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Abstract. We propose an interactional generalisation of structured exceptions based
on the session type discipline. Interactional exceptions allow communicating peers to
asynchronously and collaboratively escape from the middle of a dialogue to reach an-
other in a coordinated fashion, under an arbitrary nesting of exceptions. New excep-
tion types guarantee communication safety, as well as offering precise representations
and type-abstraction of advanced conversation patterns found in practice. Protocols for
coordinating normal and exceptional exit among asynchronously running sessions are
introduced. The liveness property established under these protocols guarantees consis-
tency of coordinated exception handling among communicating peers.
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1 Introduction

Structured exceptions in modern programming languages such as Java and CH
allow a thread of control in a block (often designated as “try block™) to get
transferred to another block (exception handler, “catch block™), when a system
or user raises an event called exception. Their central merit is to enable a dy-
namic escape from a block of code to another (like goto), but in a controlled
and structured way (unlike goto). They are useful not only for error-handling
but more generally for a flexible control flow while preserving well-structured
description and type-safety.

This paper studies the new notion of structured exceptions for distributed,
concurrent, asynchronously communicating programs based on session types
[10, 18], motivated by collaboration with industry partners in web services [20]
and financial protocols [14]. These two application domains contain a wealth
of structured conversation patterns arising from practical needs [11], and many
of these patterns crucially rely on dynamic escape: a conversation is interrupted
by a special communication action, after which all peers move to a different
stage of conversation. Realising such conversation patterns requires a consistent
propagation of exception messages among concurrently communicating peers;
an exception affects not only a sequential thread but also a collection of parallel
processes; and an escape needs to move into another dialogue in a concerted
manner. The distinguishing feature of these exceptions in comparison with their
traditional counterpart is that they demand not only local but also coordinated
actions among communicating peers. We call such exceptions, interactional ex-
ceptions.

As a simple example of interactional exceptions, we present the following
scenario, coming from widely used financial protocols. Assume Seller wishes to
sell a product to Buyer. Henceforth we assume a message passing in a session is
asynchronous, i.e. the completion of a sending action does not need a handshake
by its receiver, a standard assumption in financial messaging [1].

1. Seller repeats sending quotes of its products, where each repetition is done
without waiting for Buyer’s acknowledgement;

2. When Buyer replies with his interest in one of the quotes, the loop termi-
nates and Seller and Buyer move to another stage, for e.g. completion of the
transaction.

This simple conversation pattern contains an asynchronous escape from one
part of a conversation to another. After one party aborts, the same thing should
happen to the other, both moving together to another part of the conversation.
As a second example, we continue the above scenario, extending to the situ-
ation where Buyer and Seller negotiate the price of the property through Broker.



1. Buyer initiates a conversation (session) with Broker, in order to buy a prop-
erty.

2. As a result, Broker initiates a conversation with Seller, and start brokering
between Buyer and Seller, to reach successful transactions.

3. If there is an exceptional circumstance (e.g. a legal issue arises) after 1 but
before 2, Buyer or Broker will abort and they together move to an exception
dialogue to abort the transactions formally.

4. On the other hand, if there is an exceptional circumstance during 2, then
there is an exception dialogue involving all of Broker, Seller and Buyer.

In this scenario, an exception handling at Broker side is nested, whose later, or
inner, exception handling (4, involving all three parties) supersedes the earlier,
or outer, one (3, involving only Broker and Seller). As a conversation evolves,
more communication peers may naturally be involved, making it necessary to
coordinate more parties when an exception is raised.

To maintain the virtues of traditional structured exceptions, as well as those
of the existing session type discipline, we may as well demand the following
three properties for this generalised form of exceptions.

— flexibility: it should allow asynchronous escape at any desired point of a
conversation, including nested exceptions;

— consistency: even under asynchrony, messages in a “default” conversation
should not get mixed up with those in an “exception” conversation, under
arbitrary nesting;

— type safety: communications inside a session always take place linearly and
without communication mismatch, carrying out fundamental properties of
foregoing session types disciplines.

We address these requirements by an extension to the standard session types,
with the following key features.

1. Asynchronous exceptions where nested scopes are consistently handled by
a meta-level reduction and a stack discipline. A simple machinery, based
on exception levels, prevents mix-up of messages in normal and exception
conversations.

2. An operational structure for coordinating exceptions including the protocols
to propagate exceptions, to handle normal and exceptional exit from a con-
versation, and to coordinate entry into exception-handling conversations.

3. A type structure for interactional exceptions which minimally extends that
of the existing session types. They ensure communication safety and live-
ness, which together guarantee the consistency of the introduced operational
structures.



The stipulated formal semantics of interactional exceptions is intended to sug-
gest a possible framework of implementation, as discussed in § 6. As far as
we know, this work is the first to present a consistent extension of session type
disciplines to interactional exceptions, backed up by its key formal properties.

In the remainder, Section 2 introduces the syntax and semantics. Section 3
proposes the type discipline and establishes type soundness. Section 5 estab-
lishes liveness. Section 6 concludes with related work and further topics.



2 Session Calculus with Interactional Exceptions
2.1 Syntax

Hereby, we introduce the syntax of processes using the original n-calculus with
session primitives [10]. We use the Service Channel Principle (SCP) [4,17] and
asynchronous session communication [3, 6, 8, 12], making the calculus close to
real-world settings.

Definition 2.1 (Service Channel Principle (SCP)). Invocation channels are
always available. Therefore, they can be shared and invoked repeatedly.

Let a, b range over service channels; s,r,t over session channels; x,y,z over
variables; and X, X’, ... over term variables. A session channel s” is a polarised
channel [7] where variable p ranges over polarities {+,—}. We define the dual of
apolarised channel s” as st = s~ and s~ = s*. The syntax of programs (processes
written by the user and denoted by P, O, R,...) is reported in Table 1.

Table 1 Syntax of Session Calculus with Interactional Exceptions

P:= xc(D[P,Q] (service)
| c(DIR, P, O] (request)
| k?2(x). P (input)
| k!{e). P (output)
| k> {li : Pilier (branch)
|k<l. P (select)
[PIQ (par)
| if e then P else P (cond)
[0 (inact)
| (va) P (resServ)
| X (termVar)
| uX. P (recursion)
| throw (throw)

altt| ff |[eande|—e]...

aQ
i

ci= alx

K,Adu= sP

A service *a(4)[ P, Q], named a, is a replicated process where P is the default
process and Q is the exception handler. Note that, because of (SCP), a service
can never occur (never be nested) in a default process or in an exception handler.
As a consequence, the sudden termination of a process can never terminate a
service, hence preserving (SCP).



When a session is established via a request to a shared name a at a service,
a fresh session channel is established, through which a series of communication
actions are performed. In a request c(1)[&, P, O], the handler Q can be associated
with already established sessions &, thus allowing nesting of exceptions. These
channels are used for exception propagation. We call c()[k, P, Q] a refinement
of k; for «; € {k}, if k; # A. For allowing consistent propagation of exceptions, we
make the following assumptions>:

Assumption 1 For each ¢(1")[K',P’,Q’] occurring in P, we have k; € k' if and
only ifk CK'.

Assumption 2 In (service) and (request), session channels k; are never refined
in the exception handler.

The first assumption ensures that two channels coupled together by a re-
finement are never split in subsequent refinements avoiding propagation incon-
sistency due to asynchrony. The second assumption is more obvious: it avoids
“trying” again once an exception is thrown. As an example, consider the pro-
gram

ala, bWl ), ), ,P0 01 ,0"]

Above, when service b is called, A is refined and coupled with the new session
channel «. On the other hand, when service c is called, «’ is refined and coupled
only with A leaving x out. Note that the two service requests (on b and ¢) con-
tradict each other as the first call asks for exception propagation between A and
x while the second only between A and «’.

The constant process throw denotes a process willing to throw an exception.
We assume each throw only occurs in the default process of a service or a
request as it would not make sense elsewhere. All other constructs are identical
with those in [4, 10].

We assume recursion is guarded, i.e. in uX. P, P is prefixed by one of the
input/output/branch/select/cond. We also require that term variable X never ap-
pears free in the default process of a request or a service. Free/bound (term) vari-
ables/channels and a-equivalence are standard. fsc(P), fn(P), fv(P) and ftv(P)
respectively denote the sets of free session channels, service channels, variables
and term variables in P. Hereafter we consider programs are closed (i.e. fsc(P) =
fn(P) = fv(P) = ftv(P) = 0). We often omit the tailing 0.

3 These assumptions could also be included in the type system reported in the next section. For
the sake of simplicity and clarity of other sections, we have included them here.



2.2 Two Realistic Examples

Example 2.2 (Asynchronous Escape). We can write the first example in § 1 as:

Buyer Broker
chSeller(sH)[ st, xchSeller(s™)[
uX. sT2(y). if ok(y) then throw else X, uX. s~ {quote). X ,
st card). sT2(z) s~ 2(y2). s~ (time)
] ]

Buyer keeps on reading messages on s* until condition ok(y) is met and then it
throws an exception. Seller, instead, is in an infinite loop where it persistently
sends a quote over channel s~ (we assume quote changes over time). When the
exception is raised the handlers are run: Buyer will send the credit card details
card and Seller will acknowledge on channel s~ with the current time.

Example 2.3 (Nested Escapes). The second example given in the introduction,
can be represented in our calculus as (Seller is unchanged from Example 2.2):

Buyer Broker

chBroker(st)[ st, xchBroker(s™)[ s,
sTIEd). s”2(x).
uX. st2y). if bad(x) then throw else
if ok(y) then throw else X, chSeller(r")[ (tt,s7),

uX. 15 2(x). s~ Nx+10%). X,
5™l s72(y2). 17 y2).
ste{ 1l : st {card). sT2(z2), 2y3). s~ y3)
1

l> : Paport) s~ <lr. Raport

] ]

Buyer first sends its identification id and then Broker throws an exception or
proceeds by invoking Seller based on the evaluation of bad(id). In the first
case, process s~ <lr. Raport in the outermost handler selects the /, branch on
Buyer’s handler and proceeds with abortion (conversation between Paport and
Rabort). In the other case, Seller is invoked by refining session channel s~ and
the protocol proceeds as in Example 2.2 with Broker forwarding messages and



increasing the quote by 10%. When Buyer decides to accept a quote, the in-
nermost handler is run by Broker which selects the /; conversation in Buyer’s
handler and forwards the exception to Seller. Then Broker forwards messages
between Buyer and Seller, successfully completing the transaction.

2.3 Semantics

We augment the semantics of asynchronous sessions [3, 8, 12], with protocols
for interactional exception, which include, among others:

1. Exception propagation: once a local exception is thrown, the other peer
needs to be informed, and if that peer is engaged in another session, the
third party should also be notified. Such a protocol should take care of the
situation when two or more parties are asynchronously throwing exceptions.

2. Exception handling: when a site throws an exception or is notified of one, it
should consistently shut down its default process which may contain multi-
ple concurrent activities, as well as propagating the exception.

3. Communication at matching levels: due to asynchrony, when a default pro-
cess of one peer sends a message, the receiving peer may throw an exception
before the message arrives, so that we should make sure each message sent
at some level is necessarily received by the receiver at the same level, even
under nested try-catch inside an exception handler.

In the following we substantiate these ideas as formal operational semantics.
In brief, the first of the above three points is realised by propagation of a spe-
cial message (written T); the second by a meta level reduction (written \); and
the third by the levels annotating queues (in effect annotating messages in tran-
sit). Following [3, 6, 8, 12], we use runtime processes to define the operational
semantics. The extension of the grammar of processes is given in Table 2.

Table 2 Extension of Syntax of Session Calculus with Interactional Exceptions

Pu=...[(vs) P (resSess)
[k —=gpk:L (queue)
| try{ P} catch {%: O} (try-catch)
| K{LPT (wrap)

L:= €|h:L

hi=  Ila|tt ] ff |

Free variables and channels are extended to run-time processes. Session restric-
tion (vs) P is standard. For formalising order-preserving asynchronous message
passing, we use a directed message queue k —4 k : L [3, 8], where « (source)



and « (target) are two dual endpoint session channels. ¢ ranges over natural
numbers, describing the level of the nesting of exceptions at which messages in
the queue are to be sent and received. We often write k < k : L for k <> « : L.
The list L :: h is obtained by extending L with an extra tail element 4. The try-
catch block try{ P} catch {k : O} is the runtime presentation of a default process
and a handler: the default process P in the try-block is running during which an
exception on channels & can be thrown, which terminates P and launches the
handler Q in the catch-block. When this Q is launched, it becomes a wrapped
process or a wrap, k{{Q]}, making Q immune to an exception notification at the
same or upper levels (note such notifications can come due to asynchrony). The
transition from a try-catch to the wrap is realised by the meta reduction.

Meta Reduction. The meta reduction performs the following three functions:

— Erase the remaining activity of the default process in the try-block.
— Propagate exceptions to the try-blocks inside the try-block.
— Leave wrapped processes as they are.

In traditional structured exceptions as found in Java or C++, an exception com-
pletely erases the try-block and lets the handler run in the same state. In pro-
cesses, it is natural to have concurrently running threads inside a try-block, hav-
ing conversations (sessions) with other agents. We cannot erase these processes
since that would make the state of conversations inconsistent. Thus we have an
exception thrown in each of them. *

Table 3 Meta Reduction rules

, _ (P',S) ifxcs
(MTry) PX\,(P’.S) = try|P}catch{%: Q} \{(E{[Q]}lP’,SUE) otheruise
(MWrapr) k{0 N\ (K{[O]},0)
MPaR) P N\, (P.SpDand @ N\, (@'.S2) = PION\ (P'1Q.51US2)

(MN) R (0,0) ifRe {(zero),(request), (input), (output), (branch),}

(select), (cond), (recursion), (throw)

The meta reduction is written P N\, (’,S), where the initial process P is
transformed into process P’, the result of erasing and wrapping; and S denotes
session channels via which we should communicate that the exception takes
place including the ones of nested try-catch blocks. The rules are given in Ta-
ble 3.

(MTRry) is the key rule, the one which propagates the exception to a nested
try-catch block. If the try-block meta reduces to some P’ with some set S then

4 An alternative mechanism may leave these try-catch blocks intact which can however be sim-
ulated by the present mechanism with a minor change in operational semantics.



Table 4 Reduction Semantics

(Init) - xa(s[P, Q]| Cla(s D[k, P/, Q'] —
_ try{ P} catch {s™ : O} | s~ —>0st €l
*a(SOPON O | Cley( P} cateh {72 Q)] | 5% <05~ : €

(Our) «kXe) Plk—gpk:L — Plk—gk:(viL) (elv)
(In) KNx). Pk —>ok:(L:v) — P{v/x}|k—>o«k:L
(SEL) k<l Plk—>gk:L — Plk—>gk:(::L)
(Bra) ko {li: Pilier |k —ok:(L::lj) — Pjlk—>ok:L (jel)
(Con) P— Q = C([P] — ClQ]
(Ir) ifethen Pelse Q — P (eltt) ifethen Pelse Q — Q (e |ff)
(S;R) P=P andP — Q' andQ’'=Q = P — Q
(Tur) try{P}catch{k: O} \\(R,S) =

try{throw | P} catch {k: Q} | ITyes k —¢, K: Ly — R | ITyes k =g K: (T L)
(RTHR) try{P}catch{k: 0}, (R,S) =

{ {

try{ P} catch {%: Q} | k; =g kj: (L) | Hes k =g, K: Ly
— R|kj o1k L|Iles kK >g, K: (T L)

(WVaL) KO} [ ki —o ki (L::v) — KON ki —oki: L
(WTaR) K{[Q} [ ki =0 &i: (L2 F) — KOV ki =1 &t L
(CLEAN) try{ Pl/lf—>¢/l L} catch {z: O} —>P|/IC—>¢Z:L (lek,Tel)

try{ P} catch {k : O} will reduce either to (i) the parallel composition of P’ and
KO} or to (ii) P’ itself with the new set S U& ensuring that also channels &
will be notified with an exception. Case (i) happens when there is no refinement
of k in P while (ii) discards handler Q when another handler for k is already
in P. The mechanism is sound because of the assumption that «; are always
refined together (cf. syntax). Note that, when there is only a single thread in the
try-block, the meta reduction mechanism is identical with that of the standard
exception handling.

Reduction. We now introduce the main reduction rules. Due to the nesting of
wraps and try-catch blocks, the reduction is defined using the following reduc-
tion context:

C :=try{C}catch{k:Q} | P|C | KC} | (vs)C | (va)C | -

The reduction — is the smallest relation generated by the rules in Table 4.

We illustrate the most relevant rules. (In1T) gives the semantics of session
initiation, generating two fresh dual session channels, the associated two empty
queues (€ denotes the empty string) and the two try-catch blocks try{ P} catch { s~
Q} and try{ P’ } catch {k : Q'}. Note that xa(s™)[P, Q] is not in a context. This



is because we have assumed that services never appear nested in a try- or a
catch-block as we do not want them to be terminated (following SCP).

(Our) and (SEL) enqueue, respectively, a value and a label at the tail of the
queue for k. Symmetrically (IN) and (Bra) dequeue, from the head of the queue,
a value and a label. The exception level in the latter two rules is 0, indicating the
level of an actual receiver. The exception level of a queue ensures that a message
is sent and received at the same level, guaranteeing consistency of communica-
tion. This depends on the invariance that the sum of the exception level of the
queue and the number of 1’s in the queue before a specific message, determines
the depth (counted as the number of wraps) at which the message enqueueing is
performed.

In (IF), e | v says that expression e evaluates to values v. (CoN,STR) are
standard.

(Tur) and (RTHR) represent the firing of an exception. (THR) is when throw
appears top-level in the try-block, i.e. exception is thrown locally; while (RTHR)
is when a remote exception is received (as T in the queue). Note both rules
use meta reduction. The same mechanism is at work in (WTHR). Eventually all
communicating peers will be notified of the exception by sending 1 via channels
in S generated from P as well as k.

We conclude with (WVaL) which describes the case when messages are
drained into a sink (i.e. get dequeued but ignored) when messages at exception
level meet a wrapped process. In (WTHR), T meets a wrap and the exception
level of the queue is incremented, allowing the queue to enter the wrap.

This last step is formally defined by the structural congruence = which plays
a key role in treating exceptions and, in particular, moving queues while main-
taining their exception levels. = is the least equivalence relation on processes
such that (P,]) is a commutative monoid and includes the standard rules for the
restriction (such as scope extrusion) and the recursion. In addition, it has the
following rules:

a) try{Pl/lf—>¢z:L}catch{7<: 0} = try{ P} catch {k: Q}|/1f—>¢ﬁ:L (Qek=>1¢L)
by ([Pl A =>4 A: Ll = RPY|A—>gA:L  (1¢K)

¢) KIPl | ki =g ki L = [Pk —g¢-1 Kk : L]}

d) try{(va) P} catch {k: Q} = (va) try{ P} catch {k: Q} (a ¢ tn(Q))

e) K{(va) P} = (va) K{[P]}

The first and second rules respectively allow a queue to move into a try-catch
block and a wrap. The third rule says when the receiving side of the queue is
in k: when entering the wrap, ¢ is decreased so that the process inside the wrap
can read the value if the level after the decrement is O, cf. (IN,BrA) in Table 4.
The last two rules open the scope.

10



2.4 Properties of Reduction and Meta Reduction.

We formally define the reflexive and transitive closure of the reduction seman-
tics.

Definition 2.4 (—). =" is defined as the reflexive and transitive closure of —.
If we always start from programs, we have:

Lemma 2.5. Let P be a program and P —* P’. Then any queue, wrap or session
restriction occurring in P’ is not prefixed.

Proof. The proof follows from the semantics of the calculus. |

The following is a straightforward property of meta reduction.

Proposition 2.6. For each P which does not contain session restrictions by
(resSess) or queues and has no free recursion variables there exist P',S such

that P\ (P’,S).

Proof. Tt follows from the definition of meta reduction. |
Proposition 2.7. If P\ (R,S) then R = [];&{{QO;]}.

Proof. By induction on the rules for meta reduction. |

In the following, let 7(L) be the number of { in the list L and wrap(P, k)
be the number of nested wraps on «°. The following result states that, given a
queue K g4 K : L, the number of nested wraps over « is always equal to ¢ plus
the number of { present in L.

Theorem 2.8. Let P be a program such that P —" C[R | k >4 k : L]. Then, we
have wrap(R,«) = ¢ + T(L).

Proof. By induction on the reduction rules. i

2.5 Examples of Reduction

Example 2.9. As an example of reduction, consider the following process with
a queue:

try{s*!(hello).P | throw} catch {s* : Q1} | st — s :¢€ (1)
which communicates with another process:

try{s 2(x).R}catch{s : 0>} | s —>s":€ 2

5 In the present calculus, the number of wraps can only be either 0 or 1, but this can be gener-
alised to many levels. See the last section of this document for further details.

11



(1) is now sending hello but it is also throwing an exception. In one possi-
ble reduction sequence of (1), hello will be placed in the queue and then an
exception is thrown.

(1) = try{s*!(hello). P|throw|s* < s : €} catch {s*: Q)
—  try{P|throw|s" < s~ :hello} catch {s*: O}
try{ P | throw} catch {s*: Q;} | s" < s :hello
—  SsO11 | st s : (T hello) 3)

Messages hello and then  are now delivered to (2) as follows, omitting the
use of =:

B 1@ — sHOIN|s s :T|try{R(hello/x}}catch{s :Q>}|s < s :

- SO} IsT —1s el Qs —os 7
[

- SO} sT —15 el Qs —15 €

Observe the increment of the exception levels of the two queues: this allows Q
and Q> to converse at the same level. |

Example 2.10. We now show how the semantics manages the presence of re-
finement. Consider for instance the following process:

try{ try{throw} catch {(x,1): O} } catch {«: Oy} |k —ok: Tk —=ok:L (4)

The process above has two different reductions: either by (THr) throwing an
exception in the inner try-catch block or by remote exception applying (RTHR).
In the first case, applying (THR), (CLEAN) and (WTHR), we have (we omit some
queues):

4) = - try{ (K, D{O1} [k —>ok:T::L}catch{k: O} [k —ok:T —
K, D[O1} |k —ok:TuLlck—>ok:T—> kK DO} k—0k:T L]k K€

While in the second case, by (RTHR), we reduce in one step to the same process
above. |

12



3 Typing Interactional Exception

This section introduces a type discipline for sessions with interactional excep-
tions. In comparison with the standard session types, the central difference is
the shape of a type itself, which now consists of the abstraction of the default
behaviour (the “try” part) and that of the handler behaviour (the “catch” part).
This simple extension, combined with the use of levels, allows us to establish
subject reduction, guaranteeing that messages are always delivered at proper
levels at proper timings in the presence of nested asynchronous escapes, testify-
ing consistency of the operational semantics introduced in §2. The typing rules
for programs induce an efficient type checking algorithm.

3.1 Type Syntax

The grammar of types extends the standard session types:

a = L@.al T0).a| olli:ailic | &lli:ailic; | o{[B]} | end | ut.a | t
6 = (af[fl}) | bool |

a and 6 are respectively called session types and service types. The grammar
follows the standard session types [10, 18], except for try-catch type a{S]}, the
abstraction of a try-catch block: in «{[S]}, @ denotes the type of the try-block
and S the catch block. A session type a is plain if it does not use a try-catch
type (except in a service type it carries). From now on in of[S]}, we stipulate «
is plain.

We define the dual [10] of «, written a, as:

1@.a=T70).a T@.a=]0).a
Ol : ajtier = &l - @ilier &{l; : aitier = B : @i}ier
aflal = aflal) ,LT_cx =ut.@
t=t end = end

For example, by exchanging input and output, the dual of | (string).end{[T
(bool).end]} is T (string).end{[| (bool).end]}.

3.2 Typing System

Environments. Typing judgements of process and expression have the forms:
I'+Pr4 I're:0
where [ is a service typing, which typically maps service channels to service

type and 4 is a session typing which typically maps session channels to session

13



types. The grammars of typings are given below.

| IcallBl}) | c:bool | I,X:4
| d,kpa | 4, x):al]l | 4, (KKk):L

(Service Typing) I ::=
(Session Typing) A4 ::=

In the service typing, c either has type af[S]} (a service using a session channel
with default behaviour of type @ and with a handler of type ) or an atomic type
such as bool. X : 4 is used for recursion as in [4].

In session typings, k :, @ says that: at a polarised session channel k, there is
a session of type a. The natural number n reveals the presence of a try-catch or a
wrap: n = 0 means none, n = 1 means a try-catch block on s occurs, while n > 2
means n— 1 wraps on s occur. This is needed in the merging with a queue type
(whether n > 2 or not) as well as in the try-catch and wrap typing (whether n =0
or not). When not relevant, n will be omitted. We shall call a session channel
with respect to its type unprotected if n = 0 and protected for n > 1.

(k,x):a[-] and (k,k): L are used for typing a queue from « to « (the type of
a queue is composed with the type of a process in which case the queue’s type
becomes L). The term «[-] is a type context i.e. a type with a hole [12]:

al-] == 7@.a] | &{i:atlicrVal] | []

As in a queue there are only output messages, a type context contains only
output types. Intuitively, the type of a queue is an incomplete type that needs to
be merged with the type of the sending message.

Typing System for Programs. We show the typing system for checking whether
a program is error free, in particular w.r.t. its exception usage. The typing rules
are given in Table 5. Other than the typing rules for the exception constructs, all
rules are identical to [22], augmented with annotation of exception levels. The
typing rules directly induce a type checking algorithm for programs.

(TREQ) types a request on service channel ¢ whose type, according to I,
is ;{{8;]}. Condition s* = «; makes sure that the fresh name s* will also be
in the try-catch after reduction. Session s* has type @ j{[Bj]}, the dual of ¢’s

type. This rule checks that each «; in Q (exception handler) has type /_31' whereas
in P it has type 5,-{[@]} where each Bi may come from a refinement of «; in P.
Finally, I is a subset of I" without free variables for service channels (otherwise
the queue stores open terms at run-time). In (TSErv), because of the service
channel principle, services should never be prefixed therefore the only visible
(free) session in P and Q should be s~.

The rules for communication are standard. For (TOurt), in T (6). a, the prefix-
ing of a type is read as (T (8). @ ){[B8]} whenever « has the form «’{[8]}. Throwing
an exception interrupts any conversation, therefore (TTHR) allows to type throw
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Table 5 Typing System for Expressions and Processes

I+ e; : bool

N, Ia: : B Ikt ff: | -
(Namg) Ia : (@) F a: {a) (Boor) I' + tt,ff : boo (Or) T+ er ores : bool

'+ Po Tk 0 @dlB])

v QslikioB NI =0 F'rPes ool WI)=0
rcr I'rc:{ai{B1) st =k; I'rQ0vs
(TREQ) B =N Tspryy L9 0B _
I+ &(sH)[R, PO > [T ki 20 @illBil} I a:{af[BI) + =a(s7)[P, Q] >0
I're:0 I'rPrdkga Ix:0rP>d-k:pa
TO TI
O e Prd k1O TN o Prd koL O
T'rPrd-xpa; Ta: P A
(TSEL) oK (TRes) 4 alB) + P>
I'vkaljuPod-k:00{l;: ailier I'r (vayPvs 4
I'+e:bool A unprotected
I'rPivAd-kga; Viel I'rPod I'-Q»4a
(TBrA) (TIF) n
I + k> {l;: Pi}iel I>A~K2()&{liia',‘},'51 I' + if e then P else QI>A
V(N =0 «; € {end,end{s;]} ILX:4Fr Pv A
TI TRec) =—— = (TVAR) ————
(TInacr) Tr 0> L& 0ai Req) T X pea TV rxav x4
TvPisdi(i=1,2) 41 <4, fv(I) =0
TP, TT
PAR) = 1Py s Ay o/ TTHR) e hrow » [T 70 a7

with any « : a (unprotected). (TInacT) allows to start from end{g]} if we are
typing in a try-block, while we may want to start from end in a catch-block.
Note that as programs have no try-catch blocks or wraps, any session « in
the typing rules above hasn =01in« :; a.
(TPar) requires the coherence relation < and the partial operator © based on
duality following [10, 18]. When typing programs, the operator becomes just a
set union. We shall give its formal definition when typing run-time processes.

Typing System for Run-Time Processes. The rules for typing run-time pro-
cesses, which are necessary for type soundness, are defined in Table 6. (TExcepT)
associates the type a{[8]} to the try-catch block, ensuring each «; is used as
a{[B:]} in P (B8; may come from a refinement) and as §; in Q. The condition
n > 0 ensures that each A; is used in a try-catch block or a wrap in P. With-
out this condition we may end up with unprotected code that could be brutally
removed by an exception violating the duality of types. As an example, in the
process try{ A1{(v). R} catch {«: Q}| A?(v). R | P, if an exception is thrown by P
over «, the output A!{v). R would be lost leaving the input 4?(v). R alone violat-
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Table 6 Typing System Extension to Runtime Processes

LePe A1) ;@) - [ikiim @illBil}
queue(4) rcr fv(I”)=0 I'"+ Qv [1;ki0Bi nj>0

(T EXCEPT) ey (P cateh (2. O] » 4 - T4, @ Tkt aallpll - mi€(0.1)

T'rPod-st:afBl - s @Bl - (s*,s7):L - (s,s7):L

TSR
(TSREs) Tr(vs)Pod

T'r Q> ATl iy @) - [1iki 0 Bi queue(4)

= n; >0
T HOW > 4-T1i i iny @ - T1iki 22 aillBil}

(TWRAP)

I'vLeal]  a;€lend end{8i])
K =g K: Lo (kK :al-]0]]i>0ki 0 @;

(TQuEUE) Fa

ing duality. The other condition m; € {0, 1} guarantees that «; is either refined in
another try-catch block or simply used for communication but it is not inside a
wrap (this would not make sense).

The predicate queue(d) checks that 4 contains queue types only. Note there
is no need to remove variables from I” when typing Q because, for terms derived
from programs, this is guaranteed by (TReqQ) and (TServ). Finally, in order to
record that now there is a try-catch block on «;, we update its type with n = 1 in
Ki :n @Bl

(TWRraP) types a wrap over a process Q. All the «; that have type 8; will have
new type a;{[8;]} so to form the correct dual for the other side of the session in
the case the exception has not been yet received there. Note that in the new
type k; in, @i{[Bi]} of each k;, the number #; is increased to the value 2 in order
to remember that there is a wrap. As queues contain only output (and select)
messages, queue types will only have output types (and select) [12].

(TQuEuE) types queues and uses a judgement on lists for typing queue ele-
ments:

'+ L>af]

Above, it reads “list L contains messages of type a|[-] under the environment /™.
The type of the list is then merged with the type end or end{[S;]} of any «;: this
is used to type a try-catch block or a wrap whenever its only nested process is
a queue®. The rules for typing lists are given in table 7. Most of the rules are
standard [12] apart from (QTHR) where the type of any message sent before the
throw T is ignored.

6 A possible alternative would be to have a weakening rule which uses © to weaken any type
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Table 7 Typing System for Queue Lists

(=0 I'rL>al]
(QEMmPTY) Tren (QTHRr) T Do Gl
Iv:{rLval] I'rL>al]
Q) Dt @0 O FrGED satel: a1 ]

We conclude by giving the definition of the operators < and © using the
treatment of queue types from [12]. First, we define an operation for merging
queue types with ordinary session types:

Definition 3.1 (Merge).

alBUB’Y fB=PBB"Nandn=00rn=1
merge(al-1.8,n) = { BB’} fB=B{B"}andn=2

a[B] otherwise (8 not exception type)

When there is a try-catch type, the operator above merges a type context with
the correct part (default or exception type) depending on the value of n. We are
now able to define the two operators used in (TPAR).

Definition 3.2 (Operator <). We say A and Ay are compatible, written A, <
Ay, if and only if

dom(4;)Nndom(4,) = 0;

K:a, (K,K):L, k:B, (kK,k):Le A1 Uy implies :,E;

Kia (KK &[], K:m B (Kk): B[] €Uy implies merge(a’,a,n) =
merge(s’,8,m);

-k (KK L KB, (K,K) : B[] €4, Udy implies a = merge(B’,3,m);

We can finally define ® whose definition is based on x.

Definition 3.3 (Operator ©). Given two session environments Ay and A,, we
have that Ay © 4, is defined whenever A =< Ay and is such that:

— ifk:, Bed;and (k%) : al] € 4; moa2+1 then k :, merge(a[-1,5,n), (k,K) : Le
A1 04,.

— otherwise if k : B € A; then k =, B € A1 O Ay, if (k,k) : L€ A; then (k,k) : L€
A104; and if (k,K) : a[-] € 4; then (k,k) : a[-] € 4104,.

The operation 4, ©4, (defined if 4; < 4) is such that if « : 5 and (x,«) : @ are in
41U 4, then it returns (k,«) : L as a type for the queue (so we can keep track that
the corresponding queue exists) and a new type for «. The other elements in the
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union are the same as 4; ©4,. When we create the new type for «, if « :, o{[S]} is
recorded in 4;, we need to merge it with the type of the queue (which contains
outputs only) w.r.t. the level of the exception n i.e. if n =0 or n = 1 then we
merge with a while for n = 2 we merge with §.

Example 3.4. In Examples 2.2 and 2.3 all agents can be typed. The type for
channel chSeller in both examples is yt. T (int). t{[| (int). T (time)]}. In Ex-
ample 2.3 we also need to type service chBroker whose type is (| (int). ut. T
(int). ©){{®{11 :l (int). T (time),1; : a}]} where « is the type of s~ in Ryport-
4 Type Safety

This section is about the fundamental behavioural properties of typed processes.
In the sequel, we establish some basic properties of well-typed processes such
as weakening or strengthening, subjected meta reduction, subject congruence
and reduction.

4.1 Basic Properties.
Lemma 4.1 (Weakening). Let I" + P> A. Then

- ifX¢dom(I)then X : A + P> A
— ifcgdom(I) thenI',c:{a) + P> A
— ifk¢gdom(A) then ' + P> A-k:gendorl + P> A-k:9end{B]}

Proof. Standard, by induction on the derivation tree. |

Lemma 4.2 (Strengthening). [fx ¢ fsc(P)and ' + P> Athen ' + P> A\k.

Proof. Standard, by induction on the derivation tree. |

Lemma 4.3 (Substitution). Let I' + P> A -k : «a and let ' be fresh. Then I' +
PsA-K :a.

Proof. Standard. |

Lemma 4.4. Let P be a process such that I' + P > A. Then k free in P implies
isinA.

Proof. Straightforward from the definition of free session channel and typing
rules. i
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Lemma 4.5 (Context). Let R be a such that:
_ R _>>k Rl
- R = (D) (R” | Cla(s")[k, P,Q]])
- I' + Cla(s")[k, P,Q]] » 4

where s* ¢ fsc(C) and such that C[-] is restriction free. Then I’ + Cltry{ P} catch {k
O} > A" [liki ;1 ax and s* = kj for some j.

Proof. In order to prove this Lemma, we observe that, by definition of context
and by the assumption that C[—] is restriction-free, C[—] may only contain par-
allel processes, try-catch blocks and wraps.

As a consequence, each k;, if different from s*, is free in Cla(s*)[k, P, Q]].
Hence, by previous Lemma, we have that 4 = 4" - [ [+ ki 1, @;. Therefore,
we shall prove that, if s* ¢ fsc(C) and C[-] is restriction free then

v ClasHzPON> A | | kit e
ki#st
implies
I+ Cltry{ P} catch {k: Q}] > 4"- HK,‘ Qg
i
and s* = «; for some j. The proof proceeds by induction on the context C. We
analyse the key cases:

— C = —. In this case, the context is empty. Then by (TREeqQ) we get:

I'+ P> HK,' 0 6,{[3,-]} (5)

1

and
I v Q>HK1' 0 B;
i

withfv(I")=0,I" CTI', aj =, Bj =B and s* = ;. As sessions in (5) are all
unprotected, we can then apply (TExcepT) and finally obtain

I + try{P} catch {k: Q} > nki 0 @B

1

— C =try{C’[-]} catch {1: Q’}. By (TExcepT), we have that (for queue(4,),
nj>0and m; €{0,1}):
o '+ C'[a(s")[K,P, Q> 4, - Hj/l} n; CY;- i m ail(Bil}
o I+ Q> [[ikiz0Bi
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with fv(I”) = 0 and I'"” C I'. Note that we assume that s* is not in A’. By
induction hypothesis, as s* is not in C’ (which is part of C), we have that
I' v+ C’'[try{ P} catch {k : Q}] > 4, - Hj/l;. nj oz;. 1A imy @llBilt- st 1
E{[E]} where if A; = k; then m; = 1. Now, by Assumption 1 (cf. Syntax) we
know that if A; = «; then it must be that A C & therefore m; = 1 for all i. We
can now apply (TExcept), which concludes this case.

— C=P|C'[-].By(TPar) we have I' + P’ > Ay and I' + C'[a(s")[k, P, Q]]»> 4,
with 4 = 41 ©4,. By induction hypothesis, the thesis follows.

- C=AC'[-]]. As C[a(s")[k, P,Q]] is part of a process derived from a pro-
gram, by Assumption 2 (cf. Syntax), we observe that AN & = 0. The rest of
the proof for this case follows by induction hypothesis.

O
Lemma 4.6 (Queue).
1. T'r(LzvysBllwith'vv: Ciff '+ Leal-] where 8 =T ({). a[-].
2. T'e (L DeBl]1iff T Leaf-] where B=®{l; : ajlies U{L: a[]}.
3. e (L:)eBl1iff T LeBL.
Proof. 1t directly follows from the typing rules (see [12]). |

4.2 Subject Meta Reduction.

Lemma 4.7. Let C[-] be a context. Then Clthrow | Q] \, (P’,S) if and only if
CIOIN (P, 9).

Proof. Directly from the meta reduction definition.

Lemma 4.8 (Meta Reduction). Let P be a process derived from a well-typed
program and such that

Ik P>]—[/lj n a/;-{[,B}]} . l_[K,- 0
J

wheren; > 0. If P\ (P’,S) then
reP o [ 42| | 4w s
ﬂjES /le?S
any B;.

Proof.
The proof proceeds by induction on the meta reduction rules. In the follow-
ing, we fix 4 =[];4; i, a}{[,B;.]} - ki 20 ;.
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— (MTRry)

(R',T) ifRCT

R \, (R/,T) = tI'Y{R} catch {I~(/ : Q} \ {(IN(,{[Q]} | R.T UI~<,) otherwise

From I' + try{R} catch {K’ : Q} > 4, by rule (TExcEpT), we have:

4= ]—[A- (U7 W PR T

i

where n;. > 0 (the fact that n; > 0 ensures that the type of each /l;. is
a try-catch type). Note that we have removed the queue types as the
applicability of meta reduction ensures the absence of queues. Also, as
A=11;4; n; cx}{[ﬁ}]} - [1;«i :0 @i, we have that & is empty and ’%’ = A.
Therefore, in this case, 4 = [];4; i, a/;.{[,B;.]} forn;> 0.
Now, by (TExcEepT), we also have
@) TF R T1; 4t @B - TIik o @B
(b) I'+ Ov [1ik; 0,3"
where n’/ > 0, m; € {0, 1}. Note that Q should be typed by removing any
free variable in I": by weakening, we also have (b).
We can distinguish two cases depending on ¥’ C T:

e ¢ CT. By applying induction hypothesis to (a), we get

reR> || o)y [ ] 4w a7y - [ [€ 287080

/l’eT\K /l’eT\K i

for any B; and g;"”’. This concludes this case.

e K ¢ T (note that it cannot be the case that only some of «; are in T
because of our assumption on refinement - cf. Syntax, Assumption 1
- and the rules for meta reduction - cf. Semantics). By point (b), we
know that I+ Q& [« :0 8. By (TWRaP), we have

reRqhs | [« =818/ (6)

for any g7
Now, as ¥ ¢ T, we know that x” does not necessarily have to be in

the type of R’. Moreover, by induction hypothesis we get:

TeR> [ ] 42BABY Y - | ] 4w 108D

’ ’
/leT /IJET

Finally, by (TPar) applied to the above and (6) we can conclude this
case.
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— (MWRAP)
Kol Yy {210

It follows from rule (TWRraP).
— (MNw)

RN, (0,0) ifRe {(request), (input), (output), (branch),}

(select), (cond), (recursion), (throw)

The typing rules for the operators above have always all terms unpro-
tected (n = 0).
— (MPaRr)

PN (P.SDand Q0 Xy (01.52) = PIO N (P'10Q.51US2)

This case is simple as we do not have any queue type around, there-
fore anything on the right hand side cannot appear on the left hand side
and viceversa because of the standard linearity property of session types
[10].

4.3 Type Reduction

Hereby, we introduce a notion of reduction for types also introduced in [12].
Type reduction is a type abstraction of the reduction on processes. First, we
analyse a notion of well-formed type.

Definition 4.9 (Well-formedness). Let A be a session environment. We say that
A is well-formed if whenever k and (k,x) are in dom(A4) it follows that A((k,x)) =L.

Lemma 4.10 (Well-formedness and ©). [f 4 = 4| © 4, then A is well-formed.

Proof. By contradiction. Let us assume that 4 is not well-formed. This means
that « and (,« are in 4 and 4((k,«)) = a[—] for some k and a[—]. Now, as k and
(x,x) are in 4, then it must be the case that they are also in 41 U4, by definition
of ©. But then, again be definition of ®, (k,x) : L has to be in 4, leading to a
contradiction. |

We are now able to define the reduction relation on types based on the notion
of well-formedness.

Definition 4.11 (Reduction of Typings). - is the smallest relation on well-
formed environments satisfying the rules in Table 8.
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Table 8 Reduction for Types

(TR-Comp) «k:gl @).a - (kK,k):T(@).Bl] -4 —» «koa- (kk):6[]-4

(TR-Comp) «k:9l (B).a - k:0T (0).8 - (K,k):L -4
» Kka-K:oB-(Kk:L -4

(TR-SeLy) k0 &{l; : aidier - (K,6) 1 @ : Bitier UL B[] - 4
- K:()a'j-(E,K)ZIBj[]-A

(TR-SELp) k0 &{l; : aibier - K :0 Bl : Bitier - (K,6):L - 4
-» k- KB KK:L -4

(TR-EXC]) HK,’ 0. - A - HK,’ a; - A
i

L

(TR-Excy) nki a4 -» l—[K,' nap-A4
i

l

A1 =4y Ay —»A'z A'zA'l

2
(TR-Iso) I > A’]

Lemma 4.12 (Well-formedness Preservation). Let 4 be well-formed and such
that A - A'. Then A’ is well-formed.

Proof. By induction on the typing rules. |

Lemma 4.13 (Consistency of Type Reduction with ©). Let 4 be well-formed
and such that A = A1 043 and Ay - A. Then 4 - 4| 0 4,.

Proof. By induction on the type reduction rules in Table 8.

4.4 Subject Congruence and Subject Reduction.

Theorem 4.14 (Subject Congruence).
IfI'- P>Aand P=Qthenl + Qv A.

Proof. We proceed by cases:

a) try{ P|1<4A:L} catch {%: Q} = try{ P} catch {k: Q}| 14 A: L where
ek = T ¢ L. We will only consider the case when A is indeed contained in
k. The other case is straightforward.
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=. Applying rule (TExcept) we have (for queue(4,))

1

A=4¢ - QDL - [ |y @) - | [ eiiB) (M
J

with n; > 0. Note that the queue type from A to A must be in 4 and it has
type L because it is well-formed (Lemma 4.16). And, for m; € {0, 1},

F'rPlA—4A:Led, - (L,A):L - 1_[/1,- n; @ - l_[Ki m @illBil (8)
J

i

r'v e | Jaop; ©)

1

with I” C I' and fv(I"") = 0. Now, by rule (TPar) and (8), we can deduce:

TFFA>4A:Le(4,2):a"[] (10)

FePody - [ [Ajm - | |Kim aillBh - kjom 7080 (1)
J i#j

such that, for A = «;, a;{[8;l} = merge(a”[-],""{[8;]},m;). From (11) and

(9), by applying rule (TExcept), we deduce

Fl—try{P} catch {I?Z Q}DAq : l—[/lj Inj a} : HK,' 1 a’i{[ﬂ,’]} c kil 0/"{[/3}-]}
J

i#]
and finally, by (TPar) and (10), for R = try{ P} catch {k: Q} [ 1 = AL,

FeiRedg - AL - [ |4 a) - | [xin el
J i#]
. We can inversely follow the steps above.
b) M{[P|A—=yA: L)} = K{[P}|A—>4sA:L (1¢5x)
Trivial, by rules (TWRrar) and (TPar).
c) K[P} ki —¢ki: L = K[P|ki —>g¢-1 ki : L]}
The proof is similar to the previous case.
d) try{(va) P} catch {k: Q} = (va) try{ P} catch {k: O} (a ¢ n(Q))
Standard.
e) kK{l(va) P} = (va) k{[P}
Standard.

O

Lemma 4.15 (Well-formedness of the Typing System). If " + P> A then 4 is
well-formed.
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Proof. 1Tt follows by induction on the typing rules. The most relevant cases are
(TPaR) and (TQuEeug) where the previous result, Lemma 4.11, plays a key role.
O

Theorem 4.16 (Subject Reduction).

—IfT'+ P>Aand P—> P’ then T + P’ > A’ where either A =A" or 4 -» A'.
- Ifr'+ P>Qand P— Qthenl + Q> 0.

Proof. We shall prove only the first point as the second one is a straightforward
consequence. The proof proceeds by induction on the reduction rules. Note that
—» is always defined as, by Lemma 4.16, 4 and 4’ are always well-formed. We
proceed by cases:

— Rule (In11)

«a(s7)[P, Q1| Cla(sM[k, P, Q'] —
try{ P} catch {s~: Q} | s_‘—>0s+:e|)

*a(s P01 (vs) (C[try{ Plcatch{k: Q' }]| sT<—gs :€

We can assume that C[-] has no restrictions. In fact, using structural congru-
ence, these could be taken out and then reduce this case to the restriction
case (part of (Con)).

Now, after applying (TPaRr), we notice that (TSErv) requires that xa(s™)[P, Q]
has an empty session typing environment. Therefore, we have:

a) I' v+ xa(s7)[P,Q]» 0

b) I' + Cla(s")[k,P',Q']]1> 4

As C[—] is restriction-free and s* is not free in C[—], by applying Lemma 4.5
to b), we get:

I+ Cltry(P'} cateh (% Q' o4 [ [xi 11 @B, (12)

i

Now, from point a) and (TServ), for fv(I") = 0, we get:
i) '+ Pes :oa{Bl

i) I'FQvr s 0B

Now, from (i) and (ii), applying (TExcepT) we get

I' Ftry{P} catch {s™ : Q}» s~ 11 2{[B]} (13)
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Finally, by (TSREs), (TQUEUE), (12) and (13) we can conclude with

Fl—o

xa(s )P, 0] (vs)
(try{ P} catch { s~ : O} | C[try{ P’} catch {k: Q' }]|

s 08t el sT =05 te)
o[ [ i1 @B
i

and, as expected, 4 - A" - [1;«; 11 @i{[B;]).
Rule (THr)

try{ P} catch {k: O} N (R,S) =

try{throw | P} catch {k : Q} [ Ilycs k ¢, K: Ly — R|Ilics k =g & : (T L)
Because of Lemma 4.8, we can rewrite the rule as

try{throw | P} catch {k: O} \ (R,S) =

try{throw | P} catch {k : Q} [ Il;cs k —¢, K : Ly — R|Ilics k —g¢ & : (T L)

Let us assume that I" + try{throw | P} catch {k : Q} | II;cs k —¢, k: L,> 4.
By (TPar) and (TQuUEUE), for some 41 and 4, such that 4 = 4, ©4,, we have:

I’ + try{throw | P} catch {k: O} » 4, (14)
T F s k>4, K Leo | [06R): anl] (15)
KkeS

where 4y = [ es (x,%) : a[-]. Note that the queue type of («,x) is not L for
each k € §. If that was the case, then x should also be there (not only as a
queue type) and the linearity condition (<) would be violated as « is also in
Ay.

Now, by applying (TExcept) to (14) we have A4y =4, - [];4; i, a/;.{[ﬁ"’/.]} .
[T« 1 aif[B:]} with queue(d,) and n; > 0 (as n; > 0 then each A; must have
a try-catch type). Moreover, as we can apply meta reduction, there are no
queues in try{throw | P} catch {% : O}, and therefore 4, is empty. Hence,
Ay =T1;4; 0, B - Tliki i1 ai(Bil}-

If we now apply the meta reduction Lemma to (14), noting that by (MTRry)
ke S, we get, for any ,8;.” and 8",

reRe [ | A B7UBN - [ ] A2 i) - | [ B8 (16)

;¢S \k A;€S\k i
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We choose ﬂ;” and 37" such that A(1;) = ﬁ}”{[ﬁ;]} and A(x;) = B""{{B:]} (no-
tice that in 4 the catch types are still 5; and ,8;. as there is no wrap on «;).
Now, by (QTHRr) applied to (15) through (TQuEUE), we have

T hes kg, K1 Les | |0R) 2 (17)

KkeS

Finally, applying (TPar) to (16) and (17), we obtain:
T'FR|es k=g k11 Lp A

where 4" = [T, jgs\x Aj i BB - Tlajes e A 2 BTN - TTiki 22 877 {(Bil}-
[Ties (x,k) : L. Hence 4 - A.
Rule (RTHROW).

try{ P} catch {k: O} \ (R,S) =
try{ P} catch {k: O} | k; —okj: (L::7) [ Ilxes k ¢, K Ly

— R|kj =1k L Ies k =g Kk: (T L)

The proof proceeds similarly to the previous case. Let us assume that I" +
try{ P} catch {k: Q} |k —>o«;:(L::T)|les k —¢, K: Lc> 4. By applying
(TPAR) we have for 4 =4, 0 45:

I' + try{ P} catch {k: O} » 4, (18)

I'vrkj—okj:(Lut) | es k =g K: LA (19)

Note that, similarly to the previous case, queue types in 4, are not equal to
L. If that was the case, then «; should be in 4, (not only as a queue type)
and the linearity condition (<) would be violated as each «; is also in 4.
Now, by (TExcept) applied to (18), noting there are no queue types in 4
(similarly to the previous case, if we can apply meta reduction then there
cannot be any queue), we have

41 = l_l/lj ny @SB - nKi q a{lBilt
J

1

for nj > 0. Note that, similarly to the previous case, we can assume that each
A; has a try-catch type because n; > 0. Now, by Meta Reduction Lemma,
noting that by (MTry) k € S, we have:

rere || BB || a8 | a1 20)

A;€S\k A;¢S\k i
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for some ,B;.’ and ;. Similarly to the previous case, we choose them such
that 4(4;) = B7{(8’]} and 4(x;) = B {[Bi]}-

Now, if we apply the Queue Lemma to (19), we can deduce that the type
of the queue from «; to «; remains unchanged (by point 3. of the Queue
Lemma, removing 1 does not change the type) and the type of the other
queues becomes the type context - by (TQuEUE) and (QTHR).

Finally, applying (TPaR) to the type for the queues and (20) we obtain, sim-
ilarly to the previous case, the new type 4’ such that 4 - A’.

— Rule (WVAL).

KOB ki —=oki: (L::v) — KQB ki —oki: L

This is a key case where we can see the correctness of the reduction mecha-
nism. In fact, as ¢ = 0, then, by Theorem 2.8, there must be at least one T in
L. Hence, the value v has no influence on the queue type, leaving the whole
type unchanged.

— Rule (WTHR).

KOW 1 ki =0 ki : (L F) — KO ki =1 ki1 L

Similar to the previous case.
— Rule (Our).

ke)e Plk—>ok:L — Plk—gk:(v::L) (elv)
By (TPar) we have

I'+«kle). Po Ay TI'+k—>gk:L> A4, Ay <4,
Ik kle). Plk —oKk:Le 4,04,

And by (TOur) it follows:

I+ kWe).Po A kT (D).

and
I'rPo A kpa (21

where I'+e:( and 41 = 4" -k 9T ({). a. Moreover, by rule (TQUEUE), we

have that
'+ L>,8[-]

I'F k—>gk:L> (k) :0[]
Now, by applying (TQueug) and (QVAaL) to the derivation above we have
(assuming I' + e :  implies I" + v : {):
't L>p[]
I'v L) »pIT ()]
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and by applying (TQUEUE) again:

I't(w:L)valT().-]
I'Fk—>ogk:(:L)» (kk):6[T).-]

Finally, by (21) and (22) we have (applying (TPar)):

(22)

I'Plk—gk:(vi:L)y» 4104,
— Rule (IN)
KW x). Pl|k —>gk:(L::v) — P{v/x}|k—o«k:L
By (TPar) we have

I'k?(x).Prdy I'+rk—>gk:(L:v)y>dy A1 <4y
I k?(x).Plk—>ogk:(L:v)>d4104,

And by (TIn) it follows:
't k2x).Po A k:| (). a

and
Ix:l+rPod-k:a (23)

where 4; = A" -k :| (6). . Moreover, by rule (TQUEUE), we have that
I'Fk—>gk:(L:v)e (kk): B[]

Now, by Lemma 4.7, we know that I" + L>f’[-] (where '+ v : () and 8 =1
(©). B’[]- applying (TQUEUE) again:

I'vL»p[]

- - (24)

I'r k—>gk:Lve(kKx):p[]

Finally, by (23) and (24) we have (applying (TPar)):
Ix:lrPoAd-k:a I'Frk—oogk:Lv> (kK :p1[] 25)

I'v Plc—ok:L> 4,04,

where 4 - 47045,
— Rule (SEL)
k<l.Plk—>gk:L — Plk—gk:(::L)

This case proceeds similarly to the (Our) case.
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— Rule (Bra)
K>{ll‘ZPI'},'GIIE‘—)()KI(LIZIJ')—)leEHoKZL (_]GI)

The proof proceeds similarly to the (IN) case.
— Rule (CLEAN)

try{P|A >4 A:L}catch{k: 0} — P|A>4sA:L  (AekTeL)

It follows directly from rule (TExcepT).
- (Con)
P— Q0 = C(C[P] — C[0O]

By cases on the context C[—]. We analyse the most relevant cases only.
e C[-]=R|C’[-]. In this case, the reduction rule becomes:

P— Q = RIC[P] — RICI[Q]
If I + C[P] > 4, by (TPAR), we have:
I'-Rv 4 '+ C'[P]> 4,
where 4 = 41 ©4,. By induction hypothesis, we have that, for some 4/,
' C'[Q]» 4]
with 4, -» Aé. Finally, by Lemma 4.14, we have
A—» A =404

— (Ir). Similar to branching.
— (Str). This case follows from the Subject Congruence Lemma.
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5 Liveness and Termination

The previous section establishes a basic consistency of dynamics of typed pro-
cesses via subject reduction (which immediately entails the standard commu-
nication safety [10]). This section strengthens this result with a liveness prop-
erty, which intuitively says that all compensating session channels eventually
get fired (except those which are “erased” by thrown exceptions in which case
the compensating actions both disappear). Along the way we also show relative
termination of individual protocols for exceptions and their partial confluence
vis-a-vis ordinary communications, two key consistency criteria for the pro-
posed operational mechanism.

5.1 A Termination Protocol

We first augment the operational semantics in §2 with yet another protocol,
called termination protocol, which in fact is an intrinsic part of the dynamics
of exceptions. As an example, suppose there are two (and only two) processes
in a configuration, which are try-catch blocks and which are communicating
in a session. If each party’s default process becomes the inactions, it is natural
to reduce each try-catch block to the inaction, freeing up the resources for its
handler. This “garbage collection” is essential when we consider integration
of interactional exception into the standard imperative programming languages
with a sequential composition operation, P; Q, since in this case launching QO
depends on whether P reduces to the inaction or not.

We call a termination of a try-block in this form, normal exit. In interactional
exceptions, a normal exit of a try-catch block demands an agreement of all peers:
even if one try-block has terminated, if any of its communicating peers throws
an exception, it also has to throw one, hence synchronising among all peers is
essential for consistency. The termination protocol we introduce below makes
the most of the tree structure associated with hierarchy of service invocation,
leading to relatively efficient execution in terms of the number of messages. The
protocol consists of two stages:

(Stage 1: Voting) Each try-catch block notifies its caller in the caller-callee
relation of services by sending its vote of termination after itself terminating
and receiving the same news from its callees.

(Stage 2: Decision) When the initial caller hears this, it in turn lets the news flow
down to all of its callees, upon whose receipt the try-catch blocks can normally
terminate.

Above, callees and callers refer to the service invocation mechanism. We for-
malise this protocol by extending the reduction relation. First, we augment po-
larities of channels in try-catch blocks with {®,&}, replacing +,— for Stage
2 (indicating the casting of votes). We also use two special messages, {V, D}
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standing for Voting and Decision. The new rules are reported in Table 9 where

Table 9 Rules for the Termination Protocol

/

try{x } cateh {57757 1 O} | 5™ g 5TV >
(Correet) try{ x } cateh {77 5% 7 1 Q)| 5™ o 5T i €
try{*} catch {s7;7® : 0} | s~ >y sT:e —
(Vore) try{ x } cateh {s®;7®: O} | s~ <4 sT: V
(Roor) try{x} catch {3®: O} |[I;s7 —g¢s; 1€ > x|[I;s] —¢s; : D
try{x} catch {s°:7®: O} | s* >4 s D|[[;1} =g 17 1€ —

D
(DECISION) x| st r_)d,s*:elnil,-+ ¢l 1D

*x :=0 | x[x | &R{[x]}. Briefly, (CoLLEcT) collects the votes from the callees;
(Vote) sends a vote to the caller once all the callees have voted; (Roor) is for
the initial caller which terminates once all its callees have voted; and (DgcIsioN)
terminates once the caller has terminated. The rules only make sense for well-
typed processes as we shall show later on this section. We write P —,,,,, P’ for
a reduction generated from the above rules.

Example 5.1. As an example, consider the following processes:

try{0} catch {s*;r";r" : Q1 } | try{0} catch {s™ : O, } (26)
try{0} catch {r~ : O3} | try{0} catch {r~ : O} 27

By (VotE) the two processes in (27) will put V in the queues with writing side
r* and r* respectively. Applying (CoLLECT) twice, the right-hand process in (26)
will reach the state try{0} catch {s~;1%;r® : 0, }. Again, by (Vore), it will send
V to the parent. Finally, by (Root) and then (DEgcision) it will reduce to process
0.

Note that for the exit protocol to work, the caller-callee relation must have a
tree structure where the root is the initial service invoker and leaves are a col-
lection of interacting processes. We shall explore this topic further in the next
subsection.

5.2 Normal and Exceptional Exits

We first show that the above protocol always leads to a normal exit. For this
purpose, we need to identify the set of nodes that form the caller-callee relation
in a given process.

Definition 5.2 (Node). R is a node process of P whenever P = (v§) (Q | R),
R is restriction/queue/service-free, and does not have the form x or R' | R”. If
fsc(R) # O then fsc(R;) is called a node of P.
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A node process of P is a subprocess of P which is not the parallel composition of
two other processes and contains no restriction, queue, service or is composed
by zero or more wraps over process 0. Then a node is the set of free names
(only if non-empty) of a node process. Using the processes (1) and (2) given
above, the process (26) | (27) has four nodes: s*, (s7,¢*,r"), ¢~ and r~. Process
try{«!(v). 0} catch {«x : O} has a unique node « while try{«!(v). 0} catch {« :
0} ] A2(x) also has A.

Lemma 5.3 (Structure of Program-Derived Terms). Let P be a typable pro-
gram and P —* Q. Then Q = (v8) (Qexra | [ 1; Ri) where Qexirq contains queues,
replicated services and * processes, each R; is a node process and if sP € fsc(R;)
then sP ¢ fsc(R)).

Proof. We observe:

— by structural congruence we can move restrictions and queues in the position
we wish because they are never prefixed;

— we can always group all services in Qexra @S, by assumption in Section 2.1,
they are always top-level i.e. never nested in a try-catch block or in a wrap.

— by structural congruence, we can always put a process in the form [[;R;
such that each R; cannot be expressed as the parallel composition of its sub-
processes.

Therefore, we only need to show that if s” € fsc(R;) then s” ¢ fsc(R;). Note
that this is not always the case for any typable process. For instance we could
have s*?2(x). s~!{e) which is typable but both s* and s~ are free in it. We can
also observe that a process Q derived from programs is always such that 4 = 0 in
'+ Q> /. But this is still not enough. In fact, process Q" = (vs) (s*2(x). s~ (e} |
steogie|ls™ ¢ ¢:e)istyableas @ + Q' >0 but still has the same problem.

In order to prove it, we need to show that given a process Q in the form
(v3) (Qextra | [1; R;) such that if s” € fsc(R;) then sP ¢ fsc(R;), then for any reduc-
tion rule we still get something in such a form. Note that the property already
holds for programs (no free session channels). We just consider the most inter-
esting cases:

— (InrT). In order to apply this reduction we have that R; = C[a(s*)[k, P, Q"]
for some j and and *a(s™)[P’,Q’] is in Qgery. Note that we are assuming
that C[—] has no parallel as this would just form other nodes that would
not interfere with the reduction therefore not changing the structure. After
reduction, s* is added to node fsc(C[try{ P”’ } catch {k : Q"' }]) and the new
node {s~} is created.
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— (THr) and (RTHR). In this case wrapped processes are created by these rules
(and meta reduction). Therefore node processes do not change as each try-
catch is substituted by a corresponding wrap containing exactly the same
free names.

— (Roor) and (DEcision) erase the node 5 and s°;7® respectively.

The caller-callee structure of a process is identified by the directed edges of the
following graph.

Definition 5.4 (Invocation Graph). Let G be its set of nodes. Then the invoca-
tion graph of process P is the directed graph G = (G, E) where (¢, 1) € E if and
only if k; € {s*,s®} and A;€ls™, s®} for some s,i, j. An invocation tree in P is a
maximal subtree in the invocation graph.

The invocation graph of process (26) | (27) is a graph with one edge from s*
to (s—,t%,r"), one from (s~,¢",r") to t~ and one from (s, r") to r~. Recall
the definition of programs given in § 2.1. If we reduce a typed program by zero
or more steps then the invocation graph of the resulting process always forms a
forest.

Lemma 5.5 (Evolution). Let P be a typable program. If P —* R then R’s invo-
cation graph S(R) is a forest.

Proof. The proof exploits the properties of typed programs. The service channel
principle coupled with the requirement that services are top-level guarantees that
sessions are always between node processes.

We shall prove that given a well-typed process P (derived from a program)
whose invocation graph is a forest we have that if P — P’ for some reduction
rule then P”’s invocation graph is still a forest. The proof proceeds by cases on
the reduction rules. We only report the interesting cases as the others do not
modify the invocation graph.

— (InrT). By definition of node and by Lemma 5.3 above, we have that P has at
least one node processes which is Cla(s*)[k, P”,Q"]]. Similarly to the pre-
vious proof, we assume C[—] has no parallel as this would just define other
nodes which do not interfere with the one we are dealing with. The exact
number of node processes will depend on the context C[—] if it has any par-
allel composition. As s has to be fresh, we can assume that it does not appear
in the context C[-]. After reduction, by definition of node process, we have
that one node that is created in the graph is going to be s~ corresponding to
try{ P’ } catch {s~ : Q'} (note that by typing P’ and Q" have no free names
apart from s7). Then, if {s*} C k, we are just adding an edge directed from
the node associated to the node process containining a(s*)[k, P”, Q"] (now
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become try{ P’} catch {k: Q’}) into s™. In the case {s*} = k then a new node
will be created with an edge going into s~ resulting in a new tree in the
forest.

— (THr) and (RTHR). In this case wrapped processes are created by these rules
(and meta reduction). The forest does not change as each try-catch is substi-
tuted by a corresponding wrap containing exactly the same free names.

— (Correct) and (Votg). These rules just change — into © and + into @. By
definition of node and invocation graph the topology of the graph does not
change resulting into a new isomorphic graph.

— (Roor) and (DEcision) erase the node 5 and s°;7® respectively.

O
From this result, we can prove the following non-interference property of —¢;;.

Lemma 5.6 (Partial Confluence of —,,,,). Let Py be a typable program and
Py —* P. Then whenever P —,,,, P\ and P — P, we have either (1) Py = P, or
(2) P1 = R and Py =, R for some R.

An invocation tree in P is in the pretermination state if each of its try-blocks
have the form . The following theorem is a corollary of Lemma 5.6 and says
that once an invocation tree reaches a pretermination state then all of its nodes
will eventually vanish.

Theorem 5.7 (Normal Exit). Let Py be typable program and Py —* P such that
P has an invocation tree T in the pretermination state. Then whenever P —* P’

there is Q such that P" —},. Q where Q does not contain any active nodes from
T.

The result above can actually be made stronger. For instance, in try{try{0} catch {1:
01}} catch {«: O}, we do not have a pretermination state as the outer try-block
contains a try-catch block. Nevertheless, the normal exit is guaranteed as when

the inner block and the subtree connected to A terminate, the outer catch block

can proceed with the termination protocol.

A try-catch block can also exit by an exception. Note this form of exit is
also propagated through invocation graphs. The propagation also terminates up
to the termination of other processes. We write P —,, P’ if this is generated
from (RTHR)-reduction rule (which propagates exception) and we say that « is
in preexception if it is the exception channel for a try-block which moreover
contains an active throw.

Theorem 5.8 (Exception Exit). Let Py be a typable program and Py —* P
such that P has an invocation tree J. Suppose k is in a node of T which is in
preexception for some k;. Then P —* P’ implies P’ — R for some R.

35



5.3 Liveness

We can use the Evolution Lemma to obtain a strong form of liveness for well-
typed processes in the presence of asynchronous exceptions. We first define:

Definition 5.9. We say P is stable if P is the parallel composition of zero or
more % processes and zero or more empty queues, possibly under v-restrictions.
We say P has all resources if a € fn(P), then P = (vii) (xa(A)[Q1,02] | R), i.e. all
output channels are compensated by replicated inputs.

We can finally state that a well-typed program either continues to reduce for
ever or reaches a state which does not contain active prefixes (except replicated
services), try-catch blocks, throws nor messages in transit. This theorem implies
that any stuck of a typed process is not due to session communications.

Theorem 5.10 (Liveness). Suppose P is a typable program and has all re-
sources. Then P —* Q implies either Q is stable or Q — Q' for some Q’.

Proof. The proof exploits all results shown before including Subject Reduction.
The tree structure of the invocation graph plays a key role: this tree form ensures
that we never have the a deadlock such as s~ 2(x). " !1{x) | = 2(v). s* {y). Since
all runtime processes are non-blocking apart from the input, the proof reduces
to showing that deadlock does not happen. As a consequence of types, at least
one node in the invocation graph (forest) must be performing an output. Since
outputs are not blocking by operational semantics, we conclude the proof.

By Lemma 5.3, we know that Q = (v§) (Qextra | [ [; Ri) where Qexira contains

message queues, services and x processes only and each R; is a node process
such that if s” € fsc(R;) then s” ¢ fsc(R;).
In the sequel, we say a process Q' is active in R; whenever R; = C[Q’] for some
reduction context C[—] and Q’ is not (try-catch) or (wrap). Obviously, given the
shape of each R;, the context C[—] will only be a nesting of try-catch blocks
and wraps and processes have a unique active process i.e. if Q" and Q" are two
active processes of R; then Q' = Q”.

Let us now assume, by contraddiction, that Q 4 and Q is not stable. If this is
the case, then we observe that each R; cannot have an active process which is:

— (output) or (select). An output (or a select) is never blocking as queues are
never prefixed and can always receive messages;

— (cond). A conditional is never blocking as far as terms contain no free vari-
able and this is the case with programs;

— (throw). Throws must be inside a try-block (by assumption in Section 2.1)
and they can always ignite an exception by reduction rule (THR);
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— (request). We are assuming that service requests are compensated by repli-
cated inputs (services) and replicated inputs cannot be in a process node (by
definition) and never nested (assumption in Section 2.1) therefore always
available in Qexr, allowing for reduction.

Therefore, we have that:
R;’s active process must be (input) or (inact).

By Evolution Lemma, the set of node processes R; must be such that their in-
duced graph is a forest. Note that by typing (as I" + Q > 0) each R; generates a
node (has free names) as its active process must be either an input or the inactive
process inside a try-catch block (with some possible wraps).

From the reasoning above we have that for some «;, R;’s active process is
either an (inact) or has the form:

ki ?(x;). R;

Note that some R; could also have a branch rather than an input, but the proof is
similar therefore we assume there are only normal inputs instead.

Now, by Evolution Lemma, the invocation graph of Q is a tree (without loss
of generality we assume there is one single tree as the proof trivially extends to
the forest case). Let us now pick a node, say fsc(R;), which is a leave. We then
have to reason by cases:

- R; = C[0]. As fsc(R)) is a leave then fsc(R;) = {s™} for some s. Therefore,
by typing, we have that R; = try{0} catch { s~ : R;.} for some R;. But if this
is the case, then we can use rule (VotE) having a reduction. As it contradicts
our assumption of deadlock, this cannot be the case.

- R; =C[s™2(x)). R;.]. As we are assuming there is no reduction, then it must
be that the queue from s* to s~ is empty. Now, by typing, in another node
process, there must be an output at s* that matches this input. Moreover, as
there is deadlock, this must be prefixed by an input (there could be other
inputs and outputs in between). Let us assume that this is node process Ry =
Kie 2(xp). R,’(. Now, as there is deadlock, the queue from kj to k; must be empty.
Now, we have two cases depending on the polarity of .

o If the polarity is positive then node fsc(Ry) must have another son con-
taining - = k. Now, by typing, the associated node process must have
an output at r~ which is blocked i.e. it must be prefixed (there could be
other inputs and outputs in between) by an input at some other chan-
nel (with positive polarity because we are in a tree). Inductively, by this
reasoning, we must reach a leave where there must be an output which
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is not blocked contraddicting our assumption. Therefore, this cannot be
the case if we have deadlock.

o If the polarity is negative then node fsc(R;) must have a father with an
outgoing edge from t*. By typing, the associated node process, must
have an output at channel *. As we are assuming deadlock, then it must
be prefixed by an input at some other channel (there could be other in-
puts and output in between). If the polarity of such channel is positive
then we go back to the previous case. If the polarity is negative then, by
typing there must be the same channel with negative polarity on another
node performing an output. Inductively, we must reach the root of the
tree where we shall find an output on a negative channel which is not
prefixed. Therefore, this cannot be the case and as it exhausts all cases,
deadlock is not possible.

O

In particular, if there are two compensating actions in a session and both peers
are not interrupted by an exception, then these two will eventually interact, at-
testing the consistency of exception protocols. Practically, observing that the
service channel principle [4, 17] (the key reason the result holds) is widely found
in e.g. services in world wide web, the result says that if a conversation ever gets
stuck in such an environment, it may as well be for non-interactional reasons
(such as deadlock over shared resources at the server), giving clear delineation
of the involved engineering issues.
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6 Related Work and Conclusion

Extending the session type discipline to asynchronous, interactional exceptions
requires the development of the fine-grained operational structures and a refined
type discipline, as well as their consistent integration. The standard branching/s-
election types or traditional (local) exceptions are not sufficient for expressing
interactional exceptions, as discussed through examples in the preceding sec-
tions. The presented framework allows arbitrarily nested exceptions to occur
asynchronously at each endpoint, while ensuring session compatibility, even in
the presence of simultaneous escape. We have shown that typable processes
with interactional exceptions satisfy a strong liveness property in the presence
of protocols for exceptions, whose analogue has not been proved in the previous
typing systems for session types.

6.1 Further Results

For simplicity of presentation, we have restricted so far session types so that, in
a{[B]}, we do not allow B to contain try-catch types. Operationally this means
that, in *c(A)[P, O], the handler Q does not contain another try-catch at the same
A. In fact, allowing arbitrarily nested handlers with the same session channel
demands only minor extensions in the syntax and typing. First we allow Q in
*c(A)[P, Q] to be a try-catch block at 4, including in programs. Second, try-catch
types are extended by the following induction: (a) a{[8]} with @ and S plain is a
try-catch type; and (b) of[S]} with a plain and g a try-catch type, is a try-catch
type. Third, n in « :;, @ becomes arbitrary natural numbers, generalising their
composition with queue types. With essentially the same operational semantics,
this generalised calculus satisfies the subject reduction and liveness we stated
for the restricted case.

Further generalisation is possible with respect to various extensions of ses-
sion types, including parallel session types [4], multiparty session types [12],
and unordered asynchronous communications [9]. In the last case, instead of
annotating queues with levels, we annotate each asynchronous message with its
level, which is incremented as it goes out of its source and decremented as it
goes into its target through a wrap.

6.2 Related Work

In concurrent programming of distributed objects, exception handling is investi-
gated in [21] where an algorithm to resolve multiple kinds of exceptions (which
form a linear order) among concurrently running objects is proposed. Asyn-
chronous exceptions among concurrent threads and their interplay with states in
Haskell is studied in [16]. Motivated by subtle race conditions for mutual states,
they formalise and implement blocking constructs to postpone asynchronous
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exceptions. The key idea is to relax the exception mask through the use of in-
terruptible operations, to balance asynchrony and state consistency. [2] intro-
duces a model for long-running transactions which treats failures by restoring
the initial state and firing a compensation process. The calculus for web ser-
vices called COWS [15] provides an operation to kill processes except those
protected by wraps similar to our exception mechanism. [19] introduces a cal-
culus for service orientations by extending the m-calculus, equipped with service
and request primitives and local exceptions, without asynchronous queues. An
interesting idea is context, a named tree-like structure where a process is located.
They do not have an explicit notion of a session nor its type abstraction. Their
exceptions are the traditional local exception, without supporting propagation
of exceptions, coordinated transfer to a different part of a dialogue, nor the as-
sociated type abstraction, so that type checking protocols with exceptions, such
as Examples 1/2 in §2, would be difficult.

The central focus of the present work is to have basic high-level typed ab-
stractions for clear and flexible descriptions of conversation structures, separat-
ing abstraction concerns and their underlying mechanisms. Our exceptions are
asynchronously raised by multiple communicating peers, for which the session-
based abstraction and compatibility can guarantee type-safety in the presence of
arbitrarily nested exceptions. These key aspects, backed up by safety and live-
ness properties relying on linearity of session-based communications, have not
been investigated in the existing studies.

6.3 Further Topics

The key idea of the presented operational semantics is the use of exception lev-
els in queues and their interplay with wrapped processes. In implementation, the
queue level can be recorded in a header of each message which its receiver can
check efficiently. The wrapping level can be part of a process state, recording
its exception depth. Various optimisations are possible, for example dispensing
with most coordination protocols when the handler type is trivial, obtaining es-
sentially the same level of efficiency as local exception. In the near future, we
plan to incorporate this exception mechanism to our on-going implementation
of Java with session types [13].

For simplicity, we omit session delegations: we formulated this extension by
storing frozen processes in queues. The type soundness holds by incorporating
the present one with the typing rules in [10]. However a construction of the
invocation graphs which can guarantee forest structures for the liveness property
is left open.

Our liveness property, which involves the termination protocols, is similar to
the property as found in e.g. [S]. Apart from presence of exceptions, the aims and
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approaches of the two works are quite different: in the present work, the liveness
is used for ensuring consistency of the proposed exception mechanisms, and the
proof method is more operational, being applicable to any session-based calcu-
lus which has the service channel principle without delegation, without chang-
ing its typing system. On the other hand, in [5], an effect-based typing system
is used for progress with delegation. It is an interesting further topic to incorpo-
rate our typing system with [5] for obtaining liveness with both exceptions and
delegations.

A significant future topic is the treatment of multiple kinds of exception
types in the present framework. Following [21], we may assume the ordering on
exception types (such as the exception class hierarchy as found in Java) for coor-
dinating exceptions among multiple peers. Using a similar technique developed
in our termination protocol, we can exploit the tree-structure of an invocation
graph for efficient resolution of exception types to handle the subtle interplay
between multiple exception types and nested exceptions for a more refined ex-
ception propagation.

With session exceptions, many practical communication scenarios can be
accurately described through session primitives, and type-checked by the ses-
sion type theory. The syntax and type structures developed in this paper are be-
ing considered for the use in a Web Services language (WS-CDL [4, 20]) and a
language of message schemes for financial communications (ISO 20022 UNIFI
[14]), throughout our collaborations with the industry partners.
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