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Abstract

Exception handling is a widespread method of making programs fault-tolerant. Exploiting a Curry-
Howard correspondence with linear logic, Caires and Pérez have shown how to use modalities
denoting non-deterministically available behaviour in the m-calculus to interpret a functional pro-
gramming language with exception handling. Their work did, however, not address constructs for
exception handling in the relevant setting of programming languages with message-passing concur-
rency. This thesis focusses on this limitation, and uses their ideas to give a new, logically motivated
account of exception handling in message-passing concurrency. As key reference in this study, we
examine the typed framework for interactional exception handling by Carbone et al., which is fairly
expressive, but does not rest upon Curry-Howard foundations. We identify a fragment of this
framework on which we can define a conversion to an asynchronous version of the typed m-calculus
from Caires and Pérez. Our main result is that source processes and their respective conversions
correspond in terms of typing and progress; based on our conversion, we conjecture an operational
correspondence result.
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Chapter 1

Introduction

Logic is deeply rooted in many aspects of society, from reasoning and argumentation techniques in
philosophy and politics, to scientific research. It plays a particularly prominent role in the field of
computer science, for example as basis for decisions in the design of programming languages, or to
verify programs against desirable correctness properties, such as termination.

In the twentieth century, great scientists, such as Haskell Curry and William Howard, have
discovered that logic may not only serve as a means to reason about programming, but that logic
and programming are in fact the same mathematical object. It has been shown that different logics
correspond exactly to different classes of programs [14, 15, 31, 16, 34, 13]. An important result
of these correspondences is that logical proofs can actually be interpreted as programs, and hence
executed. This has led to the development of mathematical tools, such as proof assistants. These
tools have, for example, enabled mathematicians to prove conjectures that are now theorems, such
as the Kepler Conjecture [27, 28] and the Four-Color Theorem [24].

This so-called Curry-Howard correspondence (sometimes called Curry-Howard-De Bruijn corre-
spondence, because De Bruijn independently discovered the correspondence as well) has not only
proven to be fruitful from the perspective of logicians. It goes both ways: programs can be inter-
preted as logical proofs. This means that programmers can use methods from logic to reason about
programming. For example, propositional formulas in intuitionistic implicational natural deduction
can be used to type terms in the A-calculus [12], making it possible to verify the consistency of such
typed programs. See [41] for a history and overview of the Curry-Howard correspondence.

Another, more recent example of the Curry-Howard correspondence involves Girard’s linear
logic [22, 23]. This logic was invented to model systems with a fine-grained management of resources.
In 2010, Caires and Pfenning showed that this substructural logic can justify a calculus that can
be used to model concurrent computation [7]. This calculus is a fragment of the well-known typed
m-calculus [35, 38], which is widely accepted as the A-calculus for interaction and concurrency.
The m-calculus models parallel programs that communicate over channels through message passing.
These channels are typed with so-called session types that describe the order in which messages will
be passed over the channel [29]. The following example is a formula in linear logic that represents
the session type of a channel over which a value of type A will be sent (®), followed by the reception
of a value of type B (%), after which the channel will be closed (1):

A®(BX1)



The fragment of this calculus that linear logic induces is guaranteed to be free from deadlock:
no program will be waiting for another program that is also waiting. The isomorphism between the
logic and the calculus exists on two levels: proofs are processes and cut reduction is computation,
or, in the case of the m-calculus, communication. Consider, for example, the following cut reduction
in linear logic, involving multiplicative conjunction ® and its dual multiplicative disjunction 2%:

FAA© FAB;O FT,A,B;0 FAAO FT,A,B;0
N ——— (T®) — (T3 _ = (Tcut) ,
FAA.A®B; 0 FLANBO o AT, B;0 - A, B;©
FAA T © FAAT; O

In the m-calculus, Z(y) denotes the sending of a channel y over channel z, and z(v) the reception of a
channel over x which will be used as v in the following process. P || @ denotes parallel composition,
and (vz)(P || Q) creates a channel z, making one end available in P and the other in Q. If we
interpret ® as sending, and % as receiving, the above cut reduction corresponds to the following
computational reduction in the m-calculus:

(va)(wy)(@(y); P || Q) || x(v); R) — (wa)(P || (vn)(Q || R{y/v}))

The channel y, provided by the process @, is transferred and becomes available to the process R.
After the transfer, the channel v in R has to be renamed to y.

(Tcut)

In order to be able to use session type theory to study a wide range of concurrent programming
principles, many extensions have been proposed. See [33] for an overview of the development of
session types in the past twenty years. After the discovery of the Curry-Howard correspondence
with linear logic, such extensions have been re-examined to see to what extent a logical basis can
support them. Examples are recursion [39] and polymorphism [20, 6].

Caires and Pérez developed a session type theory based on classical linear logic, extended with
types that can be used to indicate non-deterministically available session protocols [4]. The following
logical formula represents the newly added monad & to type a channel that might be used to send
a value of type A, but it could also be possible that no such behaviour happens at all (i.e. failure):

&(A®1)

In order to demonstrate the power of their extension, Caires and Pérez showed how to encode a
higher-level functional programming language into their session calculus. This language is similar to
the A-calculus, albeit somewhat artificial. It supports a very limited form of concurrency through the
usage of threads (sequences of instructions that can be run independently from the main program),
and its main feature is the support of try-catch blocks, a well-known construction used to make
programs fault-tolerant.

try P catch Q

The above line of pseudo-code is executed by running P, in which exceptional behaviour might
occur. If it does, an exception is thrown. When that happens, the rest of the try-block gets
cancelled, and replaced by @, the catch-block, also called the exception handler. For example, a
try-block could contain code to open a user-selected file. If this file does not exist, an exception is
thrown, triggering the exception handler, which warns the user to pick a file that does exist.



The logically supported fault-tolerance in functional programming from Caires and Pérez leaves
us to wonder what this means for concurrent programming. Can we adopt their ideas to model
exception handling in the Curry-Howard fragment of the m-calculus? To what extent can their
modality for non-determinism play a role in this? How does this compare to other process calculi
with fault-tolerance through exception handling, with or without a logical basis?

In this thesis, we use the types for non-determinism of Caires and Pérez to implement fault-
tolerance through exception handling for concurrent programming. We do this by studying the
session type system of Carbone et al. [10, 11], which does have fault-tolerance for concurrency, but
lacks a logical basis in the form of a Curry-Howard correspondence. The main contributions are

e the identification of a fragment of the system by Carbone et al., suitable for a conversion to
a system that does have such a logical foundation;

e the conversion itself; and

e correspondence results between source processes and their conversions.

This offers a first answer to how the session type extension of Caires and Pérez can be used to
implement fault-tolerance through exception handling for message-passing concurrency.

We first define the session type calculus we will be using in Chapter 2. This calculus implements
the types for non-determinism of Caires and Pérez and a form of asynchronous communication
from DeYoung et al. [17]. In Chapter 3, we describe the calculus by Carbone et al., and define a
conversion on a fragment of it to our calculus. Chapter 4 contains some suggestions for future work,
such as fault-tolerance in multiparty session type systems (used to model message-passing protocols
between multiple participants from a global perspective). The thesis is concluded in Chapter 5. In
Appendix A we give the typing system from Carbone et al. as in [11], Appendix B contains an
example of a converted process, Appendix C contains some diagrams to visualise the idea behind
our conversion, and Appendix D gives a multiparty session type calculus extended with a modality
for non-deterministic availability.



Chapter 2

An asynchronous session calculus
with non-determinism

In this chapter we present our process calculus, which we call DCPTP (for DeYoung, Caires, Pfen-
ning, Toninho, Pérez). It is based on the system by Caires and Pérez [4], which is an extension
of the m-calculus [35, 38] with new constructs for non-deterministically available resources. The
system of [4] maintains a correspondence to the classical linear logic 35 described by Andreoli [2],
based on the work by Girard [22]. By adopting the method by DeYoung et al. [17], the process
terms of [4] are changed such that messages are sent asynchronously, allowing for more concurrency.
For this, we base our system on the polyadic 7-calculus, which allows for communicating multiple
values at once. To demonstrate the viability of our process calculus, we show in Section 2.2 that it
adequately models a m-calculus using buffers to exhibit asynchronous communication [21, 17, 30,
18] — a concrete and plausibly implementable notion.

Definition 2.1 (Process terms)

Process terms (P, Q) are given by

P,Q :=(P|| Q)| (wz)P|0|[x < y]|xz.close |xz.close
|y a') | 2(y,a'); P | o T01(a’) | 2 TRE(e’) | 7.case(x’) (P,Q)
['z(y); P | T(y) | v.some(z’) | z.none | z.somey(z'); P | P Q

where z,y, w are channel names.

In the above definition, (P || Q) denotes parallel composition. It is standard in the m-calculus
that if P reduces to P’, then (P || Q) reduces to (P’ || Q). The term (va)P denotes the creation of a
new channel with name z, available to P (i.e. x is bound in P). Actions with an overbar and angled
brackets denote sending, e.g. T(y,z’) (“send y and 2’ over z”) and x.Some(z’) (“send some and z’
over z”). Actions with round brackets denote receiving, e.g. x(y,z’); P (“receive y and z’ over x,
continue with P”) and x.someg(z'); P (“wait for some and 2’ on x, continue with P”). Besides the
ones presented in this section, the standard congruence and reduction rules from [35, 38] apply.



Note that in the m-calculus, it is common that any communication action is a prefix to another
process (e.g. Z(y); P). Due to asynchrony, sending actions in our inference rules would never be a
prefix to the continuation, so we would always get sending actions such as Z{y, z'); 0. It is common
to omit trailing O processes, so we have decided to present sending actions as singular actions, i.e.
not as a prefix.

Definition 2.2 (Types)

Types are given by
AB::=1|L|AQB|ABB|A&B|A®B|?A|A|&A| DA

A type A represents one end of a channel. The other end of the channel should have a com-
plementary behaviour. For example, if on one end a value is sent, on the other end that value
should be received. In our session type system, this is captured by the duality of types: one end of
a channel is typed A, while the other end is typed with the dual type A. Duality is defined with
standard DeMorgan-style laws, and corresponds to negation in classical linear logic A*. It is easy
to see that duality is an involution [22]: A = A.

Definition 2.3 (Duality)
The duality relation on types is given by
»
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2.1 Inference rules and cut reductions as asynchronous com-
munication

Linear logic is commonly presented using a collection of sequent calculus style inference rules. We
present our process terms and types by annotating those inference rules with process terms and
channel names. A sequent is then of the form P+ A;©. Here, P is the process term. A is the linear
context, consisting of pairs z : A where z is a channel name and A its type. © is the unrestricted
context, consisting of similar channel/type pairs. We sometimes omit the unrestricted context,
when it is irrelevant for the rule or explanation. We give a summary of all the rules in Figure 2.1.

By applying these rules, we can obtain process terms with channels of dual types and combine
them using (Tcut). This makes it possible to apply linear logic cut reduction. The resulting
transformations of process terms in the sequents correspond to the computational semantics of
our process calculus. Therefore, in order to demonstrate the Curry-Howard correspondence, our
process reductions are presented along with their respective cut reductions. We summarize all
process reductions in Figure 2.2.

We end the section with two example processes (see “Example 1: division by zero” and “Example
2: exception handling”).



Note that many rules use Greek capital letters to represent arbitrary collections of channel /type
pairs. In order to be consistent with cut reduction examples, we generally use A for sending
rules, and T' for receiving ones. If an inference rule has different Greek letters throughout its
premises and conclusion, they are meant to represent disjoint collections of channel/type pairs, e.g.
ANT = (). If the same letter appears throughout premises and conclusion, it is meant to represent
the same collection of channel/type pairs in each occurrence. In essence, these collections place
requirements on the linear context for inferencing. Also, some rules have requirements on channel
names appearing in collections. This is to ensure that a channel is or is not free in a process. We
often omit these requirements after presenting them the first time.

Weakening and contraction. Because unrestricted resources need not be consumed, the un-
restricted context, which is used for persistent processes, can be filled at will using the weakening
rule (T<). Redundant unrestricted resources can be merged using the contraction rule (T>). It
is, however, not possible to completely remove a resource from this context once it has been added.
Note that in session type literature, it is common to use these rules implicitly.

PFA;0 (T<) PrHA;x:Ay:A 0O
PHA;z: A 0O PFA;z: A 0O

(T>)

Composition. There are two ways of composing processes. If the processes do not have channels
in common, they can be composed to run in parallel using the mix rule (T||). However, if processes
have channels of dual types, they can be composed with the cut rule (Tcut). This binds the common
channel, removing it from the linear context.

PFA;O QFT;0 (T|) P-Az:4,0 QFT,z:4;0 (Teut)
PlQFAT© wz) (P|| Q) F A,T;0

Because duality is an involution (A = A), the rule (Tcut) is symmetric. This corresponds to
the commutativity of parallel composition in the m-calculus (which also holds for our calculus):
P || Q and Q || P denote the same unique process (formally, P || Q = @ || P). The strength of the
correspondence between our calculus and linear logic is reflected in the fact that symmetric uses of
(Tcut) are congruent in linear logic:

FAAO FT,4;0
FAT;©

~ FI[AO0 FA A6
(Teut) = FT.A 6 (Tcut)

The empty process and forwarding. The empty process 0 does not have any behaviour, so
it can only be introduced along with an empty linear context. This can be done using the empty
aziom (T-). The forwarding process [z < y] mimics the behaviour of channel z on channel y.
The types of x and y are dual: everything that goes into x comes out of y and vice versa. The
identity axiom (Tid) introduces this term. Again, due to the involutivity of duality, forwarding is
symmetric: [z <> y] = [y <> z]. Note that these rules allow an arbitrary unrestricted context.

(Tid)

T. —
Ol—-;@( ) [t ylbz:Ay: A0



Since the empty process does not have any behaviour, there are no process reductions associated
with it. However, the process equivalence P || 0 = P does correspond to the following proof
congruence:

(T
F-0 (T) FA;0

= FA0
g (T)

Our first process reduction involves (Tid). A process P that acts on a channel = that is being
forwarded to a channel y can be changed to directly act on y by renaming all occurrences of x in
P to y:

(va) (P | [z <> y]) = P{y/x}

This corresponds to the following cut reduction:
FA0 FAAS (Tid)
: " (Teut) & FA;0

FA.0

Closing channels. Types 1 and its dual L represent channels that can be closed. The termination
aziom (T1) closes the channel on one end, and allows an arbitrary unrestricted context. After
closing a channel, the process terminates, so no continuation is allowed. On the other end of a
channel, it is necessary to wait for it to close. This can be done using the closing rule (TL). In
standard 7w-calculus, the waiting action is a prefix to the remaining process (i.e. the conclusion of
(TL) is z.close; P). However, since the closing channel cannot be used in the remaining process,
we can increase concurrency by waiting for the channel to close in parallel with the continuation.

(T1) PHEA;O z¢ A

an 1. TL
z.close -2 :1;0 z.close||PFx:1,A;© (TL)

If a process is waiting for a channel to close, while a parallel process closes it, the channel can
actually be closed, leaving only the continuation process:

(vz) (z.close || (v.close || P)) — P

This corresponds to the following cut reduction in linear logic:
FA;©
F1,A;0

FA;0

(T1) (T1)

-1;0 (Teut)

FA;0




Sending and receiving. If a channel has type A® B, another channel of type A will be sent over
it, after which it continues to behave as type B. To optimize concurrency in the involved process,
we want to send the A channel asynchronously. Our first attempt at the send rule (T®'), also used
as a first attempt in [17], is as follows:

REAy: 4,0 QFA2:B;0 x¢Aye¢AN

!
) G RO F AN AsBe )

This rule is, however, flawed, as explained in [17]. For example, if the continuation @ sends on z,
that action will be put in parallel with the first send action. Now if this process would be composed
with a process receiving on x, two possible reductions could take place: the communication of the
first send action, or that of the second. This violates the guarantee that messages are sent in order.
Another problematic situation would be if @) were to receive on z. Reduction would then allow the
just sent message to be wrongly received by Q.

We implement the solution to this from [17], which is to continue as B on a new channel, which
is sent along with the channel of type A. This send rule (T®) guarantees that any consecutive
communication actions happen on another channel, maintaining the order of messages.

REAy: 4,0 QFA" 2 :B;0 =z, ¢Ay¢ A
(Vy)(’/fvl) (f<y,$/> || RH Q) + AaA/ax : A®37®

(Te)

The dual of A® B is A% B. A channel of this type will receive a channel of type A and
continue as B. The receive rule (T%) receives the channel and the continuation channel from (T®)
simultaneously. - -

PrT,u: A2 :B;® x¢T
r(u,2'); P-T,2: AR B;©

(T7)

When two parallel processes simultaneously send and receive a channel y over the same channel,
y is sent and becomes available to the receiving process P. Since the rule (T®) dictates that y cannot
be used in @ after sending it, y only needs to be shared between P and the process providing y, R.
Both remaining processes continue their communications on the now shared continuation channel.

(va) (wy) wa') (2(y, 2") | R Q) || 2(u, 2); P) = (va) (ww) (R || P{y/u}) || Q)

This corresponds to the following cut reduction:
FAMO FABS o FT,4,B;0
FAA AR B;© FT,A% B;0
FA,AT; 0

FA A0 FT,A,B;0
N — (Teut)
FAT,B;© A, B;©
FAAT; O

(T%)
(Tcut)

(Tcut)

10



Branching. A channel typed A & B offers a choice between two behaviours A and B. A channel
of dual type A @ B chooses which branch to take. Since the channel type after the choice is
already known at the choosing side beforehand, it is possible to add concurrency by sending the
selection asynchronously. However, similar problems to those with asynchronous sending might
occur. Therefore, we again send a continuation channel along with the choice. These types can be
inferred with the offer rule (T&) and the left and right select rules (T@®1) and (T®s).

PFET,2:A;0 PHD,2:B;O x¢T

T&
z.case(a') (P, ) FT,z: A& B;© (T&)
FAZ: A0 A
Qli , L 5 .’II¢7 _ (T@l)
(ve') (2.301(2’) | Q) F A,z : A® B; ©
FA 2z :B;0 A
Q x x ¢ (Teby)

(vx') (CEE(CL‘I> || Q) FA x: Z@E; S

When a choice is offered while a choice is made on the same channel in parallel, a process reduces
to the chosen branch composed with the choosing side’s continuation process. Both processes then
continue their communications on the now shared continuation channel.

(wve) ((va') (2.101(2") || Q) || .case(z’) (P1, P2)) = (va') (Q || P1)
(ve) ((va) (z.1nx(2’) || Q) || z.case(a’) (P1, P2)) = (va') (Q || P2)

The left choice process reduction corresponds to the following cut reduction (the right choice re-
duction is analogous):
FA A (Ten) FT,4;,0 FTI,B;0
FA A2 B0 FT,A& B; ©
FAT; 0

(T&) N FAAO FT,4;0
(Tcut) FAT;0

(Tcut)

By consecutively applying rules (T&), (T@1) and (T@®-), it is possible to model a choice between
more than two branches. This is a common practice in session type calculi. We can formally
generalise this notion by defining n-ary choice:

P FET,2': A;;0 (forallielI) z¢T
xz.case(x') (L;: P),.; FTyx: &{1; : Ai}icr; ©

(T&r)
el
QFAZ:A;0 x¢A
(va') (xi(x’) I Q) A ®{L: Aitier; ©

(T®icr)

The process reduction then looks as follows:

(vz) ((z/x’) (xi(w’) I Q) | x.case(a’) (1, : Pi)ie]) — () (Q || P)

11



Persistence. To be able to model a situation in which a server concurrently offers a service to any
amount of clients, one can use persistent processes. This is where the unrestricted context comes
in: in order to continuously offer the same service, the resources needed for it must not run out.

A channel typed !A offers a persistent service of type A. By using the persistent offer rule (T!),
a persistent process receives a channel on which the service will take place. The dual channel type
?A merely exists to make a persistent service available to clients using (Tcut). This type can be
introduced using the persistent request rule (T?), which indeed does not have any effect on the
process term.

PrFu:A;0 FAjz: A
lz(u); P x 7 14; 0 (T SF A’x ?j’@@ (T7)
K . )
To request a service that is persistently offered, one can use the copy rule (Tcopy). This rule lets
the client send a channel on which the service will take place. Sending this channel asynchronously
does not pose the same problems as before. The channel & over which the client sends its channel y
is persistent and can only be used to request services. The service happens over the sent channel y.
This service channel y can be interpreted as a continuation channel, thus saving us from problems in
the order of messages. The persistent cut rule (Tcut”) composes a persistent service with a possible
client.

QFAy:4;2: 4,0
) (@(y) | Q) F Ajz: 4,0

(Tcopy)

QFNA;z:A,0 Plu:A;0
(va) (Q'z(u); P) F A; ©

(Tcut?)

Offering and requesting a service in parallel spawns the service and copies the service offer for
further requests:

(o) () @) | @) 'z (u); P) = (va) ((vy) (P{y/u} || Q) | 'z (u); P)

This corresponds to the following cut reduction:

FAAA O - A0

CaAe LR Ao 9 Lazae

7777 (T?) }_ A, @ (T') — ’ k) _ ) ) i) (TCLIt)

FA, 740 FA6 O FAAO FA0
FAe (Teut) FA6 (Teut)

12



Non-determinism. The following rules are asynchronous versions of those from [4]. When op-
erations fail or resources turn out to be unavailable (e.g. network connection is lost or memory is
full), a graceful method of cancellation is desired. The type & A models possible failure. By sending
a message over a channel x of that type, one can indicate whether the behaviour A is available. The
some rule (T&%) announces availability and continues to provide the promised behaviour. The none
rule (T&?) announces unavailability, so it disallows any further behaviour. We add concurrency
by sending the announcement asynchronously, so, as before, it is necessary to send a continuation
channel along with the message in order to prevent message order violations.

PHA 2 : A0 x¢ A
(vz') (z.5ome(z’) || P) F A,z : &A; 0

(T&g)

x
r.oone - x: &A; 0 (T&*)

These rules can be used to model explicitly waiting for a resource to become available (or not).
One could argue that this is a reason not to send the availability announcement asynchronously:
the resource might be used on the sending side before the announcement is even received. How-
ever, when constructing process terms using our inference rules, availability is known beforehand.
Moreover, communications considering the available resource can only happen after the availabil-
ity announcement has been received and the receiving process is ready to communicate over the
continuation channel.

The channel on the receiving side has dual type ©A. The non-deterministic select rule (T®%)
waits for the complementary process to announce availability. It requires all channels in the linear
context, W, to be of type &—, such that in case the resource is not available, the process can be
gracefully shut down by announcing non-availability over all those channels.

QFw: &I, 2" : A4;0 zdw
x.someg(z');QF w: &I, x: DA; O

(Tog)

The process reductions associated with these types depend on what rule the (T®%) rule is
composed with. If it is composed with rule (T&%), the expected behaviour is available, so both
processes continue their computations:

(va) ((va') (z.5ome(z’) || P) || z.somey(2'); Q) — (va') (P || Q)

The corresponding cut reduction is:

FA A© F &I, A; 0 _ _
s 41y T — 40— T@& - A,A:@ = &F7A7®
FA &A; 0 (T&3) F &I, ®4; 0 ET t)) . e (Tcut)
FA&T; 0 cu , &I
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If it is composed with rule (T&?), the expected behaviour is not available, so both processes
terminate, and all remaining channels in the linear context of the receiving process are concurrently
announced to be unavailable.

(va) (x.none || z.somey (2'); Q) — wy.mone || - - - || w,,.none

This corresponds to the following cut reduction:

. F&T,4;0 " (T&w1) (T&v)
Teae ™) Terone L on - F&4;6 o PO (g
Y (Teut) F&T;0

As explained before, when constructing process terms, one needs to decide whether the resource
is actually available to apply above rules. This is only non-determinism in the sense that the
receiving side and reductions can take care of both availability and unavailability. It is, however,
possible to determine the availability by looking at the complementary sending process. This limits
the possibilities of modelling true non-determinism.

To achieve true non-determinism, we define the non-deterministic composition rule (T&,q), also
from [4]. It combines two processes with identical contexts.
PEH&AO QF&A;0
PoQlF&A;0

(T&nd)

Reductions happen within the composition, so if P — P’, then P ® Q — P’ & @, and similarly for
Q. Non-deterministic composition is distributive, due to the following process equivalence:

(va) (P& Q) || R) = (va) (P || R) & (va) (Q || R)

This corresponds to the following proof congruence:
F&A&A; 0 F &A, &A; O
F&A&A;0

(T&na)
F&A, &T; 0

F &I, ®A4;0

(Tcut)

(a3

F&A&A; 0 F&T,04;0 (Teut) F&A&A;0 &, 0A;0
F&A&T; 0 F&A&T; 0
F&A&T; 0

By combining above availability rules and the non-deterministic composition, one can model

true non-deterministic availability. Consider, for example, processes P and @ such that P+ 2’ : A

and Q F 2’ : A, : &A. We make z non-deterministically available by i) applying (T&Z%) to

P, (TeZ) to @, and composing them using (Tcut); ii) applying (T&”) to P, (T®Z%) to @, and

composing them using (Tcut); and non-deterministically composing the results from i) and ii) using
(T&pq). The result of this composition reduces as follows:

(Tcut)

(T&nd)

(vz) ((va’) (x.Some(z’) || P) || z.somey; Q) @ (vz) (x.none || x.someg; Q)
5 ) (P | Q) @ (wy.00m | - - || wy, Tome)

Notice how there are actually two reductions going on here: one within the left and the other within
the right of the non-deterministic composition.
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Example 1: division by zero

Suppose we have a process D that receives a natural number and sends the result of dividing 5 by

that number: Dty : Div=nat % (nat® 1)

It is unclear what would happen if we send the number 0. In order to gracefully handle such a
situation, we make a safe version of D. It uses a process Z which receives a natural number, and
returns it if it is not equal to 0. Otherwise, it cancels the communication with none:

Z & z:NZero = nat % (&(nat® L))

Our safe process SafeD will use D and Z as services, on respective channels v’ and z’. The goal
is to receive a natural number, and if it is not equal to 0, to send the result of 5 divided by the
number. Otherwise, the none from Z should cascade to our process, gracefully cancelling it and

the process expecting a result from it.

SafeD - x : nat & (&(nat®@ L)y

: Div, 2’ : NZero

For clarity, we annotate the lines of the process definition with their meaning.

SafeD =
w(u, 21); (v2) (2'(2) ||
(wu)(va1)([u < '] || Z(u’, 21) ||

)

z1.s0me ;) (22); 22(v, 23); (23.close || SafeD; )

o) (@ W) |
') wy)([v < VT 0 ) |

(
| y1(w, y2); (y2.close || SafeD,)
)

SafeDy =

(vao)(z1.Some(xs) ||
L w)(was)([w < '] || Tz(w', 23) || 23.close)

)

receive value, connect to Z

send value to Z
(possibly) receive value from Z

and close connection

connect to D

send value to D
receive division result from D

and close connection

announce successful computation
send division result

close connection

If a process P F z : nat® (@(nat % 1)) sends a non-zero number, the following process (we omit
the proper composition with services D and Z) reduces successfully: (vz)(P || SafeD) —* P’, where
P’ is some unrelated continuation of P. However, if P sends 0, the division does not happen at all:

(vz)(P || SafeD) —* (va1)(z1.somey || x1.m0n€) — 0

Here —* denotes the transitive, reflexive closure of —.
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Example 2: exception handling

This example showcases the exception handling as Caires and Pérez implement it for their functional
programming language [4]. The idea is that an exception “router” waits for an expression to
indicate success or failure. In a successful situation the router receives the result of the expression’s
computation and passes it to the continuation of the program. In case of a failure, the router
invokes the exception handler instead, which computes a result of the same type as expected in a
successful situation. Again, the router passes on this result to the continuation.

The fault-tolerant programming language of Caires and Pérez allows an exception to be thrown,
accompanied with a value. This value can be used in the exception handler. However, to keep
the example readable, we give a version of the exception handling principle without accompanying
such a value. The source program looks like TRY e; CATCH eo, where e; is either LIFT ¢} (in case of
success), or THROW (in case of failure). We given an asynchronous version of the encoding of Caires
and Pérez, where y is the channel on which a continuation can expect the result of the try-catch
block.

[TRY €1 CATCHes], =

);

ji.close | [e2], invoke exception handler

)

(vi)( the exception router

i (wk)( (possibly) will pass value to context
i i lea]y ; |l the expression

i i k.someg(k1); k1 (v, k2); (possibly) receive value
i i ko(z, k3); (ks.close || receive router and close
i i i (vz1)(z.in1(z1) || signal success

i i i i (W) (wz2)([v < V'] || Z1{v', 22) || 22.close) send value to router
)

)

1

i j.case(j1)(

i J1(v, j2); (jo.close || receive value

i L)y (v < V] || 5, p) || yr.close) send value to continuation
|

i

i

|

i

i

|

)

The two possible encodings of e; are given on the next page.
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[LIFTe ], ; =

(va)( will receive value from expression
[[ellﬂq [ the expression
q(v,q1); (q1.close || receive value

i (vk1)(k.some (k1) || signal success
i i (wo)ko([v <> V'] || kL (v, k2) || send value
L @k ([ 7)1 Falf's ks) || ks.CToss)  pass on router
)
)
)

[THROW],, ; =

k.mone || (vj1)(j.inr(j1) || j1.close) cancel value passing and signal failure
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P+ A;0 PHA;z:Ay: A0

PFA;z: A0 (T<) PHA;z: A0 (T>)
PFHA;O6 QFT;0 PHA,z:4;0 QFT,z:4;0
T b ) b b T t
rigrare 1 o PTQrATe e
T. — Tid
OF~;@( ) [x<—>y]|—x:A,y:A;@( )
(T1) PHA;O z¢A TL
z.closelz:1;0 z.close||PFz:L1,A;© (TL)
REAjy: A0 QFA" 2 :B;0 x,a ¢ Ayg¢A (T)
) va') By, 2") | R Q) F A A z: A® B;©
A T
P}—F,u.A,x.B,g i¢F (T%)
z(u,2');P+T,2: A% B;©
PrT,2": A0 PFT,2/:B;©® z¢T (T&)
xz.case(z') (P, P2) F T,z : A& B;©
FA 2 :A0 A
Q.— ;z : x¢— —— (Te1)
(va') (x.lnl(x) | Q) FAz:A® B;0
FA 2 :B;0 A
QEAr:BO v88 (g,
(va') (:E.lnr(x’) | Q) FAz: A®B;©
P -T2 : A;;0 (foralliel) x¢T
(T&y)
z.case(x) (1;: Py);e; F 1w &{1i : Aitier; ©
FA A0 A
7Q, - AL (Tier)
(l/I/) (iCll(.’L' > H Q) H A,x : @{12 : Ai}iej; (C]
Pru:A;0© QFA;z: A0
. T! — T (T?
!ﬂwiwmﬂme( ) QFAzﬁEO(T)
FAy:A;z: A0 FAx: A, Pru: A
Qﬁ Yo oT — (Tcopy) Q z: 4,9 u: 40 (Tcut?)
wy) @) | Q) F Ay A,© (va) (QI'z(u); P) - A; ©
PHAZ: 4,0 z¢&A . z
£ (T&g) raone bz : &A; 0 (T&*)

(vz’) (z.5ome(z’) || P) - A,z : &A; 0

QFw:&2' :A;0 z¢w
z.someg(z');QF W : &,z : ©A; 0

(Teg)

PF&AO QF &A;O
POQF&A O

(T&na)

Figure 2.1: Typed process inference rules.
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(va) (P || [z <> y]) = P{y/x}
(vz) (z.close || z.close || P) —

(va) ((vy)(va') (F(y,2') | R || Q) Hx(u z'); vy) (R P{y/u}) | Q)

P) = (va') ((
(va) (wa') (2.3n1(z") | Q) || .case(a’) (P1, P2)) — (wa') (Q || P1)
(va) (wa') (z.inx(2’) || Q) || z.case(z’) (P1, P2)) — (va') (Q || P2)
o) ((va') (2.1:i(2") || Q) || z.case(z’) (1 : Pi);er) = wa) (Q || Pi)
(vz) ((vy) (F(y) | Q) [z (u); P) = (va) ((vy) (P{y/u} | Q) |z (u); P)
(va) ((va') (x.50me(z’) || P) || 2.somey(2); Q) — (va') (P || Q)
(ve) (27006 || z.s0meg (2'); Q) — wy.[owE || - - - || wy, .TOTE

if PP then PSQ — P ©Q
Q= Q thn POQ = PaQ

Figure 2.2: Process reductions.

2.2 Asynchrony through buffers

A more common way of exhibiting asynchronous communication is through the use of buffers [21,
17, 30, 18]. Following the work of [17], in order to demonstrate that the use of floating messages is
adequate, we want to show that it is capable of modelling buffered communication. Therefore, we
define a more common version of the m-calculus in which sending actions are synchronous, but the
semantics (i.e. process reductions) are defined using buffers. Then, we show how this calculus can
be modelled by our asynchronous calculus by giving a relation between the two calculi and showing
how the reductions are perfectly matched.

The process terms are given in Definition 2.4, which also contains the definition of buffers.
The usual rules for structural congruence apply. Buffers are directed, so the buffer z[m)x receives
messages on z and outputs on x. Empty buffers do not commit to a direction, so z[)xz = z(]z.
Reductions are given in Definition 2.5. They are separated into a sending and a receiving group.
These semantics show that, although sending actions are blocking, messages can always immediately
be placed into an available buffer. Note that, for a clear presentation, reductions are given for
untyped terms. However, they can only be applied to well-typed terms (i.e. all involved channel
names have to be bound and processes need to exhibit complementary behaviour on opposite sides
of channels).
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Definition 2.4 (Process terms with buffers)

Process terms (P, Q) with buffers are given by
m :=close |y | inl | inr |!y | some | none

P,Q :=(P|| Q)| (wz)P|0|x.close | z.close; P
| Z(y); P | #(y); P | .inl; P | x.inr; P | z.case(P, Q)
| T(ly); P |!z(y); P | z.some; P | x.none | x.someg; P | P Q
| z[m)y

where x,y, z,w are channel names.

Definition 2.5 (Buffered reductions)

The (untyped) reductions of the buffered calculus are given by

z.close || z[m)x —, z[close, M)x (S-close)
Z(y); Q| z[m)x = Q || 2[y, M)z (S-chan)
2.in1; Q || z[m)z = Q || z[inl, M)z (S-inl)
z.inr; Q || z[m)x = Q || z[inr, M)z (S-inr)
zZ(ly); Q|| z[m)x —p Q || 2[ly, M)z (S-pers)
z.some; Q || z[m)z —p Q || z[some, )x (S-some)
z.one || z[m)x —p z[none, M)z (S-none)
z[close)x || z.close; P —, P (R-close)
z[m, y)a || w(u); P = zmz || Ply/u} (R-chan)
z[m,inl)x || z.case(Pr, P2) — z[M)z || P1 (R-inl)
z[m, inr)x || z.case(Py, P2) —p z[M)x || Pe (R-inr)
z2[m, )|z (w); P —p 2[m)a|| lz(u); P || P{y/u} (R-pers)
z|m, some)x || z.somegz; P —p z[M)x || P (R-some)
z[none)x || z.somey; P —, wy.mone || - - - || wy,.none (R-none)

if P, P,then PR Q —, PP B Q (
ifQ —pQ,then POQ —, PO Q' (ND,
if P—p P, then P||Q =, P' | Q (
if Q —p @Q, then P||Q —p P || Q’ (
if P —, P/, then (va)P —p (va) P’ (Res

The relation between these buffered process terms and our asynchronous ones is given in Defi-
nition 2.6 on page 23 (we give it after the proof of Theorem 2.1, because we motivate some of the
assignments there). A message in a buffer can be seen as a floating send action. Therefore, the
left and right terms of a sending reduction using buffers are both related to equivalent terms in
the asynchronous calculus. Consequently, reductions in which a buffered message is received are
related to the synchronization of a floating send and a receive action.

20



The following theorem is based on [17, Thm. 2, p. 240].

Theorem 2.1
Take a well-typed buffered process term P from Definition 2.4.

i) If P —p @ through an R-rule (receiving), then there are processes P’ and @’ such that
P="P 5Q =Q.

ii) If P —, @ through an S-rule (sending), then there are process P’ and @’ such that
P="P=Q =" Q.

We use —}, as in Definition 2.5, — as in Section 2.1, and = as in Definition 2.6. =* denotes
the transitive, reflexive closure of =.

Proof. Because it is the most representative example, we start with the rule for receiving a channel:

zm, y)x || x(u); P —p z[m)x || P{y/u} (2.1)

Well-typed, the left term looks like this:
(va) ((v2) (Q [| (vw) (R || z[m, y))) || 2(u); P) (2.2)
We need to relate the buffered message to a floating send:
@2)(Q || wy) (R || z[m, y)x)) = wy)wa") (@ (y, ") | R || w2)(Q || z[m)a"))

Also, we need to relate the receiving action and the reception of a continuation channel:

z(u); P = x(u,a’); P{z' [z}

This relates our well-typed term (2.2) to the following term, using a floating send instead of a
buffered messages:

(wa) () (va) (T(y, ") | R || v2) (@ || 2[m)a")) || w(u, a'); P{a’/2})

This matches the left term of the send/receive reduction in the asynchronous system (modulo
a-conversion), so we can apply it:

= (va')wy) (R || (v2) (Q || z[m)a’) | P{y/u, 2’ /x})
This term is structurally congruent to

(wa)(vy) (R || (v2) (Q || z[m)) || P{y/u}),
which is the right term z[m)x || P{y/u} of (2.1), but well-typed.

This shows that the reduction in (2.1) can be modelled exactly by relating to our asynchronous
calculus and applying the respective reduction from the previous section. The rest of the receiving
reduction rules require similar relations and the proofs of their correspondence to our asynchronous
system are analogous. This proves statement (i). We are only left with showing our result for the
sending reductions.
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The rule we present is the reduction for sending a channel, which is a sufficiently representative
example for this proof:

Z(y); Q || 2[m)z —p Q || 2[y, M) (2.3)

By defining a few additional process term relations, we can show that the left and right terms are
equivalent in our asynchronous system. The first new relation is for processes composed with an

empty buffer:
w2)(P | 2[)x) = P{xz/z}
The other relation is for sending a continuation channel along with the channel:

T(y); P) = (va')(T(y, ') || P{z'/x})

We show by induction on the amount of messages in the buffer that the left and right terms
of (2.3) are structurally congruent. For the base case, we make the left term of (2.3) well-typed,
and assume its buffer is empty. Then, we apply our relation:

(vz) ((v2) (vy) (R [| Z(y); Q) || zD)x) [| P)
= (vz) () (R [| Z(y); Qfx/2}) || P)

)
= (va) (vy) (R || wa’) (@(y, 2") | @{="/2})) || P)
= (vz) (v >(R|| (wa') (T(y, 2") || (v2) (Q || 2[)z"))) || P)
= (va) (wy)(va') (T(y, 2") | R w2) (Q || 2[)2")) || P)
= (vz) ((v2) (Q | wy) (R 2[y)z)) || P)

Indeed, this the well-typed form of the right term of (2.3).

For the induction step, we have an induction hypothesis:
H
(vz) ((v2) ((vy) (R ]| Z(y); Q) || z[M)) || P) = (va) ((w2) (Q || ww) (R || [y, m))) || P)

This step is shown by cases on the type of message appended to the buffer. However, since these
cases can be proved similarly, we only show the channel name case. We use the induction hypothesis
and our relation to connect the left term and the right term of (2.3), well-typed and with an extra
channel name in the buffer.

(ve) ((v2) ((vy) (R | 2(y); Q) || vw) (W || z[m, w)x)) || P)
= (vz) ((vw)(va) (T(w, ") | W || (v2) ((vw) (R || Z(y); Q) || z[m)2")) || P)

= (v) ((ww) () (Fw, ') | W || 02) (@ || ) (R | 2y, )2’)) || P)
= w2) (v2) (Q || (vw) (W || (vy) (R || [y, 1, w)))) || P)

This proves statement (ii). O
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Definition 2.6 (Asynchronous process relations)

Let = be the smallest symmetric relation on typed processes defined as:

(w2) (P || 2[)x) = P{x/z}
(vz) (z[close)z) = z.close

x.close; P = x.close || P

w2) (Q | v (R || 2, y)x)) = (wy)(wa') (T(y, &) | R || (v2) (Q || 2[m)2"))
T(y); P = (') (T(y, 2') | P{a’/x})
w(u); P = x(u,2'); P{a'/x}

nl(z’) || (v2) (Q || 2[m)2"))
r<$/> I w2) (Q ] 2[m)2"))
inl(z') || P{a’/x})
z.inr; P = (va') (x.lnr( )| P{z' /x})
v.case(Py, Py) = z.case(z’) (P {2’ /x}, Po{2/x})

w2) (Ql (wy) (R || z[m, ly)x)) = (vy) (ZF(y) | R || v2) (Q || z[m)x))
Z(ly); P =2(y) | P
(v2) (Q || [, some)x) = (va') (z.5ome(z’) || (v2) (Q || z[m)z"))

) = x.none

Yo
(vz) (z[none)x
x.some; P = (vz') (x.s0ome(x’) || P{z'/z})

r.someg; P = x.someg(x'); P{z’/z}
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Chapter 3

Fault-tolerance through exception
handling

In this chapter we investigate how the non-determinism modalities introduced in the previous
chapter can be applied for fault-tolerance. Carbone et al. introduced a binary session calculus
in which one can design processes that can throw exceptions which will be handled in all the
appropriate places [10, 11]. After introducing this system, we define a conversion from a fragment
of it to the type system we defined in Chapter 2. We finish the chapter in Section 3.4 by proving
and conjecturing results about the relation between this fragment and its conversion.

3.1 The fault-tolerant calculus CYH

Processes in the system by Carbone et al. (we call this CYH for Carbone, Yoshida, Honda) consist
of services and requests, inside of which exceptions can be thrown. They are accompanied by
exception handler processes, which are invoked when an exception is thrown.

CYH has a type system with judgements which we represent in a slightly different form than
in [10, 11]. We prefer our simplified representation, because it is sufficient to reason about our
conversion. We include a copy of the original type system from [11] in Appendix A.

As a convention, we write D and G to represent order-preserving lists of channel names. Judg-

ments are of the following form:
gFPDD(x:Oéz)IED

Here G is the list of service channels over which requests can be done. PP is our notation for a
process in which every channel x € D is free. The judgement says that every channel z € D has
behaviour . A behavioural type « can be plain (unprotected) or protected. Protected types are
of the form {8}, where « is the default behaviour, and f is the behaviour after an exception is
thrown. We often omit the list of service channels and only display the type of a single channel.
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A service looks as follows:
xa(s) [P, Q)]

Here P®) is the default handler, and Q) is the exception handler. When a service is requested
over channel a, the process P? is replicated and connected to the requesting process. Exceptions
inside both the service and the request replace the replicated default handler with the exception
handler.

A request looks as follows, where s € D:
a(s) [D, PP, Q"]

Again, PP is the default handler, and QP is the exception handler. When an exception is thrown
on either side of any of the channels in D, the exception handler is invoked, as well as those of
the processes on the other sides of the channels in D. The type system of CYH has the following
rule about default and exception handlers (for both services and requests), which says that the
behaviour of a channel after an exception has been thrown should be captured in the type of the
channel in the default handler:

PPeg:offy = QP>z:p

The process of requesting a service inside an already established service or request is called
refinement. It replaces the current exception handler by a new exception handler that handles the
newly connected channel as well as those channels that were already connected. The following
example shows a refinement of the exception handler of the established request over a, after the
number 5 has been sent (21!(5)). The exception handler R of the request over b refines the original
exception handler @Q:

a(z1) ($1)7$1!<5>«5($2)[($1,562),P(“’“)vR(wl7w2)]vQ(“)}

The exception handlers have the following requirement: the behaviour of a channel after an
exception has to be the same after refinement, i.e.:

VeeD.QPrz: B = RPY@ ey

Here, @ is the original exception handler, and R is the one that refines it.

When an exception is thrown (with the throw process), it affects parallel processes. Their scope,
however, is restricted by enclosing request or service definitions. So,

a(s)[D, PP, Q"] || throw — Q7.

but
a(s)[D, PP, QP] || b(s')[D', throw, RP'] — a(s)[D, PP, Q"] || R”".

Note the use of — instead of the usual — for reductions. This is because the semantics of CYH is
defined with buffers for asynchronous communication, and meta-reductions and runtime processes
for reductions. The reductions here are merely to demonstrate the outside behaviour of CYH.
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3.2 The fragment CYH"

The purpose of our intension to define a conversion from CYH processes to DCPTP processes is
to demonstrate the power of some and none. Exceptions can be thrown at any point in a process
and they affect multiple parts of the process. The general idea of our conversion is therefore to
synchronize all the parts that might affect each other, at each step of communication. We will use
some to indicate the absence of an exception, whereas we will use none to cancel processes when
an exception is thrown. Have a look at Appendix C for a visualization of this process.

We do, however, need the ability to invoke exception handlers. This means that we cannot simply
cancel all processes with none. This issue reflects the non-compositionality of CYH. Consider, for
example, the following two processes that are compositionally the same, but in which the exception
has different effects:

L a(en) [(0), B (e2), throw | P#2), QU] | R, 5]

— (o) (o), R, 80 | Q)

2. a(ar) [(21), throw || B(z3)[(z2), P#2), Q)] | RV, 5]
— Q2) || §)

This places a limit on the extent to which we can convert CYH processes. Therefore, we define
a fragment of CYH on which we define our conversion, and call it CYH™ (for Curry-Howard). The
definition is given in Def. 3.1 on the next page. It consists of a series of service definitions followed
by a series of requests. The session inside a service cannot make requests, but can throw exceptions.
Exception handlers can neither make requests nor throw exceptions (this is a restriction already
present in CYH). Sessions inside requests or refinements can throw exceptions, and do allow making
requests, up to the point where multiple channels are used in parallel. We motivate our choices
after the definition.

Limitation 1: Parallelism

A notable limitation of our fragment is that refinement is not allowed inside parallel composition.
This is, however, a limitation of CYH, since it is a syntactical assumption under the name consistent
refinement. This assumption states that whenever a refinement is applied to an already connected
channel, the refinement should include all channels that are already connected.

The consistent refinement assumption prevents ambiguous situations such as in the following
example:

5(332) [(1'1,332)7 P(Il) || 5($3)[($2,$3),thr0w, Q(Iz,xa)L R($17$2):|
—a(z2) [(:vl,xz),PW || Q2s) | Rlerw2)

After the exception has been thrown, the channel z3 is not protected anymore, even though it is
inside a request. Since x3 is subject to exceptions, so is 3.
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Definition 3.1

The fragment CYHM is defined by the following, annotated grammar.
CYH™M ::= SERVICES’

SERVICESY ::= (va) (*a(s) [SESSIONQ}(S),SESSIONQ’(S)] I SERVICESQU(“)) |
REQUESTSY
REQUESTSY ::=a(s) [(s),SESSION\Q/(S), SESSIONOL’(S)} | where a € G

REQUESTSY || REQUESTSY
SESSIONY'P =0 |

2?(y).SESSIONYP | z!(e) SESSIONY? |

6.0 6.0 where x € D
x> {l; : SESSIONY"P}c; | 2 <1 .SESSIONY'P |
SESSION?P1 || SESSION?P2 | where D; N Dy = and Dy UD, = D

a(s) [D U (s), SESSIONSPY(), SESSIONQ’DU(S)} | wheres¢ Dandacg

throw where 7 = v

Here, D is an order-preserving list of session channel names, G is a list of service channel
names, and 7 € {v/, x} indicates the possibility of throwing exceptions. The prefix z?(y) is
input of y over x, x!{e) is output of expression e over x, &> offers a choice, and < selects one.

Consistent refinement does not prohibit what we call disjoint refinement, in which a request
can be used to connect to a new channel without refining the currently connected channels. The
following example is typable in CYH. Once the exception is thrown, the exception handler is not
susceptible to exceptions anymore.

a(er) [(21), PO || B(22) [(22), throw, Q)] RV
—a(z) (), PO, R | Q)

As exceptions have an effect across parallel composition, our conversion will need to synchronize
those parallel processes. This is where we run into limitations of using none. Consider the following
process, which contains a disjoint refinement:

a [(xl),x1!<5>.throw 1 5](22), 227 (y).22 < 15.0, R@2)], QW] (3.1)

On both sides of the parallel composition, no exceptions are thrown, so in our conversion the two
parallel processes synchronize and the output on x; and input on x5 occur. Indeed, the semantics
of CYH allows the process to reduce like this:

@ [(21), throw || Bl(z2), 2> < 15.0, R#)], Q)]

Now the exception is thrown, so the process reduces to:

— R(=2) [ Q(Il)
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One requirement of our conversion is that we want to keep the exception handlers with their
respective default handlers. In our example, this means that the request on b is responsible for
triggering its exception handler when an exception is thrown. Now, if we want to model the throw
using none, we would also cancel the exception handler, leaving us unable to reach the situation
above. This is why our fragment does not allow disjoint refinement.

The limitation does not have a significant effect on the expressivity of our fragment, because
disjoint refinement can be rewritten such that it is allowed. For example, the following process is
equivalent to our example with disjoint refinement in (3.1) in terms of reduction:

@ [(a1), B[(x1, 22), 211(5).throw || 257 (y).22 <1 5.0, R@2) || Q@v)], QW}

It is our design choice to make the leftmost process of the parallel composition responsible for
invoking the exception handler, so it can cancel the right process with none. Processes on the
right synchronize with this process using inl where there is no throw, and inr when there is.
See Example 4, Example 5 and Example 6 in Appendix C for a visualization of this process.

Note that the semantics of CYH does not require parallel processes to synchronize. Therefore,
reductions such as follows are possible:

a {(x17x2)7m1!<5>.x1 Q15.0 || 227 (y).throw, Q<wz>]

NG [(:171, ), 211(5).71 <1 3.0 || throw, Q<wz>]

N Q(xhwz)

Here, only a receive on x5 has happened before the exception is thrown. In our conversion, due to
the synchronization we need to perform, the send on 1 needs to be performed before the exception
can be thrown. Different orders of actions might be necessary to model specific situations in which,
due to their locality, exception handlers might have access to values received before the exception
was thrown. However, at the level of abstraction of the m-calculus, this would be an invisible
behaviour, and it is not the intended level of detail for this type of modelling.

Limitation 2: Requests in services

In CYH it is possible to have requests inside services.
«a(s) [b(z1) [(s,21), P, R], Q]

In our conversion, when an exception is thrown, the request side cancels the service side with
none. When its exception handler is invoked, this handler in turn invokes the handlers of the
connected services. This is why requests are not allowed in our fragment: a none would cancel the
request, making it unable to invoke its exception handler.

This limits the ability to model situations in which services need to invoke other services, such as
a bank that has to connect to another bank. However, such problems should be easy to overcome.
In this banking example, we could, for example, connect two banks using an intermediary request
that connects to both banking services.
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Limitation 3: Recursion

CYH supports recursion in the form of minimal fixpoints. For example:
uX.x > {l: X,lo: x1(tt).0}

This process repeatedly receives label [; until it receives label ls, after which it outputs tt and
terminates.

Recursion is still an open field of research for session type theory, especially with a Curry-
Howard basis. Since it is not the research topic of this thesis, our fragment does not support
recursion, although we do mention it as an option for further research in Section 4.4.

Limitation 4: Conditional statements

The final limitation is that we do not explicitly support conditional statements. The following
example uses a conditional statement on a received value to determine which value to send:

x?(v).if ok(v) then P else )

This process receives a value v. If ok(v) evaluates to a truthy value, the process P gets executes,
and otherwise process @@ will be run. It is required that P and () have the same typings for all
channels.

We do no have conditional statements in our type system DCPTP. In fact, we do not support
conditionals in our fragment at all, since we do not want to clutter our conversion with details that
are irrelevant to our research topic. It is trivial to extend the conversion by modelling conditionals
using non-deterministic composition, e.g. P & ). This is slightly more abstract than the original
conditional, since we do not evaluate the condition, but this should not be a problem when one
uses the systems discussed in this thesis to study processes on a high level of abstraction.

3.3 The conversion from CYH" to DCPTP

In this section we define our conversion from the fragment CYHM in Definition 3.1 to our type

system DCPTP from Chapter 2. As mentioned in the previous section, our conversion has two
important requirements, besides the typing and reduction rules we will discuss in Section 3.4. We
have included an example of what a converted process looks like in Appendix B.

The first requirement is that we use some and none wherever we can, such that we can explore
their abilities. The idea is to do this by synchronizing processes at every step of communication,
possibly cancelling processes when exceptions are being thrown. The diagram in Figure 3.1 on the
following page visualizes this process. It is wise to take a look at Appendix C, in which there are
more of these visualizations.

The second requirement is that exception handlers are to be local to their respective default
handlers. This is because we want to be able to use these calculi to model real problems. Consider,
for example, a model of an internet client/server interaction. When an exception is thrown by the
client, the server must invoke its exception handler itself, since the client does not have access to
it, let alone have access to the server’s resources.
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In our definitions, we use a few conventions for notation:

e For each function, a signature is given first. Here we use P(—)
to denote the power set, and C to denote the set of all channel
names.

e We match process terms by referring to the grammar rules
in Def. 3.1. This allows us to put restrictions on processes
without giving them as an annotation.

e Moreover, because the asynchrony of DCPTP needs fresh
channels at almost every communication, the channels in pro-
cess terms in recursive conversions are renamed where nec-
essary. This is depicted by changing the annotations of the
grammar terms. In use with actual process terms, this means
that a-conversion needs to be applied to the to be converted
process terms (e.g. P becomes P{z3/x} after three steps of
synchronization on z).

e Dealing with values and expressions goes beyond the scope of
this thesis. Therefore, we use abstract processes to generate
and consume expressions and values. Their typing depends
on the type of the expression or value in the original process.
We do not distinguish between primitive types (e.g. nat and
bool) in CYH and DCPTP, and assume that 6 = 6, for any
primitive type 6.

x\‘~—‘§\s‘ozge T

inl _ : : Sl

4_::::—_:; Some
5 T
inl ) ‘::—‘— -

4_::::—:1 Some
/

= ___some
inl _‘ ‘::—‘— =

4_::::—’ 1 Some
Tt ;C_lose‘§—§»‘§>
- It

Figure 3.1: Visualization of syn-
chronization in the conversion of

a(z)[(x), 2!(5).27(v).0,Q™]

The generator process takes an expression e of type 6 and outputs it on a fresh channel v.

E._,Fv:0

The consumer process consumes a value v of type 6.

CoFv:0

e We write [] to denote the parallel composition of a process on all channels in a collection of

channels, i.e.:

ecor ey Pi= Plan/a} | Plas/a} | .. || PLan /).

In the coming pages, we often fill the bottoms of pages with whitespace in order to minimize the

breaking of definitions across pages.
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As a quick guide to the conversion, we give a short overview. The function C is the main
conversion. It converts services into replicated processes, converting their default handlers with
sery, taking care of synchronization, and their exception handlers with exrc , making sure that some
can be used to trigger, and none to cancel the handler. Requests and refinements are converted
with the function vefine, keeping track of connected channels and parallel compositions. It converts
default handlers with teq, which takes care of synchronization, and exception handlers with ercy,
which works similar as for services.

The conversion [ is given in Definition 3.2. The conversion uses several different function
definitions. We give them one by one, with a general explanation of what they do. Where necessary,
we give a more detailed explanation, referring to the specific equation.

(3.2) The conversion of a service creates a channel for its exception handler, which it sends to its
connected request. The exception handler can now be invoked with some, or cancelled with none.

Definition 3.2

C: CYH" = DCPTP

(3.2)
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(ws)ws1)(5(s', 1) |
s'.somey(s)); exc | (SESSIONg’(S;)) I

sero (SESSION )

)
C (SERVICESQU(“)>

C (a(s) [(s),SESSION%(S),SESSIONVQ(S)D (3.3)

= vefined (G, 0, -, s, SESSIONY*) SESSIONY ()

C (REQUESTSQ I REQUESTSg) = (REQUESTSQ) IC (REQUESTSQ) (3.4)
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An exception handler is not susceptible to exceptions and cannot throw them, nor make requests.
Its conversion exc, given in Definition 3.3, is therefore straightforward.

Definition 3.3

0,
exe : {1, L} x P(C) x SESSION®”©) _, pCPTP

G =
exe, (D, #2(y).SESSION®P) .= z(y, 21); (C,, | (3.6)
| exe,(D{a1 o}, SESSIONY P17/
)
exc, (D, 21(e). SESSION) = (vy) (varr)(T(y, 1) || By | (3.7)
| exe,(D{a1 o}, SESSIONY P 17/7)
)
exe, (D, z > {I; : SESSION®PY, ) = z.case(z)( (3.8)
| 1 < exe, (D{zy /x}, SESSIONG Pt /71
)ieI
exe, (D, z < L.SESSION®P) := (vary) (2121 || (3.9)
| exe,(D{a1 /o), SESSIONY P17/
)
exc, (D, SESSION® P || SESSION?P2) := exc, (D, SESSION. P | excb(Dg,SESSIONVi’ZT) )
3.10

As a convention, we write “exc¢” when we mean “erc,”.
} 1
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The conversion setvo of the default handler of a service is given in Definition 3.4. It synchronizes
with its connected request before communication. Services cannot make requests, so they only act
on single channels. Therefore, a conversion for parallel composition is unnecessary.

(3.11) When an exception is thrown, this is communicated with the request with inr.

(3.12)—(3.16) When no exception is thrown, inl is used instead.

Definition 3.4

serv : C x SESSION%(©) s DCPTP
sero(s, throw) := s.someg(s1); (vs2)(s1.inr(s2) || (3.11)
E So.close
)
sero(s, 0) := s.somep(s1); (vs2)(s1.1n1(s2) || (3.12)
i so.somegp(s3); s3.close
)
sero(s, s?(y).SESSION%(S)) = s.somep(s1); (vs2)(s1.1n1(s2) || (3.13)
| s2.s0meg(83); $3(Y, s4); (Cy ||
|1 seru(sy, SESSIONY "))
)
)
sero(s, s!(e). SESSIONY(*)) .= s.somey (s1); (vs2) (51.1n1(s2) | (3.14)
| s2.50meq(s3); (vy)(vs3)(33(Y, 54) || Besy |
| sero(sy, SESSION(*4))
)
)
sero(s,s > {l; : SESSION%(S)}ZEI) = s.somep(s1); (vs2)(s1.1n1(s2) || (3.15)
| sp.someq(s3); s3.case(sy)(
|11« serv(sq, SESSIONY )
| Dier

)
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serv(s, s <1 LSESSION®®)) .= s somey(s1); (vs)(s1.101 (s2) | (3.16)
| sa.s0meg(s3); (vsa)(s3.0(s4) |
|| sero(sy, SESSION(*))
)

)

The conversion tefine of a request or refinement is given in Definition 3.5. It connects to the
service, sets up the exception handler, and runs the default handler.

(3.19)—(3.21) If this is a refinement, there is already an exception handler. It is told to cancel
itself, after which the already existing exception handling channels are received for use in the new
exception handler. Then, the old exception handler is closed.

(3.22) The exception handling channel for the freshly connected service is received, after which a
new exception handling channel is created. It offers two cases: the left case enables invocation of
the handler, and the right case forwards exception channels to a new handler. Also, the default
handler is put into place.

(3.23)—(3.24) The exception handlers of connected services are invoked, after which the exception
handler itself starts.

(3.25)—(3.26) The exception handling channels are forwarded to a new exception handler, after
which the current handler is closed.

Definition 3.5

vefine : {0,1,...,6} x P(C)UCU{-} xP(C) xP(C) x CU{-} xCU{}
xSESSION”(©P(©) » sESSION? ™) —, DCPTP

vefined (G, D, n, 5, SESSIONSPY) sESSIONY Py (3.17)
= (vs)(@(s) ||

| vefine; (G, D, 7, 5, SESSIONS ) SESSIONY V)

)
vefine; (G, D, 1, s, SESSIONY PY(*) sESS|OND D)) (3.18)

_ Jrefine;(G, D, y, 5, SESSIONS PV SESSIONGPV)) iy =
vefine; (G, D, -, s, SESSIONY PY*) SESSIONPY())  otherwise (if = -)
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vefines (G, D, y, s, SESSIONY PV SESSION?PV))

= (vy1)(y-3nr (y1) ||
| wefineD (G, D, 1, 5, SESSIONS V() SESSIONYPV())
)

wefine{”"”" (G, D, y, s, SESSION] ), SESSIONS ™))
=y(x',y1); tefine?” (G,D,y1,s, SESSION%DU(S)7 5E55|QN‘1’D'{I'/I}U(S))

refined(G, D, y, 5, SESSIONS PV SESSIONSP V()
.= y.cTose || tefiney (G, D, -, 5, SESSIONS V() SESSIONY P ()

vefine, (G, D, -, s, SESSIONSPY) sESSION® PV ()
= s(s',51): n)(y-case(yn)(

y1.somepry(s) (y2); (y2.close ||

| vefines V¢7(0,0, -, -, 0, SESSIONY P V)
);

vefineg U(S/)(@, 0,91,-,0,0)

veq(G, DU (s1),0,-,y, SESSIONS PV ()

refine™" (9,9, -, -, 0, SESSION’?)

= (1/11)($.m<1’1> ||
| vefine? (0,0, -, -, 0, SESSION. P/

)
vefinel (0,0, -, -, 0, SESSION’.P)
:= exc(SESSION?P)
tefineéx)up((l), 0,y,-,0,0)
1= (va) (wyn) (G2, 1) || [z 2] |
| efineg (0,0, 41,-,0,0)
)
vefineg (0, 0,y, -, 0,0)

:=y.close
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The conversion of a request’s default handler teq is given in Definition 3.6. It delegates the
conversion to different functions depending on the process.

(3.32) The amount of communications of parallel processes is calculated, taking the maximum of
the two as the lifetime for the composition. A new parallelism channel is created, which becomes
a slave (A for 8o0Aog, which is ancient Greek for “slave”) in the left process, and a master (u for
Master) in the right.

Definition 3.6

teq : P(C) x P(C) x P((C x Ng)) x (CxNg)U{-} x CU{-} x SESSIONﬁ(C)’P(C)

— DCPTP
veq(G, D, A, 11,1,0) (3.27)
=reqstepy (G, D, A, p, 1, -, 0)

teq(G, D, A, i1, 1, 27 (y).SESSIONSP) (3.28)
:=reqstepy (G, D, A,u,n,x,x?(y).SESSION%D)

teq(G, D, A, i, 1, z!(e) . SESSIONSP) (3.29)
= reqstepy (G, D, A, 1, m, z, x!(e). SESSIONS )

teq(G, D, A, pi,n,x > {l; : SESSIONS P} ¢ 1) (3.30)
:=reqstepy (G, D, A, 1,1, , 2 > {I; - SESSIONS P} 1)

teq(G, D, A, p,m, z < 1.SESSIONY.P) (3.31)
:=reqstepy (G, D, A, u,n, z,x < Z.SESSION\Q/D)

veq(G, D, A, 1,1, SESSION® P || SESSIONYP?) (3.32)

= (vz2)(
teq(, Dy, A U (z, card(SESSION® Pt || SESSION®P2)), 11, m, SESSION?P1) ||

| teq(0, Do, 0, (2, card(SESSION”P* || SESSION®P2)) . SESSION"P?)

)
veq(G, D, 0, -,y,a(s)[D U (s), SESSIONS P ) SESSIONS PV ()] (3.33)
.= refined (G, D, y, s, SESSIONS PY() sESSIONY Py

veq(G, D, A, i, m, throw) (3.34)
= thtomo(pv Aa Hy 77)
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The conversion of a communication in the default handler of a request tegstep is given in Def-
inition 3.7. It synchronizes with the connected service, as well as with slaves and master (the
parallelism channels; see (3.32)).

(3.35) If there is a master, listen to it for an exception, possibly forwarding a none to all connected
services and slaves.

(3.36)—(3.37) If the process is 0, we need to wait for the other sides of parallel compositions to
finish. When they are all done, we synchronise with all connected services. Otherwise, we only
synchronise with the relevant service. When an exception is received, we only forward it to the
other connected services and the slaves and master, and we invoke the exception handler if it is
present.

(3.38)—(3.39) We synchronise with slaves that are not done yet. When the process is not 0, none
of them are done yet. Otherwise, when they are all done, we synchronise with them all, so we can
close all channels. When an exception is received, we only forward it to the other slaves and the
connected services and master, and we invoke the exception handler if it is present.

(3.40) If there is a master, we tell it that we are not throwing an exception, and listen to if for an
exception again.

(3.41) If the process is 0 and not all parallel processes are done yet, we need to send some to those
slaves that are still active (3.42)—(3.43). If all are done, we send some to all connected services and
slaves, and close all those channels, as well as the master chancel. Also, we cancel the exception
handler. If the process is not 0, the actual communication can occur (3.44)—(3.47).

Definition 3.7

vegstep : {0,1,...,5} x P(C)UP((C x Ng))U{-} x P(C) x P(C) x P((C x Np))
x(C x No)U{-} x CU{-} x CU{-} x SESSION? P _, pcpTP

vegstep; (G, D, A, 1,1, §, SESSIONSP) (3.35)
_ Jw.somepucpans(a) (x1); veastepy (G, D, A, (x1,n), -, 6, SESSIONE ) if 4 = (,n)
| veqstep; (G, D, A, -, n, 5, SESSIONT) otherwise (if y1 = )
veqstep; (G, D, A, 1,7, 5, SESSIONS.P) (3.36)
veqsteps™ (G, D, A, i, m, x, SESSIONSP) it § = =
) vegstep? (G, D, A, 1,7, -, 0) if 6 =-and (A # () = getlive(A) = 0)
B and not islive(u)
teqstepg(g, D, A, p,1m,-,0) otherwise
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reqsteps™ P’ (G, D, A, 11, m, 5, SESSIONY D) (3.37)
:= (va1)(z.Some(xy) ||

x1.case(z2)(

|
i i teqstepgl(g,D{m/x},A,u,n,tename(&m,xg),SESSIONg’D{“M}), Def. 3.12: vename
i i xa.close || throwy (D \ z, A, -, n) || throromaster(u) Def. 3.9: throw
! ) Def. 3.10:
! throtomaster
)
[ G,D
teqsteps (G, D, A, p,m, 6, SESSIONT ™) (3.38)
veqstepd” "™ (G, D, A, 1, m, 6, SESSIONSP) if § # - or Def. 3.13: getlive
= (A #0 = getlive(A) # 0) or islive(u) Def. 3.14: islive
veqstepy (G, D, A, i, 1, 6, 0) otherwise
veqstep’” ™YY (G, D, A, 1., 5, SESSIONSP) (3.39)

i= (va1)(w.Some (1) ||

21.case(s)(

vegstepl (G, D, A{wa/x}, 1,1, 5, SESSIONSP),
xo.close || throro (D, A\ z, -, 1) || throromaster(u)

)

)
teqstepd(G, D, A, 1,1, 6, SESSIONY.P) (3.40)
(va)( if u=(x,n)
= i T1.50mepUchans(A)(T2); teqstepy (G, D, A, (22,1), -, 6, SESSION'C}’D) Def. 3.11: chans
)
veqstep, (G, D, A, -, 1, 6, SESSION%D) otherwise (if u =)
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vegstep; (G, D, A, 1,7, 5, SESSIONS )

(va1)( fo==x
\ x.some(x1) ||

| veqstep’ (G, D{w1/a}, A, 1, 21, SESSIONT P17 /)
)

(3.41)

= teqstepgd[mm)(QD, A, p,m,-,0) if § = - and
(A #0 = getlive(A) # 0)
or islive(u))
[:epuchans(a) (vz1) (z.s0me(x1) || z1.close) || otherwise

closemaster(p) || cancel(n)

veqstepl™™ (G, D, A, 1, , 5, SESSIONSP)
:= (va1)(z.Some(z1) ||
| veqstep (G, D, A{w:/x}, p, m, 6, SESSIONTP)
)
teqstepg(@ D, A, p1,m,-,0)
:=reqgstep; (G, D, nertstep(A), neptstepmaster(p), 7, -, 0)
veqstepl(G, D, A, i, n, z, 27 (y).SESSIONS?)
=2(y,21); (Cy ||
i veq(G, D{x1/x}, nertstep(A), neptstepmaster(u), 7, SESSION%D{ZIM})
)
te 0 ! 9D
gsteps (G, D, A, p,m, x, x!(e) . SESSIONT ™)
= (Vy)(’/xl)(§<y7x1> || Ee%y H
i veq(G, D{x1/z}, nertstep(A), nertstepmaster(u), 7, SESSION%D{“/“"})

)
veqstep? (G, D, A, p1, 1, 2, @ > {l; - SESSION? P} ;1)
:=x.case(x1)(
i l; : teq(g,D{xl/x},ne;tﬁtep(A),ne;tstepmastet(u),mSESSION%D{““})
Jiel
teqstepg(g,D,A,u, n,z,x < l.SESSIONg’D)
= (van) (2.0 {21 ||
i veq(G, D{x1/z}, nertstep(A), nertstepmaster(u), 7, SESSION%D{"EI/"E})

)

39

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

Def. 3.13: getlive
Def. 3.14: islive

Def. 3.11: chans

Def. 3.15:
closemaster

Def. 3.16: cancel

Def. 3.17:
nertstep

Def. 3.18:
nertstepmaster



Definition 3.8 (Cardinality (length) of processes)

card : SESSION%”C) — Ny
card(0) :=0
card(throw) := 0
card(SESSION.P" || SESSION?P2 := max(card(SESSION.), card (SESSION?P2))
card(z?(y).SESSION®P) := 1 + card(SESSION’P)
card(z!(e).SESSION®P) := 1 + card(SESSION’P)
card(z > {I; : SESSION"P}.c/) := 1 + max({card(SESSION®P)}ic )

card(z < 1.SESSION®P) := 1 + card(SESSION’P)

When an exception is thrown, the throtw function, given in Definition 3.9, cancels connected
requests and slaves, forwards the exception to the master, and invokes the exception handler.

Definition 3.9

throw : {0,1,...,4} x P(C) x P((C x Ng)) x (C x Ng)u{-} xCu{-} — DCPTP

D A * . .f =
throtog (D, A, i, 1) = throw, (D, A, -, ) || throw; (0,0, (z,n),-) if p (z,m)
thror, (D, A, -, n) otherwise (if u =)
thtﬁml(D7A,',’l’]) — thtomZ(D Av'v') ” tht0m4(®,®,',l’) 1f77:33 )
thro, (D, A, -, -) otherwise (if n = -)
throry (D, A, -, +) := [[,cp v.0onE || H(x,n)é/\ zr.none
throw, (0,0, (z,n), ) :=z.somey(x1); throrwmaster(xy) Def. 3.10:
theom, (0,0, ) = () thrommastee
i (va2)(
i i x1.5ome({xa) ||
i i r9.close
)
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Definition 3.10

throtomaster : C U {-} — DCPTP

throrwomaster(z) := (va1)(z.inT(xy) ||

: x1.close

)

throtomaster(:) :=0

The auxiliary function chans, given in Definition 3.11, takes the list of slave channels and removes
their length annotation.

Definition 3.11
chans : P((C x Ng)) — P(C)
chans((xz,n) UA) := (z) U chans(A)
chans(() := 0

The auxiliary function tename, given in Definition 3.12, renames a specific channel, and leaves
it unchanged if it does not match or is -.

Definition 3.12

tename : CU{-} xCxC—=CU{}

z ifd==x

6 otherwise

vename (6, z, ') = {

The auxiliary function getlive, given in Definition 3.13, gives a list of those slave channels
that belong to a parallel process that is not finished yet. The auxiliary predicate islive, given in
Definition 3.14, checks if the parallel process belonging to the master channel is not finished yet

Definition 3.13
getlive : P((C x Ng)) — P((C x Ny))
getlive((z,n+1) UA) := (z,n+1) U getlive(A)
getlive((z,0) U A) := getlive(A)

et
getlive() := 0
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Definition 3.14
islive: (C xNo)U{-} - B
islive((x,n+1)) =T
islive((z,0)) := L
islive(-) = L

Definition 3.15
closemaster : (C x Ng) U {-} — DCPTP
closemaster((z,n)) := z.close

closemaster(-) :== 0

Definition 3.16

cancel : CU{-}
cancel(z) := (vz1)(x.1inl{(z1) ||
i x1.none
)

cancel(-) := 0

The auxiliary function nertstep, given in Definition 3.17, decreases all the counters in a list of
slave channels that are bigger than one. The auxiliary function nertstepmaster, given in Defini-
tion 3.18, decreases the counter of the master channel if it is bigger than one.

Definition 3.17
nextstep : P((C x Nyg)) — P((C x Nyp))
nertstep((z, n+1) U A) := (x,n) U nertstep(A)
nertstep((x,0) UA) := (x,0) U nertstep(A)
nertstep(0) :=0
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Definition 3.18
nertstepmaster : (C x No) U {-} — (C x Ng) U {-}
nertstepmaster((z, n+1)) := (z,n)
nertstepmaster((z,0)) := (z,0)

nertstepmaster(-) :=

3.4 Results

. . . . . CH . .
In this section we formalise the connection between processes in CYH™" and their conversions

into DCPTP, in terms of types in Section 3.4.1 and in terms of deadlock-freeness in Section 3.4.2.
Moreover, we conjecture a connection in terms of reductions in Section 3.4.3

3.4.1 Typing results

In order to apply results that follow from the Curry-Howard correspondence between classical linear
logic and our process calculus DCPTP, we need to show that the processes that result from our
conversion are well-typed. This means that there are no free channels, i.e. that all channels are
connected to two processes of dual behaviour.

Conversion of types

Our proof of well-typedness involves several lemmas that show other interesting results about the
connection between processes in CYH and their conversions. They show a correspondence in the
types of channels within services, requests, and exception handlers. For this, we need to be able to
transform CYH! types into DCPTP types. As stated at the beginning of Section 3.3, we assume
no distinction between primitive types € in either system.

Definition 3.19

To(l (0).c) :== 07 Tp(a)

To(t (0).a) := 0 ® Tp()
To(&{li : avitier) = &{li : To() bier
To(&{li : avitier) = &{li : To(wi) }ier

To(a{[B]}) :T( )

T1(end) :=

T1(end) :=

As a convention, we write “7” when we mean “77”.
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Types of requests

Next, we need a way of expressing the type of a channel in the default handler of a request. This
shows all the points in a step of communication where an exception might be thrown. Only after
a some, then an inl, followed by another some can the communication take place.

Definition 3.20

71 :=&(&1 & 1)
7(A® B) := &(&(A®?B) & 1)
2AD B) = &(&(ABB) & 1)
2A® B) = &(&(?AB?B) & 1)
2A& B) i= &(&(?AL?B) & 1)

Since converted requests are self-contained (i.e. they are in control of their own default and
exception handlers), upon connection with a service, a (cancelable) channel is received over which
communication can take place after an exception has been thrown. This is included in the full type
of the request.

Definition 3.21

A?E = (&E)37A

Auxiliary types

Moreover, when refinement takes place, the new exception handler receives the handling channels
from the current one. The following definition expresses this process, where B is a list of types.

Definition 3.22

1
o((A)UB) := A% (eB)

Our final definition describes the type of a slave channel, used for parallelism. It is very similar
to the default handler types in Def. 3.20, except that no actual communication takes place.

Definition 3.23

llo =71
s = &(&e]l, &1)
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The results

Our main well-typedness result is given in Theorem 3.1. Lemma 3.7 shows the connection between
the types of default handlers in requests, with Lemma 3.6 showing the same connection, but in-
cluding the exception handler’s type. Lemma 3.3 shows a similar connection for the server’s side of
things.

In our proofs, we often omit typings that remain unchanged across steps. Moreover, unless
otherwise stated, we superscript lists of channels (e.g. D or A) or optional channels (e.g. u €
P(C)U{-}) with a number to denote the subscription of matching channels with that number. For
example, D3 = D{x3/x},ep. This is to improve readability, especially when new channel names
are required due to asynchrony.

Theorem 3.1

Given some well-typed program P &€ CYHCH, the converted process C(P) is well-typed, i.e.
C(P) - -;-, with C as in Def. 3.2.

Proof. By the grammar in Def. 3.1, it must be that P € SERVICES". Hence, the thesis follows from
Lemma 3.2. O

Lemma 3.2

Take some I' € P(C), and some P € SERVICES". Then,
C(P)F T,

with C as in Def. 3.2.

Proof. By induction on the structure of P.
(Case P ¢ REQUESTSF) The thesis follows from Lemma 3.5 on page 47.

(Case P = (va)(xa(s)[@, R] || S)) We assume that P is part of a well-typed program, so we can
take «, B such that Q = a{[B]} and R= 3. Moreover, by Def. 3.1, we know that S € SERVICESIY(®).
The induction hypothesis is that C(S) - +;G,a : T(a)?T(8).

By Def. 3.1, Q € SESSION”*) and R e SESSION”*). Then, by Lemma 3.3 on the following
page, sevo(Q{s1/s}) I s1 : 7T (a), and by Lemma 3.4, exc (S{s}/s}) - s} : T.(B). Using (Tsomea')
and (T®), followed by an application of (Tcut’), the persistent channel a is of proper type and gets
removed from the persistent context. O
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Lemma 3.3

Take some P € SESSION®™)_1f P o s : @{[B]}, then

seto(P) F s: 7T (),

with serv as in Def. 3.4.

Proof. By induction on the structure of P.

(Case P = throw) By the typing rules of CYH, we know that @ can be any type, so « can be
anything. We need to show

sero(throw) F s: 77 (o) = B(®A S L),

for appropriate A. This follows from an application of (T®j), (T®2), and then (TL).
(Case P = 0) By the typing rules of CYH, we know @ = end, so &« = end. We need to show

seed(0) Fs: 71l =p(ela 1),

which follows from an application of (T®j), (T®1), (T®y’), and then (TL).
(Case P = s?(e).P’) We know @ = | (6).c/, so a = 1 (#).a’. We need to show

sern(s?(e).P) s : 20 @ T () = &(@(0 37T () @ L),

which follows from an application of (T®j), (T®1), (T®y?), (T?), consuming the received channel
with C, - e : 6, and then the induction hypothesis. The output/branch/select cases can be shown
in an analogous way, so we omit their proofs. O

Lemma 3.4

Take some D € P(C), some b € {1, L}, and some P € SESSIONg’D. If Pox: B, for every
x € D, then
exey(P) = (2 To(Ba))eep,

with egc as in Def. 3.3.

Proof. This proof by induction on the structure of P follows directly from the converted types, and
the induction hypothesis. O

46



Lemma 3.5
Take some G € P(C), and some P € REQUESTSY. Then,
C(P)F G,

with C as in Def. 3.2.

Proof. By induction on the structure of P.

(Case P =a(s)[(s), @, R]) We assume that P is part of a well-typed program, so we can take
a, 8 such that Q > o{[f]} and R > /5. Moreover, we can assume that the service channel a € G is of
proper type: T («)?7(8). We need to show that

C@(s)[(s), Q, R]) = vefine§(G,0,-,5,Q,R) F G a: T(a)?T(B),
g

which follows from Lemma 3.6.

(Case P =Q || R) Since @, R € REQU ESTSY, the thesis follows from the induction hypothesis
and an application of (T]). O

Lemma 3.6

Take some G, D € P(C), some nn € CU {-}, some s ¢ D, some P € SESSION%DU(S), and some
Q € SESSION®PY®) 1 Pe (21 au{[Be]})wep, s : @B and Q > (z : Ba)sen, s : B, then

teﬁneg(gﬂp7n7 S, P7 Q) |_ (.13 :?T(aw))wEDan : &1 S (.(&T(ﬁw))lep)7 ga

with tefine as in Def. 3.5.

Proof. The persistent context can be achieved by an appropriate amount of applications of (T<).
The linear context remains to be proven.

We assume that the service channel a € G is of proper type: T (a*)?7T(5*). This means that,
after an application of (Tcopy), we need to show that

vefine} (G, D,n, s, P, Q) = s: T(a*)?T(8%).

W.lo.g., assume n = y € C. Then, vefine] = vefine,. After an application of (T®3) on y, we
have to show

vefines (G, D, y1, 5, P, Q) b y1 : (&7 (Ba))zen-

Let Q' := Q{2'/x}rep, and d := |D|. After an application of (T%) for every channel in D, we
need to show
s 0 / . ’.
teflne3(g7Da Yd+1, 87P7 Q ) F Yd+1 : 17 (.’L‘ . &T(/Bz))we’D
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We remove the channel y441 by an application of (T1), and have to show the typings for
teﬁ'ne;l(ga Da S, Pa Ql)

Let D' = D{a'/x}yep. First, we apply (T%®) on s and create a new channel y with (Tcut). In
the left process we apply (T&) on y. For the left case, we apply (T@yDl,U(S,)) and (TL1). Several
things need to be proven:

vefine V0,0, 8,0, Q'{s'/s}) F (¢ : &T(Bs))wen, s’ : &T(BY), (3.48)
tefineéyu(sl)(@, 0,91,,0,0) -y : o(BU (&T(5%))),
(2 &T (Bo))wep, s : &T(8), (3.49)

veq(G, DU (s1),0,,y, P{s1/s}) F (x :7T (z))wep, 51 :7T (),
y: &1 @ (o((&T (Be))zen) U (&T(6))). (3.50)

To show (3.48), after an application of (T&Z) to the channels in D’ and to s’, we need to show
that

teﬁneg(wv (2)7 5 0, Q{mll /x}mE(Du(s)))
= ere(Q{z) /Thae(pu(sy)) F (@1 2 T(Bz))zep; 81 : T(6%),

which follows from Lemma 3.4.

To show (3.49), we apply (T®) for every channel in D’ and for s’, removing the channels from
the content using (Tid). It remains to show that

vefined (0,0, yara, - 0,0) F yaro : L,

which we achieve by applying (TL).

(3.50) follows from Lemma 3.7 on the next page, or from its proof’s induction hypothesis when
it refers to this lemma. O
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Lemma 3.7

Take some G,D € P(C), some A € P(C x Ny), some pu,n € C x Ng U {-}, and some P €
SESSIONY”. 1f

i) P> a,{B.]} for every x € D,
ii) n > card(P) for every (y,n) € A, and
iii) p = (z,0) implies 0 > card(P) and o > n for every (y,n) € A,

then

WCI(Q,D,A,MJLP) F (‘T :?T(ax)):rE’Da

Y ) wmens (20 1o)it p=(z,0)+
n: &1 D (.(&T(ﬂm) IED),

with veq as in Def. 3.6.

Proof. By induction on the structure of P.

(Case P = throw) We have to show the typings for
thtomO(D7 A7 1y n)a

which follows from Lemma 3.8 on page 52.

(Case P = 0) By the typing rules of CYH, we know 0> (o, = end),ep. At certain steps, we
need to account for two cases, depending on the liveness of the parallelism channels. With getlive
as in Def. 3.13 and islive as in Def. 3.14, let £ := ((A # 0 = getlive(A) = () and not islive(u)).
We have to show the typing for

teqstep()(g’ D7 Aa s 1]y 0 0)7
with vegstep as in Def. 3.7.
If 4= (2,0), we apply (T&%Ucbuns(/\)), with chans as in Def. 3.11, to obtain

veqstep; (G, D, A, (21,0),m,,0) F 2z L@ L.

If 4 = (z,0+1), we apply the same rule to obtain

veqstep; (G, D, A, (21,0+1),71,-,0) F 2 : @E@ 1.

If £, reqstep; = reqstep?, so, on every channel x € D, we apply (T&?%) and then (T&). The right
case follows from an application of (T1), and Lemma 3.8 on page 52 and Lemma 3.9 on page 53.
For the left case, we continue with the next channel until we arrive at the next step. We have to
show

teqstepg(g,DZ,A,ul,n, 5 0) (22 : &1)zep.

Otherwise, let D2 := D. We have to show

veqstepd(G, D%, A, b, 7, -,0) - (2 :71) 4ep.
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If £ teqstepg = teqstep?. We apply a similar process as above to the channels (y,0) € A, and have
to show

teqﬁtepg (g, D27 A27 ,u'17 -, 0) F (y2 : &1)(?}70)61\'

Otherwise, teqstepg = teqstepgne(l\). We also apply that similar process as above, but only to those

channels (y,n+1) € live(A). Let A% := A{y2/y}(y.n+1)etive(r). We have to show

teqstepg(g) D27 AQ, /’1'17 5 0) F (y2 : &||n)(y,n+1)e[ine(A)7
(y: Ho)(y,O)eA\[iuz(A)~

If = (z,0), we apply and (T®;) and (TEBZD%UchuM(AQ)) to obtain

tqutep;l(g7p2aA2v (Z370)777; E 0) + 23t L.

If 4 = (2,0+1), we apply the same rules to obtain

veqstepy (G, D%, A2, (23,0+1),1,-,0) - 23 : ||,

If £, we can finish the proof. We apply (T&%) and (T1) to every channel in D and A. If
= (z,0) (it will not be (z, 0+1) since not islive(u)), we apply (TL) to z3. Finally, we apply (Té1)
to n and then (T&"").

Otherwise, teqstep; = teqstepgm(/\). We apply (T&?%) to every channel in live(A). Let A3 :=

Ays/y} (ynt1)etive(n)- We obtain
teqﬁtepg(g, D2, A3, 13, m,-,0)
= reqstepy (G, D?, nextstep(A?), nextstepmaster(p®), 7, -, 0)
F(z:?1)zep,
(Y3 : ) (gnaDetivea), ¥ 2 o) w.0)ens
(2’3 :m)if n=(z,0+1)s

n:&1® (o(&T (Bz))zen)-

Since the applications of nertstep (Def. 3.17) and nertstepmaster (Def. 3.18) guarantee that at some
point £ will be true, we can show this by the induction hypothesis.

(Case P = d?(e).P") We know ag = | (0).0y, where P' = d : a{[Bal}, (z : ax{[Bel})wen\(0)-
Since catd(P) > 1, we have A # ) = live(A) = A and p = (z,0) = islive(u). We have to show
the typings for

veqstepy (G, D, A, p,m, d, d?(e).P').
If 4= (2,0+1), we apply (T&%Uchansm)) to obtain
veqstep; (G, D, A, (21, 0+1),n,d,d?(e).P') - 21 : @E@ L.

Otherwise, teqstep, = veqstep;.
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Since teqstep; = teqstepgd), we apply (T&?%) and (T&). The right case follows from an application
of (T1), and Lemma 3.8 on the next page and Lemma 3.9 on page 53. For the left case, we have to
show

veqstep’ = vegstepy Y (G, D{da/d}, A, i, 1), da, do?(e).P'{d/d})
Fdy: &(077T (al)).

Since live(A) = A, we apply the same process to the channels in A as we did to d at teqstepgd),
obtaining

teqstepg(g, D{dQ/d}a Aza :Ufla , d7 dQ?(e)Pl{dQ/d}) F (yQ : &”n)(y,n-l-l)el\'
If = (z,0+1), we apply (T&1) to z; and then (T&g{dz/d}um) to obtain

veqstepy (G, D{da/d}, A2, (23,0+1),n,d,d2?(e).P'{dz/d} I 23 : |-

Otherwise, teqstepg = reqstepy.

Now, we apply (T&gz) and then (T&%?) to every (y,n+1) € A to obtain
veqstep? (G, D{dz/d}, A%, 1%, n, d3, ds?(e).P'{ds/d}) F d3 : 67T (), (3 : |l,)) (wms1)en-

Finally, we apply (T%) to ds, consuming the received channel with C, - e : §. It remains to
show
teq(G, D{dy/d}, nextstep(A3), nertstepmaster(p®), n, P’ {dy/d}) F dy 7T (),

which follows from the induction hypothesis. The output/branch/select cases can be shown in an
analogous way, so we omit their proofs.

(Case P = P, | P;) By the grammar in Def. 3.1, we know there are D1, Dy € P(C) such that
Dl ﬂDQ = @ and Dl UD2 = D, and that

P> (2 ap{{Ba})aen,, and Py = (2 : az{[Be]})zep,

Let £ := card(P; || P2). To justify the cut on the newly created parallelism channel, we have to
show

(y : ||n)(y,n)€AU(y,f)7

(z: E)if pw=(z,0)>
n: &1 @ (o(&T(Bz))wen),

and
teq(waDQa @, (Z,é), Bl P2) F (33 :?T(a$))$€D2’

z |,
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Both follow from the induction hypothesis.

(Case P =a(s)[DU(s),Q, R]) By the grammar in Def. 3.1, we can assume A = ), u = -, and
n =1y. We have to show

vefineg (G, D,y,s,Q,R) b (x 2T (0z))zen, ¥y : &1 ® (6(&T (Bz))zep),

which follows from Lemma 3.6. O

Lemma 3.8

Take some A € P(C), some A € P(C x Ny), some p € C x Ny U {-}, and some nn € CU {-}.
Then,

throwg (A, A, p,m) (22 &Ag)wean,

(y: &Ay)(y,n)em
(z: ®(A: © L))t y=(2,0)
n:&1® A,

with every A, arbitrary and throtw as in Def. 3.9.

Proof. We have to show the typings for A, A, and 5 in
thtoml(AaAv‘vn)a (351)
and, if g = (z,0), the typing for z in

throrog (0,0, (2,0), ). (3.52)

To show (3.51), we have to show the typings for A and A in
throt, (A A, -, +),

which is achieved by an application of (T&?*) for each of those channels. Moreover, if n = x, we
have to show its typing in

throto, (0,0, -, x),
which is achieved by applying (T&1), then (T&%), and finally (T1).
To show (3.52), we apply (T&F). Now, we need to show

throtomaster(z;) H A, @ L,

which follows from Lemma 3.9 on the next page. O
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Lemma 3.9

Take some p € CU{-}. Then,
throtomaster(u) F p: A® L,

with A arbitrary and throwmaster as in Def. 3.10.

Proof. If u = -, the thesis is vacuously true. Otherwise, it follows from an application of (T®s2)
followed by (T.L). O

3.4.2 Deadlock-freeness

Our well-typedness result has the desired corollary that the resulting processes from our conversion
are deadlock-free. In combination with operational correspondence results (cf. Section 3.4.3), this
leads to a much simpler deadlock-freeness proof for the fragment CYH than the one given in [10].

Our definition of deadlock-freeness is an extension of the Progress Theorem from [4, Thm. 3.2,
p. 15]. It does not only guarantee for live processes (processes with a communication prefix that is
not a request or replication), but it also guarantees that pending service requests can be answered
at any moment. Before we give the definition, we need to formally define liveness, for which we
also need a non-prefixed (static) context.

Definition 3.24

The static context C is defined as follows.

C:=C||C|CoC|w)C|P|-

Definition 3.25 (Liveness)

A process P € DCPTP is live (notation live(P)) if and only if P = C[r.P’], where 7 is a
communication prefix (i.e. input, output, branch, or select).

Definition 3.26 (Deadlock-freeness)
A process P € DCPTP is deadlock-free if
i) P+,
i) P = Clws)(a(s) || Q)] implies P = C'[(va)(la(s); R|| R')], P = S = C[(vs)(R | Q)], and

S is deadlock-free, and
iii) live(P) implies there is T € DCPTP such that P — T and T is deadlock-free.
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Corollary 3.10

Given some well-typed program P € CYH!, the converted process C(P) is deadlock-free, with
C as in Def. 3.2.

Proof. The proof relies on the main results from [4], which transfer to our system since we use
(structurally) identical inference and reduction rules.

By Theorem 3.1, C(P) I~ -; -, satisfying condition (i).

Assume C(P) = C[ws)(@(s) || Q)]. This can only happen if P contains some request to a
service on channel a. By our well-typedness assumption, P contains the corresponding service
definition, so C(P) = C’[(va)(a(s); R || R')]. By Lemmas 3.3 and 3.7, @ and R are of dual type, so
C(P) — S = C[ws)(R || Q)]. By the Type Preservation Theorem [4, Thm. 3.2, p. 15|, S F ;- so
we can show that S is deadlock-free by an easy induction proof. This satisfies condition (ii).

Assume [ive(C(P)). By the Progress Theorem [4, Thm. 3.3, p. 15|, there is a T such that
C(P) — T. By another application of the Type Preservation Theorem, T I -;-. Again, a simple
proof by induction will show that T is deadlock-free. This shows condition (iii). O
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3.4.3 Discussion: operational correspondence

According to Gorla, one criterion for a valid encoding (we use the word “conversion” in this thesis) is
operational correspondence [25]. It consists of two parts: completeness, the notion that a reduction
in the source process can be simulated in the conversion, and soundness, the notion that a reduction
in a converted process reflects a reduction in the source process. We conjecture that our conversion
has (a form of) both completeness and soundness.

In [10] a liveness proof for CYH is given, which is a condition

on processes that is equivalent to our definition of deadlock-

(va1)(z.Some(zy) || freeness (see Def. 3.26). The proof is, however, not trivial,
a1.case(ws)( whereas our deadlock-freeness result is in fact a mere result

)

)

of the Curry-Howard correspondence with linear logic. An op-

(vas)(w2.Some(zs) || erational correspondence proof would allow us to transfer our

v (wea) (@3 (2, 24) || B | deadlock-freeness result to the source fragment CYH.
L vea(G, (), 0,y Paa /2 YY) Unfortunately, due to the synchronization steps in our con-
b)) version, formalizing our completeness and soundness conjec-
)' tures is not straightforward. Consider the following CYHH
’ request:
(z2.close || © @)
| a(x)[(xz), zl{e). P QY 3.53
o TET ) | (@)[(z), z!(e) Q"] (3.53)
L (g soms(y) | The conversion of the default handler is given in Figure 3.2,
i i i yp.close where y is the channel over which the exception handler can
Lo be invoked. Let R denote the process in this figure. When
. no exceptions are thrown, it takes three steps before the actual
) send action occurs, so after four steps, one step from the original
) process has been taken:

R =% veq(G, (24),0, -y, P{aa/x} ™)

Figure 3.2: Conversion of the default
handler in equation (3.53)

Another difficulty is that parallel communications always hap-
pen synchronously in converted processes.

To overcome these problems, we need to find an alternative

definition of reduction for which we can prove completeness and

soundness results. For the time being, we informally use — to denote a step in CYHM in which

parallel communications happen synchronously, and — to denote a step of actual communication

in converted processes. An intuition towards defining such steps is to use the types of the channels.

For example, the type of = in Fig. 3.2 is 77 (1 (0).c) = &(& (02?7 (’)) & 1). One —-step would
involve reductions up to the point that the type of x is 77 (o).

There are more issues. Once services and requests connect, the semantics of CYH turn the pro-
cesses into runtime processes, which uses protection constructs for exception handling and buffers for
asynchronous communication. Our conversion is, however, not defined on such runtime processes,
so we cannot directly relate them. Similar issues arise when exceptions are thrown and exception
handlers are invoked. Communication in exception handlers does not need to be synchronised, so
this needs to be taken into account.
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The buffered semantics from Section 2.2 could come in handy here. We can use the equalities
in Definition 2.6 to convert asynchronous process terms to buffered terms, denoted JP. We would
then also need to define a notion of equivalence between buffered DCPTP processes and runtime
CYH processes. Without formally defining it, we denote this relation using — o —.

We believe that it is possible to prove an operational correspondence between source processes
and our conversion of them using the methods above. We are ready to state our conjectures. —*
denotes the transitive, reflexive closure of —.

Conjecture 3.11 (Completeness)

For every P € CYH" and runtime CYH process @ such that P — @, there exists R € DCPTP
such that C(P) —* R and OR& Q.

Conjecture 3.12 (Soundness)

For every P € CYH™ and R € DCPTP such that C(P) — R, there exists runtime CYH process
@ such that P —* Q and OR 0 Q.

We find these statements plausible, because our conversion was developed by carefully examining
the way in which CYH processes reduce. The fact that we can not state a direct operational
correspondence, but have to use intermediate correspondences, demonstrates the limitations of using
a Curry-Howard foundation to implement fault-tolerance through exception handling in message-
passing concurrency.
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Chapter 4

Future and related work

In this chapter we discuss several directions for further research on fault-tolerance in Curry-Howard
session type theory. We discuss a way of exploring fault-tolerance in multiparty session types, which
are more expressive than the binary ones we have discussed so far. Moreover, we discuss the validity
of our conversion, and mention some fault-tolerant session calculi besides the one from Carbone et
al. [10, 11], and discuss how they might relate to the research in this thesis. Finally, we discuss
some extensions to session types that could be incorporated into our binary calculus.

4.1 Multiparty session types

Multiparty session types allow you to design communication protocols between multiple parties,
from a global perspective. It is then possible to obtain local perspectives of the protocol for each
participant by means of projections. Multiparty session types were introduced by Honda et al. [30].

The multiparty calculus can be more user-friendly than the binary one for designing protocols.
Consider for example a protocol with three participants. In the binary systems, they need to
be connected in series, i.e. the first communicates with the second, and the second with the first
and third, but the third not (directly) with the first. If the first and third participants want to
communicate, the second has to forward their messages to each other. This clutters their session
types, burying the intended protocol in housekeeping.

Despite the expressive advantages of the multiparty calculus, its global perspective makes it more
complex to prove results about. For this reason, Caires and Pérez presented a way of analysing
multiparty protocols in a synchronous binary calculus [5], based on intuitionistic linear logic [22,
23, 3].

In Appendix D, we present such a multiparty session calculus based on the one by Honda [30]
and the slightly more expressive version by Caires and Pérez [5]. We show how it relates to our
binary calculus, by exhibiting a conversion from multiparty to binary in the style of Caires and
Pérez [5]. The appendix also contains some results about the multiparty system and our conversion.
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The conversion shows that multiparty session types are synchrony-agnostic, since our binary
system is asynchronous, and the relation has previously only been shown for synchronous binary
session types. Another novelty is that the classical basis, as opposed to the intuitionistic basis in
the original conversion, of our binary system has no (significant) influence on the relation.

We also give a multiparty version of the monadic session type for non-determinism, which relates
to non-determinism in the binary system naturally. One direction of future research would be to
explore how this newly introduced modality can be used to implement fault-tolerance. An important
challenge is to determine whether it would be possible to implement exception handlers using such
a type.

Another direction is to study the multiparty session type system by Capecchi et al. [9], which
supports fault-tolerance in the form of global try-catch blocks, but has no logical basis in the form
of a Curry-Howard correspondence. It would be interesting to explore the possibilities of projecting
such global types into our binary type system from Chapter 2, in a way similar to our conversion in
Chapter 3. Because the work by Capecchi et al. represents the multiparty extension of the system
by Carbone et al. [10, 11] in many ways, it would be an intriguing approach to see whether it is
possible to project the global types into the fragment of the system from Carbone et al. we support
in our conversion. Because we can convert this fragment into our binary system, this would simplify
the relation, and might give us deadlock-freeness for free. However, such a conversion would be
limited, because the system permits nested try-catch blocks, even in exception handlers, whereas
this is not allowed in CYH.

A similar multiparty session type system is presented by Adameit et al. in [1]. Instead of using
global try-catch blocks, they extend multiparty sessions with optional blocks. An optional block is
a prefix to another global type. This prefixed global type gets executed when the optional block
is successfully finished, or when failure occurs anywhere inside it. This essentially means that the
prefixed global session is actually the optional block’s exception handler, and additional optional
blocks would then be allowed in exception handlers.

4.2 Validity of the conversion

In an effort to standardize the comparison of process calculi, Gorla has proposed five criteria for an
encoding (or conversion, as we call it in this thesis) to be valid [25]. We summarize them briefly:

e Compositionality: the encoding of subterms is independent from the context they appear in.

e Name invariance: the encoding does not depend on the specific names of terms, i.e. there is
no difference between name substitution before or after encoding.

e Operational correspondence: reductions in the source process can be simulated in the encoding
(completeness), and reductions in the encoding are reflected by reduction in the source process
(soundness).

e Divergence reflection: the encoding does not add infinite behaviour, i.e. all infinite behaviour
in the encoding originates from infinite behaviour in the source process.

e Success sensitiveness: given some notion of successful computation in the source and target
calculi, when a source process may reach success, the encoding will as well.
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We already discussed operational correspondence in Section 3.4.3, although the conjectures
in this section remain to be proven. Compositionality is a plausible property of our conversion,
albeit up to a limited notion of independence, due to the way parallel communications have to
synchronize. Name invariance has to be investigated, which might be a challenge due to the fact that
our asynchronous calculus constantly requires new channel names. Divergence reflection is a free
property of our conversion, since we do not allow processes with infinite behaviour in our fragment
CYHH, Usually, success is expressed by an output on some specially reserved free name [37, 26].
Success sensitiveness may be provable, but we would need to add such a notion of success to both
CYHM and to its conversion.

4.3 Related work

After the work by Carbone et al. [10, 11], Mostrous and Vasconcelos presented another binary
session type system with fault-tolerance in [36]. Their system focusses on affine types, which can
be removed from the context of a process without explicitly consuming it. This allows them to add
a cancellation primitive to their process algebra, which resembles the throwing of exceptions, but
not the handling of them.

Fowler et al. presented a fault-tolerant, session typed, functional programming language [19],
drawing from the work by Mostrous and Vasconcelos. It is different from the exceptional functional
language by Caires and Pérez [4] in that it does not rely on an underlying logical system. Another
difference is that it is asynchronous, which we have shown to not be an issue by redefining the
system by Caires and Pérez to be asynchronous (cf. Chapter 2). It would be interesting to compare
the expressivity of the work by Fowler et al., and that of the fragment CYH", which we can convert
to our logical system (cf. Chapter 3).

An early connection between session types and exception handling is presented by Dezani-
Ciancaglini et al. in [18]. They use session types to define an object oriented programming language.
When a property of an object is accessed and it is undefined, a null pointer exception is thrown.
When that happens, the entire program gets cancelled, i.e. there is no exception handling. It
would be interesting to apply the state-of-the-art of fault-tolerant exception types to add exception
handling to this programming language.

Another early connection can by found in [32] by Hu et al. They present an extension of the
Java programming language based on session type theory. They support try-catch blocks to handle
exceptions in IO and session connection. However, the use of session type theory and fault-tolerance
seem to be disjoint: the session principals stem from the theory, but exception handling was already
a part of Java. It might be interesting to connect this application of session types with the theory
more formally, using the now existing theory on fault-tolerance in session types.

The final paper including fault-tolerance we mention is [40] by Vieira et al. They present
a session calculus similar to the w-calculus, which they call the Conversion Calculus (CC). This
system supports try-catch blocks in a way that is very similar to that of Carbone et al. [10, 11].
However, the work does not include a type discipline. In a follow-up work, Caires and Vieira do
present a type system for CC [8]. However, the version of CC in this paper does not include the
aforementioned try-catch blocks. It would be interesting to see whether they can be included in
the type system for CC.
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4.4 Extensions to the binary calculus

As we mention in “Limitation 3: Recursion” of our fragment of CYH given in Section 3.2, our binary
calculus has no support for recursion. In [39], Toninho et al. present a Curry-Howard session type
system, extended with support for infinite behaviour using corecursion. In order to support the
recursion of CYH, their method could be adapted to our type system. Just as our system does (cf.
Section 3.4), their system has a Type Preservation and a Progress Theorem [39, Thm. 1 and 2,
p. 10]. It is plausible that these results remain when we extend our system with corecursion, making
it possible to add recursion to the fragment of CYH we support in our conversion.

For our conversion, we have focussed on the version of CYH presented in [11]. In the original
presentation [10], however, there is support for session delegation. With session delegation, it is
not only possible to send values of primitive types, but also channels of session types. Support for
session delegation was already present in the original paper on the Curry-Howard correspondence for
concurrency [7], and so is it in our type system. However, by using abstract generator and consumer
processes (cf. the list of conventions from Section 3.3) in our conversion, we have abstracted away
from dealing with the values that are being sent. To allow session delegation in our conversion,
it is necessary to undo this abstraction. This would also make it possible to support conditional
statements (cf. “Limitation 4: Conditional statements” from Section 3.2).
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Chapter 5

Conclusion

We have successfully exhibited a way of modelling fault-tolerance through exception handling in
a process calculus that is supported by strong logical foundations by means of a Curry-Howard
correspondence with classical linear logic. We have done so by identifying a fragment of a process
calculus with exception handling without such a logical foundation, (cf. Section 3.2), and by defining
a conversion from that fragment to our logical calculus (starting in Def. 3.2).

The fact that this conversion only supports a fragment of the source calculus illustrates how
complex the typed calculus of Carbone et al. is. This limited support is, however, not only due to
the complexity of the source calculus. The modalities for non-deterministically available behaviour
we have used can be seen as a unary version of branching: instead of a choice between multiple
options, there is a choice between behaviour or no behaviour. Indeed, our conversion demonstrates
that this is conceptually different from exception handling.

The result of the conversion does, however, give a clear means of understanding the intricacies
of and logic behind exception handling. Converted processes are deadlock-free (cf. Corol. 3.10),
and there is strong evidence for an operational correspondence between the source calculus and its
conversion (cf. Section 3.4.3). This would significantly simplify the proof of deadlock-freeness in
the source process calculus, since our results may transfer to it through our conversion.

We have also shown that the method of transforming a synchronous mw-calculus into an asyn-
chronous one is straightforward; it was a routine job to make the process calculus from [4] asyn-
chronous. The classical logical basis did not induce a significant difference to an intuitionistic one.
Also, adapting the modalities for non-determinism did not give any problems. However, using the
asynchronous calculus can be tedious, due to the constant need for new names. This makes pro-
cesses difficult to read, and has had an effect on the complexity of our conversion (see for example
Def. 3.7, in which names change in almost every consecutive step of the conversion).

This thesis has laid a solid foundation to further research the logic behind exception handling.
Its place in multiparty session type theory is yet to be researched. Moreover, its influence on
extensions to session type theory, such as recursion, is an interesting subject for further studies.
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Appendix A

The CYH type system

For reference, we provide a copy of the type system of CYH, as presented by Carbone et al. in [11,
Table 4, p. 197]. We omit typings of terms we do not support in our conversion (cf. Section 3.2),

such as recursion and conditionals.

In order to keep this thesis self-contained, we stick to the

notational conventions from this thesis, rather than those from [11].
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F"thI’OWD(IZ’SOéj)T; ( ) F|_P1||P2‘>A1UA2 ( )
I'Fe:0 TEP>A -z:« Ny:0FPrA-x:a
TOU TIN
F'kale).PrA-x:71(0).« ( 7) F-a?(y).PrA-z:|(0).a (TIN)
FEP>Az:aViel)
(TBRA)  Here, T is th stricted and A th
Tz L :PY. oo A-x:&IL:a:). ere, I' is the unrestricted an the
s Piyier iz oiier linear context. fv(I') = () makes sure
THFPeA-z:a; jeI I" contains no free variables, i.e. it pre-
TFralPoA. 'j@{l» Tt (TSEL) vents certain rules from being used on
Ly T it Qigiel the service definition level. A; =< Ay
B (i.e. Ay and Ag are compatible) means
fv(l) =0 ai € {end, end{[fi}}} (TINACT) that A; and Ay have no free channel

FI—OD(l‘iZOzi)i
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Appendix B

Conversion example

In order to demonstrate what a converted process

(va)(xa(s)] looks like, we give an example that showcases the in-
s> {l ¢ s!(5).0,15 : throw}, tricacies of the conversion: multiple requests (refine-
: ment), parallel processes of different length, and the
1 sl(tt).0 throwing of exceptions. We will convert the CYH !

il process P, given in Figure B.1, in which we connect
to the same service twice.

a(®)I(®), The converted process C(P) is given by:
t < ly.a(u)|(t,u),
: (0)(Q || B)

t2(v).0 || u < lp.ul(££).0,

See (B.1) f d (B.4) for R.
£2(0).0 || u?(v).0 ce (B.1) for @ and (B.4) for
The conversion of the service ) is given by:

Q = la(s); (ws)(vs1)(3(s", 51) || (B.1)

t‘?(U)O | ’ /
] } S .SOme@(51)§ Qezc || Qserv
)
)
See (B.2) for Qeze and (B.3) for Qsery -
. CH
Figure B.1: A CYH™" process The exception handler Q... is given by:

Qexe = (w0)(vsh) (51 (v, 55) || Exeso || 55.close)
(B.2)
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The service default handler Qg is given by:

Qserv = s.50meg(s1); (vs2)(s1.101(s2) || (B.3)

)

So.someg(s3); s3.case(sq)(

)

Iy : s4.s0mey(s5); (vse)(s5.1n1(sg) ||

s.50mep (57); (0)(vs8) (570, 55) | B |
i sg.someg(8g); (vs10)(S9-1n1(s10) ||
i i $10.someg(s11); $11.close
)

)

)

lo : s4.s0mep(s5); (vs6)(s5.1nr(sg) || sg.close)

The conversion of the request R is given by:

R =) | (B.4)
t(t',t1); (vy)(y.case(y1)(

)

)

i y1.some (4 (y2); (y2.close ||
1 () (' some(t)) || Reae)

),

) ) (T, y2) || [t 1] || ya.close)
) | Rreq

See (B.5) for Ry and (B.6) for Ry 4.

The exception handler R.,. is given by:

Reye =t (v,t5); (Cy || th.close) (B.5)
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The request default handler R, is given by:

Ryeq = (vt2)(t1.50me(ta) || (B.6)
ta.case(ts)(

|1 (vta)(t3.Some(ty) |
Lo wts)(tadi(ts) || 9)
|1 )staclose || (vyn)(y-InI(yn) ||
1 (vy)(y1Some(ys) | y2.close)
)
)
)
See (B.7) for S.
The refinement S is given by:
= (vu)(@(u) || (B.7)
vyn)(y-inr(ys) ||
y1(t',y2); (y2-close ||
u(u', ur); (vy')(y'.case(y; )(
y1-someyr,) (43); (y3-close ||
| (vt))(t' some(t)) ||
(' soms(u) || Seae)
)
),
")) G y2) | [t "] ]

i i (wu") (vy3) (2 (u”  y3) || [u' > u”'] || y3.close)
)
)

)(a
(
)

)
See (B.8) for Seyc and (B.9) for Syeq.
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The exception handler S, is given by:

Seze =17 (v,15); (Cy || th.close) || u} (v, ub); (Cy || ub.close)

The request default handler S,.4 is given by:
Sreq = (v2)(S1 || S2)
See (B.10) for S; and (B.13) for Ss.
The left process S; is given by:

S1 = (vte)(t5.s0ome(te) |
tg.case(tr)(
(v21)(z-50me(z1) ||
z1.case(za)(
| (vts)(t.5ome(ts) |
|1 (vas) (22 50me(z) ||
D k)i (G| S))
)

i ), z2.close || t7.n0ome || Sinvoke
)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
), t7.close || z.100€ || Sinvoke

)

)
See (B.11) for S7 and (B.12) for Sinyoke-
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The continuation of the left process S is given by:
S} = (v2s)(23.50m (21) | (B.11)
zg.case(zs)(
(vz6)(25.50me(zg) ||
(vt10)(tg.50me(t10) ||
ti0.case(t11)(
vz7)(z¢.50me(z7) ||
z7.case(zs)(
i (vt12)(t11.50me(t12) || t12.close) ||
| (v2)(2s.50m8(z20) || z9.close) ||
| (i) (y'1n1{yy) || v Tome),
i zg.close || t11.m0me || Sinvoke
)
,t11.close || z6.m0n€ || Sinvoke

(
)

)

)
),

I
|
|
I
|
|
|
|
|
|
|
|
|
|
I
|
|
I
|
I
|
I
I
|
I
|
|
|
|
|
|
|
|
|
|
I
|
:
| —_— P
! z5.close || tg.mone || Sinvoke

)
See (B.12) for Sipuvoke-

The invocation of the exception handler S;,,oke 1S given by:

Sinvok:e = (Vyi)(y/ﬁ<y/1> || (Vyé)(yll'some<y/2> || yIZ'Close)) (B12)
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The right process S is given by:

See (B.14) for S5.

SQ = z.some(ul)(zl)' (l/uz)(ul.m<’lt2> H

)

up.case (us)(

vzo)(z1-1n1(z2) ||
22.80me(uy) (73); (vus) (3. SOmE(ug) |
| (vus)(uala{us) || S3)
)

|
b

| |

| |

| |

| |

| |

| |

o

i ), us.close || (vz2)(21.1inT(22) || 22.close)
)
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The continuation of the right process S% is given by:

(B.14)

(ug) |

23.50me (y,.)(24); (vue)(us.S0Mme

(A
5 =

S,

(vzs5)(24-1n1(25) ||

ug.case(uy)(

(us) ||

(vv)(vug) (Ug (v, ug) || Ees v ||

u7.S0me

z5.s0me () (26 ); (vus)(

(w10) |l

Ug.Some

26.80Mm€ (y0) (27); (vu10)(

N
S
=
pr— N
N
— —
S
~ 3
= g4 o
- | g
— . o]
I~
S § @
~— 0
a o O
Y] N
Q Ay
. N ——
=}
ol
I - ___

)

.close

(ui2) || w12

Uuy1.some

(vur2)(

| (v28)(27.inx(28) || 27.close)

,U11.close

)
)

)
)

|
|
|
|
|
|
|
|
|
|
)
,ur.close || (vz5)(z4.1nT(25) || 25.close)

)

)

)
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Appendix C

Synchronization diagrams

This appendix contains several example CYH processes, complemented with diagrams showing
the synchronizations in the converted DCPTP process. This should give some insight in the workings

of the conversion given in Section 3.3.

We only give the requests of our example processes. In the diagrams, we indicate the server
side of a channel with an overbar (so T where z is used in the request). Dashed lines indicate

synchronization messages, and solid lines indicate the actual communication.

Example 1

This example shows a simple protocol that successfully per-

forms two communications.

a(z)[(x), z1(5).2?(v).0, Q(m)]
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inl _ : : _lI=e

4_::::—_:5 Some
s T
%
inl _;_‘_‘::‘ -

4_::::—_:5 Some
%

= _ _some
inl _‘ e

4_::::—_ —‘ Some
- ‘C}ESS““*—»



Example 2

This example shows the same protocol as in the previous To___ s
example, except that an exception is thrown by the server To- e
after the first communication succeeds. inl _

a(x)[(z), 21(5).2?(v).0,Q™)] B

invoke exception handler

Example 3

This example shows the same protocol as in the previous T

examples, except that it throws an exception after the first -2
communication succeeds. inl _

a(x)[(x), z!(5).throw, Q'] Some

invoke exception handler
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Example 4

This example shows a protocol that connects to two services and then performs a single communi-
cation on each connected channel in parallel. All communications succeed.

a(x)[(x), b(y)[(z, y), 1(5).0 || y!(£t).0, Q"] )]

7 T o y 7
T T~ - Some
.\1::12
inl_ __---~ 7
go®® -~ e
5::\.1'111
o T T -~ . Some
gone - - T~ son
T T -~ _ Some
e T~ - Some
2
inl __--- 7
gome — - e
5:: 1511
s oone
g0 - - ST o song
T 088~ "--_clogg - Clog,
£ - Tt T

7



Example 5

This example is similar to the previous one, except that an exception is thrown on the left side of
the parallel composition.

a(.’L‘)[(.’IJ), (y)[(x; y),throw || y'<‘tt>07 Q(’Evy)]’ R(T)}

_ . _
T g7 T T mone Y Y

- - -
X w X

invoke exception handlers

Example 6

Again, this example is similar to the previous two, except now the exception is thrown on the right
side of the parallel composition.

a(x)[(x), b(y)[(z, y), 21{5).0 || throw, Q*¥], R)]

T zx\\s%e Y ]
R
pode - -~ £1‘~~§J;°Se e
£ - T .
X w .

invoke exception handlers
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Appendix D

A multiparty calculus

In this appendix, we describe a multiparty calculus, based on the original calculus by Honda et
al. [30] and the slightly more expressive version by Caires and Pérez [5], extended with a global
operator for non-determinism. We include a projection into our binary system DCPTP, given in
Chapter 2.

D.1 Global and local types

We define global types (G), base types (U) and local types (T'). Here, p,q,r,... are participants,
and lq,lo,... are labels. At the end of this section, on page 82 we explain the design choice of the
new global type this thesis introduces: p & G.

Definition D.1 (Global and local types)

Global types (G) and local types (T') are given by
G u=end|p— q:{li{Ui): Gitier | (G1 ]| G2) [p& G
U ::=bool | nat |str|---|T
T ::=end ‘ p?{lz<Uz> T’i}iej | p'{lz<Uz> T’i}iej | &T | @T

A global type G describes a sequence of interactions between two or more participants. The first
three types are as usual, taken from [30, 5]. The last type is newly added in this thesis.

e end indicates the end of communication for all participants.

e (G1 || G2) puts two independent global types in parallel. Here, independence means that G
and G5 have no participants in common. The participants of a global type are defined in
detail below.

e p— q:{l;{U;): G;}icr signifies a communication between p and ¢. Participant p will choose
between a set of labels I; for ¢ € I (cf. branching in Chapter 2). A choice for I; means p will
send a message of type U; to g, after which the global session continues as Gj;.
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e p & G gives participant p the choice to continue the global session as G, or to abort all
communications. Here, the word “choice” does not induce determinism: p’s choice can depend
on external factors such as resource availability or the possibility of an operation to fail.

Local types T represent local views of the global type for a specific participant. They can be
obtained from a global type by means of projection. Before explaining local types, it is useful to
define the participants of a global type.

Definition D.2 (Participants)
Given a global type G, the set of participants part(G) is given recursively by

e part(end) = ()

e part(G; || G2) = part(G1) U part(Gs)

o part(p > q:{li(Ui): Gi}ier) = {p. ¢} U U, part(Gi)
e part(p & G) = {p} U part(G)

For a clear presentation, we assume the following types are projections under some participant p.

e end ends the session for p. This type is similar to the global one. However, globally, end indi-
cates the end of communications for all participants, while locally it only ends communications
for p.

p{li(U;) : T; }ier means p will choose a label I;, send a message of appropriate type U;, and
continue as T;. We will see later that the lack of a receiving participant does not make the
type ambiguous.

q?{li{U;) : T;}ier says that p will receive a choice from ¢ for some label I;, which will then
send a message of type U; to p. After receipt, p continues as T;.

&T allows p to choose (possibly non-deterministically) to continue as T or to abort.

@T signifies that p will receive a message saying whether they may continue as 7" or whether
they must abort.

The projection of a global type under a participant uses an auxiliary operator which merges
two base types. This allows us to define the projection of a branch under a participant that is not
involved in the transaction, e.g. the projection of type p — ¢:{...} under some participant r.
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Definition D.3 (Merge)

The merge operation U on types U is given by

1. bool U bool = bool (and similarly for other primitive types)
end Llend = end

p{Ui): Titier UpHLi(Us) : Titier = pH{Ui(Us): Titier

- pH{U(Uk): T ke Up{U(U)) : T} jes = p?{le(Un): T trerrs
Up{l(U): T} jenx

U }77{l2<(]z L UZI> T, U Ti/}ieKﬂJ

- N

5 &T1 U&T, = &(Tl (] TQ)
6. T UpT, = @(Tl L TQ)

If types do not match any of the above clauses, their merge is undefined.

Two types Uy and Us are mergeable if their merge Uy U U, is defined. Rules 1-3 are taken exactly
from the original definition of merge in [30]. Rule 4 is taken from [5]. The original of this rule
only permits identical options when receiving, while here we allow different options, as long as the
options with the same labels are mergeable. Rules 5 and 6 are new and straightforward: inner types
need to be mergeable for non-deterministic types to be mergeable.

Definition D.4 (Projection)

Given a global type G and participant r, the projection G | r of G under r is given by

1. end [ 7 = end
pHI(Us): Gi [ r}ier ifr=p
2. p— q:{li(Us): Gitier 1 7= S pH{Li(Ui): Gi [ m}ier ifr=gq
e, Gi I otherwise
Gi | r ifr € part(Gy1) and r ¢ part(G2)
3. (G1|Ga) 7= Go |7 ifr¢part(Gy) and r € part(Ga)
end if ¢ part(G1) U part(Gs)
&G Ir) ifr=p
4. p&Glr=¢B(G|r) ifr+#pandr e part(QG)
end otherwise

If a side-condition does not hold, the map is undefined.

Rules 1-3 are taken from [30], but use the merge operation from [5]. Rule 2 shows that a branching
type can be projected under a participant either when they are partaking in the transaction, or
when they are a participant in all subtypes G; (due to mergeability). Rule 3 shows that parallel
global types can only be projected if they do not share participants. Rule 4 is new in this thesis,
albeit straightforward.
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Not all global types are useful or flawless. The notion of projection to local types provides
a means to characterize the well-formedness of global types. This definition is justified by the
characterization results presented in Section D.3.

Definition D.5 (Well-formed global types)

A global type G is well-formed (WF) if the projection G [ r is defined for all participants
r € part(G).

We will see later that it is useful to use the term “Merge well-formedness” for well-formed global
types, since it is based on projection using the merge operation. So, we say a global type is merge
well-formed (MWF) if and only if it is well-formed (WF).

D.1.1 Discussion: non-deterministic global type

We discuss our choice for the global type with non-determinism p& G. The first question that comes
to mind when considering this global type for non-determinism is: why must there be a participant
that decides? The reason is that global sessions contain no information about the implementation.
Therefore, it is possible to consider a situation where participants are directly connected to each
other. In this situation, there is no global party that can independently decide whether to continue
or to abort. I.e., the responsibility is with the participants.

Then, why can only one participant decide at a time? It would be possible to give the respon-
sibility to a set of (one or more) participants. We try to add concurrency where possible, so we
would like those participants to announce their resource availability in any order. However, we also
keep in mind that we want to eventually convert this global type to the binary system, in which
we have to use rules such as (T@®%). The process reduction associated with this rule discards the
process (T@%) prefixes, and the channels @ can and must be used only in that prefixed process.
This makes it impossible to compose those prefixed process using (T||), while still assuring that the
rest of the global session will be discarded if a participant announces unavailability. Hence, there
would have to be a pre-determined order for the participants to decide, e.g. {p,q} & G # {q,p} & G.

Let us design a potential non-deterministic global type with ordered consensus: {p1,...,pr} &G
with part(G) = {p1,- .., Pk, Pk+1s---,Pn}. Then, for any 1 <i <k,

{p1,- - pe} &G) I pi =" & @G | pi)
and for any k£ < 5 < n,

({p1,-- ok} & G) [ pj = ®(G | pj)-

Actually, it is possible to model this type using the existing single-participant type:

1, ot &GE2p & .. .pr &G

82



Only for large k and n is the first explicit consensus type more efficient than the modelling, because
then those participants not involved in the consensus (so the p; where k£ < j < n) would only have
to receive an availability message once, whereas in the modelled version they would have to receive
a message from every participant involved in consensus. However, k and n are not likely to be
sufficiently large for this to be an issue. If such a situation does occur, it is always possible to tweak
the calculus to use the more efficient definition above.

D.2 Mediums and binary local types

In order to study the multiparty types from the previous section in a binary setting, we define a
conversion, based on [5]. The conversion from local types to binary types is straightforward.

Definition D.6 (Binary local types)

The mapping ((-)) from local types to binary types is given by
1. {(end)) =1

(&T)) = &(T)

S e

This definition showcases an important difference between the intuitionistic and classical systems.
Here, rules 3 and 4 exhibit a duality in the type of message that is being exchanged. This makes
sense: the sending party has one end of a channel, and sends the other end (of dual type) to the
receiving party. In the intuitionistic system (cf. [5]), duality is achieved by placing judgements on
the left and the right of the process term, with corresponding (dual) left and right rules. Therefore,
the converted intuitionistic binary local types have no duality in the types of the messages.

In order to compose the binary versions of participants, a medium process is extracted from
the global type. This process acts as a message router, forwarding messages and choices between
participants. The medium process is defined using a mapping C from participants to channel names.

In order to keep things readable, we do not use common function notation (e.g. C(p)), but we
write Cp, to denote the channel name for p. The mapping is assumed to have a unique channel
name for each participant: for every p # ¢, C, # C,. Also, using the mapping with a prime creates
a new unique channel name for the given participant: C, # C,. However, these primed channel
names are always the same for the same amount of primes and the same participants. The notation
Cizscry,ex transforms C to use the name from C’ for each participant in X.
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Definition D.7 (Mediums)

Given a global type G and mapping C from participants to channel names, the medium M[G]¢
is given by

e M[end]c =0

e M[(G1 || G2)]c = (M[G1]c || M[G2]c)

o Mp — q:{li(Ui): Gi}ier]c =
Cp.case(C,)(

LG (u, ) (vel)(
L Coli(Cy) Il o) wey)(
LD G, [ u 0] | MIGilletpocy geoery
)
)

Jier
* M[p& Glc =Cp.some (C,);
i (Vc{ll)qepart(G)\{p} (HqEPar‘t(G)\{p} Cq.some<C{1> l M[[G]]C{qac;}qepa,t(c)) )
where
— (VCa)ge{p,g,...,r} MeANS (1Cp)(¥Cq) . .. (vCr), and
— Ilocqpq,..,ry £ means P{p/a} || P{q/a} | ... || P{r/=}.

With the medium process in place, we can hint at the characterization results obtained from
above conversion. The following definition gives a general notion of when a global type is useful
and correct, using the binary calculus.

Definition D.8 (Compositional typing)

The judgement M[GT,pare(a) F A; © is a compositional typing if i) it is a valid typing according
to Chapter 2, and ii) npart(G) C Dom(A).

In this definition, npart(G) is the initial map of participants to unique channel names. We formalize
this in Definition D.9.
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Definition D.9 (Participant names)

Given a global type G, npart(G) maps participants of G to unique channel names. For any
participant r, this map is given by
npart(G1)(r) if r € part(Gy) and r ¢ part(G2)
npart(Gz)(r) if r ¢ part(G1) and r € part(Gz)
Cp ifr=p
e npart(p — q: {l:i(Us): Gi}ier)(r) = { ¢4 ifr=gq
npart(| |;c; Gi)(r) otherwise

e npart(Gy || Go)(r) = {

o npart(p & G)(r) = {cp ifr=p

npart(G)(r) otherwise

D.3 Characterization results

In this section, we describe how well global and binary types are related through the definitions
from the previous section. We will show that the binary local views of a global protocol validly
type the respective medium process. We also show that a valid typing of a medium process induces
local types of the respective global protocol (albeit in a slightly weaker manner). These results are
versions of the results from [5] modified for our type systems.

D.3.1 Simple well-formedness

Definition D.4 describes the extraction of local types from global types using the merge operation
(in Definition D.3). The usage of this operation adds complexity to the proofs, which makes clear
presentation more difficult. Therefore, we first state and prove the results for a simpler version
of local projection (hence simple projection). This projection requires the simple projections of
global types to be the same across branches for any participants not involved in the transaction.
Then, we restate the results using the projection with merge, and explain how the simple proofs
can be modified for this more complex situation. This procedure follows the proof method for the
characterization results of [5].

Definition D.10 (Simple projection)

Given a global type G and participant 7, the simple projection Gr is exactly as Definition D.4,
with the exception of the following case:

p{liUi): Gitryier ifr=p

p{l{Us): Gilrlier ifr=gq

Gyilr if r £ p, r#q, and
Gilr=Gjlrforevery i,j € 1

p— q:{li(Us): Gitierlr =
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This simple interpretation requires a modified notion of well-formedness.
Definition D.11 (Simply well-formed global types)

A global type G is simply well-formed (SWF) if the simple projection G ¢ r is defined for all
participants r € part(G).

The first simple characterization result states that the binary simple projections of a simply
well-formed global type validly type the respective medium process.

Theorem D.1
Let G be a global type with part(G) = {p1,...,pn} and let C = npart(G). If G is SWF, then

M[Gle F Cp, : (Gipr))s- -5 Cp, s (GUpn)); ©
is a compositional typing for some persistent context ©.

We need an auxiliary lemma to prove this theorem. It shows that if simple well-formedness holds
for a global type, then it also holds for all its subtypes.

Lemma D.2

1) If p— q:{l;(U;): G;}icr is SWF, then for all i € I, G; is SWF too, ii) if (G || G2) is SWF,
then G and Gy are SWF too, and iii) if p & G is SWF, then G is SWF too.

Proof. This follows by construction from Definitions D.11 and D.10. O
Now we are ready to prove Theorem D.1.
Proof. By induction on the structure of G.

e (G = end) We have M[end]¢ = 0. By the Empty Axiom,
O+ -6

is a valid typing. Since the empty linear context coincides with the lack of participants
(part(G) = (), we can conclude that this is a compositional typing.

e (G =G || G2) As in [5], through Lemma D.2 and using the Mix Rule.

e (G=p—q:{l;y{U;): Gi}icr) W.lLo.g. we assume p = p; and ¢ = po. Since we assume G is
SWEF, all local types Gl p1, ..., Glp, are defined. We have:

Gip=pHli(Usi): Gitplier (D.1)
Glg=pH{li(Ui): Gilqlier (D.2)
Glp; = Gy lpj for every j € {3,...,n}
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From (D.1) and (D.2) we find the duals of the binary types of p and ¢:

(Gip) =a&{l : (Ur) @ (Grip), 12 : (U2) @ (G21p)}
=&{l - (U1) B (Grp)), o - (U2) B (G2 1p))} (D.3)
(Grg) = &{l - (Ui) B (Grra), la - (U2) T (G22a)}
=&{l : (U1) ® (G11q)),l2: (U2)) ® (G22q))} (D.4)
W.l.o.g. we assume I = {1,2}. Now, the medium process of G is
M[G]c =Cp.case(C,)(l1 : L1,z : La), (D.5)
where
Ly =Cp (u, C}); (ve}) (Cq-1a (Co) |
e (T, | Tu 4 0] | MIGTegrocr.aery) (D.6)
and
Ly =C,(u,C,)); (vC))(Cq I (Cy) |
) we) o, € Il [u < 0] | MIGaleqpcy.acry): (D.7)

Since we assume G is SWF, we know by Lemma D.2 that subtypes G; and G5 are also SWF.
This means we can apply the induction hypothesis to infer that

M[G1]er FCy = (Grip)),Cy = (Gita)),
61/1/3 : <<G1 2p3>>7 s ac;gn : <<G1 zpn»; o

Ay

and

M[Ga]er FCy = (G21p),Cq = (G2 1),
CI/J/S :(Gaip3)), ... ,an :{(Galpn)); ©

Ao

are compositional typings for some ©, where C” £ C{p C) g~ C}.

Figure D.1 shows the typing inference of Ly (given in (D.6)). Analogously, we may derive the
typing of Ly (given in (D.7)). We find:

Ly HC = (U1) 3 (G ip),

Co:@{l: (U1) @ (Gria), b2 : (U2) @ (G2 2a)}, Ar; © (D.8)
Ly G, (U2) & (G2 2p)),
Cq: @{l: (U1) © (Gria), Lz = (Un) @ (G2 2a)}, Az; © (D.9)
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By Definition D.10, for all j € {3,...,n}, G1 tp; = G21p;, so Ay = Ay. Now we can apply
the n-ary Offer Rule with (D.8) and (D.9) as premises to obtain a compositional typing for
M[G]c (cf. (D.5)):
Cp.case(Cy)(l1 : L1,la : L)
FCp + &{ly = (Ur) B (Grip)), bz : (U2)) B (G2 ip)},
(Gw) (ct. (D.3))
Cq: &{l: (U1) @ (Gr1q)),l2: (U2)) @ (G21q)}, Ay = D350

(Gg)) (ct. (D.4))

(G=p&G") W.lo.g. we say p for p;. Since we assume G is SWF, all local types are defined:

Gip=&(G"1p) (D.10)
Glp; = ®(G 1p)) for every j € {2,...,n} (D.11)

From (D.10) and (D.11) we find the dual binary types of G’s participants:

(G rp) = &(G"1p)

=a(G"1p) (D.12)
(G rpj) = o(G" 1p;)

= &(G" 1 p;)) for every j € {2,...,n} (D.13)

The medium process of G is:

M[G]¢ = Cp.somes (Cr); S, (D.14)

part(G/)\{p} * P

where

5 = () gepart(a )\ (p} (“quart(Gl)\{p}Cq’S°me<cfz>
| M[[G’]]C{ch;}qepa,t<G,)>- (D.15)

Since we assume G is SWF, by Lemma D.2, subtype G’ is also SWF. Therefore, by the
induction hypothesis,
M[G']er FC,, : (G" 1)),
Cp : (G p2)),- ... Cp (G 1pn)): ©

is a compositional typing for some O, where C’ = C{q — Ci }qepartcr-

W.lo.g. we assume n = 3, ie. part(G) = {p = p1,p2,ps}. Figure D.2 shows the typing
inference of S (given in (D.15)). Note that the result of this derivation is not exactly equal
to S, but they are structurally congruent, which is good enough. By applying the Non-
deterministic Select Rule with the derivation of S as premise, we obtain a compositional
typing for M[G]c (cf. (D.14)):

M[Glc = Cp: @(G"1p)), Cp, : (G 1p2)), Cpy = &{G" 1p3))
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[u e o] s (U),v: (UL); 0 iTld) M[Giler FC = (Grip),Cf - (Giia), A1 © (To)
(wo)(wey)(Cy (v, CY) || [u > v] || M[G1]er)
Fu: @ﬂ,’f (G Zp»;cé S(U) ® (Gr19), A1 © (Ten)
wC)(Cq-i{C) || (wo)(wed)(Cllv, Cg) || fu < 0] [ M[GH]er))
Fus (U), ¢+ (Ga 2]))),% sl (U) ®7((G1 1), bz (U2) ® (G21a)}, A3 © ()
Cp(u, C); (wep)(Cq-la (Co) || o) (vey) (Co v, € || [u = 0] [| M[G1]er))
FC, o (U) B (Grip),Cq: ®{l: (Ur) ® (Grig) Iz : (Ua) @ (G2 2q)}, A1;©
Figure D.1: Type derivation of (D.6).
M[G]er = C, (G 1p)), €y, + (G 1p2), Cpy + (G Up3)); © (T&5)
(wCp,)(Cpys0me(Cy,, ) | M[G']er) = Cp 2 (G72p)), Cpy + (G 1p2)), Cpy + &(G" 2 ps)); © Zp2
(0, (Cpa50m8(C) | (1Cp)(Cry-5OmB(C,) [ MICT))) (T&,")
FCy: << 1), Cpy &G 1p2)), Cpy : &{G 1 ps3)); ©

Figure D.2: Type derivation of (D.15).

O

This shows that the medium process of a simply well-formed global type induces a valid typing
that coincides with the binary local types of all of the global types’ participants. Does the converse
hold as well? More specifically, given a valid typing of a global types’ medium process, do the
binary types of the participants coincide with the binary local types of the global type? It turns
out we can only prove a slightly weaker statement. Let us explore why.

Suppose we are given some global type G with part(G) = {p1,...,pn}. Also, we have the
following compositional typing (so it is valid and contains typings for all of G’s participants), where
C = npart(G):

M[Glc t Cp, : A1,...,Cp, : Ap; O

What we want is that
(Grp;) = A, for every j € {1,...,n}.

However, consider the case when G = p — ¢:{l;(U;): G;}icr (assuming w.l.o.g. that p = p; and
q = p2). The medium process looks as follows:

M[G]c = Cp.case(C,) (Ii : Li)

i€l

where each L; is as in (D.6) and (D.7). By reverse typing we find that L; must have been typed
using the n-ary Select Rule (T@®;¢c). Hence, A, = &{l; : B;};cs and thus

Likcqi@{ljlﬁj}je],...
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The problem is that this rule only requires the selected index to be present in the selection type
(¢ € J). This means that it is not necessarily the case that I = J. Since the n-ary Offer Rule (used
to type M[G]c with the L; as premises) requires the linear context across premises to be equal,
and ¢ € J for every ¢ € I, we do know that I C J. Now what happens if I C J? Then our desired
result fails:

(Gra) # Aq

Now we are ready to prove a (slightly) weaker statement.

Theorem D.3

Let G be a global type with part(G) = {p1,...,pn} and let C = npart(G). Given binary types
Ay, Ay, i - -
M[G]c FCp, : A1,...,Cp, + Ay ©

is a compositional typing for some persistent context O, then there exist 71, ...,7T;, such that
(Gp; UT) = A;

for every p; € part(G).

Proof. By induction on the structure of G. However, by looking at all possible reverse typings,
we find there is only one important case. For all the other cases, we can use T; = G lp,, i.e.
(Gip; UG1p;) = (Gip;) = A;j. The important case is G = p — q:{l;(U;): Gi}ier-

W.lo.g. we assume p = p; and ¢ = p3. The only important participant is ¢, since they have a
reverse typing using the n-ary Select Rule. We restate the medium process and the typing of ¢’s
channel:

M[G]c = Cp.case(C;) (I; : Li)iel
szcq@{l] :Fj}je],...
Hence, A, = &{l; : B;j}jes. Also, as we established before, I C J.

By the induction hypothesis, we can find local type T/ for every i € I such that B; = U; % (G
qUT}). For every j € J\ I we can use an arbitrary binary type U; and arbitrary local type T}
and let B; = U; & ((T7)), since that type will never be reached by ¢’s channel anyway. This covers
all the labels in A, (so every index of J =T U (J\ I)).

Now we can define T;:
Ty = p{Li(Ui): (GitqUT), 1i(Uy) : ThYier jeant (D.16)
It is easy to see that (T,)) = A,. The simple projection of G under ¢ is:
Glrg=pHli(Ui): (Gilq)}ier (D.17)
We can see from (D.16) and (D.17) that our desired result holds:
(GrqUTy) = (To) = Aq
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D.3.2 Merge well-formedness

Now that we have established our results for well-formedness based on the simple projection, we
can focus on the more general definition based on projection with merge operations. We restate
Lemma D.2 and Theorems D.1 and D.3 for merge well-formedness.

Lemma D.4

1) If p— q:{l;(U;): Gi}ticr is MWF, then for all i € I, G; is MWF too, ii) if (G || G2) is
MWF, then G; and G5 are MWF too, and iii) if p & G is MWF, then G is MWF too.

Proof. Exactly as the proof of Lemma D.2. U

Theorem D.5
Let G be a global type with part(G) = {p1,...,p,} and let C = npart(G). If G is MWF, then

M[[G]]C l_cpl : <<G Fp1>>7"'7cpn : <<G fpn>>7@

is a compositional typing for some persistent context ©.

Proof. By following the steps of the proof of [5, Thm. 11], but using Lemma D.4. The key is that
the n-ary Select Rule allows an arbitrary set of options. O

Theorem D.6

Let G be a global type with part(G) = {p1,...,pn} and let C = npart(G). Given binary types
Ap, ... Ay, if o o
M[G]c FCp, : A1,...,Cp, + Ay ©

is a compositional typing for some persistent context ©, then there exist 71, ...,T;, such that
(GlIpUT;) = 4;

for every p; € part(G).

Proof. By following the steps of the proof of [5, Thm. 12]. The intuition is that in the G = p —
q : {li{U;) : G;}icr case, the different local types across branches G; are already merged as per
Definition D.4. U
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