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Typecheck B separately from A by
depending on an interface A.

Strong Modularity

Typecheck mutually 
dependent modules before 
tying the recursive knot.
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1.4

Q-2

1.31.2P-1.1
P-1.*

• at Haskell’s 
package level

• at Haskell’s 
module level

Server

Socket

Weak Modularity

no interfaces ⇒ no strong modularity

(implementations depend on implementations)
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We want to extend it 
with strong modularity.

Haskell has
weak modularity.

Design
strong layer

on top of
weak modules!

Solution:

Retrofit
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“Why not just use the ML 
module system?” (i.e. functors)

5

• a lot of work on the ML module system

• interfaces via signatures, reuse via functors
good
point

but • functors won’t work for us
- incompatible with recursive linking
- unclear how to incorporate into weak modules

• functors are ill-suited for separate compilation
- ML langs require additional system on top



6

Introducing Backpack
strong

weak

• Retrofits Haskell with strong modularity

- Designed at package level

- Employs simplified mixin design

- Defined as elaboration into weak Haskell modules

- Separate typechecking, not separate compilation



• Language tour

• Semantics

• Future work

Outline
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Boot Files:  Almost Interfaces

Socket.hs-boot

Socket≈
module Socket where
  data SocketT
  open :: Int -> SocketT

• implementation mechanism in GHC compiler

• used as “forward declaration” for recursive modules



11

Boot Files:  Almost Interfaces

Socket.hs-boot

Socket≈
module Socket where
  data SocketT
  open :: Int -> SocketT

• implementation mechanism in GHC compiler

• used as “forward declaration” for recursive modules



11

Boot Files:  Almost Interfaces

Socket.hs-boot

Socket≈
module Socket where
  data SocketT
  open :: Int -> SocketT

• implementation mechanism in GHC compiler

• used as “forward declaration” for recursive modules



12

modules 
in today’s 
Haskell

Socket

Server

Socket

Server

interfaces

Socket



13

Packages in Backpack

module Server where
  import Socket
  data ServerT = ...SocketT...

module Socket where
  data SocketT = ...
  open = ...

Socket.hs

Server.hs

Socket

Server
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Packages in Backpack

Socket

Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Packages in Backpack
(With Holes)

package multi-shared where
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Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketimpl where

Socket =
�data SocketT = ...
open = ...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketimpl where

Socket =
�data SocketT = ...
open = ...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

SocketSocket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketimpl where

Socket =
�data SocketT = ...
open = ...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

Socket

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketimpl where

Socket =
�data SocketT = ...
open = ...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

Socket

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

Server

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketimpl where

Socket =
�data SocketT = ...
open = ...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketimpl where

Socket =
�data SocketT = ...
open = ...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Package Inclusion

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Socket

Package Inclusion

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Socket

Package Inclusion

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Socket

Package Inclusion

Server

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Linking

Socket Socket Server

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�
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package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�
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Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt
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KSock

Kalt
Sock
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α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl
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αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Linking

Socket Socket Server

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�
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package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Linking

Socket Socket Server

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�
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package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Linking

Socket Socket Server

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�
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package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt
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α
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl
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∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Linking

Socket Socket Server

Socket

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Linking

Socket Socket Server

Socket

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package main where
include serverimpl
include socketimpl
Main = [import Server ...]

14

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package main where
include serverimpl
include socketimpl
Main = [import Server ...]

14

≤

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Linking

Socket Socket Server

Socket

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package socketimpl where

Socket =
�data SocketT = ...
open = λn. . . .

�

package serverimpl where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

14

Socket

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Reuse

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Reuse

Socket Server
partial-server

Socket Server
partial-server

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Reuse

Socket Server
partial-server

Socket
socketimpl-1

Socket Server
partial-server

Socket

socketimpl-2

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14



18

Reuse

Socket Server
partial-server

Socket
socketimpl-1

Socket Server
partial-server

Socket

socketimpl-2

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
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Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
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Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Reuse

Socket Server
partial-server

Socket
socketimpl-1

Socket Server
partial-server

Socket

socketimpl-2

A
Socket Server

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
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package main where
include socketimpl
include partial-server
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
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open = ...

�

Server =
�
import Socket
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�

package complete-server where
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Server =
�
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�

package server where
Socket = [Socket.hs]
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package socketsig where

Socket ::
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open :: Int -> SocketT

�

package serverimpl where
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package main where
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Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
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Socket Server
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Socket
socketimpl-1

Socket Server
partial-server

Socket
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B

Socket Server
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
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∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Reuse

Main

Socket Server
partial-server

Socket
socketimpl-1

Socket Server
partial-server

Socket

socketimpl-2

A

B

Socket Server

Socket Server

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)
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Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
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∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)
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Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Reuse

Main

Socket Server
partial-server

Socket
socketimpl-1

Socket Server
partial-server

Socket

socketimpl-2

A

B

Socket Server

Socket Server

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃
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Identity Constructors K ∈ IdentCtors
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Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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Package Respositories R ::= D1, . . . , Dn
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Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)
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(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)
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Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�
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Shared Reuse

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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KA
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α

KSer(α)

KSer(KSock)

KSer(Kalt
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µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

ServerSocket

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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µα.KA(KB(α))
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KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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KSock

Kalt
Sock
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KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

ServerSocketSocket

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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KA(αB)
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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Sock
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α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

ServerSocket
C

Socket

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)
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Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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µα.KA(KB(α))

µα.KB(KA(α))
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∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

ServerSocket

ServerSocket

C
Socket

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)
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Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

ServerSocket

ServerSocket

C
Socket

Socket

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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Shared Reuse

ServerSocket

ServerSocket

C

D

Socket

Socket

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Shared Reuse

ServerSocket

ServerSocket

C

D

Socket

Socket

Main

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14



19

Shared Reuse

ServerSocket

ServerSocket

C

D

Socket

Socket

Main

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Shared Reuse

ServerSocket
C

Socket

Main

C
D

Main

A

B

Socket Server

Socket Server

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server
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α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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Y, and we want to require the two holes to be ultimately instantiated
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By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
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The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:
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package b-from-a where
include ab-sigs
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package a-from-b where
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4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
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B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
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Backpack’s semantics avoids double vision completely.
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The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
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package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:
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would include a “source pragma” that tells the compiler to import the boot
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depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
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of D. In particular, it fills in the types of core-language entities,
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Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
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2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4
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GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:
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B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.

5

A B

package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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package applic-right (Prelude,Right) where
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2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be
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double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.

5

A
B

package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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package applic-left (Prelude, Left) where
include structures
include arrays-a
Left = [import Graph; x :: G = ...]

package applic-right (Prelude,Right) where
include arrays-a
include structures
Right = [import Graph; f :: G -> G = ...]

package applic-bot where
include applic-left
include applic-right
Bot = [import Left; import Right; ... f x ...]

Figure 3. Example of applicativity.

2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
A = [import B; ...]

package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:

package ab-sigs where
A :: [SA]
B :: [SB ]

package b-from-a where
include ab-sigs
B = [import A; ...]

package a-from-b where
include ab-sigs
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package ab-rec-sep where
include a-from-b
include b-from-a

4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.

3. The Semantics of Backpack
The main top-level judgment defining the semantics of Backpack
is

∆ � D : ∀α.Ξ � λα.dexp

Given a package definition D, along with a package environment ∆
describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.
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2.5 Aliases
Occasionally one wants to link two holes whose names differ. The
binding form p = p in Figure 1 allows the programmer to add such
aliases, which may be viewed as sharing constraints. For example:

package share where
include foo1 (A,X)
include foo2 (B,Y)
X = Y

Here, A (from foo1) depends on hole X, and B (from foo2) on hole
Y, and we want to require the two holes to be ultimately instantiated
by the same module. The binding X = Y expresses this constraint.

2.6 Recursive Modules
By using holes as “forward declarations” of implementations, pack-
ages can define recursive modules, i.e., modules that transitively
import themselves. The Haskell Language Report ostensibly allows
recursive modules, but it leaves them almost entirely unspecified,
letting Haskell implementations decide how to handle them. Our
approach to handling recursive modules follows that of MixML.

The example below defines two modules, A and B, which im-
port each other. By forward-declaring the parts of B that A depends
on, the first implementation makes sense—i.e., it knows the names
and types of entities it imports from B—and, naturally, the second
implementation makes sense after that. This definition is analogous
to how these modules would be defined in GHC today.4

package ab-rec where
B :: [SB ]
A = [import B; ...]
B = [import A; ...]

Normal mixin linking ties the recursive knot, ensuring that the
import B actually resolves to the B implementation in the end.

GHC allows recursive modules only within a single (Cabal)
package. Backpack, on the other hand, allows more flexible re-
cursion. Although packages themselves are not defined recursively,
they may be recursively linked. Consider the following:
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4 In GHC, instead of explicit bindings to a signature and two modules, there
would be the two module source files and an additional “boot file” for B
that looks exactly like SB . Moreover, the import B within the A module
would include a “source pragma” that tells the compiler to import the boot
file instead of the full module.

At the level of packages, these definitions do not involve any recur-
sive inclusion, which is good, because that would be illegal! Rather,
they form a diamond dependency, like the earlier packages top,
left, right, and bottom. There is no recursion within the definitions
of ab-sigs, a-from-b, and b-from-a either. The recursion instead
occurs implicitly, as a result of the mixin linking of modules A and
B in the package ab-rec-sep. (Separately typechecked, recursive
units may be defined in MixML in roughly the same way.)

Finally, we note that Backpack’s semantics (presented in the
next section) explicitly addresses one of the key stumbling blocks
in supporting recursive linking in the presence of abstract data
types, namely the so-called double vision problem [6, 8]. In the
context of the above example, the problem is that, in ab-sigs, the
specification SA of the hole A may specify an abstract type T,
which SB then depends on in the types of its core-level entities.
Subsequently, in a-from-b, when the implementation of A imports
B, it will want to know that the type T that it defines is the same as
the one mentioned in SB , or else it will suffer from “double vision”,
seeing two distinct names for the same underlying type. Avoiding
double vision is known to be challenging [8, 9, 27], but crucial
for enabling common patterns of recursive module programming.
Backpack’s semantics avoids double vision completely.
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The main top-level judgment defining the semantics of Backpack
is
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describing the types and elaborations of other packages on which D
depends, this judgment ascribes D a package type ∀α.Ξ, and also
elaborates D into a parameterized directory expression λα.dexp,
which is essentially a set of well-typed Haskell module files.

The above judgment is implemented by a two-pass algorithm.5

The first pass, called shaping, synthesizes a package shape Ξ̃ for D,
which effectively explains the macro-level structure of the package,
i.e., the modules contained in D, the names of all the entities
defined in those modules, and how they all depend on one another.
The second pass, called typing, augments the structural information
in Ξ̃ with additional information about the micro-level structure
of D. In particular, it fills in the types of core-language entities,
forming a package type Ξ and checking that D is well-formed at Ξ.

Our goal in the present section is to explain in detail this two-
pass typechecking algorithm, as well as the elaboration of Back-
pack into Haskell. Central to both passes of Backpack typecheck-
ing is a notion of module identity. Using the multinst package (and
its dependencies) from Figure 2 as a running example, we will mo-
tivate the role and structure of module identities, and then in sub-
sequent subsections explain the implementation of shaping, typing,
and elaboration. Full details are given in Appendix §6.

3.1 Module Identities
Figure 5 shows the shapes and types of multinst and its dependen-
cies. We proceed by explaining Figure 5 in a left-to-right fashion.

The first column of Figure 5 contains the first key component
of package types: a mapping from modules’ logical names p (i.e.,
their names at the level of Backpack) to their physical identities ν
(i.e., the names of the Haskell modules to which they elaborate).
The reason for distinguishing between logical names and physical
identities is simple: due to aliasing (Section 2.5), there may be

5 The reason for splitting typechecking into two passes has to do with the
double vision problem [8], as discussed in Section 2.6. See Section 4 for
further discussion, as well as a detailed explanation of how our solution to
double vision compares with MixML’s.

5

Recursive Linking

B

AA
B
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package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

Backpack Syntax

interfaces, reuse, and recursive linking ⇒ strong modularity
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Other features:

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

• Aliasing:  module name aliases

Backpack Syntax

interfaces, reuse, and recursive linking ⇒ strong modularity
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Other features:

• Thinning:  control module exposure

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

• Aliasing:  module name aliases

Backpack Syntax

interfaces, reuse, and recursive linking ⇒ strong modularity



21

Other features:

• Thinning:  control module exposure

• Renaming:  control module naming/linking

package multi-shared where
C = {include serverimpl; include socketimpl}
D = {include serverimpl; include socketimpl}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

• Aliasing:  module name aliases

Backpack Syntax

interfaces, reuse, and recursive linking ⇒ strong modularity
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doesn’t really 
work for us:

a minimal, fully expressive core calculus of mixin modules.



• MixML targets “LTG”

• MixML does not support shared reuse

• MixML semantics is pretty complicated

Goal 1) Base It on MixML

Start with MixML,* * [Rossberg & Dreyer, ICFP ’08]

23

but MixML 
doesn’t really 
work for us:

a minimal, fully expressive core calculus of mixin modules.



Because we retrofit,
we must “compile” semantics 

down to plain Haskell modules.

24
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Type Representation
Server

ServerSocket
B

A

Main

Socket

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Type Representation
Server

ServerSocket
B

A

Main

Socket

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Type Representation
Server

ServerSocket
B

A

Main

Socket

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

partial-serversocketimpl-1
ServerSocket

socketimpl-2
partial-server

ServerSocket
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Module Identities

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Module Identities

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14



26

Module Identities

1) Variables for holes.

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Module Identities

1) Variables for holes.

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14



26

Module Identities

1) Variables for holes.

2) Fresh token applied to 
imported mod idents.Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

2) Fresh token applied to 
imported mod idents.Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

2) Fresh token applied to 
imported mod idents.

3) Linking is substitution.

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

2) Fresh token applied to 
imported mod idents.

3) Linking is substitution.

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include socketimpl
include partial-server

KSer

KSock

Kalt
Sock

KA

KB

αSock

KSer(αSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14



26

Module Identities

1) Variables for holes.

2) Fresh token applied to 
imported mod idents.

3) Linking is substitution.

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

2) Fresh token applied to 
imported mod idents.

4) μ-binders for cyclic 
graphs (recursion).

3) Linking is substitution.

A B

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

14

2) Fresh token applied to 
imported mod idents.

4) μ-binders for cyclic 
graphs (recursion).

3) Linking is substitution.

A B

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

14

2) Fresh token applied to 
imported mod idents.

4) μ-binders for cyclic 
graphs (recursion).

3) Linking is substitution.

A B

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Module Identities

1) Variables for holes.

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

14

2) Fresh token applied to 
imported mod idents.

4) μ-binders for cyclic 
graphs (recursion).

3) Linking is substitution.

module identities enable shared reuse and recursive linking!

A B

Socket Server

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls
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package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package multi where
A = {include server-linked-1}
B = {include server-linked-2}

Main =





import qualified A.Server
import qualified B.Server

... A.Server.ServerT ...

... B.Server.ServerT ...





package multi-shared where
C = {include partial-server; include socketimpl-1}
D = {include partial-server; include socketimpl-1}

Main =

�
import qualified C.Server
import qualified D.Server
...

�

package partial-server where
include socketsig

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where

Socket =
�data SocketT = ...
open = ...

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package complete-server where
include socketimpl

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package socketsig where

Socket ::
�data SocketT
open :: Int -> SocketT

�

package serverimpl where
include socketsig
Server = [...]

package server-linked-1 where
include partial-server
include socketimpl-1

package server-linked-2 where
include partial-server
include socketimpl-2

package main where
include partial-server
include socketimpl

KSer

KSock

Kalt
Sock

KA

KB

αSock

νSock

KSer(αSock)

KSer(νSock)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

Package Names P ∈ PkgNames
Module Path Names p ∈ ModPaths
Package Respositories R ::= D1, . . . , Dn

Package Definitions D ::= package P t where B1, . . . , Bn

Bindings B ::= p = [M ] | p :: [S] | p = p | include P t r
Thinning Specs t ::= (p1, . . . , pn)
Renaming Specs r ::= �p1 �→ p�1, . . . , pn �→ p�n�

Module Expressions M ::= imports; exports; defns
Signature Expressions S ::= imports; decls

14
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Type System

module identity
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ElaborationType System

module identity
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Type System

1) Shaping

• Determine 
structure of 
modules and code

• Synthesize module 
identities

(two passes on a package)
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Type System

2) Typing

• Do Haskell 
typechecking

• Augment shapes with 
Haskell typing 
information

1) Shaping

• Determine 
structure of 
modules and code

• Synthesize module 
identities

(two passes on a package)
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Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

unification!

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14



29

Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14



29

Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14



29

Type System: Linking

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KA

KB

α

KSer(α)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

14

Mixin’ Up the ML Module System A:23

Modules: Γ;R;β � mod : Σ

X : |Σ| ∈ Γ

Γ; {||}; ∅ � X : |Σ|
(VAR)

Γ; {||}; ∅ � {} : {||}
(EMP)

� A ⇑ knd

Γ; [[=A]]; ∅ � [:knd] : [[=A]]
(ITYP)

Γ � typ ❀ A

Γ; {||}; ∅ � [typ] : [[=A]]
(ETYP)

Γ � typ ❀ A � A ⇑ type

Γ; {||}; ∅ � [:typ] : [[A]]−
(IVAL)

Γ � exp : A � A ⇑ type

Γ; {||}; ∅ � [exp] : [[A]]+
(EVAL)

Γ;R;β � mod : Σ

Γ; {|� :R|};β � {�=mod} : {|� :Σ|}
(STR)

Γ; {|� :R|};β � mod : {|� :Σ, �� : |Σ�||}
Γ;R;β � mod .� : Σ

(DOT)

� L1 locates α1 R1 # Σ2 Γ;R �R1 � L1;β1 � mod1 : Σ1

� L2 locates α2 R2 # Σ1 Γ,X : |Σ1|;R �R2 � L2;β2 �stat mod2 : Σ�
2

� (L1;Σ1) � (L2;Σ�
2) ❀ δ Γ,X : |δΣ1|;R �R2 � δL2;β2 � mod2 : Σ2

α1,α2 fresh � δΣ1 + Σ2 ⇒ Σ

Γ;R �R1 �R2;β1,β2 � (X=mod1) with mod2 : Σ
(LINK)

� L1 locates α1 Γ;L1;β1 � mod1 : Σ1

� L2 locates α2 Γ,X : |Σ1|;L2;β2 �stat mod2 : Σ�
2

� (L1;Σ1) � (L2;Σ�
2) ❀ δ δΓ,X : |δΣ1|; δL2;β2 � mod2 : Σ2

β2,α2 fresh � δΣ1 + Σ2 ⇒ |Σ|
Γ; {||};β1,α1 � (X=mod1) seals mod2 : |Σ1|

(SEAL)

Γ � mod : Φ
Γ; {||}; ∅ � [mod] : [[Φ]]+

(EUN)

Γ � mod : [[∀α. ∃β. (L;Σ)]]+ dom(δ) = {α,β}
Γ; δL; δβ � new mod : δΣ

(NEW)

Complete Modules: Γ � mod : Σ

Γ; {||};β � mod : |Σ| β fresh β �∈ fv(Σ)

Γ � mod : |Σ|
(COMPL)

Units: Γ � mod : Φ

Γ;L;β � mod : Σ � L locates α α,β fresh

Γ � mod : ∀α. ∃β. (L;Σ)
(UNIT)

Fig. 5. Typing Rules for MixML
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Backpack
MixML

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ1 ⊕ Ξ2 = Ξ defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14



Elaboration

30

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

Server

ServerSocket
B

A

Main

Socket

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14
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module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

Server

ServerSocket
B

A

Main

Socket

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

• One module file per identity
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module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

Server

ServerSocket
B

A

Main

Socket

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

• One module file per identity

• Code duplicated (a la C++ templates)
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module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

Server

ServerSocket
B

A

Main

Socket

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

• One module file per identity

• Code duplicated (a la C++ templates)

• Code largely preserved
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module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

Server

ServerSocket
B

A

Main

Socket

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

• One module file per identity

• Code duplicated (a la C++ templates)

• Code largely preserved

• Rewrite imports to identities



Elaboration

30

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

Server

ServerSocket
B

A

Main

Socket

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

• One module file per identity

• Code duplicated (a la C++ templates)

• Code largely preserved

• Rewrite imports to identities
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module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

• One module file per identity

• Code duplicated (a la C++ templates)

• Code largely preserved

• Rewrite imports to identities

C
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module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [Socket.hs]
Server = [Server.hs]

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module           where
  import         as Socket(SockT)
  data ServerT = ...SockT...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

module      where
  data SockT = ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined
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• One module file per identity

• Code duplicated (a la C++ templates)

• Code largely preserved

• Rewrite imports to identities

module                             where
  import qualified                  as A.Server(ServerT)
  import qualified                  as B.Server(ServerT)
  ...

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =
�
import Socket
data ServerT = ...SocketT...

�

package server where
Socket = [data SocketT = ...]
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package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

Kalt
Sock

KA

KB

α

KSer(α)

KSer(KSock)

KSer(Kalt
Sock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

KMain(KSer(KSock),KSer(Kalt
Sock))

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

package multi-shared where
A = {include serverimpl; include socketimpl}
B = {include serverimpl; include socketimpl}

Main =

�
import qualified A.Server
import qualified B.Server
...

�

package serverlib where

Socket ::
�data SocketT
open :: Int -> SocketT

�

Server =

�
import Socket
data ServerT = ...SocketT...
...open 80 ...

�

package server where
Socket = [data SocketT = ...]

Server =
�
import Socket
data ServerT = ...SocketT...

�

package serverimpl where
include socketsig
Server = [...]

package server-linked where
include serverimpl
include socketimpl

package server-linked-alt where
include serverimpl
include socketimpl-alt

KSer

KSock

KA

KB

α

KSer(α)

KSer(KSock)

µα.KA(KB(α))

µα.KB(KA(α))

KB(αA)

KA(αB)

∆ � B1 ⇒ Ξ̃1 ∆; Ξ̃1 � B2 ⇒ Ξ̃2 � Ξ̃1 + Ξ̃2 ⇒ Ξ̃

∆ � B1, B2 ⇒ Ξ̃
(SHSEQ)

∆; Ξ̃pkg � B1 : Ξ1 ∆;Ξ1; Ξ̃pkg � B2 : Ξ2 Ξ = Ξ1 ⊕ Ξ2 defined

∆; Ξ̃pkg � B1, B2 : Ξ
(TYSEQ)

Identity Variables α,β ∈ IdentVars
Identity Constructors K ∈ IdentCtors
Identities ν ::= α | K ν | µα.ν
Identity Substitutions φ, θ ::= {α := ν}

14

C
D

C

Main

C
D ServerSocketSocket



31

Type System

module identity 
simplifies and organizes 

the semantics
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ElaborationType System

module identity 
simplifies and organizes 

the semantics
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What else is in the paper?

• Thinning and renaming

• Formalization of Haskell modules

• Elaboration soundness statement & proof

• Metatheory/axioms for “core language”
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What else is in the paper?

• Thinning and renaming

• Formalization of Haskell modules

• Elaboration soundness statement & proof

• Metatheory/axioms for “core language”

53-page appendix
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Future Work

type 
classes

integration 
with Cabal 
package 
manager

&
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Contributions
strong

weak

• Retrofits Haskell with strong modularity

- Designed at package level

- Employs simplified mixin design

- Defined as elaboration into weak Haskell modules

- Separate typechecking, not separate compilation

• Generic design could work for other weak langs
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Targeting an existing, weak 
module language is not just 
practical but interesting!
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Targeting an existing, weak 
module language is not just 
practical but interesting!

Thanks!
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• First had to formally define “plain Haskell modules” 
and binary interface files

- But not Haskell typechecking!

• Only formalization* of Haskell modules with:

- separately checkable recursive modules

- conventional metatheory, e.g. Weakening, Substitution

• Definitions and metatheory are parameterized by 
axioms for “core” level of terms and types

- Could generalize to other “weak” langs with 
Haskell’s module semantics

Proving soundness was hard.

* others: [Faxén, JFP ’02] [Diatchki et al., Haskell ’02]
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Type Classes

package problematic where

A :: [data T; ...]
B :: [data T; ...]

C =





import qualified A
import qualified B
instance Eq A.T where

eq t1 t2 = True

instance Eq B.T where

eq t1 t2 = False
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Scott Kilpatrick
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1 Package Syntax

(package names) P ∈ PkgNames
(module variables) X ∈ ModCompts
(paths) p, q ::= � | p.X
(modules) M ::= . . .
(signatures) S ::= . . .
(expressions) E ::= p | [M ] | [::S]
(bindings) B ::= p = E | include P t r
(thinning) t ::= (p; q)
(renaming) r ::= �p �→ p�
(package definitions) D ::= package P t where B
(top-level bindings) T ::= D

(paths) X
def
= �.X

X.�
def
= �.X

X.(p�.X �)
def
= (X.p�).X �

2 Semantic Objects

2.1 Stamps

Stamps represent module identity. Each (non-variable) stamp uniquely identifies a mod-
ule and its dependencies. Like a closure in the λ-calculus, stamps contain the code and,
recursively, the closures (stamps) of its free variables (imports, resp.).

1

• Which instances from A 
and B impls does C see?

- Elab. of C must specify 
imported instances

• Package type presumes
A.T distinct from B.T

- Can’t use same impl
for A and for B
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Implementation Check

• Author wants to check 
that she implements sig

• But not all holes in sig
are implemented in impl

• How exactly to define
implements then?

package containers-sig-1.x where
include prelude-sig-4.x

Data.Set :: [import Prelude; ...]

package containers-impl-1.5 where
include prelude-sig-4.x

HiddenImpl = [...]

Data.Set =

�
import Prelude

import HiddenImpl

...

�

implements containers-sig-1.x
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�
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1



Conditionals
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package mylib where

Foo =





case compiler of

ghc ⇒
�
import GhcStuff
...ghc-specific impl...

�

_ ⇒ [...default impl...]
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Stamps represent module identity. Each (non-variable) stamp uniquely identifies a mod-
ule and its dependencies. Like a closure in the λ-calculus, stamps contain the code and,
recursively, the closures (stamps) of its free variables (imports, resp.).

1

package mylib where

Foo =





#ifdef __GHC__

import GhcStuff
...ghc-specific impl...

#else

...default impl...

#endif
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2 Semantic Objects

2.1 Stamps

Stamps represent module identity. Each (non-variable) stamp uniquely identifies a mod-
ule and its dependencies. Like a closure in the λ-calculus, stamps contain the code and,
recursively, the closures (stamps) of its free variables (imports, resp.).

1

wrong!
#if in program
is not typeable
at package level

right!
conditional at
the level of

package language!
branches might
introduce their
own bindings


