to ¢(M). These two cases
represent the case where ¢(M) is directly in the environment or the case where we have
some z : Ok(S’) in the environment where ¢(M) € S’. The two cases are very similar, and
only differ in the aspect that we use the “index” x, a for the InsCanOk-case. We thus only
proceed to prove the case without the “index”, but it can be directly translated to the
other case by adding the z, a-index and by prepending all relations with the Ins-prefix.

By the case we have {(M) € S is created by a CanOk(7,§{) and its corresponding
FrmIMsg(&, ¢, i1) constraint such that £ (¢) <€ = ¢(M). In addition we have the constraint
IsAbs(7’, 7, x,a,7"). For simplicity we assume .Z(¢)<im = M for any m, e.g. £ (p)<ta = A
and so forth. By the axioms of row-group 1 of Table 3.4.14 we have two cases: either
Ea(u,a) or =Eq(y, a):

o If Eq(p, a) we have ¢(M) = ¢(A) by Lemma 3.4.8 and since we are to replace all
occurrences of a with = we simply get AbsFrmIMsg(z, &, ¢, z) which by definition
of O, since PairVar(z) € Z(¢), gives us Z(¢)0(x, &) = £(x) and thus ¢(x) € R
by > as expected.

o If —=Eq(p, a) we have £(M) # ((A) and we get AbsFrmIMsg(z, &, ¢, 1) AAbs(a, z, 1).
We now have to prove that Abs(a,z, ) represent the recursive substitution of
a for z in the message p, which would lead to Z(¢)0(x,&) = £(M[X7]) as
expected.

We now proceed to prove that Abs(a,z, i) indeed behaves as the recursive
substitution [X/;] on the message M. For this we have five cases corresponding to
the five types of messages, namely: MsgOk(u), MsgFst(u1, p2), MsgSnd(p1, p2),
MsgEnc(p1, p2, p3), and MsgPai(u1, p2, u3). For each of those cases we either
have two or four sub-cases. As each of the five cases proceed in a similar way, we
will only present the case for MsgPai(u1, p2, p3) as seen below. The proof is done
by induction on the length of the constraint-chain.

By the case we have IsAbs(a, z, u) and MsgPai(u, 1, pe) such that £ (¢)<ip =
pair(My, Ms). We now proceed to each of the four sub-cases:

Eq(a, 1) and Eq(a, ug): For this case, by the axioms in row-group 2 of Ta-
ble 3.4.14, we get AbsMsgPai(z, i, z, x) which by [J, since PairVar(z) € Z(¢),
gives us Z(¢)0(x, p) = pair(x, x) and clearly pair(x, x) = pair(A, A)[X 4]
and the result follows.

Eq(a, 1) and —Eq(a, p2): For this case, by the axioms in row-group 2 of Ta-
ble 3.4.14, we get AbsMsgPai(x, u, z, uz) AAbs(a, x, pu2). By the induction hy-
pothesis we know we have some AbsX (z, ug, ... ) such that £ (¢)0(z, u2) =
M>[X/4]. Thus by definition of OJ we know Z(¢)0(x, u) = pair(x, Ma[X"4])
and clearly pair(x, M2[X"4]) = pair(A, M2)[X/4] and the result follows.

—Eq(a, u1) and Eq(a, pz): Similar to the case above.

—Eq(a, u1) and —Eq(a, u2): For this case, by the axioms in row-group 2 of Ta-
ble 3.4.14, we get AbsMsgPai(z, i, pi1, p2) A Abs(a, x, 1) A Abs(a, x, o). By
the induction hypothesis we know we have some AbsX (x, 1, ...) such that
ZL(¢)0(z, p1) = M1[X/4] and AbsX (z, pi2,...) such that £ (¢)0(z, u2) =

Ms[X/ 4]. Thus by definition of [ we know £ (¢)0(x, 1) = pair(M1[X/ 4], M2[X/4])

and clearly pair(M1[X/ 4], M2a[X/4]) = pair(My, M2)[X/4] and the result fol-

lows.

B.1.7. Proof of Lemma 3.4.7.
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For all 7" and ¢ where IsAbs(7/,7,a,2,7") € £(¢) and Z(¢)>' 7" = Ok(S) we
have Z(¢) > 7 = Ok(R) such that 5[] =R

For each ¢(M) in S we must have an AbsCanOk(7/, z,£) and AbsFrmIMsg(z, &, ¢, u) for
some x, i, and £ for which Z(¢)0(x,&) = ¢(M). In addition we have the constraint
IsAbs(7’, 7, x,a,7"). For simplicity we assume .Z(¢)<im = M for any m, e.g. £ (p)<ta = A
and so forth. By the axioms of row-group 1 of Table 3.4.14 we have two cases: either
Eq(p, ) or =Eq(u, z):

o If Eq(u, ) we have {(M) = ¢(x) by Lemma 3.4.8 and since we are to replace all
occurrences of x with A we simply get InsCanOk(¢, z, a, {) AlnsFrmIMsg(z, £, ¢, a) A
Ins(z,a,a). Assuming—we prove this below—that Ins(x,a,a) represents the
recursive substitution [¢/ ], we will get, by definition of 0, £(¢)0(z,a,§) = ((A)
and thus ¢(A) € R by > as expected.

o If =Eq(u, ) we have ¢(M) # ¢(x) and we get InsCanOk(¢, x, a, £) AInsFrmIMsg(x, &, ¢, ) A
Ins(z, a, u). Assuming—we prove this below—that Ins(z, a, 1) represents the recur-

sive substitution [4/4], we will get, by definition of ¢, .2(¢)0(x, a,€) = L(M[44])

and thus E(M[A/X]) € R by > as expected.

We now proceed to prove that Ins(z,a, ) indeed behaves as the recursive
substitution [/ ] on the message M. For this we have five cases correspond-
ing to the five types of messages, namely: AbsMsgOk(z, 1), AbsMsgFst(x, p1, p2),
AbsMsgSnd(z, i1, p2), AbsMsgEnc(x, i1, pa, 13), and AbsMsgPai(z, 1, 2, pg). For
each of those cases we either have two or four sub-cases. As each of the five cases
proceed in a similar way, we will only present the case for AbsMsgPai(x, 11, u2, 113)
as seen below. The proof is done by induction on the length of the constraint-chain.

By the case we have Ins(x, a, 1) and AbsMsgPai(z, u, 111, p12) such that 2 (¢)0(z, u) =
pair(My, Ms). We now proceed to each of the four sub-cases:

Eq(z, 1) and Eq(x, pu2): For this case, by the axioms in row-group 2 of Ta-
ble 3.4.15, we get InsMsgPai(z, a, i, a,a) A Ins(z,a,a) which by ¢ gives us
Z(9)0(x, a, ) = pair(A, A) and clearly pair(A, A) = pair(x, X)[A/X] and the
result follows.

Eq(z, 1) and —Eq(x, pe): For this case, by the axioms in row-group 2 of Ta-
ble 3.4.15, we get InsMsgPai(x, a, i, a, u2) Alns(x,a,a) Alns(z, a, uz). By the
induction hypothesis we know we have some InsX (z,a, ug,...) such that
Z(9)0(x,a, p2) = Mo [A/X]. Thus by definition of ¢ we know .Z(¢)0(x, a, 1) =

pair(A, MQ[A/X]) and clearly pair(A,Mg[A/X]) = pair(X,Mg)[A/X] and the
result follows.

—Eq(x, u1) and Eq(z, pg): Similar to the case above.

—Eq(x, u1) and —Eq(x, p2): For this case, by the axioms in row-group 2 of
Table 3.4.15, we get InsMsgPai(x, a, i, 1, p2) A Ins(z, a,a) A Ins(x, a, p1) A
Ins(z, a, u2). By the induction hypothesis we know we have some InsX (z, a, u1, .. .)
such that Z(¢)0(z,a,pu1) = Ml[A/X] and InsX(x,a, ug,...) such that
ZL(d)0(x,a, uz) = Mo [A/X]. Thus by definition of ¢ we know Z(¢)0(x, a, p) =

pair(M[4/, ], Ma[A]) and clearly pair(M;[4 ], Ma[A4]) = pair(My, My)[A4]
and the result follows.

B.1.8. Proof of Items 1 to 3 of Theorem 3.2.4 for correspondence asser-
tions.

We prove these three together, since they are very similar criteria for terms, conditions
and assertions. We first prove the implication one way for all three criteria, and then the
other way for all three.
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If there exists a type environment [' and type T such that I'- M : T, then
'y F M~ 7;¢ and Z(¢) is defined, ZL(¢p)>7 =T, and Vn : 7, € Ty : 0 :
(Z(p)>m,) el

If there exists a type environment I' and condition o, such that I' - ¢, then
Iy o~ ¢ and Z(¢) is defined and Vn: 7, € Ty :n: (L(d)>1,) €T

And if there exists a type environment ' and condition ¥, such that I' - U,
then I'y - 0 ~» ¢ and Z(¢) is defined and Vn: 7, € 'y :n: (L(p)>1,) €T

We make the following two observations: Firstly, Obs. 1, if for any two constraints
¢1 and ¢9, and for some type inference environment I'), we have V(z : 7) € T'), : (z :
ZL(p)>T1)elandV(z:7) €Ty : (z: ZL(¢p2) >7) € I for some environment I', then
ZL(¢1 A ¢p2) must be defined and V7 € ran(T},) : L(p1) > 7 = L(p2) > 7 = L(d1 AN p2) > T.
We can show this by investigation the possible cases:

ZL(p1)>7=T and Z(¢1) > 7 = T: Both constraints agree on the type assign-
ment of 7 and the result follows

ZL(p1)>7=U for any U and Z(¢1) > 7 =T: We can simply let U = T and
the result follows

ZL(p1)>7=U for any U and Z(¢1)>7 =T for any T: As U and T can be
any type, we chose one such that U =T

ZL(p1)>7=U and Z(¢1) > 7 =T where U # T: Not possible, as this violate
the assumption of V(z : 7) € I'p : (z : L(p1)>7) €Tl and (x:7) € T & (-
ZL(p2)>71) €T

Secondly, Obs. 2, if Z(¢)r>7 = T for some 7 and T', then by the axioms of Table 3.4.13
we know:

T=U: Z(¢pANlIsUn(r)) > 7= Un

T =Un: Z(¢pNIsX?(r,...))>7=Un

T = Ok(S): L(¢ AIsOK? (1)) >7 =T

T =Key(U): If Z(¢)>7"=U then L(p NlsKey?(1, 7)) >7=T

T =Ch(U): If Z(¢)> 71" =U then Z(¢ AlsCha?(1,7"))>17=T

T = Pair(z : Uy, Ua): If Z(¢)>11 = Uy and Z(p)>12 = Us then Z(pAIsPair? (1, z, 71, 72))>

T=T
Finally, since ' - M, ' - o, or I' F ¥ by the case, we will let I'. be the type inference
environment defined as ,.7)er @ : 7o where every 7, is unique, and prove the cases for
I = I'.. We use this to prove the theorem by induction in M, o, and ¥. We also structure
each case into three sub-cases corresponding to the three statement that must be proven.

Nam: The result follows directly from the definition of ', and .
Enc: We consider each of the two relevant typing rules
Not Un: For this case we know from the induction hypothesis that I'. F
M ~ Ti; dmy ZL(Pm) is defined, L(dpp) > 17 = T, V(z : 7) € T @ (x:
L(dm)>T1) €T, Te b N~ 75 Opy ZL(¢n) is defined, Z(¢y,) > 7, = Key(T),
and V(z : 7) € Tc: (x: L(¢pp) >7) € I'. We now prove each of the three
statements:
(1) We first conclude Z (¢, A ¢p) is defined. This follows directly from
Obs. 1. We now proceed to include each of the generated constraints,
and argue that for each conjunction the resulting constraint still has a
well-defined solution.
For ¢, A o A IsKey?(7y,, ) we can conclude that since Z(¢pp, A ¢y, ) >
7, = Key(T') then either we have IsKey(7,,7),) in ¢, A ¢, for which
L(bn N ¢m) > 75, = T or we have no IsX(7,,...) in ¢ A ¢p,. In
the former case, by the axioms of row-group 9 of Table 3.4.13, we
deduce we must have some IsKey?(7,,7,,) constraint in ¢, A ¢, for
which Z(én A ¢m) > 7, = T. Thus by the axioms in row-group
4 of the same table we know this implies Eq(7,,7),). However as
L(bn N Om) > Ty =T and ZL(pp A ¢m) > 7, = T we can conclude
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the constraint Eq(7,,,7,,) is satisfied and thus since 7/, = 7,,,, and by
extension 7' = T', we can conclude that £ (¢, A ¢n A IsKey?(7p,, 7))
must be defined. In the latter case, where we have no IsX(7,,...)
constraint in ¢, A ¢, we can conclude that -2 (p, Ao AlsKey? (7, 7))
must be defined by the axioms of row-group 9 of Table 3.4.13 such that
L(dm N dn NsKey (1, Ti) ) > T, = Key (L (dm A dn, A lsKey (1, 7)) >
Tm) - Key(T)
For ¢ A ¢ A IsKey? (7, 7)) A IsUn(7) we trivially conclude £ (¢, A
On A IsKey?(7,, 7)) A IsUn(7)) is defined, since 7 ¢ names(¢, A ¢p,)
implying .Z (¢m A on AsKey? (7, 7)) > 7 = U for any U, thus allowing
L(pm N ¢, A IsKey? (7, 7)) AlsUn(7)) > 7 = Un.
(2) Follows directly from the above, the constraint IsUn(7), and Obs. 2
(3) Since Z(¢pm) > Tm =T and Z(¢y,) > 1, = Key(T'), we know by Obs. 1
and Obs. 2 that £ (dm A dn ANsKey? (7, 7)) AlsUn(7)) > 7, = Key(T),
L(pm N dn NNsKey?(1y, Tm) AlsUn(7)) > 7, = T, and L (dm A P A
IsKey?(Tp, Tm) A IsUn(7)) > 7 = Un. The remaining type variables
follows from Obs. 1
Un: Similar to the case above
Pai: Not Un: For this case we know from the induction hypothesis that I'. -
M ~ s dmy ZL(Pm) is defined, L () > T =T, V(z : 7) € Te @ (z:
L(pm)> 1) €D, T b N ~> 75 0y L (¢r) is defined, Z(dp) > 1 = U(M),
and V(z:7) elc: (z: Z(pp) >7) €. We also know from Lemma 3.4.5
that 2 (¢Ym A pm) < = M. We have limited U (M) to being either Ok(.S)
or Un. We also know from Lemma 3.4.6 that if U(M) = Ok(S) then
L(bm N m A om A én A NamVar(z) A PairVar(z) A IsPair?(1,x, 7, 7)) A
ISAbS?(7,,, Ty 1ty T, Ti)) B> 7, = Ok(S[X34]) = U(x). And the axiom V? : Va :
Vtp oVt Vit o Va : Vit (IsPair(t, z, t ¢, t) AlIsAbs(tl, ts, a, z, t) ) AlsUn(t,)) =
IsUn(t,) says that if U(M) = Un then £ (¢ A Ym A m A ¢ ANamVar(z) A
PairVar(z) A IsPair? (7, 2, Ty, 7)) A IsAbs? (7], T, ity 2, 7)) > 7), = Un
(1) From Obs. 1 we get that Z(pm A m A @m A ¢y) is defined. Since x is
fresh for ¢, A Y A om A ¢p, adding NamVar(x) and PairVar(x) cannot
prevent a solution from being found. Since 7 and 7, are fresh for
Om A Um A pm A o ANamVar(x) A PairVar(z) there is no reason we can-
not create a solution such that Z (¢, A ¥ A @m A ¢ A NamVar(z) A
PairVar(z)) > 7 = Pair(x : Ldm A Ym A ©m A ¢n A NamVar(z)) >
Ty <L (Pm A m A ©m A ¢ ANamVar(z) A PairVar(z)) o> 7/, and £ (dm A
Ym A pm A dp ANamVar(z) APairVar(z)) > 7}, = L(dm Abm A @m A dn A

NamVar(:c)/\PairVar(:c))DTn[)Vg((ﬁm A Ym A ©m A ¢ A NamVar(x) A PairVar(z)) > ,u}
making this a solution -Z (¢, Am A @m A ¢, ANamVar(z) A PairVar(x)
A IsPair? (1, 2, Ty, 70)) A ISAbS? (T, T,y 14y T, T ).
(2) Since IsPair?(7,2,Tm, 7)) € ¢ and 7 is fresh, Z(¢) > 7 = Pair(x :
L(}) > T, Z(¢) > 7,), and as shown above, £(¢) > 1, = T and
Z(¢) > 1, =U(x)
(3) Follows directly from Obs. I and the fact that 7 is fresh
Un: Similar to the case above
Ok: We consider each of the two relevant typing rules
Not Un: For this case we know I'. F ¢, and since ¥; — &;; 1;; ¢;, we get from
Item 4 that Z(; A @;) <& = U; for each i.

(1) Since v; and ¢; are message encodings, and have no influence on
the satisfiability of the other constraints and since generating more
CanOk?(7,¢’) and InsCanOk(7, z, u, &) prefixes cannot possibly lead
to FAIL() prefixes, we can conclude by Obs. 1 and the fact that
7 is fresh for A(; A ¢i), that Z(IsOk?(7) A A\;(CanOk?(7,&) A i A

(2
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0i) N Npremgry (V€' + (ISOk(7) A CanOk(7',¢')) = CanOk?(7,&)) A
Nrrcmgm) (V€ : V- Vo (IsOk(7")AlnsCanOk(7', 2, 1, §') A IsOk(7)) =
InsCanOk(T, z, 1, &’))) is defined
(2) Since 7 is a fresh type variable, and since the constraint generation
rules for effects do not generate any IsX? constraints, we know that
IsOk?(7), CanOk?(7,&;), and InsCanOk(7, z, i, &), by the axioms V¢ :
Vg : Yug : VY 2 Vg Vit o (IsOk?(t) A —lsCha?(t, ur) A —lsKey?(t, ug) A
—lsPair?(t, pu,tr,ts) A —lsUn(t)) = IsOk(t) and Vt : V& : (IsOk(t) A
CanOk?(t,&)) = CanOk(t, &), will give rise to IsOk(7), CanOk(T,&;),
and InsCanOk(7, z, i, &) in L (A\;(CanOk? (7, &) Adi A Ap; ) AIsOk? (7)),
and thus the derivation Z(A;(CanOk?(7, &) Api A Ap;) ANlsOk? (1)) >
T = Ok(UU; ti(M;)) where S C |J; 4;(M;).
(3) Follows directly from Obs. 1 and the fact that 7 is fresh
Un: Similar to the case above
Fst: We consider each of the two relevant typing rules
Not Un: For this case we know I'c = M ~> 7,0, £ (dp) is defined, L (¢, ) >
Tm = Pair(T,U), and V(z : 7) € ' : (x : L(¢pm) >7) €T
(1) similar to case Pai
(2) By the definition of >, as seen in Table 3.4.16, we know that .2 (¢p,) >
Tm, = Pair(T,U) is derived from either (1) no IsX-constraint exists
in % (¢m) for 7, or because there exists a IsPair(7,, fm, 7, 72,) con-
straint in £ (¢y,). In the case where IsPair(Ty,, tm, 7.1, 72,) € L (dm)
we get Eq(7, 7{") by the axioms of table Table 3.4.13, implying .Z (¢ A
IsPair? (7, 1, 7,72)) > 7 = T, and for the case with no IsPair(...)-
constraint, by definition of >, we can trivially make the derivation
L(dm N IsPair? (T, pu, 7,12)) > 7 =T.
(3) Follows directly from the fact 7 and 7o are fresh, Obs. 1, and Obs. 2
Un: Similar to the case above
Snd: As we have two rules for this case, we consider both:
Not Un: We know that I'c = M ~~ 7,5 oy L (b)) is defined, Z(¢n,) > T =
pair(x : T,T'(x)), M1 — mw;¢;p, and V(z : 7) € T : (1 L(Ppm) > T) €
. Since Z(¢m) > 7 = pair(x : T,T'(x)), we know that there exists
some 72,75 such that IsPair(7,,, z, 72,73 ). This implies 2 (¢m A A p A
IsPair?(7,,, u, 7', 7)) is defined. By the axioms in Table 3.4.13, in particular
row-group 5, we can deduce Eq(7/,72), and since .Z(¢,) > 72, = U by
Lemma 3.4.7 and Vt : Vo : Vty @ Vi, : Vtg : Va : Vt) - (IsPair(t, z,t5,t,) A
IsAbs(t., ts,a, x,t?) AlsUn(ts)) = IsUn(t,) we can conclude that £ (¢) > 7 =
L)1 [snd M/X], and so by the induction hypothesis we can conclude
L(dm AN N o NsPair? (T, p, 7', 7)) > 7 = T'(snd M) and the result follows.
Un: similar to above
Eq: Trivial
Neq: Trivial
Seq: For this case we have I'c b M ~> 75 by L (1) is defined, L (o) > 17 = T,
Ve :7)€le: (x: L(dm)>7) €T, Te BN ~ 1500, L(dy) is defined,
L)1 =T,and V(x:7) €Tc: (x: L(dm) > T) €T
(1) Follows directly from Obs. 1, L (¢m) > T =T, and L (¢p) > 10 =T
(2) Follows directly from the above case and Obs. 1
Eeq: Trivial
One: Trivial
Dcr: Similar to the case for [Enc-C]
Bgn: Trivial
End: For this case must consider two sub-cases as defined by [End-C]:
¢(M) € T'c: For this case we know ¢(M) € T'...
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(1) Since I' - ¢ we know that fn(M) C dom(I") implying fn(M) C dom(T,)
and the result follows

(2) Since [fn(M) C dom(T'.)] is the only constraint, then by definition
of > we have Z(¢) > 7 = T for any T implying Vn : 7, € . : n :
(Z(p)>m,) el

Otherwise: For this case we know ¢(M) ¢ T..

(1) Since I' F ¢ we know that fn(M) C dom(T") implying fn(M) C dom(T,).
Assuming the process initially was well-formed, we know I' = I'y, x :
Ok(S), T’y for which ¢(M) € S, we must have z : 7, € I'. for which
ZL(p+e€)> 7, = O0k(S). We let € represent the constraint generated
further down the constraint generation tree. In this derivation we utilise
CanOk(7y, &) and InsCanOk(T, x, i1, £) constraints for which there exists
one such that either Z(¢p+e€)<1€ = (M) or Z(p+€)O(x, 1, &) = L(M).
In both cases the constraint generated by [End-C| does not imply Fail(¢).

(2) Since [fn(M) C dom(I'.)] is the only constraint, then by definition
of > we have £ (¢) > 7 = T for any T implying Vn : 7, € T : n :
(Z(P)>) €l

IfI' - M ~ 7; ¢ such that Z(¢) is defined and I = assertions(I')U{x : £ (p)>T |
z:7€l} then T+ M: ZL(¢)>T1

If 'k o~ ¢ such that £(¢) is defined and I = assertions(I") U {z : £ (¢) > 7 |
x:7 €T} thenI"F o

And if T' F ¥ ~ ¢ such that Z(¢) is defined and I" = assertions(I") U {z :
ZL(@)>1|x:7el'} then " T

We prove this through induction in the constraint generation rules for messages,
conditions, and assertions:

[Nam-C]: Here we have that M = a and ¢ = T. From the rule we get I' - ¢ and
I'(a) = 7. It obviously follows from this that IV F ¢ and I"(a) = Z(T) > 7, and
therefore, according to [Nam], I" F a : ((Z(T) > 7) for any assignment of .Z(T) > 7.

[Enc-C]: Here we have that M = {M'}n, T' = M’ ~ 7pp; 00, T'E N~ 75 O,
and ¢ = ¢, A dn AlsUn(7) A lsKey?(7i, Tarr). From the induction hypothesis we
get that, since ¢ = ¢y and ¢ = ¢, meaning that Z(¢) is also a solution to
¢umr and ¢y, and thus IV E M’ : (L (¢) > map) and TV = N = (ZL(¢) > 7). We
now consider the two remaining constraints:

e Since ¢ = IsUn(7) we know .Z(¢) > 7 = Un, as is required in both [Enc] and
[Enc-Un].
e Since ¢ = IsKey?(7n, Tar7), we need to consider the following axioms:
Vt o Vu @ (IsOk?(t) A IsKey?(t,u)) = (IsUn(t) A IsUn(u))
Yt : Yuq : Vug : (IsCha?(t, uq) A lsKey?(t, ug2)) = (IsUn(t) A IsUn(uq) A lsUn(us))
VitV Vi Vg o Vs o (IsKey?(t, u) AlsPair?(t, x, tr,t)) =
(IsUn(t) AllsUn(u) AlsUn(tf) AlsUn(t))
Vt Vo Vg : Yug @ Vi VEg 0 (—lsOk?(t) A —IsCha?(t, ui) A IsKey?(t, ug)A
—lsPair?(t, x,tf,ts) A —lsUn(t)) = IsKey(t, uz)
Together they mean that either £ (¢) > 1y = ZL(¢) > 78 = Un or Z(¢) >
v = Key(Z(¢) > mpy) corresponding to [Enc-Un] and [Enc] respectively.

[Pai-C]: Here we have that M = pair(My, My), T' = My ~ 11; ¢1, M1 — p; 91, 01,
I' b My ~~ T35 2. Moreover we generate NamVar(x), PairVar(z), IsPair?(r, z, 71, 75),
and IsAbs? (75, 7o, p, x,71).

By the induction hypothesis we have that, since ¢ = ¢ and ¢ = ¢2, meaning

that Z(¢) is also a solution to ¢1 and ¢o, and thus IV - M; : (Z(¢) > 1) and
I+ M, : (f(qb) > ’7'2).

~~
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Since ¢ = IsPair?(7, p, 71, 72) we look at the following axioms:

Va 0 Vig : Vit @ (IsOk?(t) AlsPair?(t,x,ty,ts)) = (IsUn(t) AlsUn(ts) A lsUn(t,))

Vu : Vo : Vg : Vig @ (IsCha?(t, u) AlsPair?(t, z,tr, ts)) = (IsUn(t) A lsUn(u)A
IsUn(t¢) AlsUn(ts))

Vu :Va  Vity Vit (IsKey?(t, u) AlsPair?(t, z,t¢,ts)) = (IsUn(t) A lsUn(u)A
IsUn(t¢) A lsUn(ts))

Va : Vug : Vug @ Vig @ Vg @ (—IsOk?(t) A —IsCha?(t, ui) A —lsKey?(t, uz)A
IsPair?(t, z,t¢,ts) AlsAbs?(ts, t,, a, z,tf) A =lsUn(t)) =
(IsPair(t, z,t¢,ts) A lsAbs(ts, ty, a,x,tf))

Together these constraints imply that either Z(¢)>7 = ZL(¢)>11 = L(P)>T0 =
Un or Z(¢) > 1 = Pair(x : Z(¢) > 11,L(p) > 75), corresponding to rule [Pai-Un]
and [Pai] respectively. By row-group 6 from Table 3.4.13 and by Lemma 3.4.6
we know that £ (¢) > 175 = Z(¢) > 72[X}4], and the conditions from [Pai] are
satisfied.

[Ok-C]: Here we have that M = ok, I' F o, for all ¥; € " : U; — & : ¥, ¢,

and ¢ = IsOk?(7) A IsOkTerm(7) A A(CanOK?(7, &) A i A di) A Nprcmngry (V€
(IsOk(7") A CanOk(7', ")) = CanOk?(7, &) A A\ rremgr) (V€' : Vo : Y« (IsOk(7") A
InsCanOk(7/, z, u, &) A IsOk(7)) = InsCanOk?(7, z, u, &')).

Since, I' F ¢, obviously I'' - ¢, as required in both [Ok] and [Ok-Un]. By
row-group 7 and 9 of Table 3.4.13 we know that either £ (¢) > 7 = Un or
Z(¢) > 1 = 0k(S) for some S, corresponding to either [Ok-Un] or [Ok]. By ¢
we know that we generate a CanOk?(7, &) or InsCanOk?(7, x, i, &) for all possible
effects that might be in S. By row-group 10 of Table 3.4.13 we know that we
only convert CanOk?(7, &) and InsCanOk?(7, x, i1, &) to the definitive versions if
all possible senders of a certain channel agree of the effect £&. Thus if we have
CanOk(,&) or InsCanOk(T, z, i, £) we know that it is safe to include Z(¢) < ¢
or ZL(¢)0(z, p, &) to S, and thus I+ M : (L(p) > 7).

[Fst-C]: Here we have that M = fst M, I' = M ~ 7p;00, and ¢ = épr A

IsPair?(7ar, z, 7, 75) A NamVar(x) A IsAbs?(75, T2, i, x, 7) A PairVar(x).

By the induction hypothesis we have that, since ¢ = ¢5; meaning that Z(¢)
is also a solution to ¢as, and thus IV F M : (Z(¢) > 7ar).

Since ¢ = IsPair?(7ps, x, 7, 72) we look at the following axioms:

Va :Vty o Vtg o (IsSOk?(t) AlsPair?(t, x,ty,ts)) = (IsUn(t) AlsUn(ts) A lsUn(ts))

Vu : Vo : Vg : Vig @ (IsCha?(t, u) AlsPair?(t, z,tr, ts)) = (IsUn(t) A lsUn(u)A
IsUn(ts) AlsUn(ts))

Vu : Vo : Vg : Vig @ (IsKey?(t,u) AlsPair?(t,x,tr,ts)) = (IsUn(t) A lsUn(u)A
IsUn(ts) AlsUn(t,))

Va i Vug : Vug @ Vg 2 Vig 0 (—IsOk?(t) A —IsCha?(t, ui) A —IsKey?(t, ug) A
IsPair?(t, z,tr,ts) AlsAbs?(ts, th, a, z,tf) A —lsUn(t)) =
(IsPair(t, z,ts,ts) A lsAbs(ts, s, a,x,tf))

Together they mean that either Z(¢) >y = Z(¢) > 7 = Z(¢) > 1 = Un or
L(p) > = Pair(x : L(¢) > 7, Z(d) > 74), corresponding to rule [Fst-Un] and
[Fst] respectively.

[Snd-C]: Here we have that M = snd N, I' = N ~» 7,;¢p, fst N — u;11; 1,

and ¢ = ¢, A1 A @1 AlsPair?(ry,, x, 71, 7') AlsAbs?(7/, 7, u, x, 71) A NamVar(z) A
PairVar(z).

By the induction hypothesis, since ¢ = ¢, and Z(¢) is also a solution to ¢y,
and thus IV = N : (Z(¢) > 7,,). By row-group 7 and 9 of Table 3.4.13 we know
that either .£(¢) > 7, = Un or Z(¢) > 7, = Pair(x : Z(¢) > 11, L(p) > 7). If
Z(¢) > 1, = Un then by the same axioms we have £ (¢) > 7 = Un corresponding
to [Snd-Un]. If however Z(¢) > 7, = Pair(x : Z(¢) > 11, Z(¢) ' 7’), then we
know N = pair(Ny, N2)—by row-group 9—and by a similar argumentation as in
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the case for [Pai-C|, we know Z(¢) > 7" = L(¢) > 7[¥/n,]- By the restrictions
made to processes, and by row-group 6 we can deduce either .Z(¢) >" 7/ = Un or
Z(p)>" 7" = Ok(S) for some S. In the former case, namely Un, the result follows
immediately as Un = Un[%}] for any a and b, corresponding to [Snd-Un]. For
the case of Ok(S) we refer to the axioms in row-group 1 of Table 3.4.14, which

by Lemma 3.4.7 and Lemma 3.4.5 ensures that £ (¢) > 7 = Z(¢) >’ [/t N/X]
which corresponds to [Snd].

[Eq-C]: Trivial

[Neg-C]: Trivial

[Seq-C]: Here we have that 0 = M as N, T'F M ~> Tp; &, I'E N ~> 75 ¢y, and
O = Om N\ Pn N\ Eq(TmaTn)-

By Item 1 of of Theorem 3.2.4, since ¢ = ¢, and ¢ = ¢, and Z(¢) is
also a solution for both of them, we thus have I" b M : (Z(¢) > 7,,) and
I N : (Z(¢) > 7). According to Lemma 3.4.8, since ¢ = Eq(7i,, 7), we know
L(P) > T = ZL(¢) > Ty, and the result follows.

[Eeqg-C]: Trivial

[One-C]: Trivial

[Dcr-C]: Here we have that ¥ = ‘o = dec(M1, M), ' F & ~ Tp5¢,, ' My ~~
Tm1; @m1, I'E Mo ~ T95 ¢, and ¢ = ISKey?(Tm%Tw) N |SUn(Tm1) N Gz N Gm1 N
¢m2-

By Item 1 of Theorem 3.2.4, since ¢ = ¢, ¢ = dm1, and ¢ = P2 and L ()
is a solution to those constraints, IV Fxz : (ZL(¢) > 1), IV F My : (L(P) > Tin1),
and IV = My : (ZL(p) > Tm2). We now consider the two generated constraints:

e Since ¢ = IsUn(7y,1), we have Z(¢) > 7,1 = Un as expected.
e Since ¢ = IsKey?(72, 7)) we look at the following axioms:

Vit o Vu o (IsOk?(t) A IsKey?(t,u)) = (IsUn(t) A IsUn(u))
Vt @ Yug : Vug : (IsCha?(t, up) A IsKey?(t, uz)) = (IsUn(t) A IsUn(uq) A lsUn(uz))
VitV Vs Vg Vs : (IsKey?(t, u) A lsPair?(t, g, ts)) =
(IsUn(t) AllsUn(u) AlsUn(ts) AlsUn(t))
Vit Vo Vg Yug @ Vi 0 Vg 0 (—lsOk?(t) A —IsCha?(t, ur) A IsKey?(t, ug)A
—lsPair?(t, x,ty,ts) A —lsUn(t)) = IsKey(t, uz)

Together they mean that either .Z(¢) > T2 = Z(¢) > 72 = Un or Z(¢) >
Tm2 = Key(Z(¢) > 1), corresponding to [Der-2] and [Dcr-1] respectively.
[Bgn-C]: Trivial
[End-C]: Here we have ¥ = end ¢(M) and ¢(M) — &;1; p. By the case we have
two sub-cases.

Effect in environment: For this case we have ¢ = ) Ao A[fn(M) C dom(I)]
and (M) € T. Since ¢ = [fn(M) C dom(T")] we know fn(M) C dom(T)
thus satisfying the conditions of [End-1].

Effect not in environment: For this case we have ¢ = ¥ A ¢ A [fn(M) C
dom(F)]] A ((AI:TEF(Vgl D VEY Yo Ve ((ﬁcanOk(Ta 5/) v _|Eq(§,§/)) A
(=InsCanOk(7, x, 1, ") V —Eqi(&, z, 11, &"))))) = FAIL(E)). Clearly this con-
straint cannot be satisfied on its own. However, since we only consider
robustly safe processes, we know that if this constraint is satisfied, then
there exists some constraints € which are generated for the remainder
of the processes, such that we have either CanOk(7,¢&') € Z(¢ A €) or
InsCanOk(T, x, 1, &) € ZL(p A €). Moreover by ¢ we know that we have
Eq(¢, &) or Eqi(&, x, i, ') respectively. By Lemma 3.4.8 we know this im-
plies Z(pNe) <& = L(dNe) Qg or L(PNe)O(x, 1, 8) = ZL(dNe) Q&
Since ¢ = 1 A ¢ and by Lemma 3.4.5 we know Z(¢p Ne) & = ((M).
This implies that Z(¢ A €) > 7 = Ok(S) for which ¢(M) € S. Finally,
since ¢ = [fn(M) C dom(I")] we know fn(M) C dom(I") thus satisfying the
conditions of [End-2].
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B.2. Proofs for Chapter 4

B.2.1. Proof of Theorem 4.2.4.

For any process P, there exists a type environment I' and an assertion ¥
such that I',)¥ - P, if and only if I'p - P ~~ 9;¢ such that £(¢) is defined,
ZL(@)>1Y =V, and dom(T') = {z | z : 7, € T'p and L(¢) > 7, # ¢} and for all
x € dom(T"), I'(z) = Z(¢) > T'p(x)

We prove this by first proving that if I', U = P, then I'p = P ~~ 1; ¢ such that Z(¢)
is defined, Z(¢) > = ¥, and dom(I") = {z | x : 7, € I'p and Z(¢) > 7, # £} and for all
x € dom(T"), I'(x) = Z(¢) > I'p(x). We prove this by structural induction in P:

[T-In]: In this case we know that P = M (AZ)N..P’ and we use [C-In] to generate
constraints, giving us I'ys = M ~> 73 U ¢, In B (AZ)N ~ (T = )5 Un; On,
Lp,@:TE P~y dp, and

phi
Phip, A
phi, A
phip/\[[w/:wm@wn@)@bp]]/\[hm P Tn]]/\ /\ [[Tl :7'2+7'3+T4]]/\
I(z)=T7
FM(QE):1T2
I'y(z)=73
Ipr(z)=T4

[if C(M(AZ)N..P', ') then Weak(x, ') else v = ¢/].

From the induction hypothesis and the first criterion we get that, since
)+ : T, b P, Ty, Wy Frgy ADN : T — Uy, Ts, g by M : U, Ty
M ~ T Um; Om, T'n (/\f)N ~ (7? — Tn)5wn;¢m Ip,@:7F P~ pr(z)pa
we know that .Z(¢,) is defined, Z(¢p)1 > ¥y, dom(Dy +Z:T) = {a |z : 7y €
Up, @ : 7 and Z(¢p) > 70 # e} and for all 2 € dom(Dy + & : T), [y + Z: T(z) =
L(pp)>Lp, @ T(x), L(Pp) is defined, L (pp) > 1, = Uy, for all i L (o)1 =T
L(¢pn) > Yy, = Vg, dom(T'2) = {z |z : 7, € I'y and Z(¢p,) > 7 # €} and for all
z € dom(I'y), I'a(z) = L (pn) > T'n(x), and Z(¢y,) is defined, L (ppm,) > Ty = Us,
L(pm) > VY = V3, dom(T'3) = {z | x : 7, € I'yy and Z(¢py,) > 75 # €} and for
all x € dom(Fg), Fg(l‘) = Z(qu) > FM((L‘)

We now prove that a solution .Z(¢) exists. Aside from tau, ¢, ¢n, and
¢p do not discuss the same variables at all, and, since Z(¢y,) exists, Z(¢n)
exists, £ (¢p) exists, and for all 7, L (pp) > 7 =T = L(dp) > Tiy L (P A P A
¢p) must exist. Since ZL(¢pp) > U1, ZL(py) > Yy = Vo, L(Pm) > Yy = Vs,
and ¢ is fresh variable not occurring in ¢,, ¢n, or ¢,, there is no reason we
cannot have £ (¢, A ¢p A ¢p) > ¢ = ¥,which means that, by criterion 11,
since U = ¥ ® Uy @ U3, L(hm A o A Pp A [V = Y @ by, @ 1p]) exists.
Since Z(¢m) > T = Us and L (¢n) > 1, = U, and Us <P~ U, we also know
that L (dm A dn A dp A [ = Y @ Yy, @ Yp] A [Ty P~ 7p]) exists. Since
dom(Ty +Z:T)={z |2 :7 € Dp,@: 7and Z(pp) > 7 # €} and for all
zedom(i+Z:T), 11 +Z:T(z) = L (pp) >Tp, @ : T(x), we know that

Fl(l’) Zf x e dom(Fl)
€ otherwise

Z(6y) > Tpr(x) = {

Since dom(I'2) = {z |z : 7, € T'y and Z(¢,) > 72 # €} and for all x € dom(I'2),
[y(z) = Z(¢n) > Tn(z)

FQ(.’L‘) Zf T € dOm(FQ)
€ otherwise

ZL(¢n) >I'n(z) = {
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And since dom(I'3) = {x | = : 7, € 'y and L (édm) > 7 # €} and for all
x € dom(T3), I's(z) = L (édm) > Tar(x),

F3<LL‘) ’Lf T € dOm(F3)
€ otherwise

ZL(m) > T (z) = {

Since all the variables in the range of I'p are fresh for ¢, A ¢n A ¢p A [/ =
Ym @ Y @ Yp] A [T, <P~ ], there is nothing preventing us from constructing a
solution .Z (g A ¢ A Op A Y = Y @V, @ Yp] A [T <P~ 7)) such that for all
x:17p €I'p, g(ém/\¢n/\¢p/\ [W}/ :wm@)wn@wp]] A [[Tm P Tn]]) > Ty :F(x)'
Since ' =114+ 19+ I'sand e+ T = T for all T, we then get from criterion
97 that $(¢mA¢nA¢pA[[w/:wm@)wn@wp]]/\[hm - Tn]]/\ /\ [[Tl =
T'(z)=7
FA{(CIS):;?
I'n(z)=T3
Tpr(x)=T4
Ty + 73 + 74]) exists. Finally, since 1 is fresh for ¢y, A ¢ A dp A [U' = P, @ 1y, @
Yp] At <P~ ] A A [11 = 72 + 73 + 74], there is nothing preventing us
I'(z)=m1
F]\/[(.Z‘):TQ
I'n(xz)=73
Tpr(z)=T4
from creating a solution such that £ (¢m A ¢n A ¢p A [V = Y @y @ Pp] A
[tm <P~ ] A AN [m=mn+m+n])>=L(nAdAdp AV =

I'(z)=n1
Ty (z)=m2
I'n(z)=73
Ipr(z)=T4
Ym @ Yn @ Yp] A [T, <P~ W] A A [ = 12+ 1+ 1]) > ¢/, meaning
I'(z)=T7
FNI($):'17'2
I'n(z)=73
Tpi(z)=T4
that Z(¢m A dn A dp A" = i @ hn @ Yp] AT P~ ] A A 11 =
I'(z)=7
F]M(J?):}TQ
I'n(z)=73
Tpr(z)=T4

7o + 73 + 4] A [if C(M(AZ)N..P’ 1)) then Weak(1), ¢)’) else ¢p = ¢']) is defined.
It should be obvious that in the above solution, .Z(¢) > = ¥, and dom(I') =
{z|z:7 €Tpand Z(¢p)>1, # e} and for all z € dom(T'), I'(x) = Z(¢p)>T'p(2)
[T-Out]: Similar to above
[T-Par]: In this case we know that P = P; | P» and we use [C-Par| to generate
constraints, giving us I'},T'Y = Py ~ ¥1;¢1, T5, T4 = Py ~ tg; ¢, F'(P) =
(1,01, 01), F/(Po) = (19,92, ¢%), and ¢ = ¢1 A g2 A ' A ¢? A [ = ¢f @ Y] A
[¥1 = i @I A2 < @I A2 = Wy @' T ATW" <¢"TA A [n =

Ip(x)=71
I (z)=m2
Iy (xz)=T3

7o + 3] A [if C(Py | Pa,v") then Weak(v), ') else ¢ = 4].

From the induction hypothesis we get that, since I'y + I'p,, ¥1 ® \IJ},2 F P,
FQ + Fpl,\llg & \1’331 H PQ, ’1,1“’1’ F P1 ~ 1/}1;d)1, and FIQ,F/QI [ P2 ~ 1/}2;(Z)2, we
know that .Z(¢1) is defined, Z(¢1) > 91 = ¥1 ® ¥, and dom(I'y + T'p,) =
{z | z: 71 € T,T] and L(¢1) > 7 # €} and for all z € dom(T'; + I'p,),
Iy +FP2 (.73) = g((]ﬁl) > Fll, F’ll(x), and g((bg) is defined, g(gf)g) > wg =V ® \I/,Pl,
and dom(T's +T'p) = {z | x : 7, € T4, T} and £(¢2) > 7, # €} and for all
WS dom(F2 + Fpl), I's + Fpl (ZL‘) = $(¢2) > FIQ, FIQI(ZL')

We now prove that a solution .Z(¢) exists. The only variables discussed by
both ¢1 and ¢9 are the ones in ran(I'f)Uran(T'}). Since We know that I'o+T'p, - P
we know that for any x : T' € I'p, the same x : T has been introduced in the
derivation of I'y + I'p,, ¥1 ® \I'QDZ. This means we know from the induction
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hypothesis, that since there must exist I'y; and W1/ such that 'y, Uy b (v : T)P|
and I'yv b (vz @ 7)P] ~ 15010 L(p1) > 7 = T and since z is new cannot
have been mentioned earlier in Pj, Z(¢1) > 7 = T. In addition, since for all
z €dom(Te +Tp)), [y +Tp, (z) = L(¢2) > 1%, T5(x), and T'p, (z) = T, we have
ZL(p1) > 1 = ZL(¢p2) > 7. This means that there exists a solution £ (p1 A ¢2),
and since all the names of ¢! and ¢? are fresh for ¢; A ¢ and each other,
L1 A pa A A p?) exists. Since ¥, 1], and 14 are fresh for g1 A ¢ A ¢t A ¢ we
can say that Z(¢1 Ao APt A @) > = U, L(p1 Ao AL Ad?) > 0] = Uy, and
L(d1 Apa APt Ap?) >y = Wy, Then we know from criterion 11 that .2 (¢ A da A
L APEN[Y = i @1ph]) exists. Since 1’2 is fresh for g1 Aga AGLAGEATY = ] @4]
we can say that £ (¢1 A ga At A ¢? A = ¢ @ Y4]) > " = W), and since
ZL(¢1) > = U1 @ Up, and 1; is not mentioned in ¢a A ¢* A @% A Y = ¢} @ ],
L(p1 Ao ANdt A2 A [ =] @ Yh]) > 1p1 = U1 ® Up,. We therefore get from
criterion 11, that 2 (g1 A ¢ A ¢* A @? A [ = Y] @ 4] A1 = ) @ 1'?]) exists.
Since we know from the definition of F’ that .2 (¢?)>? = Wp, and ? is fresh for
PL1AG2 NG AW = PL@Pb Al = 1] @9"%] we know that £ (g1 Ag2 AP AG AW =
V) @Y A [ = Y] @ ¢?]) > ? = Up,, and we therefore get from criterion
13 that Z(p1 A g2 A @' A G° A [ = ) @ Yo A [r = ¢) @ 2] A [9? < 4%])
exists. From similar arguments, we know that Z(¢1 A ¢ A ¢' A ¢? A [ =
0 U] A Ty = 05 @ W2 A [0 < 02 A e = v @ ] A [ < ¢1]) exists.
Since dom(I'y + I'p,) = {z | z : 7, € T}, T and Z(¢1) > 7, # €} and for all
z € dom(I'y + 'p,), I'1 + Tp,(x) = L(P1) > T, T (x) we know that

T r ] T T
2(91) i,ri’(x)z{ vEln(e) i e dom(b+ 1)
otherwise

And Since dom(I'y +T'p) = {z | x : 7, € T%,T% and £ (¢2) > 75 # €} and for all
z€dom(le +T'p), To +Tp () = L(P2) > 1'%, T5(x) we know that

L(¢2)T5, Ty (x) = {Fz +Tp(z) if xcdom(ls +T'p,)

otherwise

Since all the variables in ran(I'p) are fresh for ¢1 A o At A @2 A = ] @ h] A
[1 = ¥ @ 2] A [ < 6] A [t = 4 ® 6] A [0 < /1] there is no reason
we cannot construct a solution .Z(¢1 A o A ¢1 A @2 A [ = Y] @ Yh] A 1 =
VI @Y A [ < 2] A e = Yy @Y A < ¢']) such that forall z : 7, € T'p,
L1 A2 NP AP AW =P @ U] A [ = ¢ @ YP] A W2 < P A [ =
PhRY A < Y1) 7, = T(x). Since T =1 +Ty and T+¢e = T, we get from
criterion 9 that Z(¢1 A da AP A G2 A [0 = ) @ Y] A [ = ) @ 2] A o2 <
V) A e = W @AW <A A 1 = T2+ 73]) exists. Finally, since
Lp(xz)=71
I (z)=m2
I (x)=T3
1 is fresh for ¢q A o A L A @2 A = ) @ Y] A [ = ) @ 2] A [9'? <
VA2 = Y @ AW <9 A A [r = 72+ 73] we can say that
Ip(x)="71
a2
L(P1 AN da NS A AW =i @ Us] A = v] @ ] A2 < P A b =
Yy @AY <A A [ri=7m+7])> ¢ =V, in which case we know
I'p(x)=71
I (x)=m2
Iy (xz)=T3

from criterion 19 that £ (¢1 A g2 A ¢* A @? A [ = ) @ VL] A o1 = Y] @ 2] A



B. PROOFS

[W? <] A [ = Py @AW <A A [n=n+n]Afif C(P |

Ip(x)=71

I (z)=m2

Iy (z)=r3

Py, 1") then Weak(v),¢') else ¢ = 1']) exists.

It should be obvious that in the above solution £ (¢)y > V¥, and dom(I") = {x |
z:7p € I'p and Z(¢p) > 7, # €} and for all z € dom(T), I'(z) = Z(¢) > T'p(z).
[T-Rep]: In this case we know that P = xP’, and we use [C-Rep| to generate
constraints, giving us 'p b P’ ~» ¢/; ¢, and ¢ = oA [/ = ' @Y IA A 7=

Teran(I'p)
7+ 7] A [if C(xP’, ") then Weak (v, ¢)') else tp = /].

From the induction hypothesis, since I', ¥ = P’ and I'p & P’ ~» ¢/; ¢, we
know that Z(¢,) is defined, Z(¢p) > ¢ = ¥, and dom(T') = {z | = : 7, €
I'p and Z(¢p) > 7 # €} and for all x € dom(I'), I'(z) = Z(¢p) > T'p(z).

We now prove that Z(¢) exists. We already know from the induction
hypothesis that .Z(¢,) exists, and since .Z(¢p) > ¢’ = ¥ and ¥ is idempotent,
obviously Z (¢, A [t/ = ¢ @ ¢Y']) = L(¢p). Since dom(T') = {z |z : 7, €
I'p and Z(¢p) > 7, # €} and for all x € dom(I'), I'(x) = Z(¢p) > I'p(z), we

know that
I'(z) if x € dom(T)
€ otherwise

L(pp) > Tp(x) = {

We also know that I" is unlimited, and ¢ + ¢ = . This means that V7 € ran(I'p) :
T =7+ 7, and therefore Z(¢pp N[/ ="' @Y'IA N [r=717+7]) =L (¢p).

T€ran('p)
Finally, since v is fresh for ¢, A [/ = ¢ @¢'|A AN [t =7+ 7] we can
T€ran(I'p)
easily construct a solution L (¢, A [/ =¢" @¢'JTA A [t =7+ 7]) such
Teran(Tp)
that Z(pp N[ ="' @Y'IA N [r=7+7])>p = L(dp AN [Y =" YA

Teran(Cp)

A [r=74+7])>9" =¥, and therefore, by criterion 9, we get that .2 (¢, A
Teran(I'p)

[V =y IA N [r=71+7]A[if C(xP’, ") then Weak(1), ') else ¢ = ¢'])
T€ran(I'p)
exists.

It should be obvious that in the above solution .Z(¢) > = ¥, and dom(I') =
{z|z:7 € Tpand Z(¢) > 15 # e} and for all z € dom(T'), I'(z) = Z(¢) >
Fp(l’).

[T-Res]: In this case P = (vz : T)P’, we use T to represent T in the constraint
generation, and we use [C-Res] to generate constraints, giving us Tp,z : 7+ P’ ~
Up; p and ¢ = ¢p A [¢) = ¢p + 2| A[if C((va : 7)P,4)) then Weak(1), ¢') else ¢ =
W1

From the induction hypothesis, since I' + z : T, W+ P and I'p,x : 7+ P/ ~
Vp; dp, we know that Z(¢,) is defined, Z(¢p)1p > ¥, and dom(I' + 2z : T') =
{' |2/ 7y € Tp,x: 7 and L(¢p) > 7, # €} and for all 2’ € dom(I' +z : T),
F'+a:T()=ZL(¢p)>Tp,z:7(2).

We will now prove that a solution Z(¢) exists. We know from above that
Z(¢pp) exists. Since ¢ is fresh for ¢, there is no reason we cannot create a
solution .Z(¢,) such that £ (¢p) > ' = L (¢pp) > 1Pp + =, meaning that according
to criterion 17 2 (¢, A [¢)" = ¢p+x]) exists. Since 1 is fresh for ¢, A ¢ = ¥, =+,
we can create a solution .Z (¢, A [¢) = ¢, =+ x]) such that Z(¢p A [¢) = ¢pp +
z]) > = L(Ppp A [V = 1p + z])) > ¢/, meaning that according to criterion 19,
L(pp N[ =1y + ] Aif C((vx : T)P,9)) then Weak (), 1)') else 1p = ']) exists.

It should be obvious that in the above solution .Z(¢) > = ¥, and dom(T") =
{z|z:7 € Tpand L(¢) > 1, # ¢} and for all z € dom(T"), I'(z) = Z(¢) >
Ip(x).
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[T-Ass]: In this case P = (V') and we use [C-Ass] to generate constraints, giving us
Tp b W'~ s dg and & = 6o A [if C((), ) then Weak(1h, 1) else & = o]

From criterion 3, since I', ¥ = ¥ and T'p F ¥/ ~» 1,; ¢pq, we know that £ (¢p,)
is defined, Z(¢,) > 1y, = ¥ and dom(I") = {z | x : 7, € T'p and L (¢,) > 7, # €}
and for all x € dom(T"), I'(x) = Z(¢a) > T'p(z).

We now prove that Z(¢) exists. We already know from above that Z(¢,)
exists. And since ¢ is fresh fer ¢,, we can construct a solution .Z(¢,) such
that Z(¢q) > ¢ = ZL(¢a) > 1,. This means that, according to criterion 19,
L(¢pa N [if C((P), 1) then Weak(1), 1,) else ¢ = 1),]) exists.

It should be obvious that in the above solution .Z(¢) > = ¥, and dom(I') =
{z|z:7, € Tpand Z(¢) > 1, # ¢} and for all z € dom(T"), I'(z) = Z(¢) >
Ip(z).

[T-Cas]: In this case P = case 01 : P1,...,0y : P, and we use [C-Cas| to generate
constraints, giving us I'p = 0; ~ ¥4 05 and I'p = Py ~ 1p;; ¢p; for all ¢ such
that 1§i§k’and¢: Ak(¢siA¢pi)Aﬂ¢sl:"':¢sk:¢pl :"':¢pk‘:

1<i<

'] A[if C(case o1 : Pr,...,0k : Pg, 1) then Weak (v, ¢') else ¢ = ¢'].

From the induction hypothesis and criterion 2, since I''¥ + ¢;, I')¥ F
P; 1 <i <k, I'pt o~ s;¢s, and I'p B P~ 45 ¢p; for all 4
such that 1 < i < k, we get that £ (¢s;) is defined, L (¢s;) > ¥s; = ¥ and
dom(I') ={z |z : 7, € I'p and L (¢s) > 7 # €} and for all x € dom(T"), I'(z) =
L (psi) > Tp(x) and Z(¢pi) is defined, Z(dpi) > ¥pi = ¥ and dom(I') = {z | = :
Tp € I'p and Z(¢pi) > 7 # €} and for all x € dom(T"), I'(x) = Z(¢ppi) > T'p(x)
for all 7 such that 1 <1 < k.

We now prove that there exists a solution .Z(¢). We know that .Z(¢s;) and
Z(ppi) exist for all i such that 1 <1 < k. The only variables shared by these is
ran(I'p). But because dom(I') = {z |z : 7, € T'p and L (¢si)>7, # €}, forall z €
dom(T), I'(z) = L(¢si)>Tp(x), dom(T) = {z | x : 7, € T'p and L (¢pi)>74 # €},
and for all z € dom(I'), I'(z) = Z(¢pi) > I'p(x) for all i such that 1 < i <k, we
know that

I'(z) if x € dom(T)
15 otherwise

$(¢sz) > Fp(iL‘> = {

and
if x € dom(I)

I'(z)

L(odp) >T =
(951) P(@) {5 otherwise
This means that for all  in dom(I'p), Z(¢s1)>Tp(z) = = L(¢ps) > p(x) =
L(pp1) >Tp(x) =--- = L(Ppi) > I'p(x). Therefore there must exist a solution
$(1</'\<k(¢8i A¢pi))~ Since g((lssl) D1 =+ = $(¢sk) D> g = $(¢p1) I>wp1 =
e = (dpk) > pi, there must, according to criterion 15, exist a solution
$(1</'\<k(¢5i A (Zspz) A [[wsl == wsk = %1 == 1/ka = W]]) FinaHY7 since
) is fresh for A @i né) A = o= Yo = U = 0= e = YL
there is not reason we cannot create a solution % (A (¢si A dpi) AN [vs1 =
1<i<k

= ¢sk = Qbpl = = wpk = W]]) such that $(1</'\<k(¢8i A ¢pz) A [[¢51 =
= wsk = wpl == wpk = W]]) >¢ = $(1</‘\<k(€58;/\¢pi) A Istl ==
Yo = Yp1 = -+ = Yy, = ¢Y']) > ¢, meaning that according to criterion 19
$(1<A<k(¢si N pi) Nhst = -+ =Yg = Yp1 = -+ - = Y, = Y] A[if C(case o7 :
Pi,... 0o Py, ¢") then Weak (v, ¢)') else 1p = 1']) exists.
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It should be obvious that in the above solution .Z(¢) > = ¥, and dom(I') =
{z|z:7 € Tpand Z(¢) > 15 # ¢} and for all z € dom(T"), I'(z) = Z(¢) >
Fp(l')

[T-Weal: In this case we know that there must be another typing rule used on P
above [T-Weak], and we use the corresponding constraint generation rule to gener-
ate constraints. But instead of setting £ (¢) > = £ (¢p) >’ like in the previous
cases, this time 2 (¢)>19 = Z(¢)>19'@W,y. Since 1) is never mentioned in any part
of ¢ other than [if C(case o1 : P1,...,0k : Py, ') then Weak(1), 1)) else 1p = /]
and C(P,¥;), this is a solution .Z(¢), and it should be obvious that in this
solution Z(¢) > ¢ = ¥, and dom(I") = {z | x : 7, € I'p and Z(¢) > 7, # €} and
for all x € dom(T"), I'(x) = Z(¢) > T'p(x).

We then prove that if I'p = P ~~ ;¢ such that £Z(¢) is defined, L (¢) > = ¥,
and dom(I') = {z | z : 7, € T'p and Z(¢p) > 7, # ¢} and for all z € dom(I"), I'(z) =
Z(¢)>Tp(x), then ', ¥ - P. We do this by induction in the constraint generation rules
of Table 4.2.1:

[C-In]: In this case we know that P = M(AZ)N.P', Ty = M ~> s ¥ G,
'y F (Af)N ~ (7_: — Tn)§¢n§¢na F}%f T HEP o~ ¢p;¢pa and ¢ = ¢y, A

¢n/\¢p/\ [W = Q;bm@wn@wp]] A [[Tm P Tn]] I‘(/)\ [[Tl = 72+73+T4ﬂ A
FM(Z‘)i:;Q
I'n(z)=73
Ip(x)=74

[if C(M(AZ)N..P, ') then Weak(w, ¢') else ¢ = 1/].

From the induction hypothesis and criterion 1 we get that, since .Z(¢) is also a
solution to ¢, ¢n, and ¢,, we have a Iy, Tar, and W such that Z(¢)>7, = T,
L(P) > Yy, = Yoy, dom(Iy,) = {z | z : 7, € T'py and L(¢) > 7, # €}, for all
z € dom(I"y,), Iy (x) = ZL(¢) > Tpy(z), and Ty, ¥y B M : T, we have a
| f Txn and Wy such that for all 7 in 7 Z(¢) > 1, =T, L(¢) > 1 = T,
L(P) > Yy, = Uy, dom(Ty) = {z | z : 7, € Ty and L (¢) > T # ¢}, for all
z € dom(T'y), I'y(z) = Z(¢) > Tn(x), and Ty, ¥y + ( Z)N : T — Ty, and we
have I, and Wps such that Z(¢) > ¢, = \pr/ dom(I'p)) ={z |z : 7 € Tp, &
T and Z(¢) > 7y # €}, for all z € dom(I'p,), T, (z) = L(¢) > Tpr, @ : T(x), and
o, Wy = P

We know from criterion 4 that Ths <P~ Ty, from criterion 10 that £ (¢)>¢" =
Uy @ Uy @ Wpr, and from criterion 8 that for all z € dom(I'p), Z(¢)>Tp(x) =
L) > Ty(r)® ZL(¢)>Tn(zr) ® L(¢) > p(x). This means that, according
to [C-In], T', Z(¢) >4’ - P and depending on whether .Z(¢) > ¢’ = £ (¢) > 1) or
C(P,Z(¢)>) and L(¢) > = ZL(¢p) >’ @ ¥y we either use [T-Weak] or do
not. From this we can conclude that I', ¥ + P.

[C-Out]: Similar to the case above

[C-Par]: In this case we know that P = P’ | Q, Tp/,T'Q = P’ ~~ 1,3 by, FQ,FP/ H
Q ~ tg; bg, F'(P) =T 4P ¢P, F/(Q) = T9, 9%, ¢, and ¢ = ¢, A g A ¢F A
TN W =ty @Yl A by = ¥ @ YT A [T < I A [ihg = g @ PP] A [P <
W A =+ ] A C(P | Q1) then Weak(, ) else v = /],

I'p(z)=r

F:/((I)):T;

Lo (z)=73

From the induction hypothesis we know that, since .Z(¢) is also a solution
to ¢p and @q, we have a I'p,, Wpr, I'yy, and W such that £ (¢) > 1, = ¥p, and
dom(I'p) = {z | v : 7, € Tp,I'? and Z(¢) > 7 # €}, for all z € dom(I'p),
I (z) = L(¢)>Tp, T9(2), and T, ¥ - P and Z(¢) > 1, = Vg, and dom(I'y) =
(x| z:7 € To, T and Z(¢) > 7 # €}, for all z € dom(I'), Ty() =
ZL(¢p)>Tq, T (x), and T', ¥ - P. We now know from criterion 8, that for all x in
dom(I'p), Z(¢)>Tp(x) = Z(¢)>Tp () ® L (p)>Tg(x), from criterion 10 that
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L) > = L(¢)> 1), @ L () > by, L(8) >ty = L(¢) > 1), @ L () > 97, and
L(9) >y = ZL(¢) >y @ Z(¢) > 9P, and from criterion 12 that .£(¢) > 9" <
ZL(¢) > Y7 and ZL(¢) > PP < L($) > ¢P. This means that I', £ (o) >¢' + P
and depending on whether Z(¢) > ¢/ = Z(¢) > ¢ or C(P,Z£(¢) > ¢') and
L(p) > = ZL(¢p) > @ Uy we either use [T-Weak] or do not. From this we can
conclude that I', ¥ + P.

[C-Rep]: In this case we know that P = «P’, T'pr b P' ~ 1,; ¢, and ¢ = ¢, A [ =
@Y A /\ [T =7+ 7] A[if C(xP',%’) then Weak(v, ) else 1) = ¢'].

Teran(T'p/)

From the induction hypothesis we know that since Z(¢) is also a solution to
¢p, we have a I, and U’ such that £ (¢) > 1, = U, dom(ITp) = {z |z : 75 €
I'pr and Z(¢)1, # €}, for all z € dom(I'p) we have I'y, (z) = Z(¢) > 75, and
finally I'p,, U5, = P’. Moreover we know I'pr = I, by the case. By criterion 8 we
know that for all x € dom(I'pr) we have Z(¢)>T'p/ () = L(P)>Tpi(z)+ L (o) >
I'pr(x) implying that I'ps is unlimited. Moreover by criterion 10 we can conclude
that Z(¢) > ¢ = Z(¢) > ' @ ZL(¢) > 1’ implying that ¢/’ is idempotent. This,
according to [T-Rep] implies that I, Z(¢) > ¢’ - «P’ and depending on whether
L)y =ZL(¢)> ¢ or C(P,ZL(¢) >9') and L(¢) > = L(¢) > @ ¥y we
either use [T-Wea] or do not. From this we can conclude that I', ¥ - P.

[C-Res]: In this case we know that P = (vx : 7)P’, Tpr,x : 7 P’ ~~ 1yp; ¢p, and
¢ =dp AN =1+ 2] Alif C((ve : 7)P’,4)") then Weak(¢, ¢') else ¢ = ¢'].

From the induction hypothesis we know that since .Z(¢) is also a solution to
¢p, we have a I'p, and W', such that Z(¢) > 1, = U, dom(Tp) ={y |y : 7y €
Ip,z:7and Z(¢)1, # e}, for all y € dom(I'p) we have I'y, (y) = Z(¢) > 7y,
and finally I'p,, U, = P’. Moreover we know I'p/,z : 7 =I5, by the case. By
criterion 16 we know that Z(¢) > ¢ = Z(¢) > ¢, + x. This, according to
[T-Res| implies that ',z : 7.2 (¢) > ¢’ F (vz : 7)P’ and depending on whether
L(¢) > =L(¢) > or C(P,.L(¢) >¢') and L(¢) > = ZL(¢) > ¢ @ ¥y we
either use [T-Wea| or do not. From this we can conclude that I', U |- P.

[C-Ass|: Similar to the case above
[C-Cas]: Similar to the case above

B.2.2. Proof of Theorem 4.4.4.

If there exists a I' and ¥ such that I', ¥ - P then P terminates

To prove this we take inspiration from [3] and start by defining the weight of a process
in an environment, wt(I', P). This refers to the vector (ni,ng,...,n;) where k is the
maximum n such that there exists an x such that x : Ch™ € I" and for each 1 < ¢ < k there
are n; outputs on channels with type Ch? inP that are not guarded by a replication. We
say that (n11,no1,...,nk1) < (n12,M22, ..., nk2) if there exists an ¢ < k such that n;; < njo
and for all i < j < k nj1 = njo. wt(I', P) is formally defined in Definition B.2.1, where we
use 0 to denote the vector in which all n; = 0 and 61 to denote the vector in which n; =1
and all other n; = 0.

DEFINITION B.2.1 (Weight (wt)). Given a Process P and an environment I' we define
wt(I', P) in the following way:

wt(T, (1)) =0 wt(I',@x.P) = wt(T', P) + 0,, where I'(a) = Ch™
0

(T,
g P Q) = wt(T, P) + wt(T, Q)
(T,

g

t( t
wt(I, a(AZ)z.P) = wt(I', P) wt(I',(va:T)P) =wt(I' +a:T,P)
t

g

We then show that if ¥ > P = P’ and I', ¥’ - P then wt(T, P) > wt(T', P'). Since
replication, according to the definition of assertion compatibility, must be directly followed
by an input, after which all in- and output must have a lower level than that input, we
know that any for replicated process starting with an input on a channel with level i, the

case o1 : Py,... 05 : P;) = max(wt(T, Py),...,wt(l, P))
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remainder of the process must have a lower weight than 0; and we therefore have that if
Py = Py, Ty, W1 £ Pr,and Ty (a) = Ch" then wt(T'y, P2) < wt(T'y, 1) +0,. And obviously

it T b Wy - Py oand Ti(a) = Ch™ then wit(Ty, Po) < wit(T1, Py) — On.
Therefore if U > P = P’ and T, ¥’ - P then wt(T, P) > wt(T, P').
We now prove that if there exists a I' and ¥ such that I', W - P then P terminates
through induction in wt(T', P):
wt(T', P) = 0:: In this case the process has no output capabilities, and has therefore
terminated.
wt(I', P) > 0:: As we observed above, for all P’ such that ¥ > P 5 P’ wt(T', P) >
wt(, P'). And since for this type system all I' are unlimited, we know that
there exists a ¥” such that I', ¥” - P’, and we use the induction hypothesis to
determine that P’ terminates, and therefore P terminates.
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