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1. User knows {password}
2. User → SSO : {password};
3. SSO generates {token};
4. SSO → Server : {token};
3. Server stores {token};
5. SSO → User : {token}; ϵ

Hi Alice,  
it’s me, Bob.

Hi, I FIRST NEED A TOKEN 
TO KNOW I Can trust 

you, BoB.

Briais, Sébastien; Nestmann, Uwe (2007). "A formal semantics for protocol narrations". Theoretical Computer Science. Elsevier BV. 389 (3): 484–511.
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1.  know {password}
2.  send to SSO : {password};
5.  receive from SSO : {token}; ϵ

Hi Alice,  
it’s me, Bob.

Hi, I FIRST NEED A TOKEN 
TO KNOW I Can trust 

you, BoB.

2. receive from User : {password};
3. generate {token};
4. send to Server : {token};
5. send to User : {token}; ϵ

4. receive from SSO : {token};
3. store {token}; ϵ
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1. User knows {password}
2. User → SSO : {password};
3. SSO generates {token};
4. SSO → Server : {token};
3. Server stores {token};
5. SSO → User : {token}; ϵ

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@User
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pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@User
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send(pwd, SSO);
token = recv(SSO)

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@Userpwd = recv(User);

token = gen(pwd);
send(token, Server);
send(token, User)

S
S
O

token = recv(SSO);
store(token)
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send(pwd, SSO);
token = recv(SSO)

pwd = recv(User);
token = gen(pwd);
send(token, Server);
send(token, User)
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token = recv(SSO);
store(token)
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send(pwd, SSO);
token = recv(SSO)

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@Userpwd = recv(User);

token = gen(pwd);
send(token, Server);
send(token, User)

S
S
O

token = recv(SSO);
store(token)
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Modularity is limited: we 
generate “black box” 

code without an API—
executable, but hardly 

composable in a 
structured way within 

mainstream languages.
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send(pwd, SSO);
token = recv(SSO)

U
S
R

class PhotoUploader {
 void uploadPhoto( Byte[] p, String pwd ){
  Token tk = // ??? !
  PhotoService.upload( tk, p );
 }
}
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Intuition: we need to bring 
the salient features of the 

target language of the 
endpoints at the 

choreographic level.
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Choreographies as Objects and Choral
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class Auth@(User, Server, SSO) {
 Channel@(User, SSO) ch1;
 Channel@(SSO, Server) ch2;

 Token@User authenticate( String@User pwd ) {
  Token@SSO token = pwd >> ch1::com >> this::gen;
  token >> ch2::com >> this::store;
  return token >> ch1::com;
 }

 Token@SSO gen( String@SSO pwd ) { . . . }
 void store( Token@Server token ) { . . . }
}

17

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@User

Choreographic programming, on Mainstream Tides
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class Auth@(User, Server, SSO) {
 Channel@(User, SSO) ch1;
 Channel@(SSO, Server) ch2;

 Token@User authenticate( String@User pwd ) {
  Token@SSO token = pwd >> ch1::com >> this::gen;
  token >> ch2::com >> this::store;
  return token >> ch1::com;
 }

 Token@SSO gen( String@SSO pwd ) { . . . }
 void store( Token@Server token ) { . . . }
}

18

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@User

Choreographic programming, on Mainstream Tides
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Choreographic programming, on Mainstream Tides

class Auth@(User, Server, SSO) {
 Channel@(User, SSO) ch1;
 Channel@(SSO, Server) ch2;

 Token@User authenticate( String@User pwd ) {
  Token@SSO token = gen( ch1.com( pwd ) );
  store( ch2.com( token ) );
  return ch1.com( token );
 }
 
 Token@SSO gen( String@SSO pwd ) { . . . }
 void store( Token@Server token ) { . . . }
}

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@User
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Choreographic programming, on Mainstream Tides

class Auth@(User, Server, SSO) {
 Channel@(User, SSO) ch1;
 Channel@(SSO, Server) ch2;

 Token@User authenticate( String@User pwd ) {
  Token@SSO token = gen( ch1.com( pwd ) );
  store( ch2.com( token ) );
  return ch1.com( token );
 }
 
 Token@SSO gen( String@SSO pwd ) { . . . }
 void store( Token@Server token ) { . . . }
}

pwd@User → pwd@SSO;
token@SSO = gen(pwd@SSO);
token@SSO → token@Server;
store(token@Server);
token@SSO → token@User
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 Projection to Java code/libraries

class Auth_User {
 Channel_A ch1;

 Token authenticate( String pwd ) {
  gen( ch1.com( pwd ) );
  store( Unit.id );
  return ch1.com( Unit.id );
 }
 Unit gen( Unit pwd ) { … }
 void store( Unit token ) { … } 
}

U
S
R

Choreographic programming, on Mainstream Tides
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 Projection to Java code/libraries

class Auth_User {
 Channel_A ch1;

 Token authenticate( String pwd ) {
  gen( ch1.com( pwd ) );
  store( Unit.id );
  return ch1.com( Unit.id );
 }
 Unit gen( Unit pwd ) { … }
 void store( Unit token ) { … } 
}

U
S
R

Choreographic programming, on Mainstream Tides

class PhotoUploader {
 void uploadPhoto( Byte[] p, String pwd ){
  Channel_A ch = SSO.connect();
  Auth_User au = new Auth_User( ch );
  Token tk = au.authenticate( pwd );
  PhotoService_Client.upload( tk, p );
 }
}

L
O
C
A
L 
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class Auth_SSO {
 Channel_B ch1;
 Channel_A ch2;

 Unit authenticate( Unit pwd ) {
   Token token = gen( ch1.com( Unit.id ) );
   store( ch2.com( token ) );
   return ch1.com( token );  
 }
 Token gen( String pwd ) { … }
 void store( Unit token ) { … } 
}

 Projection to Java code/libraries

class Auth_User {
 Channel_A ch1;

 Token authenticate( String pwd ) {
  gen( ch1.com( pwd ) );
  store( Unit.id );
  return ch1.com( Unit.id );
 }
 Unit gen( Unit pwd ) { … }
 void store( Unit token ) { … } 
}

class Auth_Server {
 Channel_B ch2;

 Unit authenticate( Unit pwd ) {
  gen( Unit.id );
  store( ch2.com( Unit.id ) );
  return Unit.id;
 }
 Unit gen( Unit pwd ) { … }
 void store( Token token ) { … }
}

S
S
O

S
R
V

U
S
R

Choreographic programming, on Mainstream Tides
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Choral: inspiration and intuition, type parameters

interface Foo@(A,B) extends Bar@(A,B) { 
<T@(A,B) extends Foo@(A,B) )> T@(A,B) m();

}
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interface DiDataChannel@(A, B)<T@X> { 
<S@Y extends T@Y> S@B com(S@A m); 
} 
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interface BiDataChannel@(A, B)<T@X, R@Y> extends   
  DiDataChannel@(A, B)<T>, DiDataChannel@(B, A)<R> 
{ }

interface SymDataChannel@(A, B)<T@X> extends   
  BiDataChannel@(A, B)<T,T> 
{ }

interface DiDataChannel@(A, B)<T@X> { 
<S@Y extends T@Y> S@B com(S@A m); 

} 
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DiDataChannel@(A, B)<Item@X> ch;
Iterator@A<Item> it;
Consumer@B<Item> consumer;
consumeItems() { 
if ( it.hasNext() ){ 
it.next() >> ch::<Item>com >> consumer::accept;
consumeItems(); 

} 
} 

We need to let B 
know the outcome of 
the choice taken by ADOES 

NOT 
COMPILE
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interface DiSelectChannel@(A, B){ 
@SelectionMethod 
<T@X extends Enum@X<T@X>> T@B select(T@A m); 

}

We define a method-level annotation @SelectionMethod, which developers 
can apply only to methods that can transmit instances of enumerated types 
between roles (the compiler checks for this condition). Our compiler assumes that 
implementations of such annotated methods  return at the receiver the same 
value given at the sender.

We can thus define a family of channels able to transmit choices

interface DiChannel@(A, B)<T@X> extends 
  DiDataChannel@(A, B)<T>, DiSelectChannel@(A,B){ 
}
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enum Choice@Y{ GO, STOP }
DiChannel@(A, B)<Item> ch;
Iterator@A<Item> it;
Consumer@B<Item> consumer;
consumeItems() { 
if ( it.hasNext() ){ 
 Choice@A.GO >> ch::select;
it.next() >> ch::<Item>com >> consumer::accept;
consumeItems(); 

} else {
 Choice@A.STOP >> ch::select;

}

COMPILES
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Choreographies as Objects 19

Literals lit F null@(A) true@A false@A "a"@A . . . �@A . . .

Program P F P ·Interface P ·Class P ·Enum P ·EOF
Enum Enum F AN ·MD·enum·id@A{id}
Interface Interface F AN ·MD·interface·id@(A)hFTPi extends·TE,·TE{MDef ;}
Annotation AN F @83(83 � lit)
Modi�ers MD F public protected private abstract final static
Formal
Type Param. FTP F id@(A)·extends·TE·&·TE

Type Expr. TE F 83 hTEi 83@(A)hTEi void
Method Def. MDef F AN ·MD·hFTPi·TE·id·(TE·id)
Class Class F AN ·MD·class·id@(A)hFTPi extends·TE·implements·TE,·TE

{CField CConst MDef ; MDef {Stm}}
Class Field. CField F AN ·MD·TE·83;
Class Con. CConst F AN ·MD·hFTPi·id (TE·id){Stm}
Statement Stm F =8; return·Exp; Exp;Stm TE·id � Exp;Stm

Exp·AsgOp·Exp; Stm if(Exp){Stm}else{Stm} Stm
{Stm} Stm try{Stm}catch(TE·id){Stm} Stm
switch·(Exp)·{case·SwArg-�{Stm} default-�{Stm}} Stm

Switch Arg. SwArg F id lit
Expression Exp F lit FAcc Exp·BinOp·Exp Exp.Exp hTEiid (Exp)

new·hTEiid@(A)hTEi(Exp) id@(A).hTEiid (Exp) Exp·��·EChain
Field Acc. FAcc F id id@(A).id
Exp. Chain EChain F FAcc.id::id id@(A)h)⇢i::new
Assign Op. AsgOp 2 {�, ��, -�, *�, /�, &!�, |!�, �!�}
Binary Op. BinOp 2 {||, &&, |, &, ��, !�, �, �, ��, ��, �, -, *, /, �}

Fig. 5. Syntax of the Choral language.

The remaining code resembles (the choreography of) typical parallel merge sort implementations.
A key bene�t of Choral for parallel programming is that the compiled code is deadlock-free by
construction, as usual for choreographic programming [Carbone and Montesi 2013].

4 IMPLEMENTATION
Passare a discussione informale del typing, example-driven.

We discuss the main elements of the implementation of Choral. First, we show its syntax and
comment on the main di�erences with Java’s. Then, we present the Choral type checker, including
examples of the main errors related to roles that it detects and related error messages, and an
overview of the type system we implemented. Finally, we describe the key components of the
Choral compiler.

ACM Trans. Program. Lang. Syst., Vol. 1, No. 1, Article . Publication date: November 2021.
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Modi�ers MD F public protected private abstract final static
Formal
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Method Def. MDef F AN ·MD·hFTPi·TE·id·(TE·id)
Class Class F AN ·MD·class·id@(A)hFTPi extends·TE·implements·TE,·TE

{CField CConst MDef ; MDef {Stm}}
Class Field. CField F AN ·MD·TE·83;
Class Con. CConst F AN ·MD·hFTPi·id (TE·id){Stm}
Statement Stm F =8; return·Exp; Exp;Stm TE·id � Exp;Stm

Exp·AsgOp·Exp; Stm if(Exp){Stm}else{Stm} Stm
{Stm} Stm try{Stm}catch(TE·id){Stm} Stm
switch·(Exp)·{case·SwArg-�{Stm} default-�{Stm}} Stm

Switch Arg. SwArg F id lit
Expression Exp F lit FAcc Exp·BinOp·Exp Exp.Exp hTEiid (Exp)
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Field Acc. FAcc F id id@(A).id
Exp. Chain EChain F FAcc.id::id id@(A)h)⇢i::new
Assign Op. AsgOp 2 {�, ��, -�, *�, /�, &!�, |!�, �!�}
Binary Op. BinOp 2 {||, &&, |, &, ��, !�, �, �, ��, ��, �, -, *, /, �}

Fig. 5. Syntax of the Choral language.

The remaining code resembles (the choreography of) typical parallel merge sort implementations.
A key bene�t of Choral for parallel programming is that the compiled code is deadlock-free by
construction, as usual for choreographic programming [Carbone and Montesi 2013].

4 IMPLEMENTATION
Passare a discussione informale del typing, example-driven.

We discuss the main elements of the implementation of Choral. First, we show its syntax and
comment on the main di�erences with Java’s. Then, we present the Choral type checker, including
examples of the main errors related to roles that it detects and related error messages, and an
overview of the type system we implemented. Finally, we describe the key components of the
Choral compiler.

ACM Trans. Program. Lang. Syst., Vol. 1, No. 1, Article . Publication date: November 2021.
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4.1 Language
Syntax. Figure 5 displays the grammar of Choral; dashed underlines denote optional terms and
solid overlines denote sequences of terms of the same sort. We omit syntax for packages and
imports, which is as in Java. The key syntactic novelties are underlined; they consist of i) syntax for
declaring and instantiating role parameters and ii) the forward chaining operator �� (cf. Section 2).

Role parameters have a separate namespace, and always appear in expressions like @(A�,...,An
) that follow the name of a class, interface, enum, or type parameter e.g., DiChannel@(A,B). Also,
they are introduced only by the declaration of a type (e.g., class Foo@(A,B)) or a type parameter
(e.g., �T@(A,B) extends Foo@(A,B) & Bar@(B,A)�) and their scope is limited to the de�ning
type, akin to type parameters in Java. The snippet below contains an example of shadowing of role
parameters; for each use of role A, we show its binding site with an arrow.

interface Foo@(A,B) extends Bar@(A,B) { �T@(A,B) extends Foo@(A,B) & Bar@(B,A)� T@(A,B) m();}

Type checker. The Choral type checker covers all common Java type errors (illegal type conver-
sions, access to type members, etc.), as exempli�ed below.

Integer@A x � "foo"@A; // matching role, apply the same rules as Java
------------^
Incompatible types: expecting 'Integer@A' found 'String@A'.

Compiler error

The novelties compared to Java compilers emerge when two or more roles are involved since in this
settings programmers can make new errors that are pertinent to Choral and speci�cally due to the
misuse of role parameterised types. One type of such errors is that data types have incompatible
roles.

void m (SymChannel@(A,B)�T� x) {
DiChannel@(A,B)�T� y � x; // ok, SymChannel@(A,B)�T� extends DiChannel@(B,A)�T�
SymChannel@(B,A)�T� z � x; // not ok, mismatching roles

------------------------^
Incompatible types: expecting 'SymChannel@(B,A)�T�' found 'SymChannel@(A,B)�T�'.

Compiler error

Cyclic inheritance is not allowed and the type checker does not discriminate over role parameters.
As an example, consider the SymChannel interface; given its symmetric nature, one might try to
force this equality by having SymChannel@(A,B) to subtype SymChannel@(B,A).

interface SymChannel@(A,B)�T@X� extends SymChannel@(B,A)�T� { /* ... */ }
----------------------------------------^
Cyclic inheritance: 'SymChannel' cannot extend 'SymChannel'.

Compiler error

However, allowing declarations like the one above in Choral would result in cyclic inheritance
errors in Java, as exempli�ed by the (manual) projection below.

interface SymChannel_A�T� extends SymChannel_B�T� { /* ... */ } // Projection for A
interface SymChannel_B�T� extends SymChannel_A�T� { /* ... */ } // Projection for B

In many of the examples discussed so far, role parameters can be thought of as Java generics.
Although this is a working approximation, some care is necessary in handling type instantiation
due to some substantial di�erences between role parameters and type parameters: i) role parameters
are never aliased and ii) subtypes cannot introduce or lose roles compared to their supertypes.

Role aliasing occurs by passing the same role as an argument to distinct formal role parameters.

ACM Trans. Program. Lang. Syst., Vol. 1, No. 1, Article . Publication date: November 2021.
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4.1 Language
Syntax. Figure 5 displays the grammar of Choral; dashed underlines denote optional terms and
solid overlines denote sequences of terms of the same sort. We omit syntax for packages and
imports, which is as in Java. The key syntactic novelties are underlined; they consist of i) syntax for
declaring and instantiating role parameters and ii) the forward chaining operator �� (cf. Section 2).

Role parameters have a separate namespace, and always appear in expressions like @(A�,...,An
) that follow the name of a class, interface, enum, or type parameter e.g., DiChannel@(A,B). Also,
they are introduced only by the declaration of a type (e.g., class Foo@(A,B)) or a type parameter
(e.g., �T@(A,B) extends Foo@(A,B) & Bar@(B,A)�) and their scope is limited to the de�ning
type, akin to type parameters in Java. The snippet below contains an example of shadowing of role
parameters; for each use of role A, we show its binding site with an arrow.

interface Foo@(A,B) extends Bar@(A,B) { �T@(A,B) extends Foo@(A,B) & Bar@(B,A)� T@(A,B) m();}

Type checker. The Choral type checker covers all common Java type errors (illegal type conver-
sions, access to type members, etc.), as exempli�ed below.

Integer@A x � "foo"@A; // matching role, apply the same rules as Java
------------^
Incompatible types: expecting 'Integer@A' found 'String@A'.

Compiler error

The novelties compared to Java compilers emerge when two or more roles are involved since in this
settings programmers can make new errors that are pertinent to Choral and speci�cally due to the
misuse of role parameterised types. One type of such errors is that data types have incompatible
roles.

void m (SymChannel@(A,B)�T� x) {
DiChannel@(A,B)�T� y � x; // ok, SymChannel@(A,B)�T� extends DiChannel@(B,A)�T�
SymChannel@(B,A)�T� z � x; // not ok, mismatching roles

------------------------^
Incompatible types: expecting 'SymChannel@(B,A)�T�' found 'SymChannel@(A,B)�T�'.

Compiler error

Cyclic inheritance is not allowed and the type checker does not discriminate over role parameters.
As an example, consider the SymChannel interface; given its symmetric nature, one might try to
force this equality by having SymChannel@(A,B) to subtype SymChannel@(B,A).

interface SymChannel@(A,B)�T@X� extends SymChannel@(B,A)�T� { /* ... */ }
----------------------------------------^
Cyclic inheritance: 'SymChannel' cannot extend 'SymChannel'.

Compiler error

However, allowing declarations like the one above in Choral would result in cyclic inheritance
errors in Java, as exempli�ed by the (manual) projection below.

interface SymChannel_A�T� extends SymChannel_B�T� { /* ... */ } // Projection for A
interface SymChannel_B�T� extends SymChannel_A�T� { /* ... */ } // Projection for B

In many of the examples discussed so far, role parameters can be thought of as Java generics.
Although this is a working approximation, some care is necessary in handling type instantiation
due to some substantial di�erences between role parameters and type parameters: i) role parameters
are never aliased and ii) subtypes cannot introduce or lose roles compared to their supertypes.

Role aliasing occurs by passing the same role as an argument to distinct formal role parameters.

ACM Trans. Program. Lang. Syst., Vol. 1, No. 1, Article . Publication date: November 2021.
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4.1 Language
Syntax. Figure 5 displays the grammar of Choral; dashed underlines denote optional terms and
solid overlines denote sequences of terms of the same sort. We omit syntax for packages and
imports, which is as in Java. The key syntactic novelties are underlined; they consist of i) syntax for
declaring and instantiating role parameters and ii) the forward chaining operator �� (cf. Section 2).

Role parameters have a separate namespace, and always appear in expressions like @(A�,...,An
) that follow the name of a class, interface, enum, or type parameter e.g., DiChannel@(A,B). Also,
they are introduced only by the declaration of a type (e.g., class Foo@(A,B)) or a type parameter
(e.g., �T@(A,B) extends Foo@(A,B) & Bar@(B,A)�) and their scope is limited to the de�ning
type, akin to type parameters in Java. The snippet below contains an example of shadowing of role
parameters; for each use of role A, we show its binding site with an arrow.

interface Foo@(A,B) extends Bar@(A,B) { �T@(A,B) extends Foo@(A,B) & Bar@(B,A)� T@(A,B) m();}

Type checker. The Choral type checker covers all common Java type errors (illegal type conver-
sions, access to type members, etc.), as exempli�ed below.

Integer@A x � "foo"@A; // matching role, apply the same rules as Java
------------^
Incompatible types: expecting 'Integer@A' found 'String@A'.

Compiler error

The novelties compared to Java compilers emerge when two or more roles are involved since in this
settings programmers can make new errors that are pertinent to Choral and speci�cally due to the
misuse of role parameterised types. One type of such errors is that data types have incompatible
roles.

void m (SymChannel@(A,B)�T� x) {
DiChannel@(A,B)�T� y � x; // ok, SymChannel@(A,B)�T� extends DiChannel@(B,A)�T�
SymChannel@(B,A)�T� z � x; // not ok, mismatching roles

------------------------^
Incompatible types: expecting 'SymChannel@(B,A)�T�' found 'SymChannel@(A,B)�T�'.

Compiler error

Cyclic inheritance is not allowed and the type checker does not discriminate over role parameters.
As an example, consider the SymChannel interface; given its symmetric nature, one might try to
force this equality by having SymChannel@(A,B) to subtype SymChannel@(B,A).

interface SymChannel@(A,B)�T@X� extends SymChannel@(B,A)�T� { /* ... */ }
----------------------------------------^
Cyclic inheritance: 'SymChannel' cannot extend 'SymChannel'.

Compiler error

However, allowing declarations like the one above in Choral would result in cyclic inheritance
errors in Java, as exempli�ed by the (manual) projection below.

interface SymChannel_A�T� extends SymChannel_B�T� { /* ... */ } // Projection for A
interface SymChannel_B�T� extends SymChannel_A�T� { /* ... */ } // Projection for B

In many of the examples discussed so far, role parameters can be thought of as Java generics.
Although this is a working approximation, some care is necessary in handling type instantiation
due to some substantial di�erences between role parameters and type parameters: i) role parameters
are never aliased and ii) subtypes cannot introduce or lose roles compared to their supertypes.

Role aliasing occurs by passing the same role as an argument to distinct formal role parameters.
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4.1 Language
Syntax. Figure 5 displays the grammar of Choral; dashed underlines denote optional terms and
solid overlines denote sequences of terms of the same sort. We omit syntax for packages and
imports, which is as in Java. The key syntactic novelties are underlined; they consist of i) syntax for
declaring and instantiating role parameters and ii) the forward chaining operator �� (cf. Section 2).

Role parameters have a separate namespace, and always appear in expressions like @(A�,...,An
) that follow the name of a class, interface, enum, or type parameter e.g., DiChannel@(A,B). Also,
they are introduced only by the declaration of a type (e.g., class Foo@(A,B)) or a type parameter
(e.g., �T@(A,B) extends Foo@(A,B) & Bar@(B,A)�) and their scope is limited to the de�ning
type, akin to type parameters in Java. The snippet below contains an example of shadowing of role
parameters; for each use of role A, we show its binding site with an arrow.

interface Foo@(A,B) extends Bar@(A,B) { �T@(A,B) extends Foo@(A,B) & Bar@(B,A)� T@(A,B) m();}

Type checker. The Choral type checker covers all common Java type errors (illegal type conver-
sions, access to type members, etc.), as exempli�ed below.

Integer@A x � "foo"@A; // matching role, apply the same rules as Java
------------^
Incompatible types: expecting 'Integer@A' found 'String@A'.

Compiler error

The novelties compared to Java compilers emerge when two or more roles are involved since in this
settings programmers can make new errors that are pertinent to Choral and speci�cally due to the
misuse of role parameterised types. One type of such errors is that data types have incompatible
roles.

void m (SymChannel@(A,B)�T� x) {
DiChannel@(A,B)�T� y � x; // ok, SymChannel@(A,B)�T� extends DiChannel@(B,A)�T�
SymChannel@(B,A)�T� z � x; // not ok, mismatching roles

------------------------^
Incompatible types: expecting 'SymChannel@(B,A)�T�' found 'SymChannel@(A,B)�T�'.

Compiler error

Cyclic inheritance is not allowed and the type checker does not discriminate over role parameters.
As an example, consider the SymChannel interface; given its symmetric nature, one might try to
force this equality by having SymChannel@(A,B) to subtype SymChannel@(B,A).

interface SymChannel@(A,B)�T@X� extends SymChannel@(B,A)�T� { /* ... */ }
----------------------------------------^
Cyclic inheritance: 'SymChannel' cannot extend 'SymChannel'.

Compiler error

However, allowing declarations like the one above in Choral would result in cyclic inheritance
errors in Java, as exempli�ed by the (manual) projection below.

interface SymChannel_A�T� extends SymChannel_B�T� { /* ... */ } // Projection for A
interface SymChannel_B�T� extends SymChannel_A�T� { /* ... */ } // Projection for B

In many of the examples discussed so far, role parameters can be thought of as Java generics.
Although this is a working approximation, some care is necessary in handling type instantiation
due to some substantial di�erences between role parameters and type parameters: i) role parameters
are never aliased and ii) subtypes cannot introduce or lose roles compared to their supertypes.

Role aliasing occurs by passing the same role as an argument to distinct formal role parameters.
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abstract void m(DiChannel@(A,A)�String� channel);
-----------------------------^
Illegal type instantiation: role 'A' must play exactly one role in 'DiChannel'.

Compiler error

Forbidding role aliasing is an established restriction in choreographic programming since it intro-
duces self-communication, which would potentially break deadlock-freedom and the capability to
produce separate code for each role (unless roles are provably not-aliased).

Restricting subtyping to require the same set of roles provides a substitution principle that elicits
all roles involved in a choreography. In some cases, “hidden roles” in choreographies might be
useful, e.g., to add external auditing or data replication as an extension of an existing choreography.

interface AuditedDiChannel@(A,B,Auditor)�T@X� extends DiChannel@(A,B)�T� { /* ... */ }
interface ReplicatedList@(A,Replica)�T@X� extends List@A�T� { /* ... */ }

Alas, this introduces security concerns (channels may have hidden bystanders) or complex com-
munication semantics (what is the meaning of sending a ReplicatedList@(A,B) over a channel
expecting a List@A?). These are general open problems for choreographies, left to future work.
Finally, the Choral type checker re�nes overload equivalence: it can discriminate overloaded

methods by considering roles (e.g., m(Char@B x) and m(Char@A x) below). It also predicts potential
clashes in the compiled Java code. Consider the following snippet and error message.

class Foo@(A,B) {
void m(Char@B x) { /* ... */ } // ok: void m() at A and void m(Char x) at B
void m(Char@A x) { /* ... */ } // ok: void m(Char x) at A and void m() at B
void m(Long@A x) { /* ... */ } // not ok: void m(Long x) at A and void m() at B

-------^
Illegal overload: 'm(Long@A x)' and 'm(Char@A x)' have the same signature for role 'B'.

Compiler error

The last two signatures are distinguishable in Choral, since each method has di�erent parameter
types. However, this information is only available to role A, while the projection of both signatures
at role B coincide. This is an instance of knowledge of choice but, di�erently from conditionals, it
cannot be addressed locally (within the class/interface) because extending classes may introduce
new branches and new points of choice by overriding and overloading, as in the example below.

class Bar@(A,B) extends Foo@(A,B) { void m(Integer@A x) { /* ... */ } }

Kinds and Types. Choral types can be intuitively thought of as “data types with role parameters”,
and role parameters as a special kind of generic type parameters subject to additional usage
restrictions—which we discussed above. This points to a formalisation of roles as types for a new
dedicated kind, written @, separate from the kinds of data types (classes, type parameters, primitive
types, etc.). Under this interpretation, the declaration

class Integer@A extends Number@A implements Comparable@A�Integer� { /* ... */ }

de�nes Integer as a higher-kinded type constructor with parameter A of kind @. Applying Integer
to role B yields the fully constructed type denoted by Integer@B. Fully constructed types inhabit the
kind *. Following Moors et al. [2008]; Odersky et al. [2016], we re�ne * into subkinds by specifying
an upper bound for their inhabitants and sacri�ce the independence of kinds from types to simplify
the handling of type parameters in generics. Kinds and types are given by the grammar below.

ACM Trans. Program. Lang. Syst., Vol. 1, No. 1, Article . Publication date: November 2021.
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abstract void m(DiChannel@(A,A)�String� channel);
-----------------------------^
Illegal type instantiation: role 'A' must play exactly one role in 'DiChannel'.

Compiler error

Forbidding role aliasing is an established restriction in choreographic programming since it intro-
duces self-communication, which would potentially break deadlock-freedom and the capability to
produce separate code for each role (unless roles are provably not-aliased).

Restricting subtyping to require the same set of roles provides a substitution principle that elicits
all roles involved in a choreography. In some cases, “hidden roles” in choreographies might be
useful, e.g., to add external auditing or data replication as an extension of an existing choreography.

interface AuditedDiChannel@(A,B,Auditor)�T@X� extends DiChannel@(A,B)�T� { /* ... */ }
interface ReplicatedList@(A,Replica)�T@X� extends List@A�T� { /* ... */ }

Alas, this introduces security concerns (channels may have hidden bystanders) or complex com-
munication semantics (what is the meaning of sending a ReplicatedList@(A,B) over a channel
expecting a List@A?). These are general open problems for choreographies, left to future work.
Finally, the Choral type checker re�nes overload equivalence: it can discriminate overloaded

methods by considering roles (e.g., m(Char@B x) and m(Char@A x) below). It also predicts potential
clashes in the compiled Java code. Consider the following snippet and error message.

class Foo@(A,B) {
void m(Char@B x) { /* ... */ } // ok: void m() at A and void m(Char x) at B
void m(Char@A x) { /* ... */ } // ok: void m(Char x) at A and void m() at B
void m(Long@A x) { /* ... */ } // not ok: void m(Long x) at A and void m() at B

-------^
Illegal overload: 'm(Long@A x)' and 'm(Char@A x)' have the same signature for role 'B'.

Compiler error

The last two signatures are distinguishable in Choral, since each method has di�erent parameter
types. However, this information is only available to role A, while the projection of both signatures
at role B coincide. This is an instance of knowledge of choice but, di�erently from conditionals, it
cannot be addressed locally (within the class/interface) because extending classes may introduce
new branches and new points of choice by overriding and overloading, as in the example below.

class Bar@(A,B) extends Foo@(A,B) { void m(Integer@A x) { /* ... */ } }

Kinds and Types. Choral types can be intuitively thought of as “data types with role parameters”,
and role parameters as a special kind of generic type parameters subject to additional usage
restrictions—which we discussed above. This points to a formalisation of roles as types for a new
dedicated kind, written @, separate from the kinds of data types (classes, type parameters, primitive
types, etc.). Under this interpretation, the declaration

class Integer@A extends Number@A implements Comparable@A�Integer� { /* ... */ }

de�nes Integer as a higher-kinded type constructor with parameter A of kind @. Applying Integer
to role B yields the fully constructed type denoted by Integer@B. Fully constructed types inhabit the
kind *. Following Moors et al. [2008]; Odersky et al. [2016], we re�ne * into subkinds by specifying
an upper bound for their inhabitants and sacri�ce the independence of kinds from types to simplify
the handling of type parameters in generics. Kinds and types are given by the grammar below.
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class CheckTokenValidity@(U,S,SSO){
 @Test
public static void test(){
 Auth@(U,S,SSO) a = new Auth@(U,S,SSO)(
  TestUtils@(U,SSO).newLocalChannel(),
  TestUtils@(SSO,S).newLocalChannel()
 );
 SymChannel@(U,S) ch = TestUtils@(U,S).newLocalChannel();
 Assert@U.assertTrue( “Invalid Token”@U, 
  “myPassword”@U >> a::authenticate >> ch::com 
  >> a::isValidToken >> ch::com );
}

}
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1 public static Long multiply(Long n�, Long n�) {
2 if (n� � �� || n� � ��) {
3 return n� * n�;
4 } else {
5 Double m � Math.max(Math.log��(n�), Math.log��(n�)) � �;
6 Integer m� � Double.valueOf(m / �).intValue();
7 Integer splitter � Double.valueOf(Math.pow(��, m�)).intValue();
8 Long h� � n� / splitter; Long l� � n� � splitter;
9 Long h� � n� / splitter; Long l� � n� � splitter;

10 Long z� � Karatsuba.multiply(l�, l�);
11 Long z� � Karatsuba.multiply(h�, h�);
12 Long z� � Karatsuba.multiply(l� � h�, l� � h�) - z� - z�;
13 return z� * splitter * splitter � z� * splitter � z�;
14 }
15 }

1 public static Long@A multiply (Long@A n�, Long@A n�,
2 SymChannel@(A, B)�Long� ch_AB,
3 SymChannel@(B, C)�Long� ch_BC,
4 SymChannel@(C, A)�Long� ch_CA) {
5 if (n� � ��@A || n� � ��@A) {
6 ch_AB.�Choice�select(Choice@A.DONE); ch_CA.�Choice�select(Choice@A.DONE);
7 return n� * n�;
8 } else {
9 ch_AB.�Choice�select(Choice@A.REC); ch_CA.�Choice�select(Choice@A.REC);

10 Double@A m � Math@A.max(Math@A.log��(n�), Math@A.log��(n�)) � �@A;
11 Integer@A m� � Double@A.valueOf(m / �@A).intValue();
12 Integer@A splitter � Double@A.valueOf(Math@A.pow(��@A, m�)).intValue();
13 Long@A h� � n� / splitter; Long@A l� � n� � splitter;
14 Long@A h� � n� / splitter; Long@A l� � n� � splitter;
15 Long@A z� � Karatsuba@(B, C, A)
16 .multiply(ch_AB.�Long�com(l�), ch_AB.�Long�com(l�), ch_BC, ch_CA, ch_AB)
17 �� ch_AB::�Long�com;
18 Long@A z� � Karatsuba@(C, A, B)
19 .multiply(ch_CA.�Long�com(h�), ch_CA.�Long�com(h�), ch_CA, ch_AB, ch_BC)
20 �� ch_CA::�Long�com;
21 Long@A z� � Karatsuba@(A, B, C)
22 .multiply(l� � h�, l� � h�, ch_AB, ch_BC, ch_CA) - z� - z�;
23 return z� * splitter * splitter � z� * splitter � z�;
24 }
25 }

The Karatsuba Algorithm
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Fig. 8. Depiction of the programming approaches of Choral (le�) and Akka (right).

where each endpoint is programmed from a local viewpoint, in contrast with the global view on
the expected interactions of choreographic programming.
We depict the development processes of Choral and Akka in Figure 8, respectively on the left

and on the right sides. The processes are slightly di�erent:

• In Choral, we implement a choreography using a single codebase ( A�). The codebase for
each participant is then generated automatically by our compiler ( B�).

• By contrast, in Akka, we implement the behaviour of each participant separately ( C�). There
are no components to write choreographies.
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HelloRoles 8 2 0 12 50% 3.409 0.161
ConsumeItems 11 2 1 35 218% 3.332 0.287
BuyerSellerShipper 35 3 2 126 260% 5.047 0.839
DistAuth 47 3 1 115 145% 7.496 0.680
VitalsStreaming 38 2 1 71 87% 4.574 0.382
Di�eHellman 10 2 0 30 300% 4.614 0.475
MergeSort 62 3 4 231 273% 5.832 3.845
QuickSort 63 3 3 199 216% 5.516 3.080
Karatsuba 26 3 1 85 227% 4.857 1.874
DistAuth5 57 5 1 197 246% 7.522 1.175
DistAuth10 82 10 1 402 390% 7.964 2.956

Table 2. Performance results for the Choral compiler.

the programming style we used for Choral in this article promote di�erent ways of dealing with
recursion. For the Akka implementation, we followed the idiomatic approach of creating a new
actor for each new recursive call of the distributed algorithm. By contrast, in the Choral-generated
Java implementation, each distributed recursive call corresponds to the participants coordinating
the entering into and exiting out from local stacks, which implicitly guarantees the separation
of the data belonging to di�erent stages of the distributed algorithm. In other words, our Choral
implementation uses just three actors that exchange role in recursive calls. Adopting the “one class”
style for Akka helps keep the codebase small (the Java implementation generated from Choral is
bigger for MergeSort), but makes the implementation tightly coupled.

Interestingly, for the Karatsuba algorithm, the Choral-generated Java implementation is smaller
than the manually-written Akka implementation. This is because Karatsuba requires more coordin-
ation and local tracking of the choreography state, correspondent to boilerplate code that de�nes
bookkeeping message types and �elds. Moreover, obtaining a correct implementation of Karatsuba Check this below
in Akka was an error-prone and tricky task. Indeed, the asynchronous, reactive way of writing
distributed, concurrent algorithms in Akka, made it complex to reason on the protocol we were
writing, which resulted in three bugs found by two authors working together. The �rst bug was due
to a typo that changed the direction in the inequality check that decides whether to perform the
z�-z�-z� decomposition of the product (cf. Figure 6) or perform it directly. The second bug, which
revealed itself only after �xing the �rst one, was also due to a typo, which made the algorithm
perform the z� calculation instead of the one for z�. The error manifested itself as a deadlock, as
the program waited to synchronise on the arrival of the three calculations z�, z�, z� but instead
generated only z� and z� (the latter two times). The �rst attempt at �xing this bug resulted in a
third bug, detected only when testing the execution of the algorithm against expected values of the
multiplication. Indeed, the initial �x swapped the inputs for z� and z�. What conclusion can we draw

from this?
6.3 Microbenchmarks
We now move to a more systematic and quantitative evaluation of how Choral impacts software
development—in addition to the key bene�t of choreography compliance. First, we evaluate the
performance of the Choral compiler with microbenchmarks on 11 Choral programs. Then, since
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Fig. 9. Benchmarks of the Java (seq), Choral (choral, cSetup), and Akka (akka, aSetup) implementations of
the Karatsuba algorithm.

Other Approaches to Spatially-Distributed Programming. The types that support our choreography-
as-objects interpretation have been inspired by ideas found in modal logics for mobile ambients
[Cardelli and Gordon 2000] and, later, in the line of work on multitier programming [Cooper et al.
2006; Liu et al. 2009; Murphy VII et al. 2007, 2004; Neubauer and Thiemann 2005; Serrano et al. 2006;
Weisenburger et al. 2018]. In the words of Murphy VII et al. [2004], these works represent other
approaches to “spatially-distributed computation”. For example, in the most recent incarnation
of multitier programming (ScalaLoci, by Weisenburger et al. [2018]), a distributed application
is essentially de�ned as a single program that composes di�erent functions, each localised at a
single participant. A function can then invoke special primitives to request remote computation by
another participant, whose implementation must always be ready for such requests [Weisenburger
et al. 2020]. Di�erently from choreographies, this makes the �ow of communications implicit
and dependent on an underlying middleware—indeed, multitier programming was not designed
to address the problems of de�ning choreographies and addressing choreography compliance
as an aim. Choral generalises data types localised at a single participant to data types localised
at many participants (roles), which enables our novel development process for choreography-
compliant libraries. Castro-Perez and Yoshida [2020] explored the parallelisation of a simplemultitier
�rst-order functional language, for which they can infer abstract (computation is not included)
choreographies of the communication �ows that these programs can enact; Choral could be a
candidate implementation language for this kind of models.
Higher-Order Choreographies. Interpreting choreographies as objects enables, for the �rst time,
higher-order composition of choreographies that carry state (the �elds of the objects): stateful
choreographies (objects) can be passed as arguments. Stateful choreographies have been investig-
ated before without higher-order composition—see, for example, the works [Carbone et al. 2012;
Chen and Honda 2012; Cruz-Filipe and Montesi 2020]. Demangeon and Honda [2012] studied
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Future work (on Choral)

42

• Choral supports classes, interfaces, generics, inheritance, and method 
overloading. Java Lambdas can help with language ergonomics.


• class Auth1@(U,S) extends Auth@(U,S,SSO) and  
class Auth1@(U,S,SSO,Logger) extends Auth@(U,S,SSO)

• class LoadBalancer@(Prod,W1,W2){  
 [W in (W1,W2) Task@W] dist(Task@Prod t){} }

• class StarChannel@(A,*Bs){  
[B for Bs String@B] scatter(String@A m){}  
String@A gather([B for Bs String@B] m){} }

• Choral offer some basic support for error handling (try-catch on subtypes of 
Exception@A, unchecked). What is the handling semantics of 
Exception@(A,B,C)?


• Can we compile to multiple (polyglot) target languages? 

• Can we dispense @selectMethods when other coms already exist?
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Future work (in general)
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• Featherweight Choral 
• A formal model for Choral, we started this with mini-Choral in ECOOP 2021. 

Other references: choreographic -calculus, Coq formalisation


• Exploring the foundations of choreographies:

• axiomatisations and denotational semantics for choreographies

• categorical models of choreographies, morphism of projection (and extraction)


• Probabilistic choreographies, e.g., to estimate confidence intervals in protocols 
with failures

λ


