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Goal:

  Predict behavior of Python code

Correctness Optimization

Method:

  Typing Python code

Lightweight Compositional

Gradual



Docs for untyped Python are already using types!



Even Guido agrees types are helpful!



Let's typecheck Python!



Let's typecheck Python!



Let's typecheck Python!



Why so many typecheckers?



DLS'20



https://pyrefly.org/blog/too-many-type-checkers/

Polars : DataType.__eq__

@overload  # type: ignore[override]

def __eq__(  # pyrefly: ignore[bad-override]

    self, other: pl.DataTypeExpr

) -> pl.Expr: ...

@overload

def __eq__(self, other: PolarsDataType) -> bool: ...

def __eq__(self, other: pl.DataTypeExpr | PolarsDataType) -> pl.Expr | bool: \

 # ty: ignore[invalid-method-override]

 # pyright: ignore[reportIncompatibleMethodOverride]



https://pyrefly.org/blog/too-many-type-checkers/

Why so many typecheckers?

"Some choose to be as strict as possible"

"Others allow you to add type information more gradually"



Major Challenges

First-class classes del

import_module eval()



Major Challenges

First-class classes del

import_module eval()

Strong reject of static types



Other Challenges 1

Is this safe?

def check_field(c: C) -> int:

  if isinstance(c.x, int):

    some_other_function(c)

    return c.x



Other Challenges 1

Is this safe?

def check_field(c: C) -> int:

  if isinstance(c.x, int):

    some_other_function(c)

    return c.x

Unsafe but allowed in Pyrefy

https://pyrefly.org/blog/lessons-from-pyre



Other Challenges 2

What's the right type?

x = []



Other Challenges 2

What's the right type?

x = []

List[Any] Infer from all uses Infer from frst use

https://pyrefly.org/blog/container-inference-comparison



Even the boring stuf is hard!

Why?



vs.



Type declarations Exhaustive matching

Disjoint constructors



Type inference, solve equalities

Open term in type algebra  =  Type



Type inference, solve equalities

Open term in type algebra  =  Type

Type inference, solve inequalities

Open term in type algebra  ⊆  Type



Car = TypeVar('Car') # No upper bound

def add_car(x: List[Car], car: Car):

  x.append(car)

add_car(["FJ40", "Baja Buggy"], 5) # NOT a type error



Car = TypeVar('Car') # No upper bound

def add_car(x: List[Car], car: Car):

  x.append(car)

add_car(["FJ40", "Baja Buggy"], 5) # NOT a type error

Oops

But what should a typechecker do?!!

No intent in the code.



Typing Python is hard

Hopeless, really.



Typing Python is hard

Hopeless, really.

But there is hope for good language design methods

Specifcation Tools Measurements



--  No optimal point +  Understand tradeofs

+  Catch misconceptions

+  Do careful optimizations



If-T:

A Language Design Benchmark

for Type Narrowing

Hanwen Guo



Rainfall Problem

Compute average rainfall from a

list of possibly-faulty weather reports.

Ignore data that is non-numeric,

 too high (>999), or too low (<0).



Rainfall Problem

Compute average rainfall from a

list of possibly-faulty weather reports.

Ignore data that is non-numeric,

 too high (>999), or too low (<0).

def rainfall(data : List[JSON]) -> Number:

  let total = 0, count = 0

  for report in data:

    if report is Object:

      let val = report["rainfall"]

      if val is Number and 0 <= val <= 999:

        total += val

        count += 1

  return total / count  # assuming count >0



Rainfall Problem

Compute average rainfall from a

list of possibly-faulty weather reports.

Ignore data that is non-numeric,

 too high (>999), or too low (<0).

def rainfall(data : List[JSON]) -> Number:

  let total = 0, count = 0

  for report in data:

    if report is Object:

      let val = report["rainfall"]

      if val is Number and 0 <= val <= 999:

        total += val

        count += 1

  return total / count  

Type Tests

Nested If

Data Structure

Aliasing



Common issue:

You don't have types for all the data in the world

Ugly Data





def int_filter(list: Listof(JSON)) -> Listof(Int):

  let result = []

  for element in list:

      if element is Int:

          result = cons(element, result)

  return result

Should work for any user-defned predicate

def filter(f: Callable[Any, TypeGuard[int]], list ...)



Type Narrowing

Refnes types using tests

# x :: Any

if x is an Int:

  # x :: Int

  x + 1

else:

  # x :: Any \ Int

  61



LIES



LIES

Also Bad Slightly better



LIES

Also Bad Slightly better

Q. Is there a better way?

A. Yes, but it's not easy!



What's props-as-types

for narrowing?



What's props-as-types

for narrowing?

...



What's props-as-types

for narrowing?

...

Got it!



What's props-as-types

for narrowing?

...

Got it!

Does this work for Example 11?



"Given the lack of standardization

 of [narrowing], there’s a lot of

 room for innovation."



If-T Benchmark



If-T Benchmark

Core Benchmark

+ -

Example Programs

+ -

Datasheet

Structure inspired by B2T2



Core Benchmark

+ -

if e is T:



Core Benchmark

+ -

if e is T:

x[3]    y["age"]

Compound Structures



Core Benchmark

+ -

if e is T:

x[3]    y["age"]

Compound Structures

f(x)    is_fish(y)

Custom Predicates



Core Benchmark

+ -

if e is T:

x[3]    y["age"]

Compound Structures

f(x)    is_fish(y)

Custom Predicates

E[if ...]

Advanced Control Flow



positive

negative

connectives

nesting_body

struct_felds

tuple_elements

tuple_length

alias

nesting_condition

merge_with_union

predicate_2way

predicate_1way

predicate_checked

Basic

Compound Structures

Advanced Control Flow

Custom Predicates

Core



positive

negative

connectives

nesting_body

struct_felds

tuple_elements

tuple_length

alias

nesting_condition

merge_with_union

predicate_2way

predicate_1way

predicate_checked

Basic

Compound Structures

Advanced Control Flow

Custom Predicates

Core

Not included:

  Subtyping

  Mutation

  Concurrency



Datasheet



Datasheet: Sorbet



positive

negative

connectives

nesting_body

struct_felds

tuple_elements

tuple_length

alias

nesting_condition

merge_with_union

predicate_2way

predicate_1way

predicate_checked

Basic

Compound Structures

Advanced Control Flow

Custom Predicates



positive O O O O O O

negative O O O O O O

connectives O O O O O O

nesting_body O O O O O O

struct_felds O O x O O O

tuple_elements O O O O O O

tuple_length O O x x x O

alias O x O x O O

nesting_condition x x O x O O

merge_with_union O O O x O O

predicate_2way O O x x O O

predicate_1way O O x x O O

predicate_checked X O X X O O

Basic

Compound Structures

Advanced Control Flow

Custom Predicates



positive O O O O

negative O O O O

connectives O O O O

nesting_body O O O O

struct_felds O O O O

tuple_elements O O O O

tuple_length O O x O

alias x O x O

nesting_condition x x x x

merge_with_union x O O O

predicate_2way O O O O

predicate_1way O O O O

predicate_checked X X X X

Basic

Compound Structures

Advanced Control Flow

Custom Predicates



Alias



Predicate 2 Way



https://github.com/utahplt/ift-benchmark



Type Narrowing

Implementation



Easy Way Beautiful Way

Set-Theoretic Types

Hard Way

Occurrence Typing

ESOP '11

Hard Way 2

Flow Analysis



Easy Way Beautiful Way

Set-Theoretic Types

Hard Way

Occurrence Typing



Easy Way



https://github.com/python/mypy/blob/master/mypy/checker.py

Easy Way





Problem 1: awkward top-down analysis 

Problem 2: want subsets of types,

    but have only syntactic approximations



Beautiful Way

Set-Theoretic Types



Beautiful Way

Set-Theoretic Types 3 easy rules for type narrowing

[Castagna, Laurent, Nguyen, Lutze  POPL'22]



Set-Theoretic Types Remarkable type inference!

flatten([[a], b, [[c, d]]]) = [a, b, c, d]

flatten :: List(Nested) -> List(NotList)

           /\ NotList   -> List(NotList)

Nested  = List(Nested) \/ NotList

NotList = A \ List(Top)

[Castagna, Laurent, Nguyen  POPL'24]



Until 2026, a Challenge for Set-Theoretic Types



Until 2026, a Challenge for Set-Theoretic Types

is_even :: Even          -> True

           /\ (A \ Even) -> False

Even = 0, 2, 4, ...

Infnite subset



Solved by MLSem



MLSem and more at OOPSLA next month!



Hard Way

Occurrence Typing

Back to syntactic approximations



Hard Way

Occurrence Typing

Typechecking outputs:

  τ  - type

  ψ  - true-case and false-case propositions

  o  - an optional index path into a data structure



Occurrence Typing - Complex output



Occurrence Typing - Complex output

https://github.com/racket/typed-racket/blob/master/typed-racket-lib/typed-racket/types/tc-result.rkt

https://github.com/racket/typed-racket/blob/master/typed-racket-lib/typed-racket/typecheck/tc-expr-unit.rkt



Occurrence Typing -  Complex env



Occurrence Typing -  Complex env

https://github.com/racket/typed-racket/blob/master/typed-racket-lib/typed-racket/env/type-env-structs.rkt



Occurrence Typing +  Free of ad-hoc analysis



Occurrence Typing +  Compositional

Very hard for Easy Way checkers!



Occurrence Typing + Detect wrong predicates



Occurrence Typing + Detect wrong predicates

Type Checker: type mismatch;

 mismatch in proposition

  expected: ((: x String) | (! x String))

  given: ((: x Number) | (! x Number))

  in: (number? x)

Type Checker: type mismatch;

 mismatch in proposition

  expected: ((: x (U Boolean Number)) | (! x (U Boolean Number)))

  given: ((: x Number) | (! x Number))

  in: (number? x)



Hard Way

Occurrence Typing

+ Compositional

+ Bottom-up,

     no ad-hoc analysis

+ Easy to catch wrong predicates

- Complex type results:

     types, props, and paths

- Env normalization

- Confusing errors



Q. What to do about unsoundness in Mypy, etc.?

  + Ongoing work PBT for predicates by Hanwen







What if typed code talks to untyped code?



What if typed code talks to untyped code?

def join(d0:DataFrame,

         d1:DataFrame,

         sort:bool,

         how:Left|Right)

    -> DataFrame:

  ....

join("hello", ...)

Is d0 really a data frame?



What if typed code talks to untyped code?

def join(d0:DataFrame,

         d1:DataFrame,

         sort:bool,

         how:Left|Right)

    -> DataFrame:

  ....

join("hello", ...)

Is d0 really a data frame?

No.



Big soundness hole!



TOPLAS'23



Static Python

Compiler + Runtime by Instagram

 In production since 2021

Ideas from: 



Fast Runtime Validation



Fast Runtime Validation

avg(nums)

def avg(ns:chklist[int]) -> int:

  ....



Fast Runtime Validation

avg(nums)

def avg(ns:chklist[int]) -> int:

  ....

Q. How to enforce soundness?

A. Tag check

Is nums  an instance of chklist[int]  ?

Fast! No traversal, no wrapper

Rejects built-in Python lists

Need constructor:

avg(chklist[int](nums))



Progressive Types



Problem: if 1 type changes, many clients may need edits

Bring gradual back to Static Python

Bobby Morelli



Detyping as min-cut



99% more code runs to completion



Any is an evil type



6 Major Patterns

T-Var U-Var

Self Dep-Dict

Wrap Override



Typing Python is hard

@overload  # type: ignore[override]

def __eq__(  # pyrefly: ignore[bad-override]

    self, other: pl.DataTypeExpr

) -> pl.Expr: ...

@overload

def __eq__(self, other: PolarsDataType) -> bool: ...

def __eq__(self, other: pl.DataTypeExpr | PolarsDataType) -> pl.Expr | bool: \

 # ty: ignore[invalid-method-override]

 # pyright: ignore[reportIncompatibleMethodOverride]



Research to the rescue:

Specifcation

Understanding

type narrowing

Tools

Resolving

Static Python types

Measurements

Characterizing

uses of Any




