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Abstract. Typed Clojure is an optional type system for Clojure, a dy-
namic language in the Lisp family that targets the JVM. Typed Clojure
enables Clojure programmers to gain greater confidence in the correct-
ness of their code via static type checking while remaining in the Clo-
jure world, and has acquired significant adoption in the Clojure com-
munity. Typed Clojure repurposes Typed Racket’s occurrence typing, an
approach to statically reasoning about predicate tests, and also includes
several new type system features to handle existing Clojure idioms.

In this paper, we describe Typed Clojure and present these type sys-
tem extensions, focusing on three features widely used in Clojure. First,
multimethods provide extensible operations, and their Clojure semantics
turns out to have a surprising synergy with the underlying occurrence
typing framework. Second, Java interoperability is central to Clojure’s
mission but introduces challenges such as ubiquitous null; Typed Clo-
jure handles Java interoperability while ensuring the absence of null-
pointer exceptions in typed programs. Third, Clojure programmers id-
iomatically use immutable dictionaries for data structures; Typed Clo-
jure handles this with multiple forms of heterogeneous dictionary types.
We provide a formal model of the Typed Clojure type system incorpo-
rating these and other features, with a proof of soundness. Additionally,
Typed Clojure is now in use by numerous corporations and developers
working with Clojure, and we present a quantitative analysis on the use
of type system features in two substantial code bases.

1 Clojure with static typing

The popularity of dynamically-typed languages in software development, com-
bined with a recognition that types often improve programmer productivity,
software reliability, and performance, has led to the recent development of a wide
variety of optional and gradual type systems aimed at checking existing programs
written in existing languages. These include TypeScript [19] and Flow [11] for
JavaScript, Hack [10] for PHP, and mypy [15] for Python among the optional
systems, and Typed Racket [23], Reticulated Python [25], and GradualTalk [1]
among gradually-typed systems.’

! We use “gradual typing” for systems like Typed Racket with sound interoperation
between typed and untyped code; Typed Clojure or TypeScript which don’t enforce
type invariants we describe as “optionally typed”.



(ann pname [(U File String) -> (U nil String)])

(defmulti pname class) ; multimethod dispatching on class of argument
(defmethod pname String [s] (pname (new File s))) ; String case
(defmethod pname File [f] (.getName f)) ; File case, static null check
(pname "STAINS/JELLY") ;=> "JELLY" :- (U nil Str)

Fig. 1. A simple Typed Clojure program (delimiters: Java interoperation (green), type
annotation (blue), function invocation (black), collection literal (red), other (gray))

One key lesson of these systems, indeed a lesson known to early developers
of optional type systems such as StrongTalk, is that type systems for existing
languages must be designed to work with the features and idioms of the target
language. Often this takes the form of a core language, be it of functions or classes
and objects, together with extensions to handle distinctive language features.

We synthesize these lessons to present Typed Clojure, an optional type system
for Clojure. Clojure is a dynamically typed language in the Lisp family—built
on the Java Virtual Machine (JVM)—which has recently gained popularity as
an alternative JVM language. It offers the flexibility of a Lisp dialect, includ-
ing macros, emphasizes a functional style via immutable data structures, and
provides interoperability with existing Java code, allowing programmers to use
existing Java libraries without leaving Clojure. Since its initial release in 2007,
Clojure has been widely adopted for “backend” development in places where its
support for parallelism, functional programming, and Lisp-influenced abstrac-
tion is desired on the JVM. As a result, there is an extensive base of existing
untyped programs whose developers can benefit from Typed Clojure, an expe-
rience we discuss in this paper.

Since Clojure is a language in the Lisp family, we apply the lessons of Typed
Racket, an existing gradual type system for Racket, to the core of Typed Clojure,
consisting of an extended A-calculus over a variety of base types shared between
all Lisp systems. Furthermore, Typed Racket’s occurrence typing has proved
necessary for type checking realistic Clojure programs.

However, Clojure goes beyond Racket in many ways, requiring several new
type system features which we detail in this paper. Most significantly, Clojure
supports, and Clojure developers use, multimethods to structure their code
in extensible fashion. Furthermore, since Clojure is an untyped language, dis-
patch within multimethods is determined by application of dynamic predicates
to argument values. Fortunately, the dynamic dispatch used by multimethods
has surprising symmetry with the conditional dispatch handled by occurrence
typing. Typed Clojure is therefore able to effectively handle complex and highly
dynamic dispatch as present in existing Clojure programs.

But multimethods are not the only Clojure feature crucial to type checking
existing programs. As a language built on the Java Virtual Machine, Clojure
provides flexible and transparent access to existing Java libraries, and Clo-
jure/Java interoperation is found in almost every significant Clojure code



base. Typed Clojure therefore builds in an understanding of the Java type sys-
tem and handles interoperation appropriately. Notably, null is a distinct type
in Typed Clojure, designed to automatically rule out null-pointer exceptions.

An example of these features is given in Figure 1. Here, the pname multi-
method dispatches on the class of the argument—for Strings, the first method
implementation is called, for Files, the second. The String method calls a File
constructor, returning a non-nil File instance—the getName method on File
requires a non-nil target, returning a nilable type.

Finally, flexible, high-performance immutable dictionaries are the most com-
mon Clojure data structure. Simply treating them as uniformly-typed key-value
mappings would be insufficient for existing programs and programming styles.
Instead, Typed Clojure provides a flexible heterogenous map type, in which
specific entries can be specified.

While these features may seem disparate, they are unified in important ways.
First, they leverage the type system mechanisms inherited from Typed Racket—
multimethods when using dispatch via predicates, Java interoperation for han-
dling null tests, and heterogenous maps using union types and reasoning about
subcomponents of data. Second, they are crucial features for handling Clojure
code in practice. Typed Clojure’s use in real Clojure deployments would not be
possible without effective handling of these three Clojure features.

Our main contributions are as follows:

1. We motivate and describe Typed Clojure, an optional type system for Clo-
jure that understands existing Clojure idioms.

2. We present a sound formal model for three crucial type system features:
multi-methods, Java interoperability, and heterogenous maps.

3. We evaluate the use of Typed Clojure features on existing Typed Clojure
code, including both open source and in-house systems.

The remainder of this paper begins with an example-driven presentation of the
main type system features in Section 2. We then incrementally present a core
calculus for Typed Clojure covering all of these features together in Section 3
and prove type soundness (Section 4). We then present an empirical analysis of
significant code bases written in core.typed—the full implementation of Typed
Clojure—in Section 5. Finally, we discuss related work and conclude.

2 Overview of Typed Clojure

We now begin a tour of the central features of Typed Clojure, beginning with
Clojure itself. Our presentation uses the full Typed Clojure system to illustrate
key type system ideas,? before studying the core features in detail in Section 3.

2 Full examples: https://github.com/typedclojure/esopl6



2.1 Clojure

Clojure [13] is a Lisp that runs on the Java Virtual Machine with support for
concurrent programming and immutable data structures in a mostly-functional
style. Clojure provides easy interoperation with existing Java libraries, with Java
values being like any other Clojure value. However, this smooth interoperability
comes at the cost of pervasive null, which leads to the possibility of null pointer
exceptions—a drawback we address in Typed Clojure.

2.2 Typed Clojure

A simple one-argument function greet is annotated with ann to take and return
strings.

(ann greet [Str ->Str])
(defn greet [n] (str "Hello, "mn "!"))
(greet "Grace") ;=> "Hello, Grace!" :- Str

Providing nil (exactly Java’s null) is a static type error—nil is not a string,.

(greet nil) ; Type Error: Expected Str, given nil

Unions To allow nil, we use ad-hoc unions (nil and false are logically false).

(ann greet-nil [(U nil Str) -> Str])

(defn greet-nil [n] (str "Hello"” (when n (str ", " mn)) "!/"))
(greet-nil "Donald") ;=> "Hello, Donald!" :- Str

(greet-nil nil) ;=> "Hello!" := Str

Typed Clojure prevents well-typed code from dereferencing nil.

Flow analysis Occurrence typing [24] models type-based control flow. In greetings,
a branch ensures repeat is never passed nil.

(ann greetings [Str (U nil Int) -> Strl)
(defn greetings [n i]

(str "Hello, " (when i (apply str (repeat i "hello, "))) mn "!"))
(greetings "Donald" 2) ;=> "Hello, hello, hello, Donald!" :- Str
(greetings "Grace” nil) ;=> "Hello, Grace!" :- Str

Removing the branch is a static type error—repeat cannot be passed nil.

(ann greetings-bad [Str (U nil Int) -> Str])
(defn greetings-bad [n i] ; Expected Int, given (U nil Int)
(str "Hello, " (apply str (repeat i "hello, ")) n "!"))



2.3 Java interoperability

Clojure can interact with Java constructors, methods, and fields. This program
calls the getParent on a constructed File instance, returning a nullable string.

(.getParent (new File "a/b")) ;=> "a" :- (U nil Str)

Typed Clojure can integrate with the Clojure compiler to avoid expensive reflec-
tive calls like getParent, however if a specific overload cannot be found based
on the surrounding static context, a type error is thrown.

(fn [f] (.getParent f)) ; Type Error: Unresolved interop: getParent

Function arguments default to Any, which is similar to a union of all types.
Ascribing a parameter type allows Typed Clojure to find a specific method.

(ann parent [(U nil File) -> (U nil Str)l)

(defn parent [f] (if f (.getParent f) nil))

The conditional guards from dereferencing nil, and—as before—removing it
is a static type error, as typed code could possibly dereference nil.

(defn parent-bad-in [f :- (U nil File)]
(.getParent f)) ; Type Error: Cannot call instance method on nil.

Typed Clojure rejects programs that assume methods cannot return nil.

(defn parent-bad-out [f :-File] :- Str
(.getParent f)) ; Type Error: Expected Str, given (U nil Str).

Method targets can never be nil. Typed Clojure also prevents passing nil
as Java method or constructor arguments by default—this restriction can be
adjusted per method.

In contrast, JVM invariants guarantee constructors return non-null.?

(parent (new File s))

2.4 Multimethods

Multimethods are a kind of extensible function—combining a dispatch function
with one or more methods—widely used to define Clojure operations.

Value-based dispatch This simple multimethod takes a keyword (Kw) and says
hello in different languages.

(ann hi [Kw->8tr]) ; multimethod type

(defmulti hi identity) ; dispatch function ~identity’
(defmethod hi :en [_] "hello") ; method for ~:en”
(defmethod hi :fr [_] "bonjour") ; method for ~:fr-
(defmethod hi :default [_] "um...") ; default method

3 http://docs.oracle.com/javase/specs/jls/se7/html/jls-15.htm1#j1s-15.9.4



When invoked, the arguments are first supplied to the dispatch function—
identity—yielding a dispatch value. A method is then chosen based on the
dispatch value, to which the arguments are then passed to return a value.

(map hi [:en :fr :boccel) ;=> ("hello" "bonjour" "um...")

For example, (hi :en) evaluates to "hello"—it executes the :en method be-
cause (= (identity :en) :en) is true and (= (identity :emn) :fr) is false.

Dispatching based on literal values enables certain forms of method defini-
tion, but this is only part of the story for multimethod dispatch.

Class-based dispatch For class values, multimethods can choose methods based
on subclassing relationships. Recall the multimethod from Figure 1. The dis-
patch function class dictates whether the String or File method is chosen.
The multimethod dispatch rules use isa?, a hybrid predicate which is both a
subclassing check for classes and an equality check for other values.

(isa? :en :en) ;=> true
(isa? String Object) ;=> true

The current dispatch value and—in turn—each method’s associated dispatch
value is supplied to isa?. If exactly one method returns true, it is chosen. For
example, the call (pname "STAINS/JELLY") picks the String method because
(isa? String String) is true, and (isa? String File) is not.

2.5 Heterogeneous hash-maps

The most common way to represent compound data in Clojure are immutable
hash-maps, typicially with keyword keys. Keywords double as functions that
look themselves up in a map, or return nil if absent.

(def breakfast {:en "waffles" :fr "croissants"})

(:en breakfast) ;=> "waffles" :- Str
(:bocce breakfast) ;=> nil :-nil

HMap types describe the most common usages of keyword-keyed maps.
breakfast ; :- (HMap :mandatory {:en Str, :fr Str}, :complete? true)

This says :en and :fr are known entries mapped to strings, and the map is fully
specified—that is, no other entries exist—Dby :complete? being true.

HMap types default to partial specification, with '{:en Str :fr Str} ab-
breviating (HMap :mandatory {:em Str, :fr Str}).

(ann lunch '{:en Str :fr Str}) Exampl
ple 6

(def lunch {:en "muffin" :fr "baguette'})

(:bocce lunch) ;=> nil :- Any ; less accurate type

HMaps in practice The next example is extracted from a production system at

CircleCI, a company with a large production Typed Clojure system (Section 5.2
presents a case study and empirical result from this code base).



(defalias RawKeyPair ; extra keys disallowed

(HMap :mandatory {:pub RawKey, :priv RawKey},
:complete? true))
(defalias EncKeyPair ; extra keys disallowed
(HMap :mandatory {:pub RawKey, :enc-priv EncKey}, :complete? true))

(ann enc-keypair [RawKeyPair —> EncKeyPair])
(defn enc-keypair [kp]
(assoc (dissoc kp :priv) :enc-priv (encrypt (:priv kp))))

As EncKeyPair is fully specified, we remove extra keys like :priv via dissoc,
which returns a new map that is the first argument without the entry named by
the second argument. Notice removing dissoc causes a type error.

(defn enc-keypair-bad [kpl ; Type error: :priv disallowed
(assoc kp :enc-priv (encrypt (:priv kp))))

2.6 HMaps and multimethods, joined at the hip

HMaps and multimethods are the primary ways for representing and dispatching
on data respectively, and so are intrinsically linked. As type system designers, we
must search for a compositional approach that can anticipate any combination
of these features.

Thankfully, occurrence typing, originally designed for reasoning about if
tests, provides the compositional approach we need. By extending the system
with a handful of rules based on HMaps and other functions, we can automati-
cally cover both easy cases and those that compose rules in arbitrary ways.

Futhermore, this approach extends to multimethod dispatch by reusing oc-
currence typing’s approach to conditionals and encoding a small number of rules
to handle the isa?-based dispatch. In practice, conditional-based control flow
typing extends to multimethod dispatch, and vice-versa.

We first demonstrate a very common, simple dispatch style, then move on to
deeper structural dispatching where occurrence typing’s compositionality shines.

HMaps and unions Partially specified HMap’s with a common dispatch key
combine naturally with ad-hoc unions. An Order is one of three kinds of HMaps.

(defalias Order "4 meal order, tracking dessert quantities.”
(U '{:Meal ':lunch, :desserts Int} '{:Meal ':dinner :desserts Int}
'{:Meal ':combo :meall Order :meal2 Order}))

The :Meal entry is common to each HMap, always mapped to a known
keyword singleton type. It’s natural to dispatch on the class of an instance—
it’s similarly natural to dispatch on a known entry like :Meal.



(ann desserts [Order -> Int])

(defmulti desserts :Meal) ; dispatch on :Meal entry
(defmethod desserts :lunch [o] (:desserts o))
(defmethod desserts :dinner [o] (:desserts o))
(defmethod desserts :combo [o]

(+ (desserts (:meall o)) (desserts (:meal2 0))))

(desserts {:Meal :combo, :meall {:Meal :lunch :desserts 1},
:meal2 {:Meal :dinner :desserts 2}}) ;=> 3

The :combo method is verified to only structurally recur on Orders. This is
achieved because we learn the argument o must be of type '{:Meal :combo}
since (isa? (:Meal o) :combo) is true. Combining this with the fact that o is
an Order eliminates possibility of :1lunch and :dinner orders, simplifying o to
'{:Meal ':combo :meall Order :meal2 Order} which contains appropriate
arguments for both recursive calls.

Nested dispatch A more exotic dispatch mechanism for desserts might be on
the class of the :desserts key. If the result is a number, then we know the
:desserts key is a number, otherwise the input is a :combo meal. We have
already seen dispatch on class and on keywords in isolation—occurrence typing
automatically understands control flow that combines its simple building blocks.

The first method has dispatch value Long, a subtype of Int, and the second
method has nil, the sentinel value for a failed map lookup. In practice, : lunch
and :dinner meals will dispatch to the Long method, but Typed Clojure infers
a slightly more general type due to the definition of : combo meals.

(ann desserts' [Order -> Int])

(defmulti desserts'
(fn [0 :- Order]| (class (:desserts 0))))
(defmethod desserts' Long [o]
;0:= (U '"{:Meal (U ':dinner ':lunch), :desserts Int}
; ’{:Meal ':combo, :desserts Int, :meall Order, :meal2 Drder})
(:desserts 0))
(defmethod desserts' nil [o]
; o0:-'{:Meal ':combo, :meall Order, :meal2 Order}
(+ (desserts' (:meall o)) (desserts' (:meal2 0))))

In the Long method, Typed Clojure learns that its argument is at least of
type '{:desserts Long}—since (isa? (class (:desserts o)) Long) must
be true. Here the :desserts entry must be present and mapped to a Long—
even in a :combo meal, which does not specify :desserts as present or absent.

In the nil method, (isa? (class (:desserts o)) nil) must be true—
which implies (class (:desserts o)) is nil. Since lookups on missing keys
return nil, either

— o has a :desserts entry to nil, like desserts nil:desserts nil, or
— o is missing a :desserts entry.



We can express this type with the :absent-keys HMap option
(U '{:desserts nil} (HMap :absent-keys #{:desserts}))

This eliminates non-: combo meals since their '{:desserts Int} type does not
agree with this new information (because :desserts is neither nil or absent).

From multiple to arbitrary dispatch Clojure multimethod dispatch, and Typed
Clojure’s handling of it, goes even further, supporting dispatch on multiple ar-
guments via vectors. Dispatch on multiple arguments is beyond the scope of
this paper, but the same intuition applies—adding support for multiple dispatch
admits arbitrary combinations and nestings of it and previous dispatch rules.

3 A Formal Model of A

After demonstrating the core features of Typed Clojure, we link them together in
a formal model called Ap¢c. Building on occurrence typing, we incrementally add
each novel feature of Typed Clojure to the formalism, interleaving presentation
of syntax, typing rules, operational semantics, and subtyping.

3.1 Core type system

We start with a review of occurrence typing [24], the foundation of Arc.

Expressions Syntax is given in Figure 2. Expressions e include variables x, values
v, applications, abstractions, conditionals, and let expressions. All binding forms
introduce fresh variables—a subtle but important point since our type environ-
ments are not simply dictionaries. Values include booleans b, nil, class literals
C, keywords k, integers n, constants ¢, and strings s. Lexical closures [p, Az".¢]c
close value environments p—which map bindings to values—over functions.

Types Types o or 7 include the top type T, untagged unions (|J ?), single-
tons (Vall), and class instances C. We abbreviate the classes Boolean to B,
Keyword to K, Nat to N, String to S, and File to F. We also abbreviate the
types (IJ) to L, (Valnil) to nil, (Valtrue) to true, and (Valfalse) to false. The
difference between the types (ValC) and C' is subtle. The former is inhabited by

class literals like K and the result of (class :a)—the latter by instances of classes,

like a keyword literal :a, an instance of the type K. Function types x:o M T
o

contain latent (terminology from [17]) propositions ¢, object o, and return type
7, which may refer to the function argument x. They are instantiated with the
actual object of the argument in applications.



e u=zx | v | (ee) | Aa".e | (ifeee) | (let [vr e] e) Expressions

v =1l n|c| s | [przT.el Values

¢ u=class | n? Constants
ora=T | (U7 | o7 i, - | (Vall) | C Types

I ==k | C|nil | b Value types

b u=true | false Boolean values

Y u=Trw) | Tr@) | ¥D% | ¥AY | VY | tt | ff Propositions

o u=m(z) | 0 Objects

T on=pé Paths

pe :==class | key, Path elements

r ==¢v Proposition environments
p =={T—0} Value environments

Fig. 2. Syntax of Terms, Types, Propositions and Objects

Objects Each expression is associated with a symbolic representation called an
object. For example, variable m has object m; (class (:lunch m)) has object
class(key . ,ncn(m)); and 42 has the empty object () since it is unimportant in
our system. Figure 2 gives the syntax for objects o—mnon-empty objects 7 (z)
combine of a root variable x and a path 7, which consists of a possibly-empty
sequence of path elements (pe) applied right-to-left from the root variable. We
use two path elements—class and key,—representing the results of calling class
and looking up a keyword k, respectively.

Propositions with a logical system In standard type systems, association lists
often track the types of variables, like in LC-Let and LC-Local.

LC-LET LC-LocAL
F'ke:o Fe—okey:T T(x)=r
TF(let [z e1] ea): 7 FFa:7

Occurrence typing instead pairs logical formulas, that can reason about ar-
bitrary non-empty objects, with a proof system. The logical statement o, says
variable x is of type o.

TO-LET TO0-LocAL
F'kFei:o o, Fex:T I'r,
Tk (let [z e1] ea): 7 Pka:r

In TO-Local, I' - 7,, appeals to the proof system to solve for 7.

We further extend logical statements to propositional logic. Figure 2 describes
the syntax for propositions 1, consisting of positive and negative type proposi-
tions about non-empty objects—7 () and T,(,) respectively—the latter pro-
nounced “the object w(z) is not of type 7. The other propositions are standard



T-IF

T-ABS Phei=ei:m; Yigfi_; o
T-LocAL F,Ugcl—e:>e':0/;1l}+|1/)_;o F,¢1+|—62:>6/2:T;1/1+|1/)_;o
Tk, vylv_ F,wl,ke3éeé:r;w+|w7;o

o = (U nil false) TET0 ————0 ¢ = (if ¢} e) e})

Pha:ir; 0,00, ; aTHA".e = X%’ :7; tt/ff ; O F (if er exes) =€’ :7; Y [_ ;0

T-NIL T-STR
T-Kw L+ nil:nil ; ff|tt ; 0 Tks:S; tt)|ff ; 0
'k k:(Valk) ; tt|ff ; ) T-FALSE T-CLASS
T-Num It false: false ; ff|tt ; 0 T+ C: (ValC) ; tt|ff ; 0
'tn:N; tt]|ff ; 0 T-CONST T-TRUE
Tkec:é:(c); tt)ff ; @ T+ true:true ; tt|ff ; 0
T-LET
F}—61:>e/120;w1+|¢1,;01 ' = (U nil false) , D11,
Y= (U nil false) , D1 _ Dyop, 0 ' Fes=e€h:T; Yo|lY_ ;o0

L'k (let [z e1] e2) = (let [z €] €5) : T[o1 /] ; ¥, [¥_[o1/2] 5 ofo1/x]

T-Arp T-SUBSUME/
Vi lvs_ F'Fe=eée:m; ¢, |Y_; o0
'Fe=e:x:0 — 7 _ o0 A
: > el¥ RS RS
Fl—e/:>e'1:0;¢v'+\w/7;0/ Fr<:r Fo<:o
TE(ee)=(exer):lo/a] s by |y [0'/x]; of[d' /] THe=e 7' s ' |9 ; o

Fig. 3. Core typing rules

logical connectives: implications, conjunctions, disjunctions, and the trivial (tt)
and impossible (ff) propositions. The full proof system judgement I' I ¢ says
proposition environment I' proves proposition .

Each expression is associated with two propositions—when expression e is
in test position like (if e; ey e3), the type system extracts e;’s ‘then’ and ‘else’
proposition to check e3 and eg respectively. For example, in (if o e3 e3) we learn
variable o is true in ey via o’s ‘then’ proposition (U nil false) , and that o is
false in e3 via o’s ‘else’ proposition (U nil false) .

To illustrate, recall Example 8. The parameter o is of type Order, written
Order, as a proposition. In the :combo method, we know (:Meal 0) is :combo,
based on multimethod dispatch rules. This is written (Val :combo)key:Meal(O), pro-
nounced “the :Meal path of variable o is of type (Val:combo)”.

To attain the type of o, we must solve for 7 in I'F 7,, under proposition
environment I' = Order,, (Val :combo), ... ) which deduces 7 to be a :combo
meal. The logical system combines pieces of type information to deduce more
accurate types for lexical bindings—this is explained in Section 3.6.



S-UNIONSUB S-OBJECT

S—UNIONSUPER v S-FuNMONO F C <: Object
di. T <0 Frn<io L opo Yol ;< Fn S-SCLass
i i : o : F (ValC) <: Class
reU?) FU <o 5. Shoor
F(Valb) <:B
S—F/UN . , , ,S-REFL  S-Tor
Fo' <o Fr<iT [k v_ kY Fo<iobr<it Fr<:T
TP+W’7 / 1/JI+W)/, / S_SKW
Frio —— 1<tz ——— T F (Valk) <:K

Fig. 4. Core subtyping rules

B-IFTRUE B-IFFALSE

pFe Jun v1 # false ptei | false or pt e | nil
v1 # nil pkex v pkes v
pbE(if er ez e3) Jv pE(ifer ez e3) Jv

Fig. 5. Select core semantics

Typing judgment We formalize our system following Tobin-Hochstadt and Felleisen
[24]. The typing judgment I' - e = €’ : 7; 9 |[{p_ ; o says expression e rewrites
to €/, which is of type 7 in the proposition environment I', with ‘then’ proposition
Y, ‘else’ proposition ¢)_ and object o.

We write ' e = ¢’ :7tomean ' -e = ¢’ :7; o' [¢'_ ; o for some ¢,
¢'_ and o', and abbreviate self rewriting judgements I' e = e:7; ¢, |¢_; o
tol'Fe:T; 9 [¢_; o.

Typing rules The core typing rules are given as Figure 3. We introduce the
interesting rules with the complement number predicate as a running example.

AT (G (n? d) false true) (1)

The lambda rule T-Abs introduces o, = T4 to check the body. With I' =
Ta, T-If first checks the test e; = (n? d) via the T-App rule, with three steps.

First, in T-App the operator e = n? is checked with T-Const, which uses 0.
(Figure 7, dynamic semantics in the supplemental material) to type constants.
n? is a predicate over numbers, and class returns its argument’s class.

Resuming (n? d), in T-App the operand ¢’ = d is checked with T-Local as

I'-d:T; (U nil false),|(U nil false), ; d (2)

which encodes the type, proposition, and object information about variables.
The proposition (U nil false), says “it is not the case that variable d is of type
(U nil false)”; (U nil false), says “d is of type (U nil false)”.



Finally, the T-App rule substitutes the operand’s object o for the parameter
z in the latent type, propositions, and object. The proposition N 4 says “d is of
type N”; N4 says “it is not the case that d is of type N”. The object d is the
symbolic representation of what the expression d evaluates to.

I'(n?d):B; NgNg; 0 (3)

To demonstrate, the ‘then’ proposition—in T-App ¢ [0/x]—substitutes the
latent ‘then’ proposition of d,(n?) with d, giving N, [d/x] = N .

To check the branches of (if (n? d) false true), T-If introduces 1, , = N 4 to
check ey = false, and ¥1 _ = N4 to check es = true. The branches are first checked
with T-False and T-True respectively, the T-Subsume premises I', ¢, F ¢’ 4 and
I',v_ ' _ allow us to pick compatible propositions for both branches.

[Nt false: B ;5 Nyg[Ng; 0
I'Ngktrue:B ; Nyg|Ng; 0

Finally T-Abs assigns a type to the overall function:

NN
+ )\dT.(if (n? d) false true) : d: T % ; tt)ff; 0

Subtyping Figure 4 presents subtyping as a reflexive and transitive relation with
top type T. Singleton types are instances of their respective classes—boolean
singleton types are of type B, class literals are instances of Class and keywords
are instances of K. Instances of classes C' are subtypes of Object. Function
types are subtypes of Fn. All types except for nil are subtypes of Object, so
T is similar to (|J nil Object). Function subtyping is contravariant left of the
arrow—latent propositions, object and result type are covariant. Subtyping for
untagged unions is standard.

Operational semantics We define the dynamic semantics for Ap¢ in a big-step
style using an environment, following [24]. We include both errors and a wrong
value, which is provably ruled out by the type system. The main judgment is
p e || @ which states that e evaluates to answer « in environment p. We chose
to omit the core rules (included in supplemental material) however a notable
difference is nil is a false value, which affects the semantics of if (Figure 5).

3.2 Java Interoperability

We present Java interoperability in a restricted setting without class inheritance,
overloading or Java Generics. We extend the syntax in Figure 6 with Java field
lookups and calls to methods and constructors. To prevent ambiguity between
zero-argument methods and fields, we use Clojure’s primitive “dot” syntax: field
accesses are written (. e fld) and method calls (. e (mthe)).

In Example 1, (.getParent (new File "a/b")) translates to

(. (new F “a/b”) (getParent)) (4)



e u=...(efld) | (e (mthe)) | (new C?) Expressions
| (eflds) | (e (mthﬁé] C]?)) | (new[a C @) Non-reflective Expressions
v u= ... | C{fld:v} Values
—_
ce == {mw— {mth — [[8],0]},1‘ — {fld — ié},c — {[8]}} Class descriptors
CT == {C > ce} Class Table

T-NEwW
[T ecTClld JTu(C) = 1 Tre=c:mn JTO) =7

Ik (new Ce}) = (new[az] c 2) st ;0

T-METHOD

The=eé:o TIo) = Ci  mthw [[C),Ce] € CT[Ch][m]
_ _—
JTni|(C¢) = T I'kFe = 62 LT JTnn(Cg) = T Fo<: Object

Lk (. e (mthe))) = (. ¢ (mth[(fé.) o

],Cg]ei)):T; ttltt ; 0

T-FIELD
I're=e:0 Fo<:Object Tl(o) = C1 fldw Co € CT[C1][f] JTui(C2) = 7

k(e fld)= (e fldgl):T; ttltt ; 0

JThi(Void) = nil JT(Void) = nil _ . ) '
ITwi(C) — (U nil ©) IT(C) - C TI(r) = C if -7 <:JTh(C)
B-FIELD B-NEw
pFelv  NMgwaiclCrion, fld,Col =v pFeibo  INMuew[Ch, O 3] = v
pt (e fldgl) v pF(new[a]Ca})Uv
B-METHOD -
P Fem U' Um P Feq U' Va JVMinvokestatic[Cla Um, mth, [Oa}» [U—g]v CQ] =v

o2} =
pE(em (mth[[@’],og]e“)) Jo

Fig. 6. Java Interoperability Syntax, Typing and Operational Semantics

d-(class) = x: T ltLt(ty (U nil Class)
N. N,
0-(n?) =x:T —;—% B

Fig. 7. Constant typing



But both the constructor and method are unresolved. We introduce non-
reflective expressions for specifying exact Java overloads.

(- (newg, F “a/b”) (getParent] ) (5)

From the left, the one-argument constructor for F takes a S, and the getParent
method of F takes zero arguments and returns a S.
We now walk through this conversion.

Constructors First we check and convert (new F “a/b”) to (new[s] F “a/b”).
The T-New typing rule checks and rewrites constructors. To check (new F “a/b”)
we first resolve the constructor overload in the class table—there is at most one
to simplify presentation. With C; = S, we convert to a nilable type the argument
with 77 = (|J nil S) and type check “a/b” against 7. Typed Clojure defaults to
allowing non-nilable arguments, but this can be overridden, so we model the more
general case. The return Java type F is converted to a non-nil Typed Clojure
type 7 = F for the return type, and the propositions say constructors can never
be false—constructors can never produce the internal boolean value that Clojure
uses for false, or nil. Finally, the constructor rewrites to (new[s] F “a/b”).

Methods Next we convert (. (new[s] F “a/b”) (getParent)) to the non-reflective

expression (. (new[s] F “a/b”) (getParentﬁS})). The T-Method rule for unre-
solved methods checks (. (new[s] F “a/b”) (getParent)). We verify the target
type o0 = F is non-nil by T-New. The overload is chosen from the class table
based on C7; = F—there is at most one. The nilable return type 7 = (|J nil S)
is given, and the entire expression rewrites to expression 5.

The T-Field rule (Figure 6) is like T-Method, but without arguments.

The evaluation rules B-Field, B-New and B-Method (Figure 6) simply eval-
uate their arguments and call the relevant JVM operation, which we do not
model—Section 4 states our exact assumptions. There are no evaluation rules
for reflective Java interoperability, since there are no typing rules that rewrite
to reflective calls.

3.3 Multimethod preliminaries: isa?

We now consider the isa? operation, a core part of the multimethod dispatch
mechanism. Recalling the examples in Section 2.4, isa? is a subclassing test for
classes, but otherwise is an equality test. The T-IsA rule uses IsAProps (Figure 8),
a metafunction which produces the propositions for isa? expressions.

To demonstrate the first IsAProps case, the expression (isa? (class x) K) is
true if = is a keyword, otherwise false. When checked with T-IsA, the object of
the left subexpression o = class(z) (which starts with the class path element)
and the type of the right subexpression 7 = (ValK) (a singleton class type) to-
gether trigger the first IsAProps case IsAProps(class(x), (ValK)) = K, |K,, giv-
ing propositions that correspond to our informal description ¢, |1/ = K, K. .



The second IsAProps case captures the simple equality mode for non-class
singleton types. For example, the expression (isa? z :en) produces true when x
evaluates to :en, otherwise it produces false. Using T-IsA, it has the propositions
Y, |_ = IsAProps(x,(Val:en)) = (Val:en)_ |(Val:en), since o = z and 7 =
(Val:en). The side condition on the second IsAProps case ensures we are in
equality mode—if = can possibly be a class in (isa? x Object), IsAProps uses its
conservative default case, since if = is a class literal, subclassing mode could be
triggered. Capture-avoiding substitution of objects [0/x] used in this case erases
propositions that would otherwise have () substituted in for their objects—it is
defined in the appendix.

The operational behavior of isa? is given by B-IsA (Figure 8). IsA explicitly
handles classes in the second case.

3.4 Multimethods

Figure 8 presents immutable multimethods without default methods to ease
presentation. Figure 9 translates the mutable Example 4 to Arc.

To check (defmulti z:K — S )\xK.a:), we note (defmulti o e) creates a
multimethod with interface type o, and dispatch function e of type o', producing
a value of type (Multi o ¢’). The T-DefMulti typing rule checks the dispatch
function, and verifies both the interface and dispatch type’s domain agree. Our
example checks with 7 = K, interface type ¢ = z: K — S, dispatch function

type o' = 2:K RUILAN K, and overall type (Multiz: K — S 2: K BALLN K).

Next, we show how to check (defmethod hig :en )\xK.“hello”). The expres-
sion (defmethod e,, e, es) creates a new multimethod that extends multimethod
em’s dispatch table, mapping dispatch value e, to method ey. The T-DefMulti
typing rule checks e,, is a multimethod with dispatch function type 74, then
calculates the extra information we know based on the current dispatch value
" 4> which is assumed when checking the method body. Our example checks
with e, being of type (Multiz: K — S z: K BN K) with o' = z (from be-

x

low the arrow on the right argument of the previous type) and 7, = (Val:en).
Then ", = (Val:en), from IsAProps(x, (Val:en)) = (Val:en)_[(Val:en)  (see
Section 3.3). Since 7 = K, we check the method body with K, (Val:en),
“hello” : S ; tt|tt ; (. Finally from the interface type 7,,, we know ¢, = 1 _
= tt, and o = (), which also agrees with the method body, above. Notice the
overall type of a defmethod is the same as its first subexpression e,,.

It is worth noting the lack of special typing rules for overlapping methods—

each method is checked independently based on local type information.

Subtyping Multimethods are functions, via S-PMultiFn, which says a multi-
method can be upcast to its interface type. Multimethod call sites are then
handled by T-App via T-Subsume. Other rules are given in Figure 8.



e = | (defmulti 7 e) | (defmethod e ee) | (isa? e e) Expressions
v o= | [vtm Values
t u={v—=1} Dispatch tables
o, T = | (Multir 7) Types

T-DEFMULTI

_ L
J:wZT%T/ o =z —— 7 'Fe=¢e:0
o /

o

T' I (defmulti o e) = (defmulti o €') : (Multic o') ; tt|ff ; 0

T-DEFMETHOD

Yyl L
Tm =T — O Td:CL‘ZT—/>U
o

o

/

Tk em = e : (Multit, 74)
I'kFe,=¢€,:7, IsAProps(o’, ) = ¢"  [¢" _
D, Fes=epio; v ;o ¢ = (defmethod e, e, \z".ep)
I' - (defmethod e e, Az".ep) = € : (Multit, 74) ; tt|ff ; 0

I

T-ISA
F'te=e:o; ¢/ W _ ;o0 F'Fe =ej:T IsAProps(o,7) =1, |¢_
IF (isa? e €') = (isa? e1 €)):B ; ¢ [¢p_; 0
IsAProps(class(m(x)), (ValC)) = Cr ()| Cr(a)

IsAProps(o, (Vall)) = ((Vall)_ [(Vall)_ )[o/x]if I #C

IsAProps(o, 7) = tt|tt otherwise

S-PMULTIFN
_ AL
Foi<izio —W T Fog<izio ——— 1’ S-PMuLT1 / ,
o o Fo<io Fr<T
. . . / /

F (Multio, 04) <: 70 Ylv— - F (Multio 7) <: (Multio” 7')

S-MuLTIMONO B-DEFMULTI
_ o, Felw v = [vd, {}m

F (Multiz:o Pl e Tt 7') <: Multi P b v v, {J]

o of p F (defmulti 7 e) v
B-DEFMETHOD
ptel [vg,t]m pFe Y, ptesl vy v = [va, t[vy = Vf]]m

p F (defmethod e ¢’ ef) |} v

GM(t,v.) = vy if v5s = {vs} where v7% = {vf|v, — vy € t and IsA(v,, vy,) = true}
GM(¢, ve) = err otherwise
B-IsA
_ . IsA(v,v) = true v#C
'_ l_ I A I - y
predu  »p .ei“” sA(v1,v) = v IsA(C, C") = true - C <: C"
p - (isa? e1 e2) Y v IsA(v,v’) = false otherwise

B-BETAMULTI
prelvatln pFe v pk(vav)ve GM(t,ve) =vy ph (v o) Jo
pFlee) v

Fig. 8. Multimethod Syntax, Typing and Operational Semantics



(let [hio (defmulti z: K % S )\xK;c)}
(let [hi1 (defmethod hig :en )\:EK.“hello”)]
(let [hiz (defmethod hiy :fr )\.’IL‘K.“bOHjOUI’”)]
(hiz :en))))

Fig. 9. Multimethod example

Semantics Multimethod definition semantics are also given in Figure 8. B-
DefMulti creates a multimethod with the given dispatch function and an empty
dispatch table. B-DefMethod produces a new multimethod with an extended
dispatch table.

The overall dispatch mechanism is summarised by B-BetaMulti. First the
dispatch function v, is applied to the argument v’ to obtain the dispatch value
ve. Based on v,, the GM metafunction (Figure 8) extracts a method vy from the
method table ¢ and applies it to the original argument for the final result.

3.5 Precise Types for Heterogeneous maps

Figure 10 presents heterogeneous map types. The type (HMap‘gM A) con-
tains M, a map of present entries (mapping keywords to types), A, a set of
keyword keys that are known to be absent and tag & which is either C (“com-
plete”) if the map is fully specified by M, and P (“partial”) if there are un-
known entries. The partially specified map of lunch in Example 6 is writ-
ten (HMap” {(Val:en) S, (Val:fr) S} {}) (abbreviated Lu). The type of the
fully specified map breakfast in Example 5 elides the absent entries, written
(HMap®{(Val:en) S, (Val:fr) S}) (abbreviated Bf). To ease presentation, if
an HMap has completeness tag C then A is elided and implicitly contains all
keywords not in the domain of M—dissociating keys is not modelled, so the
set of absent entries otherwise never grows. Keys cannot be both present and
absent.
. . P
The metavariable m ranges over the runtime value of maps {k — v}, usu-

—

ally written {k v}. We only provide syntax for the empty map literal, however
when convenient we abbreviate non-empty map literals to be a series of assoc
operations on the empty map. We restrict lookup and extension to keyword keys.

How to check A mandatory lookup is checked by T-GetHMap.
)\be.(get b :en)
The result type is S, and the return object is key ., (b). The object key, (x)[o/x]

is a symbolic representation for a keyword lookup of & in 0. The substitution for
2 handles the case where o is empty.

key (z)[y/z] = key(y) key, (z)[0/x] =0



e = | (get ee) | (assoce e e) Expressions

voon= | {} Values

T ... | (HMap® M A) Types

M = {k— T} HMap mandatory entries
A = {?} HMap absent entries

E ==C | P HMap completeness tags

I'ke= (assoc € e €,): (HMap° M A) Thep=e,:(Valk) Ibe,=>e,:7 kg A
[ F (assoc e ey e,) = (assoc € e}, e,) : (HMap® Mk — 7] A) ; tt|ff ; 0

T-GETHMAP _

Fl—eﬁe/:(u (HMap® M A) ) ; Yiglvi_ ;0 Ihep=e,:(Valk) Mlk]=r1
Tk (get e ex) = (get € ek): (U 75ttt ; key,(z)[o/x]

i

T-GETHMAPABSENT
IFe=e :(HMap M A); Y1 [¢1_; 0 Threx=ep:(Valk) keA

Tk (get e ex) = (get € ep):nil ; tt|tt ; key, (z)[o/z]

T—GETHNIAPPARTIALDEF/?)ULT
F'te=¢€:(HMap M A); Y1 |v1_; o
Thep=eh:(Valk) kgdom(M) kega  SHMaPMoNo
7 F (HMap~ M A) <: Map
I'F (get e ex) = (get € e): T ; tt|tt ; key,(z)[o/x]
S-HMaArPP S-HMap
Vi. M[ki]=0; and Fo; <: 7y Vi. M[ki] =0; and Fo; <: 7y A1 D Az

F (HMap® M A') <: (HMap” {k — T}i A) + (HMap® M A,) <: (HMap® {k — T}i Az)

B-Assoc B-GET B-GETMISSING
pFelm prFe.lk pkFelm pHe Uk pkFelm
pEes vy k € dom(m) pFe Lk k & dom(m)
p F (assoc e e ey) § m[k = v,]  pF (get e ¢e) | m[k] p F (get e €') | nil

Fig. 10. HMap Syntax, Typing and Operational Semantics

restrict(t,0) = L if Av.Fv:T; ¢ ; 0oandFv:io; ¢ ; o
restrict(r,0) =7 ifF7<:0
restrict(7,0) = o otherwise

remove(t,0) = L ifFr<:0o
remove(T,0) = 7 otherwise

Fig. 11. Restrict and remove



An absent lookup is checked by T-GetHMapAbsent.

/\be.(get b :bocce)

The result type is nil—since Bf is fully specified—with return object key .pocce(b)-
A lookup that is not present or absent is checked by T-GetHMapPartialDefault.

/\uLu.(get u :bocce)

The result type is T—since Lu has an unknown :bocce entry—with return object
key .pocce (). Notice propositions are erased once they enter a HMap type.

For presentational reasons, lookups on unions of HMaps are only supported
in T-GetHMap and each element of the union must contain the relevant key.

P, BfLu).(get u :en)

The result type is S, and the return object is key..,(u). However, lookups of
:bocce on (| J Bf Lu) maps are unsupported. This restriction still allows us to
check many of the examples in Section 2—in particular we can check Example 8,
as :Meal is in common with both HMaps, but cannot check Example 9 because
a :combo meal lacks a :desserts entry. Adding a rule to handle Example 9 is
otherwise straightforward.

Extending a map with T-AssocHMap preserves its completeness.

)\be.(assoc b :au “beans”)

The result type is (HMap®{(Val:en) S, (Val:fr) S, (Val:au) S}), a complete
map. T-AssocHMap also enforces k € A to prevent badly formed types.

Subtyping Subtyping for HMaps designate Map as a common supertype for
all HMaps. S-HMap says that HMaps are subtypes if they agree on &, agree
on mandatory entries with subtyping and at least cover the absent keys of the
supertype. Complete maps are subtypes of partial maps as long as they agree
on the mandatory entries of the partial map via subtyping (S-HMapP).

The semantics for get and assoc are straightforward.

3.6 Proof system

The occurrence typing proof system uses standard propositional logic, except for
where nested information is combined. This is handled by L-Update:

L-UPDATE
F}_Tﬂ'/(ﬁ)) F"I/ﬂ(ﬂ/(x))

I - update(r, v, w)ﬂ,(z)

It says under T', if object 7’'(z) is of type 7, and an extension 7 (7’ (x)) is of
possibly-negative type v, then update (7, v, 7) is 7’(z)’s type under T



update((J 7),v, ) = (J update(r,v, 7))

update(r, (ValC), 7 :: class) = update(r, C, )

update(r, v, 7 :: class) =T

update((HMap® M A),v, :: key,) = (HMap® M [k + update(r, v, 7)] A)
it M[k] =7

update((HMap® M A),v,m :: key,) = L ifnil £:vand k € A
update((HMap” M A), 7,7 :: key, ) = (U (HMap” M[k s 7] A)
(HMap” M (AU {k})))
if Fnil <:7, k& dom(M) and k ¢ A
update((HMap” M A),v, 7 :: key,) = (HMap” M|[k — update(T,v,7)] A)
ifFnil £:v, k& dom(M) and k ¢ A

update(r, v, 7 :: key,,) =T
update(T, 0, €) = restrict(7, o)
update(7, 7, €) = remove(T, o)

Fig. 12. Type update (the metavariable v ranges over 7 and 7 (without variables),
F nil £:7 when F nil <: 7, see Figure 11 for restrict and remove. )

Recall Example 8. Solving Order,, (Val :combo) (o) | To uses L-Update,

key e
where 7 = € and 7’ = [key.peal]-

I' - update(Order, (Val :combo), [key .\eal),

Since Order is a union of HMaps, we structurally recur on the first case of
update (Figure 12), which preserves 7. Each initial recursion hits the first HMap
case, since there is some 7 such that M[k] = 7 and £ accepts partial maps P.

To demonstrate, :lunch meals are handled by the first HMap case and up-
date to (HMap” M|[(Val:Meal) — '] {}) where ¢’ = update ((Val:lunch),
(Val:combo), €) and M = {(Val:Meal) — (Val:lunch), (Val :desserts) — N }.
o’ updates to L via the penultimate update case, because restrict ((Val:lunch),
(Val:combo)) = L by the first restrict case. The same happens to :dinner meals,
leaving just the :combo HMap.

In Example 9, T' - update(Order, Long, [class, key yeqeens]), updates the
argument in the Long method. This recurs twice for each meal to handle the
class path element.

We describe the other update cases. The first class case updates to C if class
returns (ValC). The second key,, case detects contradictions in absent keys.
The third key, case updates unknown entries to be mapped to 7 or absent.
The fourth key,, case updates unknown entries to be present when they do not
overlap with nil.

4 Metatheory

We prove type soundness following Tobin-Hochstadt and Felleisen [24]. Our
model is extended to include errors err and a wrong value, and we prove well-



typed programs do not go wrong; this is therefore a stronger theorem than proved
by Tobin-Hochstadt and Felleisen [24]. Errors behave like Java exceptions—they
can be thrown and propagate “upwards” in the evaluation rules (err rules are
deferred to the appendix).

Rather than modeling Java’s dynamic semantics, a task of daunting com-
plexity, we instead make our assumptions about Java explicit. We concede that
method and constructor calls may diverge or error, but assume they can never
go wrong (other assumptions given in the supplemental material).

—
Assumption 1 (JVMpey). If Vi. v; = C; {fld; : v;} or v; = nil and v; is con-
sistent with p then either

— JVMpew[C, [a}, [Uﬂ] = C {fldy, : vy} which is consistent with p,
— WMy [C, [T, [B]] = err, or
— JVMew[C, [a}, [07]] is undefined.

For the purposes of our soundness proof, we require that all values are consis-
tent. Consistency (defined in the supplemental material) states that the types of
closures are well-scoped—they do not claim propositions about variables hidden
in their closures.

We can now state our main lemma and soundness theorem. The metavariable
« ranges over v, err and wrong. Proofs are deferred to the supplemental material.

Lemma 1. IfT'-e' = e:7; ¢, [¢_; 0, p T, p is consistent, andp F e || a
then either

— pked v and dll of the following hold:
1. either o =0 or p(o) = v,
2. either TrueVal(v) and p |= 1, or FalseVal(v) and p = _,
8 Fv=viT P W _; o for somed Y’ and o, and
4. v is consistent with p, or

—pkelerr.

Theorem 1 (Type soundness). If'Fe' =e:7; ¢ |[¢Y_; 0andptelv
then =v =wv:7; ' W' _ 5 o for some )’ , ¢'_ ando'.

5 Experience

Typed Clojure is implemented as core.typed [2], which has seen wide usage.

5.1 Implementation

core.typed provides preliminary integration with the Clojure compilation pipeline,
primarily to resolve Java interoperability.

The core.typed implementation extends this paper in several key areas
to handle checking real Clojure code, including an implementation of Typed



feeds2imap  CircleCI

Total number of typed namespaces 11 (825 LOC) 87 (19,000 LOC)
Total number of def expressions 93 1834

e checked 52 (56%) 407 (22%)
e unchecked 41 (44%) 1427 (78%)
Total number of Java interactions 32 105

e static methods 5 (16%) 26 (25%)

e instance methods 20 (62%) 36 (34%)

e constructors 6 (19%) 38 (36%)

e static fields 1 (3%) 5 (5%)
Methods overriden to return non-nil 0 35
Methods overriden to accept nil arguments 0 1

Total HMap lookups 27 328

e resolved to mandatory key 20 (74%) 208 (64%)
e resolved to optional key 6 (22%) 70 (21%)

e resolved of absent key 0 (0%) 20 (6%)

e unresolved key 1 (4%) 30 (9%)
Total number of defalias expressions 18 95

e contained HMap or union of HMap type 7 (39%) 62 (65%)
Total number of checked defmulti expressions 0 11

Total number of checked defmethod expressions 0 89

Fig. 13. Typed Clojure Features used in Practice

Racket’s variable-arity polymorphism [22], and support for other Clojure idioms
like datatypes and protocols. There is no integration with Java Generics, so only
Java 1.4-style erased types are “trusted” by core.typed. Casts are needed to
recover the discarded information, which—for collections—are then tracked via
Clojure’s universal sequence interface [14].

5.2 Evaluation

Throughout this paper, we have focused on three interrelated type system fea-
tures: heterogenous maps, Java interoperability, and multimethods. Our hypoth-
esis is that these features are widely used in existing Clojure programs in inter-
connecting ways, and that handling them as we have done is required to type
check realistic Clojure programs.

To evaluate this hypothesis, we analyzed two existing core. typed code bases,
one from the open-source community, and one from a company that uses core.typed
in production. For our data gathering, we instrumented the core.typed type
checker to record how often various features were used (summarized in Fig-
ure 13).

feeds2imap feeds2imap? is an open source library written in Typed Clojure. It
provides an RSS reader using the javaz.mail framework.

* https://github.com/frenchy64/feeds2imap.clj



Of 11 typed namespaces containing 825 lines of code, there are 32 Java inter-
actions. The majority are method calls, consisting of 20 (62%) instance methods
and 5 (16%) static methods. The rest consists of 1 (3%) static field access, and
6 (19%) constructor calls—there are no instance field accesses.

There are 27 lookup operations on HMap types, of which 20 (74%) resolve
to mandatory entries, 6 (22%) to optional entries, and 1 (4%) is an unresolved
lookup. No lookups involved fully specified maps.

From 93 def expressions in typed code, 52 (56%) are checked, with a rate of
1 Java interaction for 1.6 checked top-level definitions, and 1 HMap lookup to
1.9 checked top-level definitions. That leaves 41 (44%) unchecked vars, mainly
due to partially complete porting to Typed Clojure, but in some cases due to
unannotated third-party libraries.

No typed multimethods are defined or used. Of 18 total type aliases, 7 (39%)
contained one HMap type, and none contained unions of HMaps—on further
inspection there was no HMap entry used to dictate control flow, often handled
by multimethods. This is unusual in our experience, and is perhaps explained
by feeds2imap mainly wrapping existing javaz.mail functionality.

CircleCI CircleClI [7] provides continuous integration services built with a mix-
ture of open- and closed-source software. Typed Clojure was used at CircleCI
in production systems for two years [8], maintaining 87 namespaces and 19,000
lines of code, an experience we summarise in Section 5.3.

The CircleCI code base contains 11 checked multimethods. All 11 dispatch
functions are on a HMap key containing a keyword, in a similar style to Exam-
ple 8. Correspondingly, all 89 methods are associated with a keyword dispatch
value. The argument type was in all cases a single HMap type, however, rather
than a union type. In our experience from porting other libraries, this is unusual.

Of 328 lookup operations on HMaps, 208 (64%) resolve to mandatory keys,
70 (21%) to optional keys, 20 (6%) to absent keys, and 30 (9%) lookups are
unresolved. Of 95 total type aliases defined with defalias, 62 (65%) involved one
or more HMap types. Out of 105 Java interactions, 26 (25%) are static methods,
36 (34%) are instance methods, 38 (36%) are constructors, and 5 (5%) are static
fields. 35 methods are overriden to return non-nil, and 1 method overridden to
accept nil—suggesting that core.typed disallowing nil as a method argument
by default is justified.

Of 464 checked top-level definitions (which consists of 57 defmethod calls
and 407 def expressions), 1 HMap lookup occurs per 1.4 top-level definitions,
and 1 Java interaction occurs every 4.4 top-level definitions.

From 1834 def expressions in typed code, only 407 (22%) were checked.
That leaves 1427 (78%) which have unchecked definitions, either by an ex-
plicit :no-check annotation or tc-ignore to suppress type checking, or the
warn-on-unannotated-vars option, which skips def expressions that lack ex-
pected types via ann. From a brief investigation, reasons include unannotated
third-party libraries, work-in-progress conversions to Typed Clojure, unsup-
ported Clojure idioms, and hard-to-check code.



Lessons Based on our empirical survey, HMaps and Java interoperability support
are vital features used on average more than once per typed function. Multimeth-
ods are less common in our case studies. The CircleCI code base contains only
26 multimethods total in 55,000 lines of mixed untyped-typed Clojure code, a
low number in our experience.

5.3 Further challenges

After a 2 year trial, the second case study decided to disabled type checking [9)].
They were supportive of the fundamental ideas presented in this paper, but
primarily cited issues with the checker implementation in practice and would re-
consider type checking if they were resolved. This is also supported by Figure 13,
where 78% of def expressions are unchecked.

Performance Rechecking files with transitive dependencies is expensive
since all dependencies must be rechecked. We conjecture caching type state will
significantly improve re-checking performance, though preserving static sound-
ness in the context of arbitrary code reloading is a largely unexplored area.

Library annotations Annotations for external code are rarely available, so
a large part of the untyped-typed porting process is reverse engineering libraries.

Unsupported idioms While the current set of features is vital to checking
Clojure code, there is still much work to do. For example, common Clojure
functions are often too polymorphic for the current implementation or theory to
account for. The post-mortem [9] contains more details.

6 Related Work

Multimethods [20] and collaborators present a sequence of systems [4, 5, 20] with
statically-typed multimethods and modular type checking. In contrast to Typed
Clojure, in these system methods declare the types of arguments that they expect
which corresponds to exclusively using class as the dispatch function in Typed
Clojure. However, Typed Clojure does not attempt to rule out failed dispatches.

Record Types Row polymorphism [26, 3, 12], used in systems such as the OCaml
object system, provides many of the features of HMap types, but defined us-
ing universally-quantified row variables. HMaps in Typed Clojure are instead
designed to be used with subtyping, but nonetheless provide similar expressive-
ness, including the ability to require presence and absence of certain keys.

Dependent JavaScript [6] can track similar invariants as HMaps with types
for JS objects. They must deal with mutable objects, they feature refinement
types and strong updates to the heap to track changes to objects.

TeJaS [16], another type system for JavaScript, also supports similar HMaps,
with the ability to record the presence and absence of entries, but lacks a com-
positional flow-checking approach like occurrence typing.

Typed Lua [18] has table types which track entries in a mutable Lua table.
Typed Lua changes the dynamic semantics of Lua to accommodate mutability:



Typed Lua raises a runtime error for lookups on missing keys—HMaps consider
lookups on missing keys normal.

Java Interoperability in Statically Typed Languages Scala [21] has nullable refer-
ences for compatibility with Java. Programmers must manually check for null
as in Java to avoid null-pointer exceptions.

Other optional and gradual type systems Several other gradual type systems have
been developed for existing dynamically-typed languages. Reticulated Python [25]
is an experimental gradually typed system for Python, implemented as a source-
to-source translation that inserts dynamic checks at language boundaries and
supporting Python’s first-class object system. Clojure’s nominal classes avoids
the need to support first-class object system in Typed Clojure, however HMaps
offer an alternative to the structural objects offered by Reticulated. Similarly,
Gradualtalk [1] offers gradual typing for Smalltalk, with nominal classes.

Optional types have been adopted in industry, including Hack [10], and
Flow [11] and TypeScript [19], two extensions of JavaScript. These systems sup-
port limited forms of occurrence typing, and do not include the other features
we present.

7 Conclusion

Optional type systems must be designed with close attention to the language
that they are intended to work for. We have therefore designed Typed Clojure,
an optionally-typed version of Clojure, with a type system that works with
a wide variety of distinctive Clojure idioms and features. Although based on
the foundation of Typed Racket’s occurrence typing approach, Typed Clojure
both extends the fundamental control-flow based reasoning as well as applying
it to handle seemingly unrelated features such as multi-methods. In addition,
Typed Clojure supports crucial features such as heterogeneous maps and Java
interoperability while integrating these features into the core type system. Not
only are each of these features important in isolation to Clojure and Typed
Clojure programmers, but they must fit together smoothly to ensure that existing
untyped programs are easy to convert to Typed Clojure.

The result is a sound, expressive, and useful type system which, as imple-
mented in core.typed with appropriate extensions, is suitable for typechecking
a significant amount of existing Clojure programs. As a result, Typed Clojure is
already successful: it is used in the Clojure community among both enthusiasts
and professional programmers.

Our empirical analysis of existing Typed Clojure programs bears out our
design choices. Multimethods, Java interoperation, and heterogeneous maps are
indeed common in both Clojure and Typed Clojure, meaning that our type sys-
tem must accommodate them. Furthermore, they are commonly used together,
and the features of each are mutually reinforcing. Additionally, the choice to
make Java’s null explicit in the type system is validated by the many Typed
Clojure programs that specify non-nullable types.
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A Soundness for Typed Clojure

Assumption A.1 (JVMe). If Vi. v; = C; {fld; : v;} or v; = nil and v; is
consistent with p then either

— JVMpew[C, [3}, [07]] = C {fldy, : vx} which is consistent with p,
— VM, [C, [C5], [UZH =err, or
— IVMuew[C | a, UZ s undefined.
Assumption A.2 (JVMgestatic). If vi = C1 {fld : vy, fld; - vi}, then either

— JVMgestatic[C1, v1, fld, Co] = vy, and either

o vy =Cy {fldy, : v} or
e vy =nil, or
- JVMgetstatic[Cla U1, fld7 CQ] = err.

Assumption A.3 (JVMinvokestatic). If v1 = C1 {fld; : v}, Vi. v, = C; {fld; 1 v;} or v; =
nil then either

_ JVMinvokestatic [Cla Umy mth, [a], [E)], CQ] = v and either
e v =Cy {fldy, : v} orv =nil, or
— JVMinvokestatic [Cla U, mth, [a], [Uf], 02] = err, or
- JVMinvokestatic [Clv Um,s mth, [ 1',]7 [E)]v 02] 18 undeﬁned-
Lemma A.1l. If p and p’ agree on fv(v)) and p = ¢ then p' = 1.

Proof. Since the relevant parts of p and p’ agree, the proof follows trivially.
Lemma A.2. If

— 1 = Pfo/x],

— p2 F Yo,

— Ywefv(z) —z. p1(v) = p2(v),
— and pa(z) = p1(o)

then p1 |= 1.

Proof. By induction on the derivation of the model judgement.
Lemma A.3. If p ET and T'F 4 then p E 9.

Proof. By structural induction on I' - 1.

Lemma A.4. IfT' 7oy, pET and p(m(z)) =v then v 73 ' |¢'_; o
for some ', ' _ ando

Proof. Corollary of lemma A.3.

Lemma A.5 (Paths are independent). If p(o) = p1(0') then p(w(o)) =
p1(m(0'))



Proof. By induction on w.
Lemma A.6 (class). If p = (class p(m(x))) |} C then p = Cr(y-
Proof. Induction on the definition of class.

Definition A.1. v is consistent with p iff ¥V [p1, \x7.e]c inv, if - [p1, A\x7.€]c:7; tt|ff ; O
and ¥V o' in 1, either o/ =0, or o =7'(z), or p(o’) = p1(0).

Definition A.2. p is consistent iff
Yv € rng(p), v is consistent with p.

Definition A.3. TrueVal(v) iff v # false and v # nil.
Definition A.4. FalseVal(v) iff v = false or v = nil.
Lemma A.7 (isa? has correct propositions). If

—Thuvi=v:m; Y| o,
—Thov=v:7m; w2+‘¢2_ ; 02,
— IsA(vy,v9) = v,

- p ':F:

IsAProps(o1,m2) =9’ [{'_,

- by, and

A

then either

— if TrueVal(v) then p =1, or
— if FalseVal(v) then p = 1_.

Proof. By cases on the definition of IsA and subcases on IsA.

Subcase 1 (IsA(vy,v1) = true, if v # C).

v = v9, v1 # C, vy # C, TrueVal(v)

Since TrueVal(v) we prove p =1, by cases on the definition of IsAProps:
Subcase 2 (IsAProps(class(m(z)), (ValC)) = Cr(4)|Cr(a))-
01 = class(m(z)), 2 = (ValC), Cr(o) =1y
Unreachable by inversion on the typing relation, since 72 = (ValC), yet
(%) 75 C.
Subcase 3 (IsAProps(o, (Vall)) = ((Vall), |(Vall), )lo/x] if | # C).
o = (Vall), | # C, (Vall)_ [o1/x] F v
Since 7o = (Vall) where | # C, by inversion on the typing judgement
vo is either true, false, nil or k by T-True, T-False, T-Nil or T-Kw.
Since v1 = vy then 71 = 7o, and since 7o = (Vall) then 71 = (Vall), so
F vy : (Vall)
If o1 =0 then ¢ = tt and we derive p |= tt with M-Top.
Otherwise 0oy = m(x) and (Vall) ) v, and since - vy : (Vall) then
Fp(m(z)): (Vall), which we can use M-Type to derive p |= (Vall), .



Subcase 4 (IsAProps(o,T) = tt|tt ).
W, = tt
p = tt holds by M-Top.

Subcase 5 (IsA(C1,Cs) = true, if F C; <: Cy).

v = Cl, Vo = Cg, FCh<: Cg, TrueVaI(v)

Since TrueVal(v) we prove p |= 1, by cases on the definition of IsAProps:
Subcase 6 (IsAProps(class(m(z)),(ValC)) = Cr(4)|Cr(z))-
01 = class(m(z)), 72 = (ValCy), Cor(p) ¥
By inversion on the typing relation, since class is the last path element
of 01 then p F (class p(mw(x))) § v1.
Since p = (class p(m(x))) I C1, as vy = Cy, we can derive from lemma A.6
P ): ler(:v) .
By the induction hypothesis we can derive I' = C1 (5, and with the fact
FC1 <:Cy we can use L-Sub to conclude I = Car(yy, and finally by
lemma A.3 we derive p |= Car(s)
Subcase 7 (IsAProps(o, (Vall)) = ((Vall), |(Vall), )[o/x] if | # C).
Ty = (Vall), | # C, (Vall)_ [o1/x] -9
Unreachable case since 7o = (Vall) where l # C, but vo = Cs.
Subcase 8 (IsAProps(o,T) = tt|tt ).
W, = tt
p = tt holds by M-Top.

Subcase 9 (IsA(v1,v2) = false, otherwise).

vy # vy, FalseVal(v)

Since FalseVal(v) we prove p =1 _ by cases on the definition of IsAProps:
Subcase 10 (1sAProps(class(m(x)), (ValC)) = Cr()|Cr(a))-
01 = class(n(z)), 2 = (ValC), Crpy F
By inversion on the typing relation, since class is the last path element
of 01 then p F (class p(mw(z))) § v1.
By the definition of class either vi = C or vy = nil.
If v1 = nil, then we know from the definition of IsA that p(w(z)) = nil.
Since = p(m(x)) : nil, and there is no v1 such that both - p(w(x)): C and
F p(w(x)) : nil, we use M-NotType to derive p |= Cr(y).
Similarly if vi = Cy, by the definition of 1sAProps we know b Cy £: C
and p(m(z)) = Ch.
Since F p(mw(x)): C1, and there is no vy such that both - vy :C and
F vy : Oy, we use M-NotType to derive p = éﬂ(x

Subcase 11 (I1sAProps(o, (Vall)) = ((Vall) |(Vall), )o/x] if | # C).

T = (Vall), | # C, (Vall), [oi/z] F_

Since 7o = (Vall) where | # C, by inversion on the typing judgement
vo is either true, false, nil or k by T-True, T-False, T-Nil or T-Kw.

If oy = 0 then ¢p_ = tt and we derive p = tt with M-Top.

Otherwise oy = m(z) and (Vall), ) b ¢_. Noting that vi # v2, we
know + p(w(z)):0 where o # (Vall), and there is no vy such that

both F vy : (Vall) and - vy : 0 so we can use M-NotType to derive p =
(Vall)ﬂ(m).




Subcase 12 (IsAProps(o, ) = tt|tt ).
——"
p = tt holds by M-Top.

Lemma A.8. IfT'e' =e:7; ¢ |[Y_; o, p =T, p is consistent, and p -
e | a then either

— pFel v and all of the following hold:
1. either o =0 or p(o) = v,
2. either TrueVal(v) and p |= 1), or FalseVal(v) and p = _,
8 Fv=wviT; P W _; o for somed Y’ _ and o, and
4. v is consistent with p, or

— phkelerr.

Proof. By induction and cases on the derivation of p F e || o, and subcases on
the penultimate rule of the derivation of I't-e = e:7; Y [_ ; o followed by
T-Subsume as the final rule.

Case 1 (B-Val).

Subcase 13 (T-True). v =true, ¢’ =true, e = true, - true <:7, tt -,

ff-y_ ,Fbh<:o

Proving part 1 is trivial: o is a superobject of O, which can only be (.

To prove part 2, we note that v = true and tt =1, so p =1, by M-Top.

Part 3 holds as e can only be reduced to itself via B-Val.

Part 4 holds vacuously.

Subcase 14 (T-HMap). v = {v, = v,}, ¢ ={op — vy}, e = {vp = v},

F (HMap® M) <: 7, tt - Yy, -y, FO<io, Foug: (Valkg, F vy i T,
e

M ={kw— 1.}

Similar to T-True.

Part 4 holds by the induction hypothese on o7 and .

Subcase 15 (T-Kw). v =k, ¢ =k, e =k, - (Valk)<:7, tt - ¥,

ff-y_,FB0<:o

Similar to T-True.

Subcase 16 (T-Str). Similar to T-Kw.

Subcase 17 (T-False). v = false, ¢/ = false, e = false, | false <:7, ff F
Yy, ttEY_FO<io

Proving part 1 is trivial: o is a superobject of ), which must be ().

To prove part 2, we note that v = false and tt F¥_, so p Ev¥_ by M-Top.
Part 8 holds as e can only be reduced to itself via B-Val.

Part 4 holds vacuously.

Subcase 18 (T-Class). v =C, e =C,e =C,F (ValC) <:7, tt -9,
ff-y_,Fh<:o

Similar to T-True.



Subcase 19 (T-Instance). v =C {fld; :v;}, ¢ =C{fld:v},e =C {fld : v},
FC<rtthy, iy _,FD<o

Similar to T-True.

Part 4 holds by the induction hypotheses on ol

Subcase 20 (T-Nil). v =nil, ¢’ =nil, e =nil, Fnil<:7, ff -y, tt -4 _,
FO<:o

Similar to T-False.

Subcase 21 (T-Multi). v = [vy, {M}]m e = vy, {M}]m, Fo = o7,
Fop=wvp:T,Fv,=v,:0,e = [vl,{M}]m, F (Multic 7) <:7, tt -
Y iy Fl<io

Similar to T-True.

Subcase 22 (T-Const). e =c, o (c) <ttt b, iy ,F0<o
Parts 1, 2 and 3 hold for the same reasons as T-True.

Case 2 (B-Local). p(z)=v, pta v

Subcase 23 (T-Local). ¢’ =x,e =z, (U nil false) -1, (U nil false) -
Yv_,Frx<io, I'Fr7y,

Part 1 follows from p(o) = v, since either o = x and p(x) = v is a premise

of B-Local, or o = () which also satisfies the goal.

Part 2 considers two cases: if TrueVal(v), then p = (U nil false), holds by
M-NotType; if FalseVal(v), then p |= (U nil false), holds by M-Type.

We prove part 8 by observing T + 7, p E T, and p(x) = v (by B-Local)
which gives us the desired result.

Part 4 holds vacuously.

Case 8 (B-Do). pter v, pkealv

Subcase 24 (T-Do). ¢ = (do e} ey), I'F el =er:m ;5 1| ;5 o1,
Lo Vi _Fe =e:7; Y |Y_; 0, e =(do e ea)

For all parts we note since e; can be either a true or false value then p =
T, 1, Vb _ by M-Or, which together with T,y Vp1_Fea:75 9 [h_ 5 o,
and p ey |} v allows us to apply the induction hypothesis on es.

To prove part 1 we use the induction hypothesis on es to show either o = ()
or p(0) = v, since e always evaluates to the result of es.

For part 2 we use the induction hypothesis on ey to show if TrueVal(v) then

p =, orif FalseVal(v) then p =1 _.
Parts 3 and 4 follow from the induction hypothesis on es.

Case 4 (BE-Dol). pkey Jerr, ptkeerr
Trivially reduces to an error.

Case 5 (BE-Do2). ptey v, pkexerr, pbe{err
As above.

Case 6 (B-New). p b e; | v;, IVMpew[C1, [a}, W] =v



Subcase 25 (T-New). ¢/ = (new C’e a] € CTICO)c], JTa(Cy) = 7,
I'ke,=e:m, e = (new[gﬁ C ei), I—JT(C’) <7, m Foapy, ff -y,
Fh<:o

Part 1 follows o = 0.

Part 2 requires some explanation. The two false values in Typed Clojure
cannot be constructed with new, so the only case is v # false (or nil) where
Y, =ttt so p=1,. Void also lacks a constructor.

Part 3 holds as B-New reduces to a non-nilable instance of C' via JVMew
(by assumption A.1), and T is a supertype of JT ( ).

Subcase 26 (T-NewStatic). ¢/ = (new C’ e)

Non-reflective constructors cannot be wmtten directly by the user, so we can
assume the class information attached to the syntax corresponds to an actual
constructor by inversion from T-New.

The rest of this case progresses like T-New.

Y
Case 7 (BE-Newl). ptei_1 v, phe;Jerr, pbelerr
Trivially reduces to an error.

Case 8 (BE-New2). pte; | vi, IVMpew[C1, [a], [B]] =err, preler
As above.

Case 9 (B-Field). pF ey | C1 {fld : v}

Subcase 27 (T-Field). ¢ =(. ¢} fld),Tte =e:0,F o <:Object, TJ
(0) =C4, fld — Co € CT[CH][f], e = (- ex flAG}) F ITwi(Co) <: 7, 6 - 4,
ttY_,F0<:o

Part 1 is trivial as o is always ().

Part 2 holds trivially; v can be either a true or false value and both 1, and
P_ are tt.

Part 3 relies on the semantics of J)VMgetstatic (assumption A.2) in B-Field,
which returns a nilable instance of Cy, and T is a supertype of JT i (Cs). No-
tice - 0 <: Object is required to guard from dereferencing nil, as Cy erases
occurrences of nil in o via TJ (o) = Cy.

Subcase 28 (T-FieldStatic). ¢’ = (. e1 fldg})

Non-reflective field lookups cannot be written directly by the user, so we can
assume the class information attached to the syntax corresponds to an actual
field by inversion from T-Field.

The rest of this case progresses like T-Field.

Case 10 (BE-Field). ptey Jerr, plke | err
Trivially reduces to an error.
I
Case 11 (B-Method). p & em U v, p F €a U Vas IWMinsokestaticlCrs vms mith, [Ca, [72], Ca) =
v



Subcase 29 (T-Method). T'+ € = e:0, b o <:Object, TJ (o) = Ch,
mth — [[3}, Cy) € CTICH]IM], JToil(Cy) = 75, Tk e, = ei:mi, e = (. em (mthSL  €2)),

[EARAN
FJTw(Co) <7, ttFop, tty_, FD<:o
Part 1 is trivial as o is always ().
Part 2 holds trivially, v can be either a true or false value and both 1, and
Y_ are tt.
Part 8 relies on the semantics of JVMinvokestatic (assumption A.3) in B-
Method, which returns a nilable instance of Co, and T is a supertype of
JTai(C2) = . Notice - o0 <: Object is required to guard from dereferencing
nil, as Cy erases occurrences of nil in o via TJ (o) = C4.

Subcase 30 (T-MethodStatic). ¢ = (. e; (mthﬁé] 0216_1?))

Non-reflective method invocations cannot be written directly by the user, so
we can assume the class information attached to the syntax corresponds to
an actual method by inversion from T-Method.
The rest of this case progresses like T-Method.

Case 12 (BE-Methodl). p ey Y err, ple | err
Trivially reduces to an error.

_
Case 13 (BE-Method2). ptepm b vm, pben_1 Y vp_1, ptey Yerr, pbelerr
As above.
Case 14 (BE-Method3). p b em | vm, p - eq I va, IVMinvokestatic[C1, Um, mith, [C—>’a], [ﬂ}, Cy] =
err, pkel err
As above.

Case 15 (B-DefMulti). v = [vg, {}m, p F ea 4 va
Subcase 31 (T-DefMulti). ¢’ = (defmulti o €}}), 0 =z % T2, Td
o1

oy |2 . .
=x:m & 3, T Fe =e:0’, e =(defmultio ey), - (Multio 74) <: 7,

02
tthy,, ff-y_,FO<io
Part 1 and 2 hold for the same reasons as T-True. For part 8 we show -
[Va, {}m : (Multio 74) by T-Multi, since - vq : T4 by the inductive hypothesis
on eq and {} vacuously satisfies the other premises of T-Multi, so we are
done.

Case 16 (BE-DefMulti). p Feq b err, pbe | err

Trivially reduces to an error.

Case 17 (B-DefMethod).

1. v = [vg, t']m,

2. pkend[vd, tlm,
3. phey vy,



4. ptep oy,
5.t =tlvy — vy

Subcase 32 (T-DefMethod).
6. ¢ = (defmethod e;,, €, €%),

Ym g [P
7 Thm =T ——— 0,

8. Tq =x:m —>¢d+‘wd7 o',
Od

9. T ke, = en: (Multit, 74)
10. |SAPI’OpS(Od,Tv) = wi+|¢i7;
11. T ke, = e, : 7y
12. Fleaca'l/)iJr = elf = €510, wm+|wm7 ; Om
13. e = (defmethod e, e, €y),
14. ef = Xz .ep,
15. F (Multit, 74) <: 7,
16. tt =,
17. ff =,
18. Fh<:o

Part 1 and 2 hold for the same reasons as T-True, noting that the proposi-
tions and object agree with T-Multi.

For part 3 we show & [vg,t[vy, = v¢]lm : (Multiz,, 74) by noting - vg : 74,
Fuv,: T and b vy : 7y, and since t is in the correct form by the inductive
hypothesis on e,, we can satisfy all premises of T-Multi, so we are done.

Case 18 (BE-DefMethodl). p ey, {err, pbe |l err
Trivially reduces to an error.

Case 19 (BE-DefMethod2). p b ep I [va,tlm, p e, berr, pbe | err
Trivially reduces to an error.

Case 20 (BE-DefMethod3). p + em | [va,tlm, p F ey U vy, p F ep | err,
ptelerr
Trivially reduces to an error.

Case 21 (B-BetaClosure).

—pkelwv,

p '_ €1 ‘U’ [pa)\xg'eb}c;
—phkes v,

— pelr = v bFey v

Subcase 33 (T-App).
o ¢ = (e €3),
, Yy |vr
e I'tef éelzzsa—o—%’ff ; 7/11+|1/J1_ ; 01,
f
) F|_€/2:>82:0'; w2+‘7/}2_ ; 02,
® € = (61 62),



o 1plog/z] <: T,
o Yy foo/x] by,
o Yy_[oo/ax] e,
e Fofloa/x] <:0

By inversion on ey from T-Clos there is some environment I'. such that

e p. =T, and
T
o I'okFAa%.ey:x:0 ——— 75 5 Y1 |1 5 o1,
of

and also by inversion on ey from T-Abs
e Lo, bey=en:mp; Yp [V 5 of.
From
* pe =T,
el'tey=ex:0; ay|ha 5 02 and
e p Fe2 ‘U V2,
we know (by substitution) pc[x — va] E Te, 0.
We want to prove T = ey[va/x] = eplva/x] : Tf[oa/x] 5 Yy, |y _[02/2]; 0flo2/2],
which can be justified by noting
o I'co, ey =ep:Ty,
e 'kHey=er:0; hay|ha_ ; 02 and
e [ €9 ~U Va.
From the previous fact and p. =T, we know p. b eplva/x] | v.
Noting that b= 1[0z /2] <: 7,y [02/2] b by, by _[o2/x] F1b_ and b of[oz/x] <: o0,
we can use
o T cjfus/a] = eylun/o]: Tploa/a] ; by, Vg _loafa] 5 ogloa/a),
L4 pC 'Z FC;
e p. is consistent (via induction hypothesis on €} ), and
o p.Feplva/a] v,
to apply the induction hypothesis on ej[ve/x] and satisfy all conditions.

Case 22 (B-Delta). pte1 | ¢, ptes ve, 0(c,v3) =v

Subcase 34 (T-App).

o ¢ =(e1 &),

Yy Y _
) I‘Fe’léel:z:a%ﬂ’f SR (T
s
e 'ktey=ex:0; o |t 02,
e c = (e e2),
o - 7¢loo/x] <: T,
.

[
war[OQ/x] Fw-t,-}
® Yy _[oa/a] 1,
o Foflog/z] <io0

Prove by cases on c.

vy by
Subcase 35 (c =class). b a: T lmlt(t) (U nil Class) <:z:0 BAEALGIN Tf
ctass(x Of

Prove by cases on vs.



Subcase 36 (v; = C {fld vi}). v =

To prove part 1, note - oflos/z] <: o0, and F class(x) <:o0f. Then

either o =0 and we are done, or o = class(02) and by the induction
hypothesis on es we know p(o3) = vy and by the definition of path
translation we know p (class(o2)) = (class p(02)), which evaluates to

v.

Part 2 is trivial since both propositions can only be tt.

Part 3 holds becausev = C, = (|J nil Class) <: 7¢[oa/x] and - T¢[os/x] <: T
sotwv:T since C: (|J nil Class).

Subcase 37 (v = C). v = Class

As above.

Subcase 38 (vo = true). v = B

As above.

Subcase 39 (vy = false). v =B

As above.

Subcase 40 (v2 = [p, \x7.e]c). v =Fn
As above.

Subcase 41 (vy = [vg,t]m). v = Map
As above.

Subcase 42 (vo = {M}) v =K
As above.

Subcase 43 (v = nil). v = nil
Parts 1 and 2 as above. Part 3 holds because v = nil and - nil : (U nil Class).

Case 23 (B-BetaMulti).

- P F €1 lL [Udvt]m7

—phkex v,
— pF (vqg v2) § ve,
— GM (t, ve) = vy,

_IO'_(UEI U2)‘U’U;
—t ={g > v}

Subcase 44 (T-App).
o ¢ = (€] eb),
Ve lr
e kel =e: :UU—)Tf s s o,

F|_€2:>€2~U§¢2+W2_7 2
e = (e1 ez),
F 7eloa/x] <: T,
1/Jf+[02/fr] by,
[02/115] F w—;
l— of[OQ/J:] <:o,
By inversion on ey via T-Multi we know
o I'Fe) = e (Multioy 04) ; Y1yl 5 o1,

wf+‘wf_
® 0y =T.0 —>Tf,
of



Yay|Ya_
® 0y =X:.0 — T4,
04
e Fuvy:0
o Fup: T, and
T

o v, :0y.
By the inductive hypothesis on p F eq || vo we know ' vy = vy 1 0 ; 1/12+|1/127 5 02.
We then consider applying the evaluated argument to the dispatch function:
pE(vg v2) | ve.
Since we can satisfy T-App with

Yay|Ya_
e buyixioc —2 T4, and

04
e 'Fuy=wvy:0; 1/)2+|¢27 ; 02.
we can then apply the inductive hypothesis to derive I' = ve = ve : Tqlo2/2] 5 Ya|Ya_[o2/x] 5 04l02/x].
Now we constder how we choose which method to dispatch to.
As GM (t, v.) = vg, by inversion on GM we know there exists exactly one
vy, such that vy — vy €t and IsA(ve, vg) = true.
By inversion we know T-DefMethod must have extended t with the well-typed
dispatch value vy, thus = vy : 7, and the well-typed method vy, so - vy : 0y.
We can also prove that given

o I'twe = we:7gloa/x] 5 Yay|a_[o2/x] i 0glo2/x].
o ' w7y,

o IsA(ve, v) = true,

e pET,

e IsAProps(ogloa/x], ) = ' | _,

Y Y, and
o .
we can apply Lemma A.7 to derive then p = 1//+.
Now we consider applying the evaluated argument to the chosen method:
pk(vg v2) Jo.
By inversion via B-DefMethod we can assume vy = A\x?.ep, ie. that we have
chosen a method to dispatch to that is a closure.
Because p F (vg v2) I v and T' F vy : 0, by inversion via B-BetaClosure we
know v = epva/x].
With the following premises:
o D0/, b ejfva/a] = enlua/a] s Tyloofa] : by, liy_lon/x] 5 ofloafal
* FromT'o, -ep = ep: 7y ; ¢f+|¢f, ; oy via the inductive hypoth-
esis on p F (Ax%.ep v2) | v,
# then we can derive I' e} [va/x] = ey[va/x] : Tploa/a] 5 Yy [y _[02/x] 5 of[02/7]
via substitution and the fact that x is fresh therefore x & fv(T') so we

do not need to substitution for x in T.
* p T, because p =T and p =9’ via M-And.
e p Y,
* From p =T and
* p Y, vie M-And.
e p is consistent, and
o plkepfve/x] | v.



we can apply the inductive hypothesis to satisfy our overall goal for this
subcase.

Case 24 (BE-Betal).
Reduces to an error.

Case 25 (BE-Beta2).
Reduces to an error.

Case 26 (BE-BetaClosure).
Reduces to an error.

Case 27 (BE-BetaMultil).
Reduces to an error.

Case 28 (BE-BetaMulti2).
Reduces to an error.

Case 29 (BE-Delta).
Reduces to an error.

Case 30 (B-IsA). pt ey Y v1, ptea | vg, IsA(v1,v9) =0

Subcase 45 (T-IsA). ¢’ = (isa?e| e5), I'Fe) = e 15 Y1 |1 ; o1,
I'hey=ex:mo; Yo |tha_; 02, e = (isa? ey ez), = B <:7, IsAProps(o1,m2) =

(G L T ol T N R VN R N

Part 1 holds trivially with o = 0.

For part 2, by the induction hypothesis on e; and ex we know ' F vy = vy 171y 1/)1+|1/)1_ ;01
and I'F vy = va 1y 5 tha |2 5 02, s0 we can then apply Lemma A.7 to

reach our goal.

Part 3 holds because by the definition of IsA v can only be true or false, and

since I' = true: 7 and T+ false : 7 we are done.

Case 31 (BE-IsA1). ptey | err

Trivially reduces to an error.

Case 32 (BE-IsA2). ptey Jvi, pkeg err

Trivially reduces to an error.

Case 33 (B-Get). p b em | v, vm = {(vg vb;}, prerlk, kedom({(vg vb;}),
{(va o)} [k] = v

ey
Subcase 46 (T-GetHMap). ¢' = (get ¢, €, ), Tk el = ey (U (HMap® M A)); Y [¥m_ ; Om,
% H
'k e, = ep:(Valk), Mkl =7, e = (get em ex), F (U 7)) <i7, ¢, =
tt, v_ = tt, - key,(x)[om/z] <:o0
To prove part 1 we consider two cases on the form of op,:
e if o, =0 then o = 0 by substitution, which gives the desired result;



o if 0y = T (Tim) then F key, (o) <:o by substitution. We note by the
definition of path translation p(keyy(om)) = (get p(om) k) and by the
induction hypothesis on en, p(om) = {(va vp)}, which together imply
p(0) = (get {(vq vp)} k). Since this is the same form as B-Get, we can

apply the premise {(v, vp) k] = v to derive p(0) = v.

Part 2 holds trivially as ¥, = tt and y_ = tt.
. . . £

To prove part 8 we note that (by the induction hypothesis on ey, ) F vy, (I (HMap® M A)),
where Mk] = 7;, and both k € dom({(v, v)}) and {(v, Ub;}[k] = v imply
Foi(U 7).
Subcase 47 (T-GetHMapAbsent). ¢ = (get e}, e} ), T' e}, = e : (Valk),
Thel =en: (HMap‘sM A) 5 Y| Ym_ s om, k€A, e = (get ey, er),
Fnil<:r, ¢, =tt, ¥_ = tt, - key,(x)[on/x] <:0
Unreachable subcase because k € dom({(ve vp)}), contradicts k € A.
Subcase 48 (T-GetHMapPartialDefault). ¢’ = (get e, e} ), T'F e}, = e : (Valk),
Tk e, = epn: (HMap” M A) ; Yni|m_ ; om, k & dom(M), k¢ A, e

= (get em ex), T =T, ¢, =tt,Y_ =tt, - key,(x)[on/x] <0
Parts 1 and 2 are the same as the B-Get subcase. Part 3 is trivial as 7 = T.

Case 34 (B-GetMissing). v = nil, p b e, U {(va Ub;}, p e, Uk k &
dom({(vq vb;})

———
Subcase 49 (T-GetHMap). ¢’ = (get el ¢, ), T e, = e, : (U (HMap® M A)) 5 Yy [ ; 0m,
! =
I'te, = ep:(Valk), M[k]| =1, e = (get e 1), - (U 7)) <:7, ¥, =tt,
Y_ = tt, F key,(x)[om/x] <:0
Unreachable subcase because k & dom({(v, vp)}) contradicts M[k] = 7.
Subcase 50 (T-GetHMapAbsent). ¢’ = (get el e).), T e = ey : (Valk),
ke, =enm: (HMapg./\/l A) 5 Yy |[Vm_ 5 om, K €A, e = (get ey er),
Fnil <, ¢, =tt, _ = tt, - keyy(x)[om/z] <:0
To prove part 1 we consider two cases on the form of op,:
e ifo,, =0 then o = () by substitution, which gives the desired result;
o if 0y, = T (xm) then F keyy (o) <:o by substitution. We note by the
definition of path translation p (keyy(om)) = (get p(om) k) and by the
induction hypothesis on en, p(om) = {(vq vp)}, which together imply

p(0) = (get {(vg vp)} k). Since this is the same form as B-GetMissing,
we can apply the premise v = nil to derive p(o) = v.
Part 2 holds trivially as ¥, = tt and y_ = tt.

To prove part 8 we note that e,, has type (HMapg M A) where k € A, and
the premises of B-GetMissing k & dom({(vs vp)}) and v = nil tell us v must

be of type T.

Subcase 51 (T-GetHMapPartialDefault). ¢’ = (get e, e} ), T'F e}, = e : (Valk),
TFel, = en: (HMap” M A) 5 Ypy|[¥m_ 5 om, k & dom(M), k € A, e

= (get em ex), T =T, ¢, =tt, Y_ =tt, - key,(x)[on/x] <:0

Parts 1 and 2 are the same as the B-GetMissing subcase of T-GetHMapAbsent.

Part 3 is trivial as T = T.



Case 35 (BE-Getl).

Reduces to an error.

Case 36 (BE-Get2).
Reduces to an error.

Case 37 (B-Assoc). v = {(vq ’Ub;}[k = Uyl, pFoem U {(va vb;}, pFoerdk,
p ey vy

Subcase 52 (T-AssocHMap). T+ ¢, = e, : (HMap® M A), Tk ¢, = e : (Valk),
ke, =e,:m, k& A, ¢ = (assoc e, e, €l,), e = (assoc ey, e €,),
F (HMap® Mk — 7] A) <: T, Y, =tt,_ =1, 0 =0

Parts 1 and 2 hold for the same reasons as T-True.

Case 38 (BE-Assocl).
Reduces to an error.

Case 39 (BE-Assoc2).
Reduces to an error.

Case 40 (BE-Assoc3).
Reduces to an error.

Case 41 (B-IfFalse). ptey | false or pkey dnil, pkes v

Subcase 53 (T-If). ¢ = (if €] ey ), T el =er:m 5 i | o1,
CoprpFey=ea:7;5 Yo |tha_ s o, T ey =e3:7; 3 |s_ ;5 0, €
=(if e; ez e3), Yo, Vs o, o Vihz_ Fap_
For part 1, either o = 0, or e evaluates to the result of e3.
To prove part 2, we consider two cases:
e if FalseVal(v) then es evaluates to a false value so p = ¥s_, and thus
pE Y2 Vb3 by M-Or,
o otherwise TrueVal(v), so e3 evaluates to a true value so p = 13, and
thus p |= 2, V13, by M-Or.
Part 3 is trivial as p Fes | v and = v : 7 by the induction hypothesis on es3.

Case 42 (B-IfTrue). p b e1 { v1, vy # false, v1 #nil, pFex Y v

Subcase 54 (T-If). ¢ = (if ¢} ej e5), T el =e1:m 5 i | o1,
F,l/JlJr F6,21>6227'; 1/)2+W127 ; 0, F,w17 Feé:>6327'; 1/)3+|’LZJ37 ; 0, €
= (if e1 e2 e3), Yo  Vahs b, Yo Vs Fap_
For part 1, either o = 0, or e evaluates to the result of es.
To prove part 2, we consider two cases:
e if FalseVal(v) then ey evaluates to a false value so p = a_, and thus
p E 2 Vb3 by M-Or,
o otherwise TrueVal(v), so ey evaluates to a true value so p |= 12, and
thus p |= 2, V3, by M-Or.
Part 3 is trivial as p - ex | v and - v : 7 by the induction hypothesis on es.



Case 43 (BE-If).
Reduces to an error.

Case 44 (BE-IfFalse).
Reduces to an error.

Case 45 (BE-IfTrue).
Reduces to an error.

Case 46 (B-Let). e = (let [z e1] e2), pFex Y v1, plr—v1]Fex v

Subcase 55 (T-Let). € = (let [v €]] €)), TFel =€l :0; Y| ; o1,
¢ = (U nil false) , D¢, ¢” = (U nil false) , D ¢1_, I' o, ¢, "
eh=ex:T; Y lY_; o0
For all the following cases (with a reminder that x is fresh) we apply the
induction hypothesis on es. We justify this by noting that occurrences of x
inside ex have the same type as e1 and simulate the propositions of e; because

° FaUxa¢/7¢// F 6/2 = €2:T; ¢+|7/}— )

d p[:L” — Ul] ): F7Uzawl7w//7

o plz — v1] is consistent, and

e plz = v Fes v
We prove parts 1, 2 and 3 by directly using the induction hypothesis on es.

Case 47 (BE-Let).
Reduces to an error.

Case 48 (B-Abs). v = [p, A\x7.e1]c

Subcase 56 (T-Clos). e’ =[p, \v7.e1]c, A .p ET" and " = Ax7.ex = Ax7.e1:7; Py [y _; oy,
e =[p, \x’.elle, v, =tt,p_ =ff, 0 =0
We assume some I, such that
e p T
e " Xx%. 17 Y |[U_ ;0.
Note the last rule in the derivation of I'' = Ax%.eq:7 ; P |_ ; o must
be T-Abs, so ¢, = tt, _ =ff and o = 0. Thus parts 1 and 2 hold for
the same reasons as T-True. Part 3 holds as v has the same type as Az .ey
under I,

Case 49 (B-Abs). v = [p,\x7.e1]lc, pt Ax".e1 | [p, Az .e1]c

Subcase 57 (T-Abs). ¢ = Xx7.¢|, T,o, Fel=e :7; 1 [_; o1,
I—x:a%ﬁ <T ottty 0 =0

Parts 1 and 2 hold for the same reasons as T-True. Part 8 holds directly via
T-Clos, since v must be a closure.

Case 50 (BE-Error). p e | err



Subcase 58 (T-Error). e’ =err,e =err,7=1,4¢, =1f, ¢ _ =1f o=
0

Trivially reduces to an error.

Theorem A.1 (Well-typed programs don’t go wrong). Ifk e’ = e:7; ¢ [Y_; 0
then t/ e || wrong.

Proof. Corollary of lemma A.8, since by lemma A.8 whent e =e:7; ¢ |¢_; o,
either = e v or ke | err, therefore t/ e || wrong.

Theorem A.2 (Type soundness). If'ke' = e:7; ¢ [Y_;0andpkel
vthentFv=wv:T; ' [P o for somey)’ Y’ and o'

Proof. Corollary of lemma A.S.



die =z | v | (ee) | \a".e | (ifeee) | (doee) | (let[zele) | 8| R | E| M| G
v o=l | T {3 |lc|n|s]| m]lpr el | [v,itm
m = {v— 0}

c := class | n?

G == (getee) | (assoce e e)

E :=:=(e fldg) | (e (mthﬁé],C]?)) | (new[zz] C ?)

R ==(efld) | (e (mth?®)) | (new C?)

M = (defmulti 7 e) | (defmethod e e e) | (isa? e e)
o,ra=T | C | (Vall) | (U 7) | v 2 1 | (HMap® M A) | (MultiT 7)
M = {kw— 7}

A ={k}

E w==C | P

I o=k | C |nl|b

b u=true | false

p u={Z—0}

P = Tr(z) |7ﬂ'(w) |¢D¢|¢/\¢\¢V¢|m ‘EE
o u=mx(z) | 0

T on=pé

pe == class | key,

r =9

t u={v—>0}

ce = {m s {mth o [C).O).f o (i O e s {[C1))
CT :={Cw ce}

C :=Object | K | Class | B | Fn | Multi | Map | Void
—

I =C {fld : v}

B u=wrong | err

a ==v | B

pol ::= pos | neg

Fig. A.1. Syntax of Terms, Types, Propositions, and Objects

nil = (Valnil)
true = (Valtrue)
false = (Valfalse)

Fig. A.2. Type abbreviations

Expressions
Values

Map Values
Constants
Hash Maps
Non-Reflectiv

Reflective Jaxy
Immutable F}

Types

HMap manda

HMap absent
HMap comple
Value types

Boolean value

Value environ

Propositions
Objects
Paths

Path element;

Proposition e

Dispatch tabl

Class descript

Class Table
Class literals

Class Values

Wrong or erre
Defined reduc
Substitution ]



I'be:r =Tke:7; ¢ |¢_; ofor some v ,_and o
Tlo/z] = T[o/x]”*

Ylo/z]  =1plo/x]*™

Yplo/z] = Pliplo/x]*”

olo/z] =olo/z]**

Fig. A.3. Judgment abbreviations



T-LocAL
'k,
o = (U nil false) T-Const T-Trur
— Lkec:0:(c); tt|ff ; 0
Fbz:7; 0ulos; ®

T | true: true ; tt|ff ; 0

T-FALSE

T-NiL
I+ false : false ; ff|tt ; 0

T-Num
[+ nil:nil ; £ff[tt ; 0

PEn:N; tt|ff ; 0
T-Do
F|—61:>e/1:’7'1;1/}1+|1/}1_ ; 01
Do Vi_Fe=e:m; ¢ [Y_;o0
I'(doeie)=(doeje):7; Yilv_ ;o

T-1r
Fke =e):m; Y1l o1
Do, bex=ep:m; ¢ Y ;o0
Dopi_Fes=es:7; 9 ;o0
I g 10
e = (if e} ey e3)

Fl—(ife1 6263):>6,17'; 1/14,.‘1/)_;0

T-LET

e =e€l:0; Yry|i_; o1

¢’ = (U nil false) D1
¢"” = (U nil false) D 1_

F:Ux7¢/7¢” = e = 6/2 T ¢+|¢7 ; O
I'F (let [z e1] e2) = (let [z €] €5) : T[or /] ; ¥ |[¥_[o1/x] 5 ofo1/x]

T-Aprp

by vy
Phte=eizio ——— 1 |Yv_; 0
o

I'ke =eél:o; 1/1'+|1/)', el
Lk (e€)=(ex €r): 7o' /x] 5 Py lps_[0'/x] 5 of[0/x]
T-ABs

Lo, be=e o s g v ;o

vl
T=X:.0 ——— 0

IT'FXx’.e= Az”.¢ :7; tt|ft ; 0

T-Cros TE
TrplETandEAz".e = Xa"e’ to; ¥ [Y_ ;o0 ~ERROR
. — F'kerr=err: L ; |t ; ¢
F [p,)\(L' 'e]c = [p7AZE -€ }C c0 ¢+|1/1_ 3 0

T—SUBSUME,

F'Fe=e:rm; 9 |[Y_;o0
| R R U
Fr<:7 Fo<:o
F'Fe=¢€:7"; w'+\1/1/_ i o

Fig. A.4. Standard Typing Rules



T-NEW
[ClecTClld  JTm(C) = 7

=7

—
ke =e;:m JT(C) =

I'+ (new Ce;) = (new[ar] C 2) c7 st 0

T-NEWSTATIC
—_ e
JT(CZ) = Ti JT(C) = T I'ke = 6; LT
T'F (new,=

ﬁ
@y ¢ &) = (newzy C e;) i 75 tt|ff 5 0
T-FIELD
I'Fe=¢€':0 Fo<:Object Tlo) = C1

fld — Cy € CTICH][f] JTmi(C2) = 7
Tk (e fld)= (e fldgl):T; ttltt ; 0

T-FIELDSTATIC

JT(Cl) = 0 FO’<ZObjeCt JTni|(02) =T

T'te=¢€:0o
Tk (e fldgl) = (. € fldgl):7; ttlte ; 0

T-METHOD

The=é:o TIo) = Ci  mth e [[C),Ce] € CT[Ch][m]
- —_—
JTnn(Ci) = T I'ke = e§ LT JTnn(CQ) =T

F o <: Object

Ik (. e (mthe])) = (. € (mth o

c
Hé]}@] i) Tttt 5 0
T-METHODSTATIC

—_
JT(CZ) = Ti JT(Cl) = O

N —_—
F o <: Object JTai(C2) = 7 lte=¢:0o I‘Fei:>62:7'i

Cy =7 / C1 7) P .
(e (mth[[@],cz] €)= (e (mth[[@],cz] e;)):7; tt|tt ; 0

T-CLAss

T-INSTANCE
't C:(ValO); tt|tt ; 0

TEC{fld:v}:C; tt|ff ; 0

Fig. A.5. Java Interop Typing Rules



T-DEFMULTI
Yyl Y
o=z —— s 7' a':x:7'~+—l—»7" F'Fe=¢:0o

o o

T' I (defmulti o e) = (defmulti o ¢') : (Multio o) ; tt|ff ; 0

T-DEFMETHOD
bilv_ L
Tm =X T ——— 0 T4 =TT ———— 0
o o
ke, =e 7 IsAProps(o’, 7v) = ¢ [¢" _
D7, Fes=epio; ;o0 ¢’ = (defmethod e, e, A\z".ep)

’ ’

! T'kem= e, : (Multit, 74)

' I (defmethod e, ey Ax".ep) = € : (Multity, 74) ; tt|ff ; 0

T-IsA
T'Fe=ei1:0; 1/1/+|w'_; o I'ke =eél:r IsAProps(o,7) =1, |¢_

I'l- (isa? e €') = (isa? e €1): B ; Yo lv_ ;0

T-MuLTI
Fo=o 7 l—vkév;:—r }—vv:>v;:a

F o, {or = o Hm = [, {vh = v, m : (Multio 7) ; tt[£F ; 0

Fig. A.6. Multimethod Typing Rules



T-HMAP
F ok = vy (Valk) oy = vyt Ty M={kw— 7}

F{ok — v} = {vp — vl':} : (HMap® M) ; tt|ff ; 0

T-Kw
T'kk:(Valk); tt|ff ; 0

T-GETHMAP _
- S— —i
Tte=¢: (| ) (HMap® M A)); ¢1 | ; 0 Thep=ep:(Valk) Mlk]=7
Ik (get e ex) = (get € ei): (| 77) ; tt]tt ; key,(z)[o/x]

T-GETHMAPABSENT
IFe=e :(HMap® M A); Y1 [¢1_; 0 Threx=ep:(Valk) keA

Tk (get e ex) = (get €' e) :nil ; tt|tt ; key, (z)[o/z]

T-GETHMAPPARTIALDEFAULT
I'Fe=¢€:(HMap” M A) ; Yry|i_ ;o
Tk ep = ey (Valk) k & dom(M) kg A
Tk (get e ex) = (get € ep): T ; tt[tt ; key,(z)[o/x]

T-AssocHMAP
ke = (assoc € ¢} e,): (HMap® M A) Thep=cep:(Valk) The,=e,:7 kd A

[+ (assoc € ey e,) = (assoc € €}, el,) : (HMap® M[k — 7] A) ; tt|ff ; 0

Fig. A.7. Map Typing Rules



SO-REFL S-REFL

Fo<:o Fr<:T
SO-Top S-Top
Fo<:0 Fr<:T
S-UNIONSUPER S-UNIONSUB S-OBJECT
) o i S-FuNnMonNo I C <: Object
di. F <0y Fr<io Py |v_
- - Faxo 7<:Fn
Fr<: (U ?)}—(U ?)<:a ° S-SCLASS
F (ValC) <: Class
S-SBooL
S-Fun
FVall) <B s br<r gk, g FY . Fo<id
S-SKw Coaleo
- (Valk) <: K Fzio — T<iTI0 —)O/ T
S-PMULTIFN S-PMuULTIFN
byl viilw'o o, Yyl vl
For<izio —— T Fad<:x:0—,>r For<ixio —— T Fad<:m:0—/>7'
P _ P _
F (Multio; 04) <:z:0 L) T F (Multio; 04) <:z:0 L T
S-PMuLTI
Fo<:o Fr<:r
F (Multio 7) <: (Multic’ 7')
S-MULTIMONO
. Yily_ Voo, .
F (Multizio ——— 7 2:0 ———— 7') <t Multi
S-HMaApPP
Vi. M[ki]=0; and Fo; <: 7y
/ .
F (HMap® M A') <: (HMap” {k — 7} A)
S-HMap
Vi. M[k;] =0, and Fo; <: 7y A1 D Az S-HMAPMONO

- + (HMap® M A) <: Map
F (HMap® M A,) <: (HMap® {k — 7} As)

Fig. A.8. Subtyping rules

JT(Void) = nil
JT(C) =C
JTwi(Void) = nil
JT.(0) = (U nil O)

Fig. A.9. Java Type Conversion



_tele (U nil Class)

class(z)

N. N,
0-(n?) =a:T ;—> B

0-(class) = x: T

Fig. A.10. Constant Typing

d(class,C {fld v}) = d(class, true) =B
d(class, C) = Class 5(class, false) = B
d(class, [p, \x".e]c) =Fn d(class,nil) = nil
d(class, [vq,t]m) = Multi

d(class,m) = Map d(n%n) = true
d(class, k) =K d(n?e) = false
d(class,n) =N otherwise

Fig. A.11. Primitives

IsAProps(class(m(x)), (ValC)) = Cr(4)|Cr(a)

IsAProps(o, (Vall) = ((Vall), |(Vall)_ )[o/x]if I # C
IsAProps(o, T) = tt|tt otherwise
IsA(v,v) = true v#C

IsA(C,C") = true - C <: C'

IsA(v,v") = false otherwise

Fig. A.12. Definition of isa?

GM(t,v.) = vy if U2 = {vs} where U572 = {vf|vx — v € t and IsA(ve, vi) = true}
GM(t, ve) = err otherwise

Fig. A.13. Definition of get-method



B-Do

B-LET
B-LocAL pFeun pFeqdva BV
plz)=v pFelw plz — vl Felw -’_Alll
pFx v pt(doeie) v pt(let [z ea] e) v provy
B-IFTRUE B-IFFALSE
ptei v v1 # false ptei | false or pt e nil
v1 # nil pkex v pkes v

pbE(if er ez e3) Jv pE(if e1 ez e3) Jv

B-BETACLOSURE B-DELTA

ptesdpe, Az" ep)c prelc

pEeqd v pFe v

B_ABST . pelr = val ey Jv 5(e,v) =o'
pbEXx".e | [p,\z".€]c — 7
pt(efed) o ph(ee) v

B-BETAMULTI
ptel[va,tlm pke v pF (vq v/)llve

GM(t,ve) =v; pk (vy o) v
pF(ee) v

B-FIELD
P Fe U v JVMgetstatic [017 U1, fld7 CQ} =v
pF (e fld3}) v

B-METHOD _
P Fem u Um P Fea ~U« Va JVMinvokestatic[Ch Um,y Mtha [CaL [U—Oa>]7 CQ] =v
ol —
pE( em (mth[[cﬁ],cz]e“)) Jv
B-NEw B-DEFMULTI
SR LA
prealo  WNMelCL [T [@]) = v prelva  v=[va{}m

pF (new[c-g] ce)lo p bk (defmulti 7€) J v
B-DEFMETHOD

ptel vg,tm pFe v, ptesl vy v = [Va, t[vy = Vf]]m

p F (defmethod e € e;) |} v

B-Assoc
B-IsA pbelm  prhedk
pFedn pEexd v IsA(v1,v2) = v

pt eyl vy
pE (isa? e1 e2) J v p F (assoc e e ey) I m[k — vy]

B-GET B-GETMISSING
pkelm pFe Uk pkFelm
k € dom(m) pFe Lk k & dom(m)
o (et e @) I mik]

pF (get e e') | nil

Fig. A.14. Operational Semantics



BS-METHODREFL
pt (e (mthe)) |} wrong

BS-FIELDREFL
pF (. e fld) | wrong

BS-NEWREFL
pF (. e fld) | wrong

BS-BETA BS-BETAMULTI
pheslv ptesl[v,tlm BS-FIELDTARGET
v#c v # [vd, t]m v#c v # [vd, t]m ptelu

v # [pe, A" en)e

v # [pe, AT en)e

v 7& Cl {fldl . UZ'}

p b (ef eq) I wrong

BS-FIELDMISSING SN
P Fe U Cl {fldl : Ui} fld € {fldz}

pE(e fldg;) I wrong

BS-METHODARITY
i#a

c
pE( em (mth[[a],cg]

€a)) I wrong

BS-NEWARG
-
pkei | v
Ji. v; # C; {fld; : vi} or v; # nil

p b (ef eq) I wrong

pF (new[c—,;] C &) |l wrong

BS-AssocMap
phen v U;é{(vavb;}

p F (assoc en, ek €y) | wrong

pk( e fldg;) J wrong

BS-METHODTARGET

N
pEem v v #£Cy {fld; : v}
F (. em “L, el
pE(e (mth[[c_a'],cz]e )) I wrong
BS-METHODARG
ptemlvm presdvg

Jda. vg # Cqo {fld; : v;} or v # nil

C1
pr(em (mthyz o

€)) I wrong

BS-NEWARITY
i#a

pE (new[a] C e;) | wrong

BS-AssocKEY
pEeml{(ve v)}
v £k

p F (assoc em ek €y) | wrong

pFerl v

BS-GETKEY
BS-GETMAP phenldv  pkerlug BS-LOCAL
pbFem v v#{(vavb;} v#k x & dom(p)

p b (get em er) | wrong

BS-DEFMETHOD

ptemvm

p b (get em ex) |} wrong

p x| wrong

Vm # [Vd, t]m

p F (defmethod ey, ey ef) | wrong

Fig. A.15. Stuck programs



BE-LET BE-Dol

pBE—;)iRé)RWRONG oheall B phe I
p (et [z e €) I B pt(doeie)|p
BE-IFTRUE
BE-Do2 pke v
pteidun BE-IF vy # false vy # nil
prelp pFerdp phelp
pb(doeie)lp pb(ifeiexes) B pE(ifer ez es) | B
BE-IFFALSE BE-BETA2
pte | false or pt e nil BE-BETAL pterd vy
ptes{p phesdp phesl
pb(ifeiexes)p pt(efed)d B pt(esea)d B

BE-BETAMULTI2
BE-BETAMULTI1 ptesl[va, m]m BE-DELTA

BE-BETACLOSURE
pEerblperaede  pEes U [va,mln pFealve phele
pFeqsl v, pFeql v pF (vqg va) I ve pFe lwv
pc[xHUa] '_ebll/B p|_ (Ud 'Ua)uﬂ GM(tvve) = err 5(67"}) :ﬂ
p(efea) 4 B ph(esea) 4 B p(ef ea) derr p(ee)lp
BE-FIELD BE-METHOD1
prelp phenlp
C1 Cq —

pt (e flday) 8 pE(em (mth[[a]’cﬂ e) g
BE-METHOD2

pFemndvm BE-METHOD3

_—
pren—1vn1 ptemvm p:eauva
P = €En U ﬂ JVMinvokestatic[Cla Um, mth7 [Ca ) [170‘)]7 CQ} = €err
e} — o2} —
pE(em (mth[[a]’c2] eNyp pE( em (mth[[cﬁ],cz]e“) | err
BE-NEw1 BE-NEw2
pten—1lvn_1 preiduv BE-DEFMULTI
phenlB WMoe [C1, [C], [B1]] = err ok eqll B

pF (new[c-q] ce) B pE (new[c-g] Ce) | er p b (defmulti 7 eq) | B8

BE-DEFMETHOD?2

BE-DEFMETHOD1 pFem | [va,t]m
pemlp ples I8

p F (defmethod e, e, e5) | B p F (defmethod e, ey ef) | B

BE-DEFMETHOD3

pFem | [va, t]m BE-ISA2
pes vy BE-IsA1 pkei v
prerdpB pe s ple i
p F (defmethod e, e, ef) | B pF (isa? e1 e2) | B pF (isa? e1 e2) | B
BE-Assocl BE-Assoc2
phendp pFemiL{(vavb3} phewlp
p b (assoc em ei €y) I B p b (assoc em ex €y) I B
BE-Assoc3 BE-GET1
p'—emU{(Uavb;} preslv  pre Up ptemlB

p b (assoc em ek €y) | B pE(get em ex) I B

BE-GET2
premd{(vaw)} presdp

pF(get em ex) I B




p(z) = (z,0) €p
p(keyy(0)) = (get p(o) k)
p(class(o)) = (class p(0))

Fig. A.17. Path translation

update((J 7),v, ) = (U update(r, 1/,7r;)

update(r, (ValC), 7 :: class) = update(r, C, )

update(r, v, 7 :: class) =T

update((HMap® M A), v, :: key,) = (HMap® M [k — update(r, v, 7)] A)
if Mkl =71

update((HMap® M A),v,7 :: key,) = L ifFnil Z:vand k € A
update((HMap” M A), 7,7 :: key, ) = (U (HMap” M[k — 7] A)
(HMap” M (AU {£}))
if - nil <:7, kK ¢ dom(M) and k ¢ A
update((HMap” M A),v, :: key,) = (HMap” M|k — update(T,v, )] A)
ifFnil £:v, k € dom(M) and k ¢ A

update(, v, 7 :: key,) =T

update(T, o, €) = restrict(r, o)

update(T, 7, €) = remove(T, o)

restrict(r, o) =1 if Av.Fv:T; ¢ ;o0oandFv:io; Y ;
restrict(r, o) =7 ifFr<o

restrict(r, o) =0 otherwise

remove(T, o) =1 ifFr<o

remove(T, o) =7 otherwise

Fig. A.18. Type Update



M-Or M-Imp M-AND
p =1 or p = b2 p 1 implies p = o pEY  plEY
pE 1V P E Y1 Do pE Y1 A2
M-Tor
p = tt
M-TYPE
Fo(m(x)):m; byl ;o
pE Tr(z)
M-NoTTYPE

Fo(r(z)):io; ;o

there is no v such that Fv:7; 1 |¢1_; orand Fv:o; o |a_; 02

4 ':?ﬂ(z)

Fig. A.19. Satisfaction Relation

L-ANDI

L-ATOM LT L-FALSE I'Fn L-ANDE L-IMPLI
pel F‘F:;E I+ ff Tk 4y T, a1, o 1 T, b 1o
kv 'y L1 Ao D1 A B I'=11 D
L-ImPLE L-OrRE

C'Eyn L-ORrI L1 F9 L-SuB
L' Do IF'FyrorI'E Lyape = L' 7r(a) Fr<io

| R T ' Ve Ty Vapa Fl—aﬂ(z)

L-SuBNoT L-Bor L-UPDATE

F"Eﬂ(z> }_T<ZU P"J_ﬂ-(x) F"Tﬂ./(z) '+ V‘rr(ﬂ-’(z))

L' Tr) Tk T update(T, v, 7")77/(1)

(The metavariable v ranges over 7 and 7 (without variables).)

Fig. A.20. Proof System



¢+|¢7[0/iﬂp01

Vr(zyl0/2]"®

tt[o/z]P"
[0 /)P
(11 D 2)[o/x]™

(1 D 2)[o/x]™* =
(%1 Vip2)[o/z]™ =
(

¥1 A ta)[o/x]"”

() (y) /=]
m(x)[0 /)"
(x)[o/2]"""
[o/x]""

=%

= Jo/a]" [v_[o/x]"

f

= Vn(z)

tt

= tufo/z]"* D afo/x]™
/2P D olo/a]™*
[2]P*V palo /]!
/] [

= 1]o/x]*°" Apafo/x]P!

o
B=3
&

x # zand z & fv(v)
z # z and z € fv(v)
z # z and z € fv(v)

T #z

Substitution on types is capture-avoiding structural recursion.

Fig. A.21. Substitution



