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The type checker

Á Input: HsSyn GhcRn

ÁOutput: HsSyn GhcTc
Elaboration

A very big 
data type





ÁLanguage.Haskell.Syntax.*  aka òHsSynó
ÁGHC- independent definition of syntax tree

ÁUltimately intended to be a separate package.

ÁIntended to be useful for other tools ( eg Template Haskell,
haskell -src -exts ).

ÁGHC.Hs.*
ÁGHC- specific instantiation of HsSyn.

ÁUses Trees that Grow ideas a lot.

ÁWiki page: https://gitlab.haskell.org/ghc/ghc/ -/wikis/implementing -trees -that -grow.



ÁKey resource

ÁTons of useful information

ÁEasily gets out of date

ÁEveryone can edit:
please, please do so.  

ÁDo not accept bogus or out 
of date info!  Ask, redraft, 
fix.



Á XVar , XLitE , XOpApp live are 
the constructor extensions

Á XXExpr is the 
data type extension

Á Instances for XVar , XXExpr etc 
are in the GHC -specific tree: 
GHC.Hs.*

module Language.Haskell.Syntax.Expr where

data HsExpr p

= HsVar ( XVar p) ( LIdP p)

| HsLit ( XLitE p)( HsLit p)

| OpApp ( XOpApp p) ( LHsExpr p) ( LHsExpr p) ( LHsExpr p)

...dozens of others...

| XExpr !( XXExpr p)

module Language.Haskell.Syntax.Extension where

type family XVar p

type family XLitE p

type family XLam p

type family XXExpr p

type family XRec p a

type family IdP p

type LIdP p = XRec p (IdP p)



Á HsExpr (GhcPassp): 
output of pass p of GHC

Á XOpApp (GhcPassp):
Extension field of HsOpApp is 
populated with different types, 
depending on which pass

module Language.Haskell.Syntax.Expr where

data HsExpr p

= HsVar ( XVar p) ( LIdP p)

| HsLit ( XLitE p)( HsLit p)

| OpApp ( XOpApp p) ( LHsExpr p) ( LHsExpr p) ( LHsExpr p)

...dozens of others...

| XExpr !( XXExpr p)

module GHC.Hs.Extension where

data Pass = Parsed | Renamed | Typechecked

data GhcPass (c :: Pass) where

GhcPs :: GhcPass 'Parsed

GhcRn :: GhcPass 'Renamed

GhcTc :: GhcPass ' Typechecked

type GhcPs = GhcPass óParsed

type GhcRn = GhcPass óRenamed

type GhcTc = GhcPass ' Typechecked

type instance XOpApp GhcPs = EpAnn [ AddEpAnn]

type instance XOpApp GhcRn = Fixity

type instance XOpApp GhcTc = DataConCantHappen



Á GenLocated (Anno e) e:
wraps e in decoration (Anno e)

Á The ôAnno eõ is a SrcSpan...

Á ...maybe plus some extra stuff

Á Most HsExprs are wrapped in 
LHsExpr , which gives a SrcSpan.

module Language.Haskell.Syntax.Expr where

data HsExpr p

= HsVar ( XVar p) ( LIdP p)

| HsLit ( XLitE p)( HsLit p)

| OpApp ( XOpApp p) ( LHsExpr p) ( LHsExpr p) ( LHsExpr p)

...dozens of others...

| XExpr !( XXExpr p)

type LHsExpr p = XRec p ( HsExpr p)

module GHC.Hs.Extension where

data Pass = Parsed | Renamed | Typechecked

data GhcPass (c :: Pass) where

GhcPs :: GhcPass 'Parsed

GhcRn :: GhcPass 'Renamed

GhcTc :: GhcPass ' Typechecked

type instance XRec ( GhcPass p) a 

= GenLocated (Anno a) a

data GenLocated l e = L l e

type family Anno a



So HsVar contains

Á A RdrName after parsing

Á A Name after renaming

Á An Id after type checking

module Language.Haskell.Syntax.Expr where

data HsExpr p

= HsVar ( XVar p) ( LIdP p)

| HsLit ( XLitE p)( HsLit p)

| OpApp ( XOpApp p) ( LHsExpr p) ( LHsExpr p) ( LHsExpr p)

...dozens of others...

| XExpr !( XXExpr p)

module Language.Haskell.Syntax.Extension where

type LIdP p = XRec p (IdP p)

type family IdP p

module GHC.Hs.Extension where

type instance IdP ( GhcPass p) = IdGhcP p

type family IdGhcP pass where

IdGhcP 'Parsed      = RdrName

IdGhcP 'Renamed     = Name

IdGhcP ' Typechecked = Id

module GHC.Types.Var where

type Id = Var

data Var = ...

= TyVar { ... }

| TcTyVar { ... }

| Id {

varName :: !Name,

realUnique :: !Int,

varType :: Type,

varMult :: Mult,

idScope :: IdScope ,

id_details :: IdDetails

id_info :: IdInfo }



Á XXExpr (GhcPassp):
says what extra 
constructors are needed 
in HsExpr after pass p.

module Language.Haskell.Syntax.Expr where

data HsExpr p

= HsVar ( XVar p) ( LIdP p)

| HsLit ( XLitE p)( HsLit p)

| OpApp ( XOpApp p) ( LHsExpr p) ( LHsExpr p) ( LHsExpr p)

...dozens of others...

| XExpr !( XXExpr p)

module Language.Haskell.Syntax.Extension where

type LIdP p = XRec p (IdP p)

type family IdP p

module GHC.Hs.Expr where

type instance XXExpr GhcPs = DataConCantHappen

type instance XXExpr GhcRn = HsExpansion ( HsExpr GhcRn) ( HsExpr GhcRn)

type instance XXExpr GhcTc = XXExprGhcTc

-- After renaming

data HsExpansion orig expanded = HsExpanded orig expanded

-- After typechecking

data XXExprGhcTc = WrapExpr ... | ExpansionExpr ... | ...





ÁTypecheck the original Haskell, as written by the user

ÁDesugar afterwards

ÁThat way, the error messages make sense.



ÁTypechecking the original took a hundred lines of tricky code

Á If we desugar first....

Á...itõs all much easier

x :: T Int Char

y = x { name = ñSimonò, info1 = True }

-- y :: T Bool Char 

data T a b = MkT { name  :: String

, info  :: a

, info2 :: b }

x :: T Int Char

y = case x of

MkT { info2 = i2 }

- > MkT { name = ñSimonò, info1 = True, info2 = i2 } 



ÁFor ðXRebindableSyntax , the definition of òwell-typedó is 
òexpand and typecheck the expansionó.

ÁE.g. numeric literals with -XRebindableSyntax
Á3    means      fromInteger 3
Áwhere ôfromInteger õ means whatever fromInteger is in scope, which 

might have a weird type like fromInteger :: Integer -> a -> Bool

ÁMost straightforward approach: desugar then typecheck .

Á https://gitlab.haskell.org/ghc/ghc/ -/wikis/Rebindable -syntax



Á ôorigõ retains the original, un-expanded, expression

Á ôexpandedõ is the desugared version

Á Typechecker pushes ôorigõ on the context stack, for the òIn the expression ...ó 
location information

Á SrcSpans on ôexpandedõ are òGeneratedSrcSpanó, and are not put on the 
context stack by the typechecker

Á Somewhere inside ôexpandedõ weõll get back to òoriginaló expressions, with non-
Generated SrcSpans, and will resume putting SrcSpans on the context stack

data HsExpr p

= ...dozens of others...

| XExpr !( XXExpr p)

type instance XXExpr GhcRn

= HsExpansion ( HsExpr GhcRn) ( HsExpr GhcRn)

-- After renaming

data HsExpansion orig expanded = HsExpanded orig expanded



Á In the Renamer
{ - Note [Handling overloaded and rebindable constructs]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

For overloaded constructs (overloaded literals, lists, strings), and

rebindable constructs (e.g. if - then - else), our general plan is this,

using overloaded labels #foo as an example:

* In the RENAMER: transform

HsOverLabel "foo"

==> XExpr ( HsExpansion ( HsOverLabel #foo)

( fromLabel ` HsAppType ` "foo"))

We write this more compactly in concrete - syntax form like this

#foo  ==>  fromLabel @"foo"

Recall that in ( HsExpansion orig expanded), ' orig ' is the original term

the user wrote, and 'expanded' is the expanded or desugared version

to be typechecked .

* In the TYPECHECKER: typecheck the expansion, in this case

fromLabel @"foo"

The typechecker (and desugarer ) will never see HsOverLabel



Á In the Typechecker

ÁTypecheck has a bit more information available

tcExpr expr@( RecordUpd { rupd_expr = record_expr

, rupd_flds = RegularRecUpdFields

{ xRecUpdFields = possible_parents

, recUpdFields = rbnds } })

res_ty

= assert ( notNull rbnds ) $

do  { -- Desugar the record update. See Note [Record Updates].

; ( ds_expr , ds_res_ty , err_ctxt )

<- desugarRecordUpd record_expr possible_parents rbnds res_ty

-- Typecheck the desugared expression.

; expr' < - addErrCtxt err_ctxt $

tcExpr ( mkExpandedExpr expr ds_expr ) (Check ds_res_ty )

...





Á TcM carries
ÁType environment: what is in scope, with what type
ÁAmbient level
ÁError context
ÁTemplate Haskell stage
ÁState to accumulate 
Ğemitted constraints
Ğerror messages

module GHC.Tc.Gen.Expr where

tcMonoExpr :: LHsExpr GhcRn

- > ExpRhoType

- > TcM ( LHsExpr GhcTc)

òElaborated termó

Output of renamer

òExpected typeó 
of the term

Typechecker monad



ÁTcM carries
ÁType environment: what is in scope, with what type

ÁAmbient level

ÁState to accumulate emitted constraints

ÁError context



sort    ::  "a. Ord a => [a] - > [a]

reverse ::  "a. [a] - > [a]

foo :: [Int] - > [Int]

foo = \ xs . sort (reverse xs )

$fOrdInt :: Ord Int

foo :: [Int] - > [Int]

foo = \ ( xs :[Int]). sort @Int $ fOrdInt

(reverse @Int xs )
Elaboration

ÅDecorate every binder with its type

ÅAdd type applications

ÅAdd dictionary applications

$fOrdInt comes from
instance Ord Int where 

é

Before typechecking: HsExpr GhcRn

After typechecking: HsExpr GhcTc



sort    ::  "a. Ord a => [a] - > [a]

reverse ::  "a. [a] - > [a]

foo ::  "a. Ord a => [a] - > [a]

foo = \ xs . sort (reverse xs )

foo ::  "a. Ord a => [a] - > [a]

foo = / \ a. \ ( d:Ord a). \ ( xs:a ).

sort @a d (reverse @a xs )
Elaboration

ÅDecorate every binder with its type

ÅAdd type applications
and abstractions

ÅAdd dictionary applications
and abstractions



Elaboration

ÅDecorate every binder
with its type

ÅAdd type applications
and abstractions

ÅAdd dictionary applications
and abstractions,
and local bindings

sort   ::  "a. Ord a => [a] - > [a]

concat ::  "a. [[a]] - > [a]

foo ::  "a. Ord a => [ [a]] - > [a]

foo = \ xs . concat (sort xs )

$fOrdList ::  "a. Ord a - > Ord [a]

foo ::  "a. Ord a => [a] - > [a]

foo = / \ a. \ ( d:Ord a). \ ( xs:a ).

let d2:Ord [a]

d2 = $ fOrdList @a d

in concat @a (sort @[a] d2 xs )

$fOrdList comes from
instance Ord a => Ord [a] where é



ÁType applications, type abstractions, dictionary bindings, are 
all stored in a TTG extension constructor

type instance XXExpr GhcTc = XXExprGhcTc

data XXExprGhcTc = WrapExpr HsWrapper ( HsExpr GhcTc)

| ...

data HsWrapper = WpHole

| WpCompose HsWrapper HsWrapper

| WpFun HsWrapper HsWrapper (Scaled TcTypeFRR)

| WpCast TcCoercionR

| WpEvLam EvVar

| WpEvApp EvTerm

| WpTyLam TyVar

| WpTyApp KindOrType

| WpLet TcEvBinds

| WpMultCoercion Coercion

data HsExpr p

= ...dozens of constructors...

| XExpr !( XXExpr p)





Solve
constraints

Haskell 
source 

program

Large 
syntax, with 
many many 

constructors

Constraints

Small syntax, 
with few 

constructors

Constraint 
generation

Residual constraint

Elaborated 
program 
with òholesó

Report
errors

Elaborated 
source 

program

Substitution

Apply
substitution 
(aka òzonking)

The essence of ML type inference, Pottier & Remy,
In ATTAPL , Pierce, 2005.



ÁConstraint generation has a lot of cases (Haskell has a big 
syntax) but is rather easy.

ÁConstraint solving is tricky!  But it only has to deal with a 
very small constraint language.

ÁGenerating an elaborated program is easy: constraint solving 
òfills the holesó of the elaborated program



ÁConstraint solver can work in whatever order it likes (incl
iteratively), unaffected by of the order in which you 
traverse the source program.  

ÁA much more common approach (e.g. Damas-Milner): solve 
typechecking problems in the order you encounter them

ÁResult: small (even syntactic) changes to the program can 
affect whether it is accepted L

TL;DR: generate -then -solve is much more robust



ÁAll type error messages are generated from the final, 
residual unsolved constraint. 

ÁHence type errors  incorporate results of all solved 
constraints.  EgòCanõt match [Int] with Booló, rather than 
òCanõt match [a] with Booló

ÁMuch more modular: error message generation is in one place 
(GHC.Tc.Errors ) instead of scattered all over the type 
checker.

ÁConstraints carry òprovenanceó information to say whence 
they came



Á Highly modular

Áconstraint generation (7 modules, 8,000 loc)

Áconstraint solving (5 modules, 7,000 loc)

Áerror message generation (1 module, 10,000 loc)

Á Efficient : constraint generator does a bit of òon the flyó 
unification to solve simple cases, but generates a constraint 
whenever anything looks tricky

ÁProvides a great òsanity checkó for proposed type system 
extensions: is it easy to generate constraints, or do we need a 
new form of constraint?



Haskell 
source 

program

Large 
syntax, with 
many many 

constructors

Constraints

Small syntax, 
with few 

constructors

Constraint 
generation

Elaborated 
program 
with òholesó

Report
errors

Elaborated 
source 

program

Apply
substitution

GHC.Tc.Gen

GHC.Tc.SolverGHC.Tc.Types.Constraint

GHC.Tc.Errors

GHC.Tc.Utils.Zonk

Solve
constraints

Residual constraint

Substitution



module GHC.Tc.Gen.Expr where

tcMonoExpr :: LHsExpr GhcRn

- > ExpRhoType

- > TcM ( LHsExpr GhcTc)

Elaborated term

Generated 
constraints 

accumulated by 
TcM (writer 

monad)

Output of renamer

òExpected typeó 
of the term



Code Comments

Constraint generation GHC.Tc.Gen 11,363 8,300

Constraint solver GHC.Tc.Solver 5,944 7,152

Error checking and messages GHC.Tc.Errors 9,242 4,987

òDerivingó (Ryan Scott)GHC.Tc.Deriv 4,260 4,401

Type and class decls GHC.Tc.TyCl 4,889 4,639

Instance decls GHC.Tc.Instance 1,321 1,451

Utilities GHC.Tc.Utils 6,497 5,447

Zonk GHC.Tc.Zonk 1,848 741

Types GHC.Tc.Types 3,111 2,891

TOTAL 49,603 41,439





Faithfully represents Haskell types

forall a. Eq a => a -> a

ForAllTy a ( FunTy FTF_C_T
( TyConApp Eq [ TyVarTy a])
( FunTy FTF_T_T ( TyVarTy a)

( TyVarTy a)

module GHC.Core.TyCo.Rep where

type Kind = Type

data Type

= TyVarTy Var

| AppTy Type Type

| TyConApp TyCon [Type]

| ForAllTy ForAllTyBndr Type

| FunTy FunTyFlag Mult Type Type

| LitTy TyLit

| CastTy Type Coercion

| CoercionTy Coercion

data TyLit

= NumTyLit Integer

| StrTyLit FastString

| CharTyLit Char

data FunTyFlag

= FTF_T_T   -- ( - >)  Type - > Type - > Type

| FTF_T_C   -- ( - =>) Type - > Constraint - > Constraint

| FTF_C_T   -- (=>)  Constraint - > Type - > Type

| FTF_C_C   -- (==>) Constraint - > Constraint - > Constraint

module GHC.Types.Var where

type TyVar = Var

data Var = ...

= TyVar { varName :: Name

, realUnique :: !Int

, varType :: Kind }

| TcTyVar { ... }

| Id {...}



Á Notes are a very simple device

Á Heavily used in GHC (over 2,500 Notes)

Á An absolute life saver

Á Letters to our future selves

Á See Wiki coding style guidance

Cites Note without 
disturbing the code

Note gives the details.
May be cited in many 

places



ÁCo



ÁA unification variable stands for a type; itõs a type that we 
donõt yet know

ÁGHC sometimes calls it a òmeta type variable ó

ÁBy the time type inference is finished, we should know what 
every meta -tyvar stands for.

ÁThe òglobal substitution ó (aka state!) maps each meta-tyvar
to the type it stands for.

ÁA meta -tyvar stands only for a monotype; a type with no 
foralls in it.



module GHC.Types.Var where

data Var

= TyVar { varName :: !Name

, realUnique :: { - # UNPACK # - } !Int

, varType :: Kind }

| TcTyVar { varName :: !Name,

, realUnique :: { - # UNPACK # - } !Int,

, varType :: Kind,

, tc_tv_details :: TcTyVarDetails }

| Id { ... }

Á No static distinction between 
TcType and Type,

Á Sad, but has never proved to 
be a problem in practice

module GHC.Tc.Utils.TcType where

type TcType = Type -- May have TcTyVars

data TcTyVarDetails

= SkolemTv SkolemInfo TcLevel Bool

| MetaTv { mtv_info :: MetaInfo

, mtv_ref :: IORef MetaDetails

, mtv_tclvl :: TcLevel }

| RuntimeUnk

data MetaDetails = Flexi | Indirect TcType

data MetaInfo

= TauTv

| TyVarTv

| RuntimeUnkTv

| CycleBreakerTv

| ConcreteTv ConcreteTvOrigin



ÁZonking replaces a filled -in meta-tyvar with the type in the 
ref -cell.

ÁSaves requiring every function that examines types to be in 
the TcM monad; instead, zonk first.

ÁTricky point: knowing when to zonk.   
ÁZonking too much is inefficient

ÁZonking too little is wrong.

module GHC.Tc.Zonk.TcType where

zonkTcType :: TcType - > TcM TcType



Á Used during type inference

Á Result can have TcTyVars

Á Types and constraints only (hence small)

module GHC.Tc.Zonk. TcType where

zonkTcType :: TcType - > TcM TcType

module GHC.Tc.Zonk. Type where

zonkTcTypeToType :: TcType - > TcM Type

Á Used after type inference

Á Result has no TcTyVars

Á Types and terms (hence big)

Á Fills in òholesó in the elaborated term



module GHC.Tc.Gen.Expr where

tcMonoExpr :: LHsExpr GhcRn -- Expression to type check

- > ExpType -- Expected type

- > TcM ( LHsExpr GhcTc)

module GHC.Tc.Utils.TcType where

data ExpType = Check TcType

| Infer ! InferResult

data InferResult

= IR { ir_uniq :: Unique

, ir_lvl :: TcLevel

, ir_frr :: Maybe FixedRuntimeRepContext

, ir_ref :: IORef (Maybe TcType ) }

-- Checking

f :: Int - > Int

f x = x+1

-- Inference

g x = x+1

Very like a unification variable
BUT can be filled in with a 

polytype





Haskell 
source 

program

Large syntax, 
with many 

many 
constructors

Constraints

Small syntax, 
with few 

constructors

Constraint 
generation

Residual 
constraint

S
o

lve
Report errors

What 
exactly
is this?

How does 
solving work?



W ::= ꜗ Empty constraint
| W 1 , W 2 Conjunction
| C t1.. tn Class constraint 
| t1 ~ t2 Equality constraint
| "a1..a n. W 1ÝW2 Implication



W ::= ꜗ Empty constraint
| W 1 , W 2 Conjunction
| d : C t1.. tn Class constraint 
| g : t1 ~ t2 Equality constraint
| "a1..a n. W 1ÝW2 Implication constraint

Evidence



1. Take the constraints

2. Do one rewrite

3. Repeat from 1

Á Each step takes a set of 
constraints and returns a 
logically -equivalent set 
of constraints.

Á When you canõt do any 
more, thatõs the 
òresidual constraintó

[b] ~ [d],  [d] ~ [ Int ],  d:Ord b

b~ d,  [d] ~ [ Int ],  d:Ord b

Decompose ‍ͯ‏

Substitute ‍ḧ‏

[d] ~ [ Int ],  d:Ord ‏

d~ Int ,  d:Ord ‏

Decompose ͯ‏Ὅὲὸ

d:Ord Ὅὲὸ

Substitute ‏ḧὍὲὸ

‭

Solve ὨȡὕὶὨὍὲὸfrom instance declaration

‍ḧ‏

‍ḧ ɿ
ḧὍὲὸ‏



ÁConstraint solving takes place by successive rewrites
of the constraint

ÁEach rewrite generates a binding , for
Áa type variable (fixing a unification variable)
Áa dictionary (class constraints)
Áa coercion (equality constraint)

as we go

ÁBindings record the proof steps

ÁBindings get injected back into the elaborated term





$ ghc ïc ïddump- tc - trace Foo.hs >& foo.tc - trace

$ wc Foo.tc - trace

1748  6058 48736 Foo.tc - trace

module Foo where

f :: Eq a => [a] - > [a] - > Bool

f xs ys = not ( xs == ys )



ÁLine 1115
Starting to typecheck f

ÁLine 1325
Finished f
(NB: matching braces)

ÁUnification

Bindings for { [f]

Generalisation plan

CheckGen f :: forall a. Eq a => [a] - > [a] - > 

Bool

tcPolyCheck

f

Foo.hs:3:1 - 31

writeMetaTyVar a_aKv [tau:1] := [ a_aKr [sk:1]]

} End of bindings for

[f]

NonRecursive

f forall a. Eq a => [a] - > [a] - > Bool

tcExtendBinderStack [f[< TopLevel >]]



ÁLine 1359: solve constraints (again matching braces)

Tc6

Tc7

Tc7a

simplifyTop {

wanted =  WC { wc_impl =

Implic {

TcLevel = 1

Skolems = a_aKr [sk:1]

Given - eqs = MaybeGivenEqs

Status = Unsolved

Given = $ dEq_aKs :: Eq a_aKr [sk:1]

Wanted =

WC {wc_simple = [W] $ dEq_aKw {0}:: Eq a_aKv [tau:1] ( CNonCanonical )}

Binds = EvBindsVar <aKA>

the type signature for:

f :: forall a. Eq a => [a] - > [a] - > Bool }}



ÁAlways build your development compiler with ðDDEBUG

ÁThat enables a bunch of assertions, which sometimes catch 
bugs early





data T where

MkT :: "a. Show a => a - > T

ts :: [T]

ts = [ MkT 3, MkT True]

ts = [ MkT @Int $ fShowInt 3

, MkT @Bool $ fShowBool True

]

MkT :: "a. Show a => a - > T

show :: "a. Show a => a - > String



ts :: [T]

ts = [ MkT 3, MkT True]

ts = [ MkT @Int $ fShowInt 3

, MkT @Bool $ fShowBool True

]

f :: T - > String

f = \ t. case t of

MkT x - > show x

f = \ ( t:T ). case t of

MkT a ( gd:Show a) ( x:a )

- > show @a gd x

MkT :: "a. Show a => a - > T

show :: "a. Show a => a - > String

ògdó is short for òGiven 
dictionaryó



f = \ t. case t of { MkT x - > show x }

Åf : ‌
Åt : ‍
Åx : a
ÅInstantiate show 

with ‏

‌ͯ ‍ᴼ‎ From the lambda
‍ͯ Ὕ From the case
d : Show ‏ From call of show
‏ͯ ὥ From (show x)
‎ͯ ὛὸὶὭὲὫFrom result of foo

Generate 
constraints

MkT :: "a. Show a => a - > T

show :: "a. Show a => a - > String



f = \ t. case t of { MkT x - > show x }

‌ͯ ‍ᴼ‎ From the lambda
‍ͯ Ὕ From the case
d : Show ‏ From call of show
‏ͯ ὥ From (show x)
‎ͯ ὛὸὶὭὲὫFrom result of foo

Generate 
constraints

MkT :: "a. Show a => a - > T

show :: "a. Show a => a - > String

ÅBut what is this ôaõ?

ÅAnd how can we solve 
Show ‏ȩ



f = \ t. case t of { MkT x - > show x }

‌ͯ ‍ᴼ‎ From the lambda
‍ͯ Ὕ From the case

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ὨḊὛὬέύ‏ From call of show
‏ͯ , ὥ From (show x)
ȟ‎ͯ ὛὸὶὭὲὫ} From result of foo

Generate 
constraints

MkT :: "a. Show a => a - > T

show :: "a. Show a => a - > String

ÅBut what is this ôaõ?
Answer : Bound by ὥᶅ

ÅAnd how can we solve 
d : Show ‏?
Answer : from gd.



W ::= ꜗ Empty constraint
| W 1 , W 2 Conjunction
| d : C t1.. tn Class constraint 
| g : t1 ~ t2 Equality constraint
| "a1..a n. W 1ÝW2 Implication

Implication 
constraint Given

Wanted



data Ct = CDictCan DictCt

| CEqCan EqCt

| CIrredCan IrredCt

| CQuantCan QCInst

| CNonCanonical CtEvidence

data Implication = Implic {

ic_tclvl :: TcLevel ,

ic_info :: SkolemInfoAnon ,

ic_skols :: [ TcTyVar ],

ic_given :: [ EvVar ],

ic_wanted :: WantedConstraints ,

ic_binds :: EvBindsVar ,

...some more stuff... }

data WantedConstraints

= WC { wc_simple :: Bag Ct

, wc_impl :: Bag Implication

, wc_errors :: Bag DelayedError }

data DictCt   -- e.g.  Num ty

= DictCt { di_ev  :: CtEvidence

, di_cls :: Class

, di_tys :: [Xi]

, di_pend_sc :: ExpansionFuel }

data EqCt = EqCt { eq_ev     :: CtEvidence

, eq_lhs    :: CanEqLHS

, eq_rhs    :: Type

, eq_eq_rel :: EqRel }

data CanEqLHS = TyVarLHS TcTyVar

| TyFamLHS TyCon [Type]



‌ͯ‍ᴼ‎ From the lambda
‍ͯὝ From the case

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ὨḊὛὬέύ‏ From call of show
‏ͯ , ὥ From (show x)
ȟ‎ͯ ὛὸὶὭὲὫ} From result of foo

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ὨḊὛὬέύ‏ͯ ,‏ ὥȟ‎ͯ ὛὸὶὭὲὫ}

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ὨḊὛὬέύὥ, ‎ͯ ὛὸὶὭὲὫ}

Substitute ‏ḧὥ

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ ‎ͯ ὛὸὶὭὲὫ

Solve (d:Show a), substitute d:=gd ‏ḧὥ

Substitute ‎ḧὛὸὶὭὲὫ

‭

f = \ ( t:T ). case t of

MkT a ( gd:Show a) ( x:a )

- > show @a gd x

Elaborated program with holes

f = \ (t: b). case t of

MkT a ( gd:Show a) ( x:a )

- > show @dd x

Elaborated program after filling holes

Solving



f = \ t. case t of

MkT x - > show x

Generate 
constraints

f = \ ( t:T ). case t of

MkT a ( gd:Show a) ( x:a )

- > show @a gd x

Å‌is a unification variable , standing for an as -yet -unknown 
type. 

ÅConstraint solving produces a substitution for the 
unification variables

ÅWhentypecheckingisdone,
allunificationvariablesaregone(substitutedaway)

Åὥis a skolem constant , the type variable ὥbound by the 
MkT pattern match in the elaborated program.

ÅEach pattern match on MkT binds a fresh, distinct ôaõ.

ÅEvery skolem in the constraints should be bound by a ᶪ

‌ͯ ‍ᴼ‎
‍ͯ Ὕ

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ὨḊὛὬέύ‏
‏ͯ , ὥ
ȟ‎ͯ ὛὸὶὭὲὫ}



module GHC.Types.Var where

data Var

= TyVar { varName :: !Name

, realUnique :: { - # UNPACK # - } !Int

, varType :: Kind }

| TcTyVar { varName :: !Name,

, realUnique :: { - # UNPACK # - } !Int,

, varType :: Kind,

, tc_tv_details :: TcTyVarDetails }

| Id { ... }

Á SkolemTv: bound by type signature 
or existential pattern match

Á MetaTv : a meta-tyvar (aka 
unification variable)

module GHC.Tc.Utils.TcType where

type TcType = Type -- May have TcTyVars

data TcTyVarDetails

= SkolemTv SkolemInfo TcLevel Bool

| MetaTv { mtv_info :: MetaInfo

, mtv_ref :: IORef MetaDetails

, mtv_tclvl :: TcLevel }

| RuntimeUnk

data MetaDetails = Flexi | Indirect TcType

data MetaInfo

= TauTv

| TyVarTv

| RuntimeUnkTv

| CycleBreakerTv

| ConcreteTv ConcreteTvOrigin





f2 = \ t. case t of { MkT x - > x }  -- Ill - typed

‌ͯ ‍ᴼ‎ From the lambda
‍ͯ Ὕ From the case

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ ‎ͯ ὥ} From result of foo

Generate 
constraints

MkT :: "a. Show a => a - > T

ÅCan we solve by 
substituting ‎ḧὥ?



‌ͯ ‍ᴼ‎ From the lambda
‍ͯ Ὕ From the case

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ ‎ͯ ὥ} From result of foo

Generate 
constraints

MkT :: "a. Show a => a - > T

Can we solve by 
substituting ‎ḧὥ?

No! No! Noooo!  ‎comes 
from an òouter scopeó

f2 = \ t. case t of { MkT x - > x }  -- Ill - typed



‌ ͯ‍ ᴼ‎ From the lambda
‍ͯὝ From the case

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{‎ͯὥ } From result of foo

Generate 
constraints

ÅEvery TcTyVar type variable has 
a level number

ÅUnification variables like ᴂ‌õ

ÅSkolems like ôaõ

ÅCannot unify outer ‎ with a type 
whose free vars include inner ὥ

f2 = \ t. case t of { MkT x - > x }  -- Ill - typed



module GHC.Types.Var where

data Var

= TyVar { varName :: !Name

, realUnique :: { - # UNPACK # - } !Int

, varType :: Kind }

| TcTyVar { varName :: !Name,

, realUnique :: { - # UNPACK # - } !Int,

, varType :: Kind,

, tc_tv_details :: TcTyVarDetails }

| Id { ... }

ÁBoth SkolemTv and 
MetaTv has a level number

module GHC.Tc.Utils.TcType where

type TcType = Type -- May have TcTyVars

data TcTyVarDetails

= SkolemTv SkolemInfo TcLevel Bool

| MetaTv { mtv_info :: MetaInfo

, mtv_ref :: IORef MetaDetails

, mtv_tclvl :: TcLevel }

| RuntimeUnk

data MetaDetails = Flexi | Indirect TcType

data MetaInfo

= TauTv

| TyVarTv

| RuntimeUnkTv

| CycleBreakerTv

| ConcreteTv ConcreteTvOrigin

newtype TcLevel = TcLevel Int



f = \ t. case t of

MkT x - > show x

Generate 
constraints

‌ ͯ‍ ᴼ‎
‍ͯὝ

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{ὨḊὛὬέύ‏
ὥͯ‏ ,
ȟ‎ͯὛὸὶὭὲὫ}

╪ᶅȢ▌▀Ḋ╢▐▫◌╪ ᵼ
{‎ͯὛὸὶὭὲὫ}

‌ḧὝᴼ‎
‍ḧὝ
ḧὥ‏ This is fine; no free 

inner variables



ÁCan we unify ‌ ḧ ‍ ᴼὍὲὸ?

ÁNo, it has a free inner variable ‍

ÁBut we can promote ‍, thus ‍ ḧ‎, where ‎ is fresh

ÁNow we can unify ‌ ḧ ‎ᴼὍὲὸ

ὥᶅȢ‌ͯ ‍ᴼ)ÎÔȟȣ



data G a where

GInt :: Bool - > G Char

MkG :: a - > G a

f x = case x of

GInt v -> óxô

MkG v  - > v

ȢᶅὫȡ‌ ὅͯὬὥὶᵼ{‍ͯὅὬὥὶ from GInt branch

‍ͯ‌ from MkG branch

GInt :: "a. ( a~Char ) => Bool - > G a

f : Ὃ‌ ᴼ‍
x : Ὃ‌



data G a where

GInt :: Bool - > G Char

MkG :: a - > G a

f x = case x of

GInt v -> óxô

MkG v  - > v

ȢᶅὫȡ‌ ὅͯὬὥὶᵼ{‍ͯὅὬὥὶ from GInt branch

‍ͯ‌ from MkG branch

Must not solve by ‍ ḧὅὬὥὶȦ

‍ is òuntouchableó under the 
equality ‌ͯὅὬὥὶ



ÁWhen generating constraints for a term, the generator has 
an òambientó level

ÁFresh unification variables are born at this level

ÁAt a pattern match e.g.   case x of { K x y -> rhs }
ÁIncrement the ambient level
ÁGenerate constraints for the rhs
ÁWrap them in an implication constraint binding the existentials and 

constraints of K
ÁNo need for this wrapping if no existentials or constraints

e.g.   case x of { Just y -> rhs;  é }



f :: "a. Ord a => [a] - > [a]

f = \ xs - > reverse (sort xs )

ᶪ╪Ȣ▌▀Ḋ╞►▀╪ ᵼ
{ὨḊὕὶὨ‍ From call of sort
, ‍ ͯ‌ Result of sort
ȟ‌ ͯὥ } From result of foo

Åxs : ὥ
ÅInstantiate reverse with ‌
ÅInstantiate sort with ‍

reverse :: "a. [a] - > [a] 

sort    :: "a. Ord a => [a] - > [a]

ÅType signature gives rise to 
an implication constraint

ÅConstraints of the 
signature become ògivensó 
of the implication

ÅIncrement the ambient 
level before generating 
constraints for the RHS



op :: C a x => a - > x - > Int

instance Eq a => C a Bool

f x = let g :: "a Eq a => a - > a

g a = op a x

in g (not x)

x : b
Constraint: C a b

ᶪὥȢὉήὥᵼὅὥ‍
‍ͯὄέέὰ

Solve this first

And then this


