
Typed Connector 
Calculus & more…

José Proença 

1st ARCA-seminar 
19 Nov 2015



software ARchitecture 
& design CAlculi 

Arca, SADC, ARC, … More�ideas?

cálculo

desenvolvimento “in-the-large"

de�programas,�processos,�arquitecturas,�algoritmos

componentes,�arquitectura,�coordenação,�SPL,�etc.

AR
CA



tutorials

ARCA
software ARchitecture & design CAlculi 

practice�presentations

3�Dec,�17�Dec,�14�Jan,�28�Jan,�...�

volunteers!

round�table�updates

http://arca.di.uminho.pt

ongoing�work

meet�every�2�weeks

http://arca.di.uminho.pt


For today

My�research�history...�(briefly)�

(some�of)�my�ongoing�interests

My�most�recent�work

Typed Connector Families ?

JosŽ Proen•a1,2 and Dave Clarke3

1 HASLab Ð INESC TEC and Universidade do Minho, Portugal
2 iMinds-DistriNet, Dept Computer Science, KU Leuven, Belgium

3 Dept. Information Technology, Uppsala University, Sweden
jose.proenca@cs.kuleuven.be dave.clarke@it.uu.se

Abstract. Typed models of connector/component composition specify
interfaces describing ports of components and connectors. Typing ensures
that these ports are plugged together appropriately, so that data can ßow
out of each output port and into an input port. These interfaces typically
consider the direction of data ßow and the type of values ßowing. Com-
ponents, connectors, and systems are often parameterised in such a way
that the parameters a ! ect the interfaces. Typing such connector fami-
lies is challenging. This paper takes a Þrst step towards addressing this
problem by presenting a calculus of connector families with integer and
boolean parameters. The calculus is based on monoidal categories, with
a dependent type system that describes the parameterised interfaces of
these connectors. As an example, we demonstrate how to deÞnen-ary
Reo connectors in the calculus. The paper focusses on the structure of
connectorsÑ well-connectednessÑand less on their behaviour, making it
easily applicable to a wide range of coordination and component-based
models. A type-checking algorithm based on constraints is used to anal-
yse connector families, supported by a proof-of-concept implementation.

1 Introduction

Software product lines provide the ßexibility of concisely specifying a family of
software products, by identifying common features of functionality among these
products and automatising the creation of products from a selection of relevant
features. Interesting challenges in this domain include how to specify families
and combinations of features, how to automatise the creation process, how to
identify features from a collection of products, and how to reason about (e.g.,
verify) whole families of products.

This paper investigates such variability in coordination languages, i.e., it
studies connector families that exogenously describe how (families of) compo-
nents are connected. The key problem is that different connectors from a single
family can have different interfaces, i.e., different ways of connecting to other
connectors. Hence, specifying and composing such families of connectors while
guaranteeing that interfaces still match becomes non-trivial.
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Coordination

subconnectors, connected with each other via shared ports ( ). The second col-
umn describes a possible representation of the same connector, writing the names
of each subconnector parameterised by its ports. For example, the connector ‘ ’
is written as sdrain(a, b) to mean that it has two ports named a and b. Composing
connectors is achieved via the ! operator, which connects ports with the same
names – this is the most common way to compose Reo connectors in the litera-
ture. In this paper we will use instead the algebraic representation on the right of
Table 1, where port names are not necessary. The connector � ! �, for example,
puts two duplicator channels in parallel, yielding a new connector with 2 input
ports and 4 output ports. This can be composed via “;” with id ! sdrain ! fifo

because this connector has 4 input ports: both the id and the fifo channels have
one input port and the sdrain has 2 input ports.

Table 1. SpeciÞcation of the alternator connector with port names and algebraically.

Graphical With port names Algebraic term

! (a, a1, a2) ! ! (b, b1, b2) !
sdrain(a2, b1) !
id(a1, c1) ! fifo(b2, c2) !
! (c1, c2, c)

! " ! ;
id " sdrain " fifo;
!

2.2 Syntax

The syntax of connectors and interfaces of our basic connector calculus is pre-
sented in Fig. 2. Each connector has a signature I " J consisting of an input
interface I and an output interface J . For example, the identity connector idI has
the same input and output interface I , written idI : I " I . Ports of an interface
are identified simply with a capital letter, such as A, which capture the type of
messages that can be sent via that port. In our examples we assume that A can
only be the type 1, which represents any port type. This more specific model is
also exploited in our algorithm for constraint solving (later in Section 5).

c ::= c1 ; c2 sequential composition
| c1 " c2 parallel composition
| idI identity connectors
| " I,J symmetries
| TrI (c) traces
| p # P primitive connectors

p # P ::= ! I duplicator with output I
| ! I merger with input I
| sdrain synchronous drain
| fifo buffer
| . . . user-deÞned connectors

I, J ::= I " J tensor
| 0 empty interface
| A port type

Fig. 2. Connectors (left), primitive connectors (top-right), interfaces (bottom-right).
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subconnectors, connected with each other via shared ports (). The second col-
umn describes a possible representation of the same connector, writing the names
of each subconnector parameterised by its ports. For example, the connector ÔÕ
is written as sdrain(a, b) to mean that it has two ports named a and b. Composing
connectors is achieved via the! operator, which connects ports with the same
names Ð this is the most common way to compose Reo connectors in the litera-
ture. In this paper we will use instead the algebraic representation on the right of
Table 1, where port names are not necessary. The connector! ! ! , for example,
puts two duplicator channels in parallel, yielding a new connector with 2 input
ports and 4 output ports. This can be composed via Ò;Ó withid ! sdrain! Þfo
because this connector has 4 input ports: both theid and the Þfo channels have
one input port and the sdrainhas 2 input ports.

Table 1. SpeciÞcation of the alternator connector with port names and algebraically.

Graphical With port names Algebraic term

! (a, a1, a2) ! ! (b, b1, b2) !
sdrain(a2, b1) !
id(a1, c1) ! Þfo(b2, c2) !
! (c1, c2, c)

! " ! ;
id " sdrain" Þfo;
!

2.2 Syntax

The syntax of connectors and interfaces of our basic connector calculus is pre-
sented in Fig. 2. Each connector has a signatureI " J consisting of an input
interface I and an output interface J . For example, the identity connector idI has
the same input and output interface I , written idI : I " I . Ports of an interface
are identiÞed simply with a capital letter, such asA, which capture the type of
messages that can be sent via that port. In our examples we assume thatA can
only be the type 1, which represents any port type. This more speciÞc model is
also exploited in our algorithm for constraint solving (later in Section 5).

c ::= c1 ; c2 sequential composition
| c1 " c2 parallel composition
| idI identity connectors
| " I,J symmetries
| Tr I (c) traces
| p # P primitive connectors

p # P ::= ! I duplicator with output I
| ! I merger with input I
| sdrain synchronous drain
| Þfo bu! er
| . . . user-deÞned connectors

I, J ::= I " J tensor
| 0 empty interface
| A port type

Fig. 2. Connectors (left), primitive connectors (top-right), interfaces (bottom-right).

Basic connector calculus

subconnectors, connected with each other via shared ports (). The second col-
umn describes a possible representation of the same connector, writing the names
of each subconnector parameterised by its ports. For example, the connector ÔÕ
is written as sdrain(a, b) to mean that it has two ports named a and b. Composing
connectors is achieved via the! operator, which connects ports with the same
names Ð this is the most common way to compose Reo connectors in the litera-
ture. In this paper we will use instead the algebraic representation on the right of
Table 1, where port names are not necessary. The connector! ! ! , for example,
puts two duplicator channels in parallel, yielding a new connector with 2 input
ports and 4 output ports. This can be composed via Ò;Ó withid ! sdrain! Þfo
because this connector has 4 input ports: both theid and the Þfo channels have
one input port and the sdrainhas 2 input ports.

Table 1. SpeciÞcation of the alternator connector with port names and algebraically.

Graphical With port names Algebraic term

! (a, a1, a2) ! ! (b, b1, b2) !
sdrain(a2, b1) !
id(a1, c1) ! Þfo(b2, c2) !
! (c1, c2, c)

! " ! ;
id " sdrain" Þfo;
!

2.2 Syntax

The syntax of connectors and interfaces of our basic connector calculus is pre-
sented in Fig. 2. Each connector has a signatureI " J consisting of an input
interface I and an output interface J . For example, the identity connector idI has
the same input and output interface I , written idI : I " I . Ports of an interface
are identiÞed simply with a capital letter, such asA, which capture the type of
messages that can be sent via that port. In our examples we assume thatA can
only be the type 1, which represents any port type. This more speciÞc model is
also exploited in our algorithm for constraint solving (later in Section 5).

c ::= c1 ; c2 sequential composition
| c1 " c2 parallel composition
| idI identity connectors
| " I,J symmetries
| Tr I (c) traces
| p # P primitive connectors

p # P ::= ! I duplicator with output I
| ! I merger with input I
| sdrain synchronous drain
| Þfo bu! er
| . . . user-deÞned connectors

I, J ::= I " J tensor
| 0 empty interface
| A port type

Fig. 2. Connectors (left), primitive connectors (top-right), interfaces (bottom-right).
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Reo example

subconnectors, connected with each other via shared ports ( ). The second col-
umn describes a possible representation of the same connector, writing the names
of each subconnector parameterised by its ports. For example, the connector ‘ ’
is written as sdrain(a, b) to mean that it has two ports named a and b. Composing
connectors is achieved via the ! operator, which connects ports with the same
names – this is the most common way to compose Reo connectors in the litera-
ture. In this paper we will use instead the algebraic representation on the right of
Table 1, where port names are not necessary. The connector � ! �, for example,
puts two duplicator channels in parallel, yielding a new connector with 2 input
ports and 4 output ports. This can be composed via “;” with id ! sdrain ! fifo

because this connector has 4 input ports: both the id and the fifo channels have
one input port and the sdrain has 2 input ports.

Table 1. SpeciÞcation of the alternator connector with port names and algebraically.

Graphical With port names Algebraic term

! (a, a1, a2) ! ! (b, b1, b2) !
sdrain(a2, b1) !
id(a1, c1) ! fifo(b2, c2) !
! (c1, c2, c)

! " ! ;
id " sdrain " fifo;
!

2.2 Syntax

The syntax of connectors and interfaces of our basic connector calculus is pre-
sented in Fig. 2. Each connector has a signature I " J consisting of an input
interface I and an output interface J . For example, the identity connector idI has
the same input and output interface I , written idI : I " I . Ports of an interface
are identified simply with a capital letter, such as A, which capture the type of
messages that can be sent via that port. In our examples we assume that A can
only be the type 1, which represents any port type. This more specific model is
also exploited in our algorithm for constraint solving (later in Section 5).

c ::= c1 ; c2 sequential composition
| c1 " c2 parallel composition
| idI identity connectors
| " I,J symmetries
| TrI (c) traces
| p # P primitive connectors

p # P ::= ! I duplicator with output I
| ! I merger with input I
| sdrain synchronous drain
| fifo buffer
| . . . user-deÞned connectors

I, J ::= I " J tensor
| 0 empty interface
| A port type

Fig. 2. Connectors (left), primitive connectors (top-right), interfaces (bottom-right).
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Visualisation of connectors

The intuition of these connectors becomes clearer with the visual representa-
tions exempliÞed inFig. 3. All connectors are depicted with their input interface
on the left side and the output interface on the right side. Eachidentity connec-
tor idI has the same input and output interfaceI ; eachsymmetry ! I,J swaps the
top interface I with the bottom interface J , hence it has input interface I ! J
and output interface J ! I ; and eachtrace TrI (c) creates a loop from the bottom
output interface I of c with the bottom input interface I of c, hence if c has
input interface I ! ! I and output interface J ! ! I then the trace has input and
output interaces I ! and J !, respectively.

id1 id1 ; Þfo
sdrain ! 1! 1,1 ! 1! 1 id1 " Þfo Tr 1(! 1,1)

Fig. 3. Visual representation of simple connectors.

Parallelism is represented by tensor products, plugging of connectors by mor-
phism composition, swapping order of parameters by symmetries, and loops by
traces. Connectors and types obey a set ofEquations for Connectors that al-
low their algebraic manipulation and capture the intuition behind the above
mentioned representations.Fig. 4 presents some of these equations, which re-
ßect properties of traced monoidal categories. For example, the fact that two
symmetries in sequence with swapped interfaces are equivalent to the identity
connector, or how the trace of the symmetry! 1,1 is also equivalent to the identity.

idI ; c = c = c ; idJ (if c : I # J )
! I,J ; ! J,I = idI ! J

(c1 " c2) " c3 = c1 " (c2 " c3)
0 " I = I = I " 0

(I 1 " I 2) " I 3 = I 1 " (I 2 " I 3)

Tr I (! I,I ) = idI

Tr 0(c) = c
c1 ; Tr I (c2) = Tr I (c1 " idI ; c2)
Tr I (c1) ; c2 = Tr I (c1 ; c2 " idI )
Tr I (Tr J (c)) = Tr I ! J (c)

Fig. 4. Equations for Connectors Ð based on properties of traced monoidal categories.

2.3 Type rules

Every connector c has an input interface I and an output interface J , written
c : I " J . We call these two interfaces thetype of the connector. Every primitive
has a Þxed type, for example,Þfo : 1 " 1 and # 1" 1 : 1 ! 1 " 1. The typing
rules for connectors (Fig. 5) reßect the fact that two connectors can only be
composed sequentially if the output interface of the Þrst connector matches the
input interface of the second one. A connector is well-connected if and only if it
is well-typed.

subconnectors, connected with each other via shared ports (). The second col-
umn describes a possible representation of the same connector, writing the names
of each subconnector parameterised by its ports. For example, the connector ÔÕ
is written as sdrain(a, b) to mean that it has two ports named a and b. Composing
connectors is achieved via the! operator, which connects ports with the same
names Ð this is the most common way to compose Reo connectors in the litera-
ture. In this paper we will use instead the algebraic representation on the right of
Table 1, where port names are not necessary. The connector! ! ! , for example,
puts two duplicator channels in parallel, yielding a new connector with 2 input
ports and 4 output ports. This can be composed via Ò;Ó withid ! sdrain! Þfo
because this connector has 4 input ports: both theid and the Þfo channels have
one input port and the sdrainhas 2 input ports.

Table 1. SpeciÞcation of the alternator connector with port names and algebraically.

Graphical With port names Algebraic term

! (a, a1, a2) ! ! (b, b1, b2) !
sdrain(a2, b1) !
id(a1, c1) ! Þfo(b2, c2) !
! (c1, c2, c)

! " ! ;
id " sdrain" Þfo;
!

2.2 Syntax

The syntax of connectors and interfaces of our basic connector calculus is pre-
sented in Fig. 2. Each connector has a signatureI " J consisting of an input
interface I and an output interface J . For example, the identity connector idI has
the same input and output interface I , written idI : I " I . Ports of an interface
are identiÞed simply with a capital letter, such asA, which capture the type of
messages that can be sent via that port. In our examples we assume thatA can
only be the type 1, which represents any port type. This more speciÞc model is
also exploited in our algorithm for constraint solving (later in Section 5).

c ::= c1 ; c2 sequential composition
| c1 " c2 parallel composition
| idI identity connectors
| " I,J symmetries
| Tr I (c) traces
| p # P primitive connectors

p # P ::= ! I duplicator with output I
| ! I merger with input I
| sdrain synchronous drain
| Þfo bu! er
| . . . user-deÞned connectors

I, J ::= I " J tensor
| 0 empty interface
| A port type

Fig. 2. Connectors (left), primitive connectors (top-right), interfaces (bottom-right).

subconnectors, connected with each other via shared ports ( ). The second col-
umn describes a possible representation of the same connector, writing the names
of each subconnector parameterised by its ports. For example, the connector ‘ ’
is written as sdrain(a, b) to mean that it has two ports named a and b. Composing
connectors is achieved via the ! operator, which connects ports with the same
names – this is the most common way to compose Reo connectors in the litera-
ture. In this paper we will use instead the algebraic representation on the right of
Table 1, where port names are not necessary. The connector � ! �, for example,
puts two duplicator channels in parallel, yielding a new connector with 2 input
ports and 4 output ports. This can be composed via “;” with id ! sdrain! Þfo
because this connector has 4 input ports: both the id and the Þfo channels have
one input port and the sdrainhas 2 input ports.

Table 1. Specification of the alternator connector with port names and algebraically.

Graphical With port names Algebraic term

! (a, a1, a2) ! ! (b, b1, b2) !
sdrain(a2, b1) !
id(a1, c1) ! Þfo(b2, c2) !
! (c1, c2, c)

! " ! ;
id " sdrain" Þfo;
!

2.2 Syntax

The syntax of connectors and interfaces of our basic connector calculus is pre-
sented in Fig. 2. Each connector has a signature I " J consisting of an input
interface I and an output interface J . For example, the identity connector idI has
the same input and output interface I , written idI : I " I . Ports of an interface
are identified simply with a capital letter, such as A, which capture the type of
messages that can be sent via that port. In our examples we assume that A can
only be the type 1, which represents any port type. This more specific model is
also exploited in our algorithm for constraint solving (later in Section 5).

c ::= c1 ; c2 sequential composition
| c1 " c2 parallel composition
| idI identity connectors
| " I,J symmetries
| Tr I (c) traces
| p # P primitive connectors

p # P ::= ! I duplicator with output I
| ! I merger with input I
| sdrain synchronous drain
| Þfo bu! er
| . . . user-defined connectors

I, J ::= I " J tensor
| 0 empty interface
| A port type

Fig. 2. Connectors (left), primitive connectors (top-right), interfaces (bottom-right).
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Typing connectors

The intuition of these connectors becomes clearer with the visual representa-
tions exempliÞed inFig. 3. All connectors are depicted with their input interface
on the left side and the output interface on the right side. Eachidentity connec-
tor idI has the same input and output interfaceI ; eachsymmetry ! I,J swaps the
top interface I with the bottom interface J , hence it has input interface I ! J
and output interface J ! I ; and eachtrace TrI (c) creates a loop from the bottom
output interface I of c with the bottom input interface I of c, hence if c has
input interface I ! ! I and output interface J ! ! I then the trace has input and
output interaces I ! and J !, respectively.

id1 id1 ; Þfo
sdrain ! 1! 1,1 ! 1! 1 id1 " Þfo Tr 1(! 1,1)

Fig. 3. Visual representation of simple connectors.

Parallelism is represented by tensor products, plugging of connectors by mor-
phism composition, swapping order of parameters by symmetries, and loops by
traces. Connectors and types obey a set ofEquations for Connectors that al-
low their algebraic manipulation and capture the intuition behind the above
mentioned representations.Fig. 4 presents some of these equations, which re-
ßect properties of traced monoidal categories. For example, the fact that two
symmetries in sequence with swapped interfaces are equivalent to the identity
connector, or how the trace of the symmetry! 1,1 is also equivalent to the identity.

idI ; c = c = c ; idJ (if c : I # J )
! I,J ; ! J,I = idI ! J

(c1 " c2) " c3 = c1 " (c2 " c3)
0 " I = I = I " 0

(I 1 " I 2) " I 3 = I 1 " (I 2 " I 3)

Tr I (! I,I ) = idI

Tr 0(c) = c
c1 ; Tr I (c2) = Tr I (c1 " idI ; c2)
Tr I (c1) ; c2 = Tr I (c1 ; c2 " idI )
Tr I (Tr J (c)) = Tr I ! J (c)

Fig. 4. Equations for Connectors Ð based on properties of traced monoidal categories.

2.3 Type rules

Every connector c has an input interface I and an output interface J , written
c : I " J . We call these two interfaces thetype of the connector. Every primitive
has a Þxed type, for example,Þfo : 1 " 1 and # 1" 1 : 1 ! 1 " 1. The typing
rules for connectors (Fig. 5) reßect the fact that two connectors can only be
composed sequentially if the output interface of the Þrst connector matches the
input interface of the second one. A connector is well-connected if and only if it
is well-typed.

1⊗1
→�0

1⊗1⊗1
→�1⊗1⊗1

1⊗1
→�1

1⊗1
→�1⊗1

1�→�1

conn�:�I�→�J
IF���c1�:�I1�→�J���&���c2�:�J�→�J2

THEN�����c1�;�c2�:�I1�→�J2



Constraint-based type rules

(sequence)

! c1 : I 1 " J
! c2 : J " J2

! c1 ; c2 : I 1 " J2

(parallel)

! c1 : I 1 " J1

! c2 : I 2 " J2

! c1 # c2 : I 1 # I 2 " J1 # J2

(trace)

! c : I 1 # J " I 2 # J

! TrJ (c) : I 1 " I 2

(sym)

! �I,J : I # J " J # I

(id)

! idI : I " I

(prim)

p : I " J $ P

! p : I " J

Fig. 5. Type rules for basic connectors.

For example, using these type rules it is possible to infer the type of the con-
nector Tr1! 1(! 1! 1,1 ; (Þfo! Þfo! Þfo)) to be 1 " 1, but no type could be inferred
after removing one occurence ofÞfo. This connector is chaining in sequence 3
parallel Þfo connectors.

The type rules from Fig. 5 rely on the syntactic comparison of interfaces,
e.g., rule (sequence) allows c1 and c2 to be composed only if the output interface
J of c1 is syntactically equivalent to the input interface of c2. To support more
complex notions of interfaces we use the constraint-based type rules fromFig. 6,
which explicitly compare interfaces that must be provably equivalent instead of
syntactically comparing them. Rules (sym), (id), and (prim) remain the same, only
with the context. The typing judgments now include a context " | # consisting
both of a set of typed variables" (that will only be used in the next section)
and a set of constraints# that must hold for the connector to be well-typed.
The context must be always well-formed, i.e.," cannot have repeated variables
and # must have at least one solution, but for simplicity we do not include these
global restrictions in the type rules.

(sequence)

� | � ! c1 : I 1 " J1 � | � ! c2 : I 2 " J2

� | �, J1 = I 2 ! c1 ; c2 : I 1 " J2

(parallel)

� | � ! c1 : I 1 " J1 � | � ! c2 : I 2 " J2

� | � ! c1 # c2 : I 1 # I 2 " J1 # J2

(trace)

� | � ! c : J1 " J2

� | �, J1= X I # I , J2= X J # I ! TrI (c) : X I " X J

Fig. 6. Constraint-based type rules.

2.4 Connector behaviour

Semantics for the behaviour of connectors can be given in various ways. For this
paper we use the Tile Model [7], as it aligns closely with the algebraic presenta-
tion of connectors. We also use the Reo coordination languageÑmore speciÞcally
its context independent semantics [3]Ñas the behaviour of our primitive connec-
tors, whose visual representation has been being used.

(sequence)

` c1 : I 1 ! J
` c2 : J ! J2

` c1 ; c2 : I 1 ! J2

(parallel)

` c1 : I 1 ! J1

` c2 : I 2 ! J2

` c1 ⌦ c2 : I 1 ⌦ I 2 ! J1 ⌦ J2

(trace)

` c : I 1 ⌦ J ! I 2 ⌦ J

` Tr J (c) : I 1 ! I 2

(sym)

` ! I,J : I ⌦ J ! J ⌦ I

(id)

` idI : I ! I

(prim)

p : I ! J 2 P

` p : I ! J

Fig. 5. Type rules for basic connectors.

For example, using these type rules it is possible to infer the type of the con-
nector Tr1⌦1(! 1⌦1,1 ; (Þfo! Þfo! Þfo)) to be 1 " 1, but no type could be inferred
after removing one occurence ofÞfo. This connector is chaining in sequence 3
parallel Þfo connectors.

The type rules from Fig. 5 rely on the syntactic comparison of interfaces,
e.g., rule (sequence)allows c1 and c2 to be composed only if the output interface
J of c1 is syntactically equivalent to the input interface of c2. To support more
complex notions of interfaces we use the constraint-based type rules fromFig. 6,
which explicitly compare interfaces that must be provably equivalentinstead of
syntactically comparing them. Rules(sym), (id) , and (prim) remain the same, only
with the context. The typing judgments now include a context " | # consisting
both of a set of typed variables" (that will only be used in the next section)
and a set of constraints# that must hold for the connector to be well-typed.
The context must be always well-formed, i.e.," cannot have repeated variables
and # must have at least one solution, but for simplicity we do not include these
global restrictions in the type rules.

(sequence)

" | # ` c1 : I 1 ! J1 " | # ` c2 : I 2 ! J2

" | #, J1 = I 2 ` c1 ; c2 : I 1 ! J2

(parallel)

" | # ` c1 : I 1 ! J1 " | # ` c2 : I 2 ! J2

" | # ` c1 ⌦ c2 : I 1 ⌦ I 2 ! J1 ⌦ J2

(trace)

" | # ` c : J1 ! J2

" | #, J1= X ⌦I , J2= Y⌦I ` Tr I (c) : X ! Y

Fig. 6. Constraint-based type rules.

2.4 Connector behaviour

Semantics for the behaviour of connectors can be given in various ways. For this
paper we use the Tile Model [7], as it aligns closely with the algebraic presenta-
tion of connectors. We also use the Reo coordination languageÑmore speciÞcally
its context independent semantics [3]Ñas the behaviour of our primitive connec-
tors, whose visual representation has been being used.



This section introduces the extended syntax and some of its properties, de-
scribes motivating examples, and extends the type rules for the connector types
described above with boolean and integer parameters.

3.1 Syntax

The extended syntax of connectors and interfaces with integers and booleans is
defined in Fig. 8. We write c↵ instead of cx ! ↵ when x is not a free variable in c.

c ::= . . . connectors
| c

x ! !
n-ary parallel replication

| c1 ! "
c2 conditional choice

| ! x :P ác parameterised connector
| c(" ) bool-instantiation
| c(#) int-instantiation

I ::= . . . interfaces
| I

!
n-ary parallel replication

| I ! "
J conditional choice

# , $ integer expressions
" ,% boolean expressions

Fig. 8. Extended syntax of connectors (left) and interfaces (right).

This paper does not formalise integer and boolean expressions with typed
variables, since the details of these expressions are not relevant. The semantics
of the n-ary parallel replication, the conditional choice, and the instantiation of
parameters4 is captured by the new Equations for Connectors in Fig. 9. These
equations include a new notation—c[v/x ]—that stands for the substitution of
all variables x in c that appear freely (i.e., not bounded by a ! quantifier) by
the expression v. This paper does not formalise free variables nor substitution,
which follow the standard definitions.

c

x ! ! = = c[0/x] " . . . " c[## 1/x]
c1 ! true

c2 = c1

c1 ! "
c2 = c2 ! Â "

c1

(! x :P ác)(v) = c[v/x]

I

! = I " . . . " I (# times)
I1 ! true

I2 = I1

I1 ! "
I2 = I2 ! Â "

I1

Fig. 9. Equations for Connector Ð replication, choice, and instantiation.

Although this extension allows an n-ary composition in parallel of connectors
and not in sequence, n-ary sequences of connectors can also be expressed by using
traces, as exemplified in the general sequence of Þfo connectors on the top-left
corner of Fig. 10. We write expressions such as n ! 1 instead of the interface 1n " 1

for simplicity, when it is clear that these expressions represent interfaces. Observe
that this example has been mentioned in the end of Section 2.3, for the specific
case of 3 Þfos in sequence, already defined using traces and parallel replication.
The bottom example is more complex, and is based on the sequencer connector
4 Known as $-reduction in lambda calculus.

fifo�⊕exp�drain

(∆Ix)x�←�exp

Parameterised 
connector calculus

fifoexp

means:�∆I0⊗…⊗∆Iexp-1

means:�fifo⊗…⊗fifo���(“exp”�times)

means:�if�(exp)�then�(fifo)�
��������else�(drain)

λx:Int�·�c



Example: seq-Þfo

found in Reo-related literature [2]. This connector forcesn (synchronous) streams
of data to alternate between which one has dataßow. It uses the zip and unzip
connectors to combine! connectors (symmetries) in order to regroup sequences
of pairs into a pair of sequences and vice-versa. The top-right corner instantiates
the zip connector to illustrate the overal idea; the visual representation unfolds
the trace, used to produce a sequence of connectors (as inseq-Þfo).

seq-Þfo =
�n : N ·

Tr n ! 1

(�n ! 1,1 ; fifo

n )

zip (3) = Tr 12!
�12,6 ;

!
id3! x ! �

x
1,1

! id3! x

" x " 3"
"

sequencer = �n : N ·
(�n ; unzip(n)) ! Tr n (�n ! 1,1 ;

(fifofull; �2)!
(fifo; �2)n ! 1 ; unzip(n)) ;

idn ! (zip(n) ; drain

n )

zip = �n : N · Tr 2n 2 ! 2n (
�2n 2 ! 2n, 2n ; (idn ! x ! �

x
1,1 ! idn ! x )x " n )

unzip = �n : N · Tr 2n 2 ! 2n (
�2n 2 ! 2n, 2n ; (idx +1 ! �

n ! x ! 1
1,1 ! idx +1 )x " n )

unzip(n)

unzip(n)

zip(n)•

Fig. 10. A sequence of n fifo connectors (top-left), an instance of the zip connector
(top-right), and an n-ary sequencer connector (bottom).

The details about the behaviour of the sequencer connector are out of the
scope of this paper. However, observe that the visual representation is no longer
precise enough, since the dotted lines only help to provide intuition but do not
specify completely the connector. The parameterised calculus, on the other hand,
precisely describes how to build an-ary sequencer for anyn ! 0.

3.2 Parameterised type rules

The extended type rules are presented inFig. 11, which now use the context"
consisting of a set of variables and their associated primitive type (B or N).

As mentioned before, the context cannot contain repeated variables, but this
restriction is omitted from the type rules. The actual veriÞcation of the type of
the boolean and integer variables is done during the type-checking of boolean
and integer expressions, which is well known and not deÞned in this paper. Hence
the new type rules have somegray premises, corresponding to the type rules for
booleans and integer expressions. The typing judgment" | # " e :P for integer
and boolean expressions means that" " e :P (i.e., the variables in the boolean
or integer expressione have the type speciÞed in" ) in a context where # is

seq-fifo��:��∀n:Int�·�1�→�1



Example - zip

found in Reo-related literature [2]. This connector forces n (synchronous) streams
of data to alternate between which one has dataflow. It uses the zip and unzip
connectors to combine � connectors (symmetries) in order to regroup sequences
of pairs into a pair of sequences and vice-versa. The top-right corner instantiates
the zip connector to illustrate the overal idea; the visual representation unfolds
the trace, used to produce a sequence of connectors (as in seq-fifo).

seq-Þfo =
! n : N á

Tr n�1

(" n�1,1 ; Þfon )

zip (3) = Tr 12!
" 12,6 ;

!
id3�x ⌦ " x

1,1

⌦ id3�x

" x 3"
⇡

sequencer = ! n : N á
(# n ; unzip(n)) ⌦ Tr n (" n�1,1 ;

(Þfofull; # 2)⌦
(Þfo; # 2)n�1 ; unzip(n)) ;

idn ⌦ (zip(n) ; drainn )

zip = ! n : N áTr 2n 2�2n (
" 2n 2�2n, 2n ; (idn�x ⌦ " x

1,1⌦ idn�x )x n )
unzip = ! n : N áTr 2n 2�2n (

" 2n 2�2n, 2n ; (idx +1 ⌦ " n�x�1
1,1 ⌦ idx +1 )x n )

unzip(n)

unzip(n)

zip(n)¥

Fig. 10. A sequence ofn Þfo connectors (top-left), an instance of the zip connector
(top-right), and an n-ary sequencer connector (bottom).

The details about the behaviour of the sequencer connector are out of the
scope of this paper. However, observe that the visual representation is no longer
precise enough, since the dotted lines only help to provide intuition but do not
specify completely the connector. The parameterised calculus, on the other hand,
precisely describes how to build a n-ary sequencer for any n ! 0.

3.2 Parameterised type rules

The extended type rules are presented in Fig. 11, which now use the context �

consisting of a set of variables and their associated primitive type (B or N).
As mentioned before, the context cannot contain repeated variables, but this

restriction is omitted from the type rules. The actual verification of the type of
the boolean and integer variables is done during the type-checking of boolean
and integer expressions, which is well known and not defined in this paper. Hence
the new type rules have some gray premises, corresponding to the type rules for
booleans and integer expressions. The typing judgment � | � " e :P for integer
and boolean expressions means that � " e :P (i.e., the variables in the boolean
or integer expression e have the type specified in � ) in a context where � is

zip��:��∀n:Int�·�(1n)2�→�(12)n

λn:Int�·

!
"""""""#

"""""""$

…

…

…



Example - sequencer

found in Reo-related literature [2]. This connector forcesn (synchronous) streams
of data to alternate between which one has dataßow. It uses the zip and unzip
connectors to combine! connectors (symmetries) in order to regroup sequences
of pairs into a pair of sequences and vice-versa. The top-right corner instantiates
the zip connector to illustrate the overal idea; the visual representation unfolds
the trace, used to produce a sequence of connectors (as inseq-Þfo).

seq-Þfo =
! n : N á

Tr n ! 1

(" n ! 1,1 ; Þfon )

zip (3) = Tr 12!
" 12,6 ;

!
id3! x ! " x

1,1

! id3! x

" x " 3"
"

sequencer = ! n : N á
(# n ; unzip(n)) ! Tr n (" n ! 1,1 ;

(Þfofull; # 2)!
(Þfo; # 2)n ! 1 ; unzip(n)) ;

idn ! (zip(n) ; drainn )

zip = ! n : N áTr 2n 2 ! 2n (
" 2n 2 ! 2n, 2n ; (idn ! x ! " x

1,1 ! idn ! x )x " n )
unzip = ! n : N áTr 2n 2 ! 2n (

" 2n 2 ! 2n, 2n ; (idx +1 ! " n ! x ! 1
1,1 ! idx +1 )x " n )

unzip(n)

unzip(n)

zip(n)¥

Fig. 10. A sequence ofn Þfo connectors (top-left), an instance of the zip connector
(top-right), and an n-ary sequencer connector (bottom).

The details about the behaviour of the sequencer connector are out of the
scope of this paper. However, observe that the visual representation is no longer
precise enough, since the dotted lines only help to provide intuition but do not
specify completely the connector. The parameterised calculus, on the other hand,
precisely describes how to build an-ary sequencer for anyn ! 0.

3.2 Parameterised type rules

The extended type rules are presented inFig. 11, which now use the context"
consisting of a set of variables and their associated primitive type (B or N).

As mentioned before, the context cannot contain repeated variables, but this
restriction is omitted from the type rules. The actual veriÞcation of the type of
the boolean and integer variables is done during the type-checking of boolean
and integer expressions, which is well known and not deÞned in this paper. Hence
the new type rules have somegray premises, corresponding to the type rules for
booleans and integer expressions. The typing judgment" | # " e: P for integer
and boolean expressions means that" " e: P (i.e., the variables in the boolean
or integer expressione have the type speciÞed in" ) in a context where # is

sequencer��:��∀n:Int�·�1n�→�1n



Connector Families
(restriction)

! | " ! # ! | " , # ! c : T

! | " ! c |! : T |!

(parallel)

! | " ! c1 : I 1 " J1 |! 1 ! | " ! c2 : I 2 " J2 |! 2

! | " ! c1 # c2 : I 1 # I 2 " J1 # J2 |! 1 , ! 2

Fig. 13. Adding restrictions to types. Other rules remain almost the same, adapted in
a similar way to the (parallel) rule.

otherÑsequentially, in parallel, via the choice or replication operators, or within
traces. These restricted and composable connector families represent families in
the same sense as software families in the context of software product lines (SPL)
engineering [11]. The added constraints represent the family, which in the SPL
community are often derived from feature models.

4.1 Restricted connectors and types

Connectors can now be written asc|! , meaning that the connectorc is restricted
by the constraint ! . For example, the connector with at most 5 Þfo connectors
in parallel can be written as " n : N á(Þfon |n ! 5). The type of this connector is
written similarly as ! n : N án " n |n ! 5. More formally, types now include these
constraints, following the following syntax.

T ::= I " J | ! x : P áT | T |!
The main type rules are presented inFig. 13. The new rule (restriction) introduces
a constraint ! from the connector to the context. All other rules are adapted in a
similar way to the (parallel) rule, by simply collecting the restriction constraints in
the conclusions of the rules. For readability we write Ô! 1, ! 2Õ to denote Ô! 1 # ! 2Õ.
A connector c is now well-typed if there is a derivation tree ? | # $ c : T |! such
that # # ! is satisÞable, i.e.,! has at least one solution that does not contradict
at least one solution of#.

The example with a parameterised sequence ofÞfos from Fig. 12 can be
adapted to restrict to sequences of at most 5Þfos, yielding the typing judgment:

? | 1 %(n & 1) = 1n , (n & 1) %1 = X I %(n & 1) , 1n = X J %(n & 1)

$ " n : N á(Trn " 1($n " 1,1 ; Þfon ) |n ! 5) : ! n : N áX I " X J |n ! 5

The conjunction of the above constraints is satisÞable: the possible solutions
map X I and X J to 1, and map n to any value between 0 and 5. Hence the
connector is well-typed.

4.2 Family composition

Parameterised connectors (Section 3) allow integer and boolean expressions to
inßuence the Þnal connector. However, the existing type rules for composing con-
nectors do not describe how to compose connectors with parameters. The type
rules in Fig. 14 add support for composing connector families: the composition
of two parameterised connectors produces a new connector parameterised by the

λn:Int�·�Trn-1(γn-1,1�;�fifon)��|�n<5�

(fam-parallel)

� |� ! c1 : " x1 :T1 · I1 # J1 |! 1 � |� ! c2 : " x2 :T2 · I2 # J2 |! 2 x1 $ x2 = !

� |� ! c1 % c2 : " x1 :T1 , x2 :T2 · I1 % I2 # J1 %J2 |! 1 , ! 2

(fam-sequence)

� |� ! c1 : " x1 :T1 · I1 # J1 |! 1 � |� ! c2 : " x2 :T2 · I2 # J2 |! 2 x1 $ x2 = !

� |�, J1 = I2 ! c1 ; c2 : " x1 :T1 , x2 :T2 · I1 # J2 |! 1 , ! 2

(fam-replication)

� |� ! ↵ : N
�, x :N |� ! c : " x! :P · I # J |!

�1 =
!
XI = I[0/x] % . . . % I[↵& 1/x]

"

�2 =
!
XJ = J [0/x] % . . . %J [↵& 1/x]

"

� |�,�1 ,�2

! c

x " " : " x! :P ·XI # XJ |!

(fam-choice)

� |� !  : B
� |� ! c1 : " x1 :T1 · I1 # J1 |! 1

� |� ! c2 : " x2 :T2 · I2 # J2 |! 2

� |� ! c1 ' !
c2 : " x1 :T1 , x2 :T2 ·

I1 ' !
I2 # J1 ' !

J2 |! 1 , ! 2

(fam-trace)

� |� ! c : " x :P · J1 # J2 |!
� |�, I1 = XI % I, I2 = XJ % I ! Tr I (c) : " x :P ·XI # XJ |!

Fig. 14. Type rules for the lifted composition operators of connectors.

parameters of both connectors. We write! x : P to represent a (possibly empty)
sequence of nested pairs! x : P. Note that connectors without parameters are
speciÞc instances of connector families; indeed, the new rules(fam-*) coincide
with their simpler counterparts whenever the set of parameters is empty.

For example, both connectors below have the same type:! x1 : N, x2 : N, x3 : Ná
1x 1 " 1x 2 # 1x 3 , under a context where1x 1 = 1x 2 # 1x 3 . The Þrst composes 3
connector families, while the second is a family that composes 3 connectors.

(! x1 : N áidx 1
1 ) ; ( ! x2 : N áidx 2

1 ) # (! x3 : N áidx 3
1 ) (composition of families)

! x1 : N, x2 : N, x3 : N á (idx 1
1 ; idx 2

1 # idx 3
1 ) (family of compositions)

Observe that the modularity gain with the composition of families is achieved
by serialising all input arguments. As a consequence the tensor product# no
longer obeys the property(c1 # c2); (c3 # c4) = ( c1; c3) # (c2; c4) with connector
families, since the serialisation of the arguments produces di! erent orders.

5 Solving type constraints

This section describes an algorithm to check if the constraints produced by the
type rules are satisÞable; if so, this algorithm also provides an assignment of
variables to values or to other variables.

Constraint-based approaches to type-checking are well-known, for example,
for the lambda calculus [10, Chapter 22], where constraints are solved using an
uniÞcation algorithm. However, the uniÞcation algorithm used for the lambda
calculus is not enough for our calculus, because interfaces can include complex

(λx:Int�·�c1)��;��(λy:Int�·�c2)��:��∀x:Int,y:Int�·�I1�→�J2�



Solving Type Constraints

(restriction)

! | " ! # ! | " , # ! c : T

! | " ! c |! : T |!

(parallel)

! | " ! c1 : I 1 " J1 |! 1 ! | " ! c2 : I 2 " J2 |! 2

! | " ! c1 # c2 : I 1 # I 2 " J1 # J2 |! 1 , ! 2

Fig. 13. Adding restrictions to types. Other rules remain almost the same, adapted in
a similar way to the (parallel) rule.

otherÑsequentially, in parallel, via the choice or replication operators, or within
traces. These restricted and composable connector families represent families in
the same sense as software families in the context of software product lines (SPL)
engineering [11]. The added constraints represent the family, which in the SPL
community are often derived from feature models.

4.1 Restricted connectors and types

Connectors can now be written asc|! , meaning that the connectorc is restricted
by the constraint ! . For example, the connector with at most 5 Þfo connectors
in parallel can be written as " n : N á(Þfon |n ! 5). The type of this connector is
written similarly as ! n : N án " n |n ! 5. More formally, types now include these
constraints, following the following syntax.

T ::= I " J | ! x : P áT | T |!

# | $ # c : T |!

The main type rules are presented inFig. 13. The new rule (restriction) in-
troduces a constraint ! from the connector to the context. All other rules are
adapted in a similar way to the (parallel) rule, by simply collecting the restriction
constraints in the conclusions of the rules. For readability we write Ô! 1, ! 2Õ to
denote Ô! 1 $ ! 2Õ. A connectorc is now well-typed if there is a derivation tree
! | $ # c : T |! such that $ $ ! is satisÞable, i.e.,! has at least one solution that
does not contradict at least one solution of$.

The example with a parameterised sequence ofÞfos from Fig. 12 can be
adapted to restrict to sequences of at most 5Þfos, yielding the typing judgment:

! | 1 %(n & 1) = 1n , (n & 1) %1 = X I %(n & 1) , 1n = X J %(n & 1)

# " n : N á(Trn " 1(%n " 1,1 ; Þfon ) |n ! 5) : ! n : N áX I " X J |n ! 5

The conjunction of the above constraints is satisÞable: the possible solutions
map X I and X J to 1, and map n to any value between 0 and 5. Hence the
connector is well-typed.

4.2 Family composition

Parameterised connectors (Section 3) allow integer and boolean expressions to
inßuence the Þnal connector. However, the existing type rules for composing con-
nectors do not describe how to compose connectors with parameters. The type

c�is�well-typed�if:

given�an�empty�context�Γ

the�type�rules�yield�T,�φ,�ψ
such�that�φ∧ψ have�some�solution



such�that�φ∧ψ have�some�solution

Solving Type Constraints

(restriction)

! | " ! # ! | " , # ! c : T

! | " ! c |! : T |!

(parallel)

! | " ! c1 : I 1 " J1 |! 1 ! | " ! c2 : I 2 " J2 |! 2

! | " ! c1 # c2 : I 1 # I 2 " J1 # J2 |! 1 , ! 2

Fig. 13. Adding restrictions to types. Other rules remain almost the same, adapted in
a similar way to the (parallel) rule.

otherÑsequentially, in parallel, via the choice or replication operators, or within
traces. These restricted and composable connector families represent families in
the same sense as software families in the context of software product lines (SPL)
engineering [11]. The added constraints represent the family, which in the SPL
community are often derived from feature models.

4.1 Restricted connectors and types

Connectors can now be written asc|! , meaning that the connectorc is restricted
by the constraint ! . For example, the connector with at most 5 Þfo connectors
in parallel can be written as " n : N á(Þfon |n ! 5). The type of this connector is
written similarly as ! n : N án " n |n ! 5. More formally, types now include these
constraints, following the following syntax.

T ::= I " J | ! x : P áT | T |!

# | $ # c : T |!

The main type rules are presented inFig. 13. The new rule (restriction) in-
troduces a constraint ! from the connector to the context. All other rules are
adapted in a similar way to the (parallel) rule, by simply collecting the restriction
constraints in the conclusions of the rules. For readability we write Ô! 1, ! 2Õ to
denote Ô! 1 $ ! 2Õ. A connectorc is now well-typed if there is a derivation tree
! | $ # c : T |! such that $ $ ! is satisÞable, i.e.,! has at least one solution that
does not contradict at least one solution of$.

The example with a parameterised sequence ofÞfos from Fig. 12 can be
adapted to restrict to sequences of at most 5Þfos, yielding the typing judgment:

! | 1 %(n & 1) = 1n , (n & 1) %1 = X I %(n & 1) , 1n = X J %(n & 1)

# " n : N á(Trn " 1(%n " 1,1 ; Þfon ) |n ! 5) : ! n : N áX I " X J |n ! 5

The conjunction of the above constraints is satisÞable: the possible solutions
map X I and X J to 1, and map n to any value between 0 and 5. Hence the
connector is well-typed.

4.2 Family composition

Parameterised connectors (Section 3) allow integer and boolean expressions to
inßuence the Þnal connector. However, the existing type rules for composing con-
nectors do not describe how to compose connectors with parameters. The type

c�is�well-typed�if:

given�an�empty�context�Γ

the�type�rules�yield�T,�φ,�ψ

Untyped�ports:�

interfaces�as�int
egers

expressions that cannot be just syntactically compared. Hence our algorithm per-

forms algebraic rewritings, uses an uniÞcation algorithm (for the simpler cases),

and invokes a constraint solver (for the more complex cases).

We focus only on untyped ports, represented by1, which mean that any data

can go through these ports. Consequently, interfaces are interpreted as integer

expressions, denoting the number of ports, as we will shortly explain.

5.1 Overview

In our type-checking algorithm interfaces are interpreted as integers, by mapping

constructors of interfaces to integer operations. For example,([I ! J ]) = ([ I ])+([ J ])

and ([I ! ]) = ([ I ]) " ! , where ([I ]) represents the interpretation of I as an integer.

Both the constraints that appear in the context and the constraints that appear

in the type are combined, hence producing a type#x : P áI $ J |" , where "

represents the conjunction of these constraints.

We exemplify our approach using thezip connector (Fig. 10), restricted to

when n is at least 5. The type rules produce the type#n : N áx3 $ x4 |" , where

" is as follows (after interpreting the interfaces as integer expressions).

x3 + ((2 ! n) ! (n" 1)) = ((2 ! n) ! (n" 1)) + (2 ! n) , x4 + ((2 ! n) ! (n" 1)) = x2 ,

x1 =
!

0! x<n
((( n" x) + (2 ! x)) + ( n" x)) , x2 =

!
0! x<n

((( n" x) + (2 ! x)) + ( n" x)) ,

(2! n) + ((2 ! n) ! (n" 1)) = x1 , n < 5

Using algebraic laws such as distributivity, commutativity, and associativity of

sums and multiplications, the constraints are simpliÞed as follows.

x3 = 2 n , " 2n + 2 n2 + x4 = x2 , x1 = 2 n2 , x2 = 2 n2 , 2n2 = x1 , n < 5

The uniÞcation algorithm then produces the sequence of substitutions below,

leaving the n < 5 constraint to be handled in a later phase.

[2n/x 3] # [x4 + 2 n2 " 2n/x 2] # [2n2 /x 1] # [2n/x 4]

The Þnal step is to verify that the remaining constraint (n < 5) is satisÞable

using a constraint solver, allowing us to conclude that the connector is well-
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Example
seq-fifo��=��λn:Int�·�Trn-1(γn-1,1�;�fifon)��|�n<5�

Solution�exists:�well-typed.�
Enough?

(restriction)

! | " ! # ! | " , # ! c : T

! | " ! c |! : T |!

(parallel)

! | " ! c1 : I 1 " J1 |! 1 ! | " ! c2 : I 2 " J2 |! 2

! | " ! c1 # c2 : I 1 # I 2 " J1 # J2 |! 1 , ! 2

Fig. 13. Adding restrictions to types. Other rules remain almost the same, adapted in
a similar way to the (parallel) rule.

otherÑsequentially, in parallel, via the choice or replication operators, or within
traces. These restricted and composable connector families represent families in
the same sense as software families in the context of software product lines (SPL)
engineering [11]. The added constraints represent the family, which in the SPL
community are often derived from feature models.

4.1 Restricted connectors and types

Connectors can now be written asc|! , meaning that the connectorc is restricted
by the constraint ! . For example, the connector with at most 5 Þfo connectors
in parallel can be written as " n : N á(Þfon |n ! 5). The type of this connector is
written similarly as ! n : N án " n |n ! 5. More formally, types now include these
constraints, following the following syntax.

T ::= I " J | ! x : P áT | T |!
The main type rules are presented inFig. 13. The new rule (restriction) introduces
a constraint ! from the connector to the context. All other rules are adapted in a
similar way to the (parallel) rule, by simply collecting the restriction constraints in
the conclusions of the rules. For readability we write Ô! 1, ! 2Õ to denote Ô! 1 # ! 2Õ.
A connector c is now well-typed if there is a derivation tree ! | # $ c : T |! such
that # # ! is satisÞable, i.e.,! has at least one solution that does not contradict
at least one solution of#.

The example with a parameterised sequence ofÞfos from Fig. 12 can be
adapted to restrict to sequences of at most 5Þfos, yielding the typing judgment:

! | 1 %(n & 1) = 1n , (n & 1) %1 = X %(n & 1) , 1n = Y %(n & 1)

$ seq-Þfo : ! n : N áX " Y |n< 5

The conjunction of the above constraints is satisÞable: the possible solutions
map X I and X J to 1, and map n to any value between 0 and 5. Hence the
connector is well-typed.

4.2 Family composition

Parameterised connectors (Section 3) allow integer and boolean expressions to
inßuence the Þnal connector. However, the existing type rules for composing con-
nectors do not describe how to compose connectors with parameters. The type
rules in Fig. 14 add support for composing connector families: the composition
of two parameterised connectors produces a new connector parameterised by the
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! | 1 %(n & 1) = 1n , (n & 1) %1 = X %(n & 1) , 1n = Y %(n & 1)

$ seq-Þfo : ! n : N áX " Y |n< 5

The conjunction of the above constraints is satisÞable: the possible solutions
map X I and X J to 1, and map n to any value between 0 and 5. Hence the
connector is well-typed.

4.2 Family composition

Parameterised connectors (Section 3) allow integer and boolean expressions to
inßuence the Þnal connector. However, the existing type rules for composing con-
nectors do not describe how to compose connectors with parameters. The type
rules in Fig. 14 add support for composing connector families: the composition
of two parameterised connectors produces a new connector parameterised by the
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