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[14, 19]), which can also include derived operators (such as
let and let rec) and error handlers. (The paragraph “What
Languages Do We Target in This Paper?” of Section 2 de-
scribes this class of languages in detail.)

We have excluded substitution lemmas because their proofs
depend on the representation of binders (de Bruijn indices,
locally nameless, higher-order abstract syntax, and so on).
Whether they can be expressed in a representation-agnostic
way is unclear, and we leave it as future work.

We have implemented L������P���� [10] and applied
our proofs to a plethora of languages. Speci�cally, we have
used the repository of test languages of another SLE tool:
L������C���� [12]. This repo contains several type safe
functional languages, including languages with polymor-
phism, exceptions, recursive types, list operations, options,
and other common types and operators. L������P���� has
generated the correct machine-checked proofs in Abella for
all of these languages. Our type preservation proofs, how-
ever, are correct on the assumption that our users insert
correct code for substitution lemmas.

To summarize, we present the following contributions.
• We present L������P����, a DSL for expressing the-
orem and proof schemas of language properties (Sec-
tions 2, 3, 4, and 5).

• We have used L������P���� to express the theorem
and proof schemas for the canonical form lemmas
(Section 6), the progress theorem (Section 7), and the
type preservation theorem (Section 8) for a large class
of functional languages.

• We provide an implementation of L������P����.
• We have applied our schemas to a plethora of func-
tional languages (Section 9), and have generated the
Abella proof code that fully machine-checks their type
safety, when the correct code for substitution lemmas
is inserted.

2 Language De�nitions
L������P���� works with languages de�ned with opera-
tional semantics and evaluation contexts. To review, Fig. 1
shows the syntax, type system and dynamic semantics of our
running example: _b,[]l,e . This is a _-calculus with booleans,
lists, let, and exceptions.
A language de�nition has a grammar and an inference

rule system. A grammar has multiple grammar rules, each
of which de�nes a category name by providing a series of
productions. An inference rule system has multiple rules,
each of which has a series of formulae as premises, and a
formula as conclusion. Inference rules de�ne relations such
as a typing relation � ` 4 : ) and a reduction relation 4 �! 4 .

What Languages Do We Target in This Paper? The
proofs that we present are not meant to be applied to ev-
ery language. We target a class of languages that can be
described as pure harmonious ([14, 19]) functional languages

Type ) ::= Bool | ) ! ) | List )
Expression 4 ::= try 4 with 4
Value E ::= true | false | _G .4 | nil | cons E E
Error er ::= raise E
EvalCtx ⇢ ::= ⇤ | if ⇢ then 4 else 4

| ⇢ 4 | E ⇢
| cons ⇢ 4 | cons E ⇢ | head ⇢
| let G = ⇢ in 4 | raise ⇢ | try ⇢ with 4

ErrorCtx � ::= all EvalCtx without (try ⇢ with 4).

Type System � ` 4 : )
�, G : ) `G : ) � ` true : Bool � ` false : Bool

� ` 41 : Bool � ` 42 : ) � ` 43 : )
� ` if 41 then 42 else 43 : )

(����)

(��������)
�, G : )1 ` 4 : )2

� ` _G .4 : )1 ! )2

(�����)
� ` 41 : )1 ! )2 � ` 42 : )1

� ` 41 42 : )2

(�����)
� ` nil : List )

(������)
� ` 41 : ) � ` 42 : List )

� ` cons 41 42 : List )

(������)
� ` 4 : List )
� ` head 4 : )

(�����)
� ` 41 : )1 �, G : )1 ` 42 : )2

� ` let G = 41 in 42 4 : )2
(�������)

� ` 4 : Int
� ` raise 4 : )

(�����)
� ` 41 : ) � ` 42 : Bool ! )

� ` try 41 with 42 : )

Dynamic Semantics 4 �! 4

if true then 41 else 42 �! 41 (���������)
if false then 41 else 42 �! 42 (����������)

(_G .4) E �! 4 [E/G] (����)
head nil �! raise false (����������)

head (cons E1 E2) �! E1 (�����������)
let G = E in 4 �! 4 [E/G] (�����)
try E with 4 �! E (�������������)

try (raise E) with 4 �! (4 E) (�����������)

4 �! 40

⇢ [4] �! ⇢ [40]
(���) � [er] �! er (�������)

Figure 1. Language de�nition of _b,[]l,e

with derived operators and error handlers. We describe this
class in more details below.

We target pure functional languages in that computation
proceeds by rewriting an expression, i.e., the reduction rela-
tion is of the form 4 �! 4 . A further restriction is that we
only handle a typing relation � ` 4 : ) where � is a type
environment that can only store associations G : ) and/or
type variables - in the style of System � .
We target harmonious languages [14, 19] in that their

expression constructors can be classi�ed as introduction
forms or elimination forms of some type. Introduction forms
of a type build values of that type. Elimination forms of a type
are operations that handle values of that type. The reduction
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scribes this class of languages in detail.)
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generated the correct machine-checked proofs in Abella for
all of these languages. Our type preservation proofs, how-
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correct code for substitution lemmas.

To summarize, we present the following contributions.
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• We provide an implementation of L������P����.
• We have applied our schemas to a plethora of func-
tional languages (Section 9), and have generated the
Abella proof code that fully machine-checks their type
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is inserted.

2 Language De�nitions
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shows the syntax, type system and dynamic semantics of our
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rule system. A grammar has multiple grammar rules, each
of which de�nes a category name by providing a series of
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each of which has a series of formulae as premises, and a
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proofs that we present are not meant to be applied to ev-
ery language. We target a class of languages that can be
described as pure harmonious ([14, 19]) functional languages
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Figure 1. Language de�nition of _b,[]l,e

with derived operators and error handlers. We describe this
class in more details below.

We target pure functional languages in that computation
proceeds by rewriting an expression, i.e., the reduction rela-
tion is of the form 4 �! 4 . A further restriction is that we
only handle a typing relation � ` 4 : ) where � is a type
environment that can only store associations G : ) and/or
type variables - in the style of System � .
We target harmonious languages [14, 19] in that their

expression constructors can be classi�ed as introduction
forms or elimination forms of some type. Introduction forms
of a type build values of that type. Elimination forms of a type
are operations that handle values of that type. The reduction
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of t, that is, T is a trace of the execution of t. When the execution of t terminates, the trace is sent over
the channel x.

To make an example:
(bpa, [])>x (seq (act (a)) (seq (act (b)) (act (c)))) reduces to
(bpa,(a))>x (seq (act (b)) (act (c))) which reduces to
(bpa,(a) (b))>x (act (c)) which reduces to xh(a) (b)i.0.
Notice that, in BPA, this last c does not take a transition, but c �!c X holds. We could account for

this with a straightforward modification of BPA that performs the last action as a labeled transition, but
we prefer to use its original formulation.

A process isInTrace(t,T)) P ; Q checks whether the label t is one of the labels in the trace T. In
that case, this process behaves as P, otherwise it behaves as Q.

A process x(l).P is a language input prefix. This process receives a language on the channel x, binds
it to l, and continues as P. A process xh`i.P is a language output prefix. This process evaluates ` to a
language L , sends it over the channel x, and continues as P. Similarly, a process x(tr).P is a trace input
prefix and receives traces. A process xhTi.P is a trace output prefix and sends traces.

4 A Reduction Semantics for LANG-N-SEND

Figure 1 shows the reduction semantics of LANG-N-SEND. Structural congruence ⌘ is standard. The
reduction relation for the processes of LANG-N-SEND is �!. This relation relies on two auxiliary
relations: the language building reduction relation �!lan, and the program reduction relation �!exe.
Below we describe the rules of Figure 1.

Rule (COMM) is standard. Rule (COMM-LANG) handles the communication of languages. In this
rule, �!⇤

lan is the reflexive and transitive closure of �!lan. We evaluate ` to a language L , and only
then we perform the passing. Rule (COMM-TRACE) handles the communication of traces. Substitution
P{L /l} substitutes the free occurrences of l in P with L . Substitution P{T/tr} substitutes the free
occurrences of tr in P with T. Both substitutions are capture-avoiding, and their definition is straightfor-
ward, so we do not show it.

Rule (EXEC) handles program executions when the language is available, that is, it has been evaluated
to some L . This rule simply relies on �!exe. Rule (EXEC-CTX) evaluates ` with �!lan-reductions.

Rules (IS-IN-TRACE1) and (IS-IN-TRACE2) define the behavior of isInTrace. This process takes
a step to P if the label is in T, and takes a step to Q otherwise.

Rule (UNION) performs the union of two languages using the operation [snx. This operation adds
new grammar productions and inference rules to a language in the way that we have seen. This operation
has been previously defined in [5]. (We discuss related work in Section 6.) Rules (UNION-CTX1) and
(UNION-CTX2) evaluate the first and second argument of union, respectively.

Rule (PROGRAM-STEP) handles program executions (L ,T)>x t. This rule is responsible for ex-
ecuting t according to the operational semantics of L . To do so, we should query the inference rule
system in L . However, L contains syntax that represents an inference system. We adopt the solution
used in [5]: we translate the language into a higher-order logic program with JL Klp, and we use the
provability relation |= of logic programs to check whether a step from t is provable for some target t 0 and
some label t 00. The translation JL Klp to logic programs is easy, and has been described in [5]. The way
this translation works was not novel in there either, as it has been demonstrated previously that inference
systems of the like map well into logic programs [11, 17]. The provability relation |= comes directly
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to represent labels, our traces T are sequences of terms. We assume that a program execution starts with
an empty sequence of labels, which we denote with [] to avoid a confusing empty space in our examples.
A reduction step of t carries a label, and we append it to T. Then, T contains all the labels of all the steps
of t, that is, T is a trace of the execution of t. When the execution of t terminates, the trace is sent over
the channel x .

To make an example:
(bpa, [])>x (seq (act (a)) (seq (act (b)) (act (c)))) reduces to
(bpa,(a))>x (seq (act (b)) (act (c))) which reduces to
(bpa,(a) (b))>x (act (c)) which reduces to xh(a) (b)i.0.
Notice that, in BPA, this last c does not take a transition, but c �!c X holds. We could account for

this with a straightforward modification of BPA that performs the last action as a labeled transition, but
we prefer to use its original formulation.

A process isInTrace(t,T)) P ; Q checks whether the label t is one of the labels in the trace T. In
that case, this process behaves as P, otherwise it behaves as Q.

A process x(l).P is a language input prefix. This process receives a language on the channel x, binds
it to l, and continues as P. A process xh`i.P is a language output prefix. This process evaluates ` to a
language L , sends it over the channel x, and continues as P. Similarly, a process x(tr).P is a trace input
prefix and receives traces. A process xhTi.P is a trace output prefix and sends traces.

4 A Reduction Semantics for LANG-N-SEND

Figure 1 shows the reduction semantics of LANG-N-SEND. Structural congruence ⌘ is standard. The
reduction relation for the processes of LANG-N-SEND is �!. This relation relies on two auxiliary
relations: the language building reduction relation �!lan, and the program reduction relation �!exe.
Below we describe the rules of Figure 1.

Rule (COMM) is standard. Rule (COMM-LANG) handles the communication of languages. In this
rule, �!⇤

lan is the reflexive and transitive closure of �!lan. We evaluate ` to a language L , and only
then we perform the passing. Rule (COMM-TRACE) handles the communication of traces. Substitution
P{L /l} substitutes the free occurrences of l in P with L . Substitution P{T/tr} substitutes the free
occurrences of tr in P with T. Both substitutions are capture-avoiding, and their definition is straightfor-
ward, so we do not show it.

Rule (EXEC) handles program executions when the language is available, that is, it has been evaluated
to some L . This rule simply relies on �!exe. Rule (EXEC-CTX) evaluates ` with �!lan-reductions.

Rules (IS-IN-TRACE1) and (IS-IN-TRACE2) define the behavior of isInTrace. This process takes
a step to P if the label is in T, and takes a step to Q otherwise.

Rule (UNION) performs the union of two languages using the operation [snx. This operation adds
new grammar productions and inference rules to a language in the way that we have seen. This operation
has been previously defined in [5]. (We discuss related work in Section 6.) Rules (UNION-CTX1) and
(UNION-CTX2) evaluate the first and second argument of union, respectively.

Rule (PROGRAM-STEP) handles program executions (L ,T)>x t. This rule is responsible for ex-
ecuting t according to the operational semantics of L . To do so, we should query the inference rule
system in L . However, L contains syntax that represents an inference system. We adopt the solution
used in [5]: we translate the language into a higher-order logic program with JL Klp, and we use the
provability relation |= of logic programs to check whether a step from t is provable for some target t 0 and
some label t 00. The translation JL Klp to logic programs is easy, and has been described in [5]. The way
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In prior work, Cimini has presented LANG-N-SEND, a p-calculus with language definitions.
In this paper, we present an extension of this calculus called LANG-N-SEND+m. First, we revise

LANG-N-SEND to work with transition system specifications rather than its language specifications.
This revision allows the use of negative premises in deduction rules. Next, we extend LANG-N-SEND
with monitors and with the ability of sending and receiving regular expressions, which then can be
used in the context of larger regular expressions to monitor the executions of programs.

We present a reduction semantics for LANG-N-SEND+m, and we offer examples that demonstrate
the scenarios that our calculus captures.

1 Introduction

As the field of software language engineering advances [14], it is increasingly easier for programmers to
quickly define and deploy their own programming languages. Cimini has presented in [13] a p-calculus
called LANG-N-SEND that accommodates “language-oriented” concurrent scenarios. LANG-N-SEND
can define languages with a syntax for structural operational semantics (SOS), and use these languages
to execute programs. Processes can also send and receive fragments of operational semantics through
channels. LANG-N-SEND enables scenarios that are not typical, in which servers provide language
fragments to clients. Clients then can add them to their language, and execute programs with the newly
built language. For example, [13] uses LANG-N-SEND to model the scenario in which a server provides
the fragment of operational semantics that defines the disrupt operator [6]. A process first establishes
whether the program that it is about to execute is safety-critical or not. If it is, the process receives the
disrupt operator semantics from the server and adds it to Basic Process Algebra (BPA) [9]. The process
then uses this augmented BPA to execute the program in the context of the disrupt operator.

The crux of LANG-N-SEND consists of two operators: Program executions (L , trace)>x program
and isInTrace, used as follows:

(L , trace)>x program k x(trace).isInTrace(a, trace)) P ; Q

where L is a language definition and x is a channel. (L , trace)>x program uses the operational
semantics of L to prove a transition from program. The evaluation of program proceeds this way one
step at a time. Each transition is labelled, and LANG-N-SEND accumulates the execution trace in trace.
When program terminates, the final trace is sent over the channel x. The process on the right of the
parallel operator receives the trace, and analyzes it with isInTrace(a, trace) ) P ; Q. This process
checks that the label a is one of the labels in trace, and continues as P in such a case. Otherwise, it
continues as Q.

⇤We have addressed a part of our reviewers’ suggestions. We will address the rest by the camera-ready deadline in July.

Trace 
Accumulator channel
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xhL i.P k x(lan).Q

LANG-N-SEND contains the elements of the p-calculus [?, ?]. Channels are x, y, z, and so on. We
assume a set LANG-VAR of variables l for languages, and a set TRACE-VAR of variables tr for traces.
These sets are distinct from each other, and from the set of channels.

Language builder expressions ` build a language L , i.e., they ultimately evaluate to a language L .
This category can be extended with sophisticated language manipulations. We keep our syntax with the
minimal set of operations that are enough to demonstrate our approach. Thus, we have included only a
union operation for languages. union adds new grammar productions and inference rules to a language.
For example, bpa union (Process P ::= (loopOnNil P), (�! A (loopOnNil (nil)) (loopOnNil (nil))))
returns the language with the same grammar productions for Action, and with the additional production
(loopOnNil P) for P. Also, the rule above for loopOnNil is added to the rules of bpa.

LANG-N-SEND extends the processes of the p-calculus with the following constructors. A process
(`,T)>x t is a program execution. This process executes the program t according to the operational
semantics defined in the language `. In particular, we query the language for reductions that are provable
with �!. We also keep track of the trace of executions. Traces are sequences of labels. As we use terms
to represent labels, our traces T are sequences of terms. We assume that a program execution starts with
an empty sequence of labels, which we denote with [] to avoid a confusing empty space in our examples.
A reduction step of t carries a label, and we append it to T. Then, T contains all the labels of all the steps
of t, that is, T is a trace of the execution of t. When the execution of t terminates, the trace is sent over
the channel x .

To make an example:
(bpa, [])>x (seq (act (a)) (seq (act (b)) (act (c)))) reduces to
(bpa,(a))>x (seq (act (b)) (act (c))) reduces to
(bpa,(a) (b))>x (act (c)) reduces to
xh(a) (b)i.0
Notice that, in BPA, this last c does not take a transition, but c �!c X holds. We could account for

this with a straightforward modification of BPA that performs the last action as a labeled transition, but
we prefer to use its original formulation.

A process isInTrace(t,T)) P ; Q checks whether the label t is one of the labels in the trace T. In
that case, this process behaves as P, otherwise it behaves as Q.

A process x(l).P is a language input prefix. This process receives a language on the channel x, binds
it to l, and continues as P. A process xh`i.P is a language output prefix. This process evaluates ` to a
language L , sends it over the channel x, and continues as P. Similarly, a process x(tr).P is a trace input
prefix and receives traces. A process xhTi.P is a trace output prefix and sends traces.

4 A Reduction Semantics for LANG-N-SEND

Figure ?? shows the reduction semantics of LANG-N-SEND. Structural congruence ⌘ is standard. The
reduction relation for the processes of LANG-N-SEND is �!. This relation relies on two auxiliary
relations: the language building reduction relation �!lan, and the program reduction relation �!exe.
Below we describe the rules of Figure ??.

Rule (COMM) is standard. Rule (COMM-LANG) handles the communication of languages. In this
rule, �!⇤

lan is the reflexive and transitive closure of �!lan. We evaluate ` to a language L , and only

send

receive
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In prior work, Cimini has presented LANG-N-SEND, a p-calculus with language definitions.
In this paper, we present an extension of this calculus called LANG-N-SEND+m. First, we revise

LANG-N-SEND to work with transition system specifications rather than its language specifications.
This revision allows the use of negative premises in deduction rules. Next, we extend LANG-N-SEND
with monitors and with the ability of sending and receiving regular expressions, which then can be
used in the context of larger regular expressions to monitor the executions of programs.

We present a reduction semantics for LANG-N-SEND+m, and we offer examples that demonstrate
the scenarios that our calculus captures.

1 Introduction

As the field of software language engineering advances [14], it is increasingly easier for programmers to
quickly define and deploy their own programming languages. Cimini has presented in [13] a p-calculus
called LANG-N-SEND that accommodates “language-oriented” concurrent scenarios. LANG-N-SEND
can define languages with a syntax for structural operational semantics (SOS), and use these languages
to execute programs. Processes can also send and receive fragments of operational semantics through
channels. LANG-N-SEND enables scenarios that are not typical, in which servers provide language
fragments to clients. Clients then can add them to their language, and execute programs with the newly
built language. For example, [13] uses LANG-N-SEND to model the scenario in which a server provides
the fragment of operational semantics that defines the disrupt operator [6]. A process first establishes
whether the program that it is about to execute is safety-critical or not. If it is, the process receives the
disrupt operator semantics from the server and adds it to Basic Process Algebra (BPA) [9]. The process
then uses this augmented BPA to execute the program in the context of the disrupt operator.

The crux of LANG-N-SEND consists of two operators: Program executions (L , trace)>x program
and isInTrace, used as follows:

(L , trace)>x program k x(trace).isInTrace(a, trace)) P ; Q

where L is a language definition and x is a channel. (L , trace)>x program uses the operational
semantics of L to prove a transition from program. The evaluation of program proceeds this way one
step at a time. Each transition is labelled, and LANG-N-SEND accumulates the execution trace in trace.
When program terminates, the final trace is sent over the channel x. The process on the right of the
parallel operator receives the trace, and analyzes it with isInTrace(a, trace) ) P ; Q. This process
checks that the label a is one of the labels in trace, and continues as P in such a case. Otherwise, it
continues as Q.

⇤We have addressed a part of our reviewers’ suggestions. We will address the rest by the camera-ready deadline in July.
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of t, that is, T is a trace of the execution of t. When the execution of t terminates, the trace is sent over
the channel x.

To make an example:
(bpa, [])>x (seq (act (a)) (seq (act (b)) (act (c)))) reduces to
(bpa,a)>x (seq (act (b)) (act (c))) which reduces to
(bpa,a b)>x c which reduces to xha b ci.0.
To make an example:
(bpa, [])>x open.read.read.0 reduces to
(bpa,open)>x read.read.0 which reduces to
(bpa,open read)>x read.0 which reduces to
(bpa,open read read)>x 0 which reduces to xhopen read readi
Notice that, in BPA, this last c does not take a transition, but c �!c X holds. We could account for

this with a straightforward modification of BPA that performs the last action as a labeled transition, but
we prefer to use its original formulation.

A process isInTrace(t,T)) P ; Q checks whether the label t is one of the labels in the trace T. In
that case, this process behaves as P, otherwise it behaves as Q.

A process x(l).P is a language input prefix. This process receives a language on the channel x, binds
it to l, and continues as P. A process xh`i.P is a language output prefix. This process evaluates ` to a
language L , sends it over the channel x, and continues as P. Similarly, a process x(tr).P is a trace input

prefix and receives traces. A process xhTi.P is a trace output prefix and sends traces.

4 A Reduction Semantics for LANG-N-SEND

Figure 1 shows the reduction semantics of LANG-N-SEND. Structural congruence ⌘ is standard. The
reduction relation for the processes of LANG-N-SEND is �!. This relation relies on two auxiliary
relations: the language building reduction relation �!lan, and the program reduction relation �!exe.
Below we describe the rules of Figure 1.

Rule (COMM) is standard. Rule (COMM-LANG) handles the communication of languages. In this
rule, �!⇤

lan is the reflexive and transitive closure of �!lan. We evaluate ` to a language L , and only
then we perform the passing. Rule (COMM-TRACE) handles the communication of traces. Substitution
P{L /l} substitutes the free occurrences of l in P with L . Substitution P{T/tr} substitutes the free
occurrences of tr in P with T. Both substitutions are capture-avoiding, and their definition is straightfor-
ward, so we do not show it.

Rule (EXEC) handles program executions when the language is available, that is, it has been evaluated
to some L . This rule simply relies on �!exe. Rule (EXEC-CTX) evaluates ` with �!lan-reductions.

Rules (IS-IN-TRACE1) and (IS-IN-TRACE2) define the behavior of isInTrace. This process takes
a step to P if the label is in T, and takes a step to Q otherwise.

Rule (UNION) performs the union of two languages using the operation [snx. This operation adds
new grammar productions and inference rules to a language in the way that we have seen. This operation
has been previously defined in [?]. (We discuss related work in Section 6.) Rules (UNION-CTX1) and
(UNION-CTX2) evaluate the first and second argument of union, respectively.

Rule (PROGRAM-STEP) handles program executions (L ,T)>x t. This rule is responsible for ex-
ecuting t according to the operational semantics of L . To do so, we should query the inference rule
system in L . However, L contains syntax that represents an inference system. We adopt the solution
used in [?]: we translate the language into a higher-order logic program with JL Klp, and we use the
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verifyThis(regexp1,regexp2) ? P : Q

Language builder expressions ` evaluate to TSSs T . We can combine two TSSs with union, which
performs the union operations that we have seen in Section 2.

LANG-N-SEND+m executes programs and keeps track of their execution trace. We analyze these
traces with regular expressions over the set of labels L as the alphabet. The grammar of regular expres-
sions E is standard (with l s as atomic symbols). To recall: e is the empty string, we use an explicit
concatenation operator · (though literature often uses juxtaposition), | is the alternation operator, and E ⇤

is the Kleene closure of E . As usual, the semantics of a regular expression E is a set of strings. We
denote this set with JE K. The definition of JE K is standard and we omit it here [18].

Traces are finite strings of labels l1l2 . . .ln. We represent traces with regular expressions of the form
l1 ·l2 . . . ·ln, i.e., a concatenation of labels. Therefore, we have traces Etr as a special case of regular
expressions that denote a singleton set with one string.

LANG-N-SEND+m can send and receive transmittable expressions e through channels. Transmit-
table expressions are channels, language builder expressions, regular expressions, and terms. Similarly
to the p-calculus, channel names x, y, and so on, are binding variables for channels. Additionally,
LANG-N-SEND+m uses x, y, and so on, as binding variables for language builder expressions, regular ex-
pressions, and terms, as well. Transmittable expressions can be language builder expressions that contain
variables such as T union x, where x will be substituted after a communication takes place. Similarly,
transmittable expressions can be regular expressions that contain variables such as E · x, where x will be
substituted later. Notice that LANG-N-SEND+m processes are such that expressions like T union x and
E · x will have x already substituted when we reach the moment where these expressions are used.

LANG-N-SEND+m contains the processes of the p-calculus, except that the output prefix sends trans-
mittable expressions. Furthermore, LANG-N-SEND+m contains the following processes.

(e1,Etr)>x e2 with monitors em is a program execution with online monitors em. This process evalu-
ates e1 to a TSS T , and we have that e2 is a term t at the moment this process is activated. (We offer some
remarks on type errors at the end of this section.) The term t is the program to be executed. This process
executes the program t according to the semantics of T . To do so, we use the derivability of formulae
of TSSs to derive a transition from t. Program executions evaluate t one step at a time. Each of these
transitions has a label, and we concatenate these labels in Etr. We assume that every program execution
starts with the empty string e . Therefore, Etr is the trace of the execution up to a certain point. After
each transition, we check that the current trace satisfies all the monitors em. Each monitor m contains a
regular expression and a process P. If the regular expression does not validate the trace then the whole
program execution is discarded and P is executed instead. If there are multiple monitors that are not
satisfied, LANG-N-SEND+m non-deterministically executes the process of one of them. (We purposely
under-specify this part. Actual implementations may fix a selection method, for example based on the
order in which monitors appear.)

When the execution of t terminates, the trace Etr is sent over the channel x.
LANG-N-SEND+m accommodates offline monitors, as well, which analyze the trace of the whole ex-

ecution after t terminates. We do so in the following way. As just described, the trace Etr can be received
over the channel x. Afterwards, it can be used with the process verifyThis(Etr,E ) ? P : Q, which
behaves as P if the regular expression E validates the trace Etr, and behaves as Q otherwise. More specif-
ically, the operator verifyThis works in a slightly more general form: verifyThis(e1,e2) ? P : Q,
where e1 and e2 are regular expressions E1 and E2 at the moment this process is activated. Notice that E1
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ates e1 to a TSS T , and we have that e2 is a term t at the moment this process is activated. (We offer some
remarks on type errors at the end of this section.) The term t is the program to be executed. This process
executes the program t according to the semantics of T . To do so, we use the derivability of formulae
of TSSs to derive a transition from t. Program executions evaluate t one step at a time. Each of these
transitions has a label, and we concatenate these labels in Etr. We assume that every program execution
starts with the empty string e . Therefore, Etr is the trace of the execution up to a certain point. After
each transition, we check that the current trace satisfies all the monitors em. Each monitor m contains a
regular expression and a process P. If the regular expression does not validate the trace then the whole
program execution is discarded and P is executed instead. If there are multiple monitors that are not
satisfied, LANG-N-SEND+m non-deterministically executes the process of one of them. (We purposely
under-specify this part. Actual implementations may fix a selection method, for example based on the
order in which monitors appear.)

When the execution of t terminates, the trace Etr is sent over the channel x.
LANG-N-SEND+m accommodates offline monitors, as well, which analyze the trace of the whole ex-

ecution after t terminates. We do so in the following way. As just described, the trace Etr can be received
over the channel x. Afterwards, it can be used with the process verifyThis(Etr,E ) ? P : Q, which
behaves as P if the regular expression E validates the trace Etr, and behaves as Q otherwise. More specif-
ically, the operator verifyThis works in a slightly more general form: verifyThis(e1,e2) ? P : Q,

checks
trace analysis:
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where T is a TSS and m1, m2, . . ., and mn are online monitors. Each mi carries the regular expression
to be checked during the execution of program, as well as a process to be executed in case such regular
expression is violated.

We also have extended the offline monitoring capabilities of LANG-N-SEND by replacing isInTrace
with the following operation:

verifyThis(trace,regexp) ? P : Q

This operation checks that the regular expression regexp validates trace. If the check is successful
then we continue with P, otherwise we continue with Q. (Our verifyThis operator is not limited to
checking acceptance for regular expressions, though we postpone this discussion to Section 3.)

LANG-N-SEND is tailored to express dynamic scenarios where language fragments are sent and
received, and where processes are instructed to execute programs received from other processes. In this
dynamic context, it is natural to also receive, from external processes, the regular expressions to monitor.
We have therefore extended LANG-N-SEND with the ability of sending and receiving regular expressions
through channels.

We call this new calculus LANG-N-SEND+m (as in “plus monitoring”). Notice that, in this paper, our
goal is to address the operations described above with suitable linguistic features. We argue in Section 6
that a calculus that is smaller than the one that we show, and that can encode our operations, may exist,
but we leave exploring that research venue as future work.

Contributions We present a reduction semantics for LANG-N-SEND+m in Section 4. To demonstrate
the type of scenarios that LANG-N-SEND+m captures, we provide the following examples in Section 5:

• Negative premise (Example 1). A server receives the semantics of the parallel operator from an-
other process, which decides whether parallel processes are allowed to spend idle time or whether
they must run with maximal progress.

• Offline monitoring (Example 2). A server receives programs from clients, executes them to the
end, and checks that the programs have used files correctly (open before read/write operations, and
close at the end). The server does so by checking that the final trace is accepted by an appropriate
regular expression.

• Online monitoring and sending/receiving of regular expressions (Example 3). This example
refines Example 2. Programs can perform a privileged action on files as long as they respect a
correct sequence of actions. This sequence of actions changes every day, and is provided by an
external process. The server receives this sequence as a regular expression, and uses it to install an
online monitor for the execution of programs.

We believe that LANG-N-SEND+m provides a suitable formalism to express these and similar sce-
narios. The paper is organized as follows. Section 2 provides the definition of TSSs from the litera-
ture. Section 3 presents the syntax of LANG-N-SEND+m. Section 4 presents a reduction semantics for
LANG-N-SEND+m. Section 5 demonstrates our calculus with the examples described above. Section 6
offers a discussion of selected aspects such as deadlocks, implementation ideas, and ideas for simplifying
our calculus. Section 7 discusses related work, and Section 8 concludes the paper.

x(trace).verifyThis(trace,open (read | write)⇤ close) : P ? Q

Then, we can analyze the trace

4 Lang-n-Send: Processes That Send Languages

of t, that is, T is a trace of the execution of t. When the execution of t terminates, the trace is sent over
the channel x.

To make an example:
(bpa, [])>x (seq (act (a)) (seq (act (b)) (act (c)))) reduces to
(bpa,a)>x (seq (act (b)) (act (c))) which reduces to
(bpa,a b)>x c which reduces to xha b ci.0.
To make an example:
(bpa, [])>x open.read.read.0 reduces to
(bpa,open)>x read.read.0 which reduces to
(bpa,open read)>x read.0 which reduces to
(bpa,open read read)>x 0 which reduces to xhopen read readi
Notice that, in BPA, this last c does not take a transition, but c �!c X holds. We could account for

this with a straightforward modification of BPA that performs the last action as a labeled transition, but
we prefer to use its original formulation.

A process isInTrace(t,T)) P ; Q checks whether the label t is one of the labels in the trace T. In
that case, this process behaves as P, otherwise it behaves as Q.

A process x(l).P is a language input prefix. This process receives a language on the channel x, binds
it to l, and continues as P. A process xh`i.P is a language output prefix. This process evaluates ` to a
language L , sends it over the channel x, and continues as P. Similarly, a process x(tr).P is a trace input

prefix and receives traces. A process xhTi.P is a trace output prefix and sends traces.

4 A Reduction Semantics for LANG-N-SEND

Figure 1 shows the reduction semantics of LANG-N-SEND. Structural congruence ⌘ is standard. The
reduction relation for the processes of LANG-N-SEND is �!. This relation relies on two auxiliary
relations: the language building reduction relation �!lan, and the program reduction relation �!exe.
Below we describe the rules of Figure 1.

Rule (COMM) is standard. Rule (COMM-LANG) handles the communication of languages. In this
rule, �!⇤

lan is the reflexive and transitive closure of �!lan. We evaluate ` to a language L , and only
then we perform the passing. Rule (COMM-TRACE) handles the communication of traces. Substitution
P{L /l} substitutes the free occurrences of l in P with L . Substitution P{T/tr} substitutes the free
occurrences of tr in P with T. Both substitutions are capture-avoiding, and their definition is straightfor-
ward, so we do not show it.

Rule (EXEC) handles program executions when the language is available, that is, it has been evaluated
to some L . This rule simply relies on �!exe. Rule (EXEC-CTX) evaluates ` with �!lan-reductions.

Rules (IS-IN-TRACE1) and (IS-IN-TRACE2) define the behavior of isInTrace. This process takes
a step to P if the label is in T, and takes a step to Q otherwise.

Rule (UNION) performs the union of two languages using the operation [snx. This operation adds
new grammar productions and inference rules to a language in the way that we have seen. This operation
has been previously defined in [?]. (We discuss related work in Section 6.) Rules (UNION-CTX1) and
(UNION-CTX2) evaluate the first and second argument of union, respectively.

Rule (PROGRAM-STEP) handles program executions (L ,T)>x t. This rule is responsible for ex-
ecuting t according to the operational semantics of L . To do so, we should query the inference rule
system in L . However, L contains syntax that represents an inference system. We adopt the solution
used in [?]: we translate the language into a higher-order logic program with JL Klp, and we use the
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LANG-N-SEND accommodates BPA as follows. The transition P
a�! P

0 is encoded as (�! a P P
0).

We represent the formula P �!a X with (checkMark (a) P). Below, act is the operator for actions, and
seq is the sequential operator. We give this language the name bpa.

bpa , (Action A ::= (a) | (b) | (c) (* We assume that the set of actions is {a,b,c} *)

Process P ::= (act A) | (+ P P) | (seq P P),

(checkMark A (act A))
(checkMark A P1)

(checkMark A (+ P1 P2))

(checkMark A P2)

(checkMark A (+ P1 P2))

(�! A P1 P
0
1)

(�! A (+ P1 P2) P
0
1)

(�! A P2 P
0
2)

(�! A (+ P1 P2) P
0
2)

(�! A P1 P
0
1)

(�! A (seq P1 P2) (seq P
0
1 P2))

(checkMark A P1)

(�! A (seq P1 P2) P2)
)

3 Syntax for Processes

The syntax of LANG-N-SEND processes P, Q, R, and so on, is defined as follows.

Trace T ::= tr | t · · · t

Language Builder ` ::= l | L | ` union `
Processes P ::= 0 | x(y).P | xhyi.P | P k P | P+P

| (nx).P | !P
(using languages) | (`,T)>x t

(analyzing executions) | isInTrace(t,T)) P ; P

(communicating languages) | x(l).P | xh`i.P
(communicating traces) | x(tr).P | xhTi.P

LANG-N-SEND contains the elements of the p-calculus [?, ?]. Channels are x, y, z, and so on. We
assume a set LANG-VAR of variables l for languages, and a set TRACE-VAR of variables tr for traces.
These sets are distinct from each other, and from the set of channels.

Language builder expressions ` build a language L , i.e., they ultimately evaluate to a language L .
This category can be extended with sophisticated language manipulations. We keep our syntax with the
minimal set of operations that are enough to demonstrate our approach. Thus, we have included only a
union operation for languages. union adds new grammar productions and inference rules to a language.
For example, bpa union (Process P ::= (loopOnNil P)) (�! A (loopOnNil (nil)) (loopOnNil (nil))))
returns the language with the same grammar productions for Action, and with the additional production
(loopOnNil P) for P. Also, the rule above for loopOnNil is added to the rules of bpa.

LANG-N-SEND extends the processes of the p-calculus with the following constructors. A process
(`,T)>x t is a program execution. This process executes the program t according to the operational
semantics defined in the language `. In particular, we query the language for reductions that are provable
with �!. We also keep track of the trace of executions. Traces are sequences of labels. As we use terms
to represent labels, our traces T are sequences of terms. We assume that a program execution starts with
an empty sequence of labels, which we denote with [] to avoid a confusing empty space in our examples.
A reduction step of t carries a label, and we append it to T. Then, T contains all the labels of all the steps
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Reduction Semantics P ⌘ P, P �! P, `�!lan `, P �!exe P

P k 0 ⌘ P P k Q ⌘ Q k P (P k Q) k R ⌘ P k (Q k R)

P+0 ⌘ P P+Q ⌘ Q+P (P+Q)+R ⌘ P+(Q+R) !P ⌘ P k!P

nx.0 ⌘ 0 nx.ny.P ⌘ ny.nx.P nx.(P k Q)⌘ nx.P k Q, if x is not a free name of Q

P1 �! P0
1

P1 +P2 �! P0
1

P1 �! P0
1

P1 k P2 �! P0
1 k P2

P �! P0

nx.P �! nx.P0
P ⌘ P0 P0 �! Q0 Q0 ⌘ Q

P �! Q

(COMM)
x(y).P k xhei.Q �! P{e/y} k Q

(EXEC)
(T ,Etr)>x t with monitors em �!exe P
(T ,Etr)>x t with monitors em �! P

(EXEC-CTX)
`�!lan `

0

(`,Etr)>x t with monitors em �! (`0,Etr)>x t with monitors em

(VERIFY-SUCCESS)
JE1K ✓ JE2K

verifyThis(E1,E2) ? P : Q �! P

(VERIFY-FAIL)
JE1K 6✓ JE2K

verifyThis(E1,E2) ? P : Q �! Q

(LABELS-SUCCESS)
T = (S,L,D) el = l1, · · · ,ln

L ✓ {l1, · · · ,ln}
lb(el ,T ) ? P : Q �! P

(LABELS-FAIL)
T = (S,L,D) el = l1, · · · ,ln

L 6✓ {l1, · · · ,ln}
lb(el ,T ) ? P : Q �! Q

(LABELS-CTX)
`�!lan `

0

lb(el ,`) ? P : Q �! lb(el ,`0) ? P : Q

(UNION)
T1 union T2 �!lan T1 �T2

(UNION-CTX1)
`1 �!lan `

0
1

`1 union `2 �!lan `
0
1 union `2

(UNION-CTX2)
`2 �!lan `

0
2

T union `2 �!lan T union `02

(PROGRAM-STEP)

T ` t l�! t 0 em ⌘ E1 ) P1 · · · En ) Pn
JEtr ·l K = {s} s 2 JEiK for all 1  i  n

(T ,Etr)>x t with monitors em �!exe (T ,Etr ·l)>x t 0 with monitors em

(MONITOR-FAIL)

T ` t l�! t 0 em ⌘ E1 ) P1 · · · En ) Pn
JEtr ·l K = {s} s 62 JEiK for some 1  i  n

(T ,Etr)>x t with monitors em �!exe Pi

(PROGRAM-END)

T 6` t l�! t 0

(T ,Etr)>x t with monitors em �!exe !xhEtri.0

Figure 1: Reduction semantics of LANG-N-SEND+m. In this figure, lb is short for the labels operator.
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provability relation |= of logic programs to check whether a step from t is provable for some target t
0 and

some label t
00. The translation JL Klp to logic programs is easy, and has been described in [?]. The way

this translation works was not novel in there either, as it has been demonstrated previously that inference
systems of the like map well into logic programs [?, ?]. The provability relation |= comes directly from
the semantics of higher order logic programs, which can be found in [?]. Rule (PROGRAM-STEP) also
appends t

00 to the trace recorded in the program execution.

Rule (PROGRAM-END) detects that a step is not provable for t. Then, the execution of t is terminated,
and we send the trace over the channel x.

Notice that t may fail to prove a step for several reasons, including that t is stuck because of miss-
ing reduction rules in an ill-defined language. Programmers are responsible for giving well-designed
languages, as LANG-N-SEND does not check that.

Reduction Semantics P ⌘ P, P �! P, `�!lan `, P �!exe P

P | 0 ⌘ P P | Q ⌘ Q | P (P | Q) | R ⌘ P | (Q | R) !P ⌘ P |!P

(nx).0 ⌘ 0 (nx).(ny).P ⌘ (ny).(nx).P (nx).(P | Q)⌘ (nx).P | Q, if x is not a free name of Q

P1 �! P
0
1

P1 | P2 �! P
0
1 | P2

P �! P
0

(nx).P �! (nx).P0
P ⌘ P

0
P
0 �! Q

0
Q
0 ⌘ Q

P �! Q

(COMM)
x(y).P | xhzi.Q �! P{z/y} | Q

(COMM-LANG)
`�!⇤

lan L

x(l).P | xh`i.Q �! P{L /l} | Q

(COMM-TRACE)
x(tr).P | xhTi.Q �! P{T/tr} | Q

(EXEC)
(L ,T)>x t �!exe P

(L ,T)>x t �! P

(EXEC-CTX)
`�!lan `

0

(`,T)>x t �! (`0,T)>x t

(IS-IN-TRACE1)
T= t1 · · · tn 1  i  n

isInTrace(ti,T)) P ; Q �! P

(IS-IN-TRACE2)
T= t1 · · · tn t 6= ti, for all 1  i  n

isInTrace(t,T)) P ; Q �! Q

(UNION)
L1 union L2 �!lan L1 [snx L2

(UNION-CTX1)
`1 �!lan `

0
1

`1 union `2 �!lan `
0
1 union `2

(UNION-CTX2)
`2 �!lan `

0
2

`1 union `2 �!lan `1 union `
0
2

(PROGRAM-STEP)
JL Klp |= (t �!t

00
t
0)

(L ,T)>x t �!exe (L ,T t
00)>x t

0

(PROGRAM-END)
JL Klp 6|= (t �!t

00
t
0)

(L ,T)>x t �!exe xhTi.0

Figure 1: Reduction semantics of LANG-N-SEND.
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provability relation |= of logic programs to check whether a step from t is provable for some target t
0 and

some label t
00. The translation JL Klp to logic programs is easy, and has been described in [?]. The way

this translation works was not novel in there either, as it has been demonstrated previously that inference
systems of the like map well into logic programs [?, ?]. The provability relation |= comes directly from
the semantics of higher order logic programs, which can be found in [?]. Rule (PROGRAM-STEP) also
appends t

00 to the trace recorded in the program execution.
Rule (PROGRAM-END) detects that a step is not provable for t. Then, the execution of t is terminated,

and we send the trace over the channel x.
Notice that t may fail to prove a step for several reasons, including that t is stuck because of miss-

ing reduction rules in an ill-defined language. Programmers are responsible for giving well-designed
languages, as LANG-N-SEND does not check that.
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(COMM)
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`�!lan `

0

(`,T)>x t �! (`0,T)>x t

(IS-IN-TRACE1)
T= t1 · · · tn 1  i  n

isInTrace(ti,T)) P ; Q �! P

(IS-IN-TRACE2)
T= t1 · · · tn t 6= ti, for all 1  i  n

isInTrace(t,T)) P ; Q �! Q

(UNION)
L1 union L2 �!lan L1 [snx L2

(UNION-CTX1)
`1 �!lan `

0
1

`1 union `2 �!lan `
0
1 union `2

(UNION-CTX2)
`2 �!lan `

0
2

`1 union `2 �!lan `1 union `
0
2

(PROGRAM-STEP)
JL Klp |= (t �!t

00
t
0)

(L ,T)>x t �!exe (L ,T t
00)>x t

0

(PROGRAM-END)
JL Klp 6|= (t �!t

00
t
0)

(L ,T)>x t �!exe xhTi.0

(PROGRAM-STEP)
JL Klp |= (prg �!a

prg
0)

(L ,T)>x prg �!exe (L ,T a)>x prg
0

(PROGRAM-END)
JL Klp 6|= (prg �!a

prg
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(L ,T)>x t �!exe xhTi

Figure 1: Reduction semantics of LANG-N-SEND.

6 Lang-n-Send Extended: Sending Regular Expressions to Monitors

and we concatenate these labels in Etr. We assume that every program execution starts with the empty
string ! . Therefore, Etr is the trace of the execution up to a certain point. After each transition, we check
that the current trace satisfies all the monitors !m. Each monitor m contains a regular expression and a
process P. If the regular expression does not validate the trace then the whole program execution is dis-
carded and P is executed instead. If there are multiple monitors that are not satisfied, LANG-N-SEND+m

non-deterministically executes the process of one of them. (We purposely under-specify this part. Actual
implementations may fix a selection method, for example based on the order in which monitors appear.)

When the execution of t terminates, the trace Etr is sent over the channel x.
LANG-N-SEND+maccommodates offline monitors, as well, which analyze the trace of the whole ex-

ecution after t terminates. We do so in the following way. As just described, the trace Etr can be received
over the channel x. Afterwards, it can be used with the process verifyThis (Etr,E ) ? P : Q, which
behaves as P if the regular expression E validates the trace Etr, and behaves as Q otherwise. More specif-
ically, our verifyThis operator works in a slightly more general form: verifyThis (e1,e2) ? P : Q,
where e1 and e2 are regular expressions E1 and E2 when this process is activated. Notice that E1 is not
necessarily some trace Etr. verifyThis checks whether E2 subsumes E1, i.e., !E1" ! !E2" 1. We offer
this general form as a convenience to programmers. For example, a process may already be planning to
run an online monitor with E2, and may receive E1 from another process with instructions to monitor it,
as well. This process can execute verifyThis (E1,E2) ? P : Q and program P to run a monitor with E2
only, as it subsumes E1, as in

verifyThis (E1,E2) ? ( T , ! )> x t with monitors E2 " monitor-fail.0
:
( T , ! )> x t with monitors E1 " monitor-fail.0

E2 " monitor-fail.0

( L , [])> x prg with monitors regexp1 " monitor-fail1.0
regexp2 " monitor-fail2.0

Notice that when verifyThis is used with a trace as in verifyThis (Etr,E ) ? P : Q, then !Etr" is
a singleton set with a string and !Etr" ! !E " holds whenever that string is in !E ".

A process labels (!" ,e) ? P : Q, where e evaluates to a TSS T , checks whether the set of labels of
T is a subset of the labels !" . In such a case, the process behaves as P, otherwise it behaves as Q. This
operation is useful to check, before executing programs, that a TSS works with the expected actions.

4 A Reduction Semantics for LANG-N-SEND+m

Figure ?? shows the reduction semantics of LANG-N-SEND+m in two parts. The first part of Figure
??, that is above the horizontal line, contains the standard definition of the structural congruence # of
the #-calculus, and includes the reduction rules of the #-calculus that are also part of the semantics of
LANG-N-SEND+m[?]. The second part of Figure 1, that is below the horizontal line, contains the rest of
the reduction semantics.

The main reduction relation is $% . As in [?], this relation makes use of two auxiliary relations:
$% lan evaluates language builder expressions ! into TSSs, and $% exe handles program executions.

Rule (COMM) realizes the communication of transmittable expressions. Substitution P{ e/ y} sub-
stitutes the free occurrences of y in P with e. This substitution is capture-avoiding, its definition is

1The inclusion problem is decidable for regular expressions [?].
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6 Lang-n-Send: Processes That Send Languages

5 Examples

Server Provides a Disrupt Operator In this example,serveris a server that offers two services:task
and quitOnFailureTask. These tasks are executed with BPA processes. However,quitOnFailureTask
is critical, and should stop if a mistake is detected. BPA does not have a way to model disruptions.
Therefore, at the moment of executingquitOnFailureTask(and only in that case),serverrequests the
piece of operational semantics of the disrupt operator of LOTOS [?], adapted for BPA in [?], and adds it
to the languagebpafrom Section 2. Intuitively,P ! Q means thatP can be disrupted byQ. This process
behaves asP, though at any point, non-deterministically,Q can start its computation, which discardsP
forever. We repeat the inference rules for! ([?]).

P1 !" a "
P1 ! P2 !" a "

P1
a!" P#

1

P1 ! P2
a!" P#

1 ! P2

P2
a!" P#

2

P1 ! P2
a!" P#

2

P2 !" a "
P1 ! P2 !" a "

We deÞne the LANG-N-SEND counterpart of! in two parts.almostDisruptcontains the Þrst row of
the rules above. These rules deÞne the behavior of! insofar the preempted process is concerned.dis-
ruptRulescontains the second row of rules, which are for the preempting process. Then,disruptcontains
the union of the two, and is the piece of language with the full deÞnition of! .

almostDisrupt# (Process P::= ( ! P P),

(checkMark A P1)
(checkMark A(! P1 P2))

(!" A P1 P#
1)

(!" A (! P1 P2) ( ! P#
1 P2))

)

disruptRules# (
(!" A P2 P#

2)

(!" A (! P1 P2) P#
2)

(checkMark A P2)
(checkMark A(! P1 P2))

)

disrupt# almostDisruptunion disruptRule

Below, the processdisruptOperatorProvideris a server, different fromserver, that provides thedis-
rupt piece of language over the channelgetDisrupt. The code forserveris also below. We assume that
bpa program, a term, is a BPA process to be executed forquitOnFailureTask, and thatbpa sorry is the
BPA process that can non-deterministically preemptbpa program. For readability, we use! in inÞx
notation. The process fortaskis irrelevant, and we chose(act (a)) .

disruptOperatorProvider# !(getDisrupt$disrupt%)
server# !( task(x).( bpa, [])> x (act (a))

+
quitOnFailureTask(x).getDisrupt(l ).( bpaunion l, [])> x (bpa program! bpa sorry) )

system# (server| disruptOperatorProvider| client1 | client2 . . . | clientn)

Suppose thatbpa sorry performs the action (sorry). We can detect whetherbpa programhas been
disrupted withisInTrace . The second branch of the choice operator ofserverwould be

quitOnFailureTask(x).getDisrupt(l ).(! x).
(( bpaunion l, [])> x (bpa program! bpa sorry) | x(tr).isInTrace ((sorry),tr) & P1 ; P2)
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Suppose thatbpa sorry performs the action (sorry). We can detect whetherbpa programhas been
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Here,servercreates a private channelx over which the trace is sent. We assume thatP1 andP2 are
two processes thatservercares to execute depending on whether (sorry) is in the trace or not.

Server Decides Disrupt vs Interrupt In this example, the serverdisruptOperatorProvideris called
quitModeProvider. It takes in input a channel (such asquitOnFailureTask), and non-deterministically
decides whether to provide the disrupt operator or the interrupt operator! from [?]. The processP! Q
means thatP can be interrupted byQ. Differently from the disrupt operator, which completely discards
P whenQ takes over, the interrupt operator resumesP afterQ terminates.

bpa programusesoneoperator whose underlying semantics is given byquitModeProvider. We Þx
the symbol for this operator to be" . Therefore, whenquitModeProvidergives the interrupt semantics,
it does so by giving the rules of! for the symbol" . The piece of language for the preempted process,
almostDisrupt, is the same for" and! . The rules for the preempting process are the following ([?]).

P2
a!" P#

2

P1 ! P2
a!" P#

2 áP1

P2
a!" P#

2

P1 " P2
a!" P#

2 áP1

P2 !" a #

P1 ! P2
a!" P1

Below, interruptRulescontains the LANG-N-SEND counterpart of these rules, though deÞned for
the symbol" , as explained above. When we addinterruptRulesto almostDisruptwe obtain the full
deÞnition of the interrupt operator (given as" ), which we callinterrupt.

interruptRules$ (
(!" A P2 P#

2)

(!" A (" P1 P2) (seq P#
2 P1))

(checkMark A P2)
(!" A (" P1 P2) P1)

)

interrupt$ almostDisruptunion interruptRules
quitModeProvider$ !whatTask(y).( getQuitMode$interrupt%+ getQuitMode$disrupt%)
server$ !(task(x).( bpa, [])> x (act (a))

+
quitOnFailureTask(x).whatTask$quitOnFailureTask%.getQuitMode(l ).

( bpaunion l, [])> x (bpa program" bpa sorry) )

system$ (server| quitModeProvider| client1 | client2 . . . | clientn)

Server Decides Synchronous vs AsynchronousIn this example, the processclient executes a CCS
process calledccsprogram. However,client requests the semantics of the output preÞx operator from
the serveroutputProvider, which decides, non-deterministically, whetherccsprogrammust be executed
synchronously or asynchronously. There is a syntactic difference between the synchronous outputa.P
and the asynchronous outputa (with no continuation process). Asccsprogramis Þxed, we settle to use
the more general output forma.P, though its semantics will be given by the server.

We deÞne a partial CCS with inaction, input preÞx, output preÞx, a one-channel restriction operator
P\ a, and the parallel operator. The semantics of the output preÞx, however, is not given. As we do not
have negative premises in rules, we deÞneP\ a by cases. For simplicity, we only include channelsx andy.

Channel a::= x | y
Label L::= ! | a | a
Process P::= 0 | a.P | a.P | P | P | P\ a

Server: !(getQuitMode(disrupt) + getQuitMode(interrupt))
    ||

Client:   getQuitMode(l) -> 
                  (mylan U l)>  prg     errorPrg

——————————

defines prg (some program)
defines errorPrg (program in case of error)

mylan =  

disrupt =  Server: interrupt =  

———————————
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it does so by giving the rules of! for the symbol" . The piece of language for the preempted process,
almostDisrupt, is the same for" and! . The rules for the preempting process are the following ([?]).

P2
a!" P#
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P1 ! P2
a!" P#

2 áP1

P2
a!" P#

2

P1 " P2
a!" P#

2 áP1

P2 !" a #

P1 ! P2
a!" P1

Below, interruptRulescontains the LANG-N-SEND counterpart of these rules, though deÞned for
the symbol" , as explained above. When we addinterruptRulesto almostDisruptwe obtain the full
deÞnition of the interrupt operator (given as" ), which we callinterrupt.
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2 P1))
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(!" A (" P1 P2) P1)

)

interrupt$ almostDisruptunion interruptRules
quitModeProvider$ !whatTask(y).( getQuitMode$interrupt%+ getQuitMode$disrupt%)
server$ !(task(x).( bpa, [])> x (act (a))

+
quitOnFailureTask(x).whatTask$quitOnFailureTask%.getQuitMode(l ).

( bpaunion l, [])> x (bpa program" bpa sorry) )

system$ (server| quitModeProvider| client1 | client2 . . . | clientn)

Server Decides Synchronous vs AsynchronousIn this example, the processclient executes a CCS
process calledccsprogram. However,client requests the semantics of the output preÞx operator from
the serveroutputProvider, which decides, non-deterministically, whetherccsprogrammust be executed
synchronously or asynchronously. There is a syntactic difference between the synchronous outputa.P
and the asynchronous outputa (with no continuation process). Asccsprogramis Þxed, we settle to use
the more general output forma.P, though its semantics will be given by the server.

We deÞne a partial CCS with inaction, input preÞx, output preÞx, a one-channel restriction operator
P\ a, and the parallel operator. The semantics of the output preÞx, however, is not given. As we do not
have negative premises in rules, we deÞneP\ a by cases. For simplicity, we only include channelsx andy.

Channel a::= x | y
Label L::= ! | a | a
Process P::= 0 | a.P | a.P | P | P | P\ a

or

disrupt interrupt
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P\ a, and the parallel operator. The semantics of the output preÞx, however, is not given. As we do not
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Label L::= ! | a | a
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• Server decides semantics of quit mode:

• Server decides whether outputs 
are synchronous (blocking) or asynchronous (non-blocking)
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LANG-N-SEND accommodates BPA as follows. The transitionP a!" P#is encoded as(!" a P P#).
We represent the formulaP !" a ! with (checkMark(a) P). Below,act is the operator for actions, and
seqis the sequential operator. We give this language the namebpa.

bpa" (Action A::= ( a) | (b) | (c) (* We assume that the set of actions is{ a,b,c} *)

Process P::= ( act A) | (+ P P) | (seq P P),

(checkMark A(act A))
(checkMark A P1)

(checkMark A(+ P1 P2))
(checkMark A P2)

(checkMark A(+ P1 P2))

(!" A P1 P#
1)

(!" A (+ P1 P2) P#
1)

(!" A P2 P#
2)

(!" A (+ P1 P2) P#
2)

(!" A P1 P#
1)

(!" A (seq P1 P2) (seq P#
1 P2))

(checkMark A P1)
(!" A (seq P1 P2) P2)

)

3 Syntax for Processes

The syntax of LANG-N-SEND processesP, Q, R, and so on, is deÞned as follows.

Trace T ::= tr | t ááát
Language Builder ! ::= l | L | ! union !
Processes P ::= 0 | x(y).P | x$y%.P | P | P | P+ P

| (! x).P | !P
(using languages) | ( ! ,T)> x t
(analyzing executions) | isInTrace (t,T) & P ; P
(communicating languages) | x(l ).P | x$!%.P
(communicating traces) | x(tr).P | x$T%.P

LANG-N-SEND contains the elements of the" -calculus [?,?]. Channels arex, y, z, and so on. We
assume a setLANG-VAR of variablesl for languages, and a setTRACE-VAR of variablestr for traces.
These sets are distinct from each other, and from the set of channels.

Language builder expressions! build a languageL , i.e., they ultimately evaluate to a languageL .
This category can be extended with sophisticated language manipulations. We keep our syntax with the
minimal set of operations that are enough to demonstrate our approach. Thus, we have included only a
union operation for languages.union adds new grammar productions and inference rules to a language.
For example,bpaunion (Process P::= ( loopOnNil P)) ( !" A (loopOnNil(nil)) ( loopOnNil(nil))) )
returns the language with the same grammar productions forAction, and with the additional production
(loopOnNil P) for P. Also, the rule above forloopOnNil is added to the rules ofbpa.

LANG-N-SEND extends the processes of the" -calculus with the following constructors. A process
( ! ,T)> x t is a program execution. This process executes the programt according to the operational
semantics deÞned in the language! . In particular, we query the language for reductions that are provable
with !" . We also keep track of the trace of executions. Traces are sequences of labels. As we use terms
to represent labels, our tracesT are sequences of terms. We assume that a program execution starts with
an empty sequence of labels, which we denote with[] to avoid a confusing empty space in our examples.
A reduction step oft carries a label, and we append it toT. Then,T contains all the labels of all the steps

maximal progress setting or not

• Server decides semantics of the parallelization:
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that decides whether parallel processes are allowed to spend idle time or whether they must run with
maximal progress. We deÞne the TSS of a subset of Hennessy and ReganÕs Process Algebra for Timed
Systems (TPA) [17]. We consider a subset of TPA with inactionnil, unary operatorsa.P for each of the
actionsa of a Þnite setAct, and the parallel operator! . The transitions of TPA are labeled with actions
of Act, the silent action! , and the label" for the passing of idle time. The transitionP ""# P means that
the processP spends idle time.

We deÞnealmostTPAto be the subset of TPA just described. However, we also omit the rule for the
passing of idle time in case of the parallel operator. We Þrst deÞne the set of rulesDtpa" .

Dtpa" = { a.P ""# a.P, nil ""# nil} .

We then deÞnealmostTPAas an extension ofpartialCSSof Section 2. (Recall that! /0 is the empty
signature deÞned in Section 2.)

almostTPA! partialCSS$ (! /0, { " } ,Dtpa" ).

We can completealmostTPAby including a way to allow time to pass for a parallel operation. For
example, we can add either of the following rules.

(PAR-IDLE)

p ""# p% q ""# q%

p ! q ""# p%! q%

(PAR-MAX )

p ""# p% q ""# q% p ! q
!
&"#

p ! q ""# p%! q%

(PAR-IDLE) lets the two processes spend idle time, if both processes can. Conversely, (PAR-MAX )
implementsmaximal progressand allows idle time to pass only so long that the two processes cannot
communicate. (TPA uses (PAR-MAX ) in [17].)

We deÞne the two rules in the context of empty TSSs, so that we can conveniently add them toal-
mostTPAwith our union operator.

parallel ! (! /0, {} , { (PAR-IDLE)} )
parallel-max-progess! (! /0, {} , { (PAR-MAX )} )

Figure 2 shows our example.serveris a server that offers two services,task1 andtask2. Upon a
request from a client,serverexecutes the programtpa program1 for task1, andtpa program2 for task2.
These are programs of our subset of TPA.serverhas limited computational resources, and executing pro-
grams in maximal progress mode is computationally expensive. Therefore,servercommunicates with
another process calledtimeManagementProviderthrough the channelwhatTask, and sends the name of
the service that has been requested.timeManagementProvidernon-deterministically decides whether
servershould use maximal progress or not (perhaps based on the urgency of the task, as well as other
factors).timeManagementProvidersendsparallel or parallel-max-progessthrough the channelgetTime-
Management. In other words,timeManagementProviderdecides the semantics of the parallel operator,
insofar idle time is concerned, thatservermust use. Then,servercompletesalmostTPAwith this frag-
ment of TSS before executing the program.

Example 2 (Ofßine Monitoring) Figure 3 shows an example with ofßine monitoring. Here,server
is a server that manages Þles. Clients send programs toserver. Clients also send the TSSs with which
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Here,servercreates a private channelx over which the trace is sent. We assume thatP1 andP2 are
two processes thatservercares to execute depending on whether (sorry) is in the trace or not.

Server Decides Disrupt vs Interrupt In this example, the serverdisruptOperatorProvideris called
quitModeProvider. It takes in input a channel (such asquitOnFailureTask), and non-deterministically
decides whether to provide the disrupt operator or the interrupt operator! from [?]. The processP! Q
means thatP can be interrupted byQ. Differently from the disrupt operator, which completely discards
P whenQ takes over, the interrupt operator resumesP afterQ terminates.

bpa programusesoneoperator whose underlying semantics is given byquitModeProvider. We Þx
the symbol for this operator to be" . Therefore, whenquitModeProvidergives the interrupt semantics,
it does so by giving the rules of! for the symbol" . The piece of language for the preempted process,
almostDisrupt, is the same for" and! . The rules for the preempting process are the following ([?]).

P2
a!" P#

2

P1 ! P2
a!" P#

2 áP1

P2
a!" P#

2

P1 " P2
a!" P#

2 áP1

P2 !" a #

P1 ! P2
a!" P1

Below, interruptRulescontains the LANG-N-SEND counterpart of these rules, though deÞned for
the symbol" , as explained above. When we addinterruptRulesto almostDisruptwe obtain the full
deÞnition of the interrupt operator (given as" ), which we callinterrupt.

interruptRules$ (
(!" A P2 P#

2)

(!" A (" P1 P2) (seq P#
2 P1))

(checkMark A P2)
(!" A (" P1 P2) P1)

)

interrupt$ almostDisruptunion interruptRules
quitModeProvider$ !whatTask(y).( getQuitMode$interrupt%+ getQuitMode$disrupt%)
server$ !(task(x).( bpa, [])> x (act (a))

+
quitOnFailureTask(x).whatTask$quitOnFailureTask%.getQuitMode(l ).

( bpaunion l, [])> x (bpa program" bpa sorry) )

system$ (server| quitModeProvider| client1 | client2 . . . | clientn)

Server Decides Synchronous vs AsynchronousIn this example, the processclient executes a CCS
process calledccsprogram. However,client requests the semantics of the output preÞx operator from
the serveroutputProvider, which decides, non-deterministically, whetherccsprogrammust be executed
synchronously or asynchronously. There is a syntactic difference between the synchronous outputa.P
and the asynchronous outputa (with no continuation process). Asccsprogramis Þxed, we settle to use
the more general output forma.P, though its semantics will be given by the server.

We deÞne a partial CCS with inaction, input preÞx, output preÞx, a one-channel restriction operator
P\ a, and the parallel operator. The semantics of the output preÞx, however, is not given. As we do not
have negative premises in rules, we deÞneP\ a by cases. For simplicity, we only include channelsx andy.

Channel a::= x | y
Label L::= ! | a | a
Process P::= 0 | a.P | a.P | P | P | P\ a
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