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4.2  IF STATEMENT


IF statements have two forms […]: numerical and logical.


4.2.1  Numerical IF Statements


Numerical IF statements are of the form: IF (expression) 
n1,n2,n3 where n1,n2,n3 are statement numbers. […] All three 
statement numbers must be present. The expression may not 
be complex. […]


4.2.2  Logical IF Statements


Logical IF statements have the form: IF (expression)S where S 
is a complete statement. The expression must be logical. S 
may be any executable statement other than a DO statement 
or another logical IF statement (see Chapter 2, Section 2.3.2). 
[…]

[ FORTRAN IV Reference Manual, 1971 ]



if-stmt  ::=  IF ( expr ) num1 , num2 , num3 
              |   IF ( expr ) plain-stmt 

[ context-free grammar / BNF, ca. 1958 ]



14.9.2  The if-then-else Statement 

An if-then-else statement is executed by first evaluating the Expression. If 
the result is of type Boolean, it is subject to unboxing conversion (§5.1.8). 

If evaluation of the Expression or the subsequent unboxing conversion (if 
any) completes abruptly for some reason, then the if-then-else statement 
completes abruptly for the same reason. 

Otherwise, execution continues by making a choice based on the 
resulting value: 

• If the value is true, then the first contained Statement (the one before 
the else keyword) is executed; the if-then-else statement completes 
normally if and only of execution of that statement completes normally. 

• If the value is false, then the second contained Statement (the one after 
the else keyword) is executed; the if-then-else statement completes 
normally if and only of execution of that statement completes normally.

[ The Java Language Specification, Java SE 21 Edition ]



13.6.7  Runtime Semantics: Evaluation 

IfStatement : if ( Expression ) Statement else Statement 

1. Let exprRef be the result of evaluating Expression. 
2. Let exprValue be ToBoolean(GetValue(exprRef)). 
3. ReturnIfAbrupt(exprValue). 
4. If exprValue is true, then 
    a. Let stmtCompletion be the result of evaluating the first Statement. 
5. Else 
    a. Let stmtCompletion be the result of evaluating the second Statement. 
6. ReturnIfAbrupt(stmtCompletion). 
7. If stmtCompletion.[[value]] is not empty, return stmtCompletion. 
8. Return NormalCompletion(undefined).

[ ECMAScript 2015 Language Specification ]



if ( true ) stmt1 else stmt2      ⟶     stmt1 
if ( false ) stmt1 else stmt2     ⟶     stmt2 

[ structured operational semantics / SOS, ca. 1980 ]



2.17.3  Linking: Verification, Preparation, and Resolution 

[…] 

Verification ensures that the binary representation of a class or interface is 
structurally correct. For example, it checks that every instruction has a valid 
operation code; that every branch instruction branches to the start of some 
other instruction, rather than into the middle of an instruction; that every 
method is provided with a structurally correct signature; and that every 
instruction obeys the type discipline of the Java programming language.  

If an error occurs during verification, then an instance of the following 
subclass of LinkageError will be thrown at the point that caused the class 
to be verified: 

•VerifyError: The binary definition for a class or interface failed to pass a 
set of required checks to verify that it cannot violate the integrity of the 
Java virtual machine.

[ The Java Virtual Machine Specification, First Edition ]
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Formal Semantics
we can verify that no rule is missing or unreachable 
we can verify that the rules are unambiguous 
we can verify that it’s well-defined, sound, decidable, deterministic, etc. 
we can generate interpreters 
we can generate tests 
we can prove compilers correct 
we can prove programs correct 



WasmWebAssembly
a low-level, language-independent virtual machine

not a web technology
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language-independent 

platform-independent 

hardware-independent 

fast to execute 

safe to execute 

deterministic 

easy to reason about

compact 

easy to generate 

fast to decode 

fast to validate 

fast to compile 

streamable 

parallelisable
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Wasm …is fully formalised "

from the first byte of source code to the last bit of memory at execution



a virtual machine is just a language
bytecode decoding = parsing 
bytecode validation = type checking 
bytecode execution = evaluation 

…all textbook PL theory techniques apply!



Defining a language
concrete syntax 

lexing, parsing

static semantics 
scoping, typing

dynamic semantics 
linking, execution

AST



abstract syntax



(value type)            𝑡   ::=  i32  |  i64  |  f32  |  f64  |  v128  |  funcref  |  externref  |  … 
(function type)      𝑓𝑡  ::=  𝑡* → 𝑡* 
                       𝑢𝑛𝑜𝑝  ::=  neg  |  abs  |  … 
                      𝑏𝑖𝑛𝑜𝑝  ::=  add  |  sub  |  mul  |  … 
                       𝑟𝑒𝑙𝑜𝑝  ::=  eq  |  ne  |  lt  |  gt  |  le  |  ge  |  … 
                      𝑐𝑣𝑡𝑜𝑝  ::=  convert  |  reinterpret  |  … 

(instruction)     𝑖𝑛𝑠𝑡𝑟   ::=  𝑡.const 𝑐  |  𝑡.𝑢𝑛𝑜𝑝  |  𝑡.𝑏𝑖𝑛𝑜𝑝  |  𝑡.𝑟𝑒𝑙𝑜𝑝  |  𝑡.𝑐𝑣𝑡𝑜𝑝.𝑡  |  … 
                                       ref.null  |  ref.func 𝑥  |  nop  |  drop  |  select  |  unreachable  |  … 
                                       block 𝑓𝑡 𝑖𝑛𝑠𝑡𝑟*  |  loop 𝑓𝑡 𝑖𝑛𝑠𝑡𝑟*  |  if 𝑓𝑡 𝑖𝑛𝑠𝑡𝑟* else 𝑖𝑛𝑠𝑡𝑟*  |  … 
                                       br 𝑖  |  br_if 𝑖  |  br_table 𝑖+  |  call 𝑥  |  call_indirect 𝑓𝑡 𝑥  |  return  |  … 
                                       local.get 𝑥  |  local.set 𝑥  |  local.tee 𝑥  |  global.get 𝑥  |  global.set  |  … 
                                       table.get 𝑥  |  table.set 𝑥  |  table.size 𝑥  |  table.grow 𝑥  |  … 
                                       𝑡.load.𝑛? 𝑥  |  𝑡.store.𝑛? 𝑥  |  memory.size 𝑥  |  memory.grow 𝑥  |  … 

(function)         𝑓𝑢𝑛𝑐  ::=  func 𝑓𝑡 (local 𝑡*) 𝑒*            𝑖𝑚  ::=  import “nm” func 𝑓𝑡                     𝑒𝑥  ::=  export “nm” func 𝑥 
(global)             𝑔𝑙𝑜𝑏  ::=  global mut? 𝑡 𝑒*                             import “nm” global mut? 𝑡                       export “nm” global 𝑥 
(table)                𝑡𝑎𝑏  ::=  table [𝑛..𝑚] 𝑡 𝑒*                              import “nm” table [𝑛..𝑚] 𝑡                       export “nm” table 𝑥 
(memory)        𝑚𝑒𝑚  ::=  memory [𝑛..𝑚]                               import “nm” memory [𝑛..𝑚]                    export “nm” memory 𝑥 

(module)          𝑚𝑜𝑑  ::=  module  𝑖𝑚* 𝑓𝑢𝑛𝑐* 𝑔𝑙𝑜𝑏* 𝑡𝑎𝑏* 𝑚𝑒𝑚* 𝑒𝑥*



dynamic semantics



(i32.const 20) 
(i32.const 22) 
(i32.add)

⟶  (i32.const 42)

stack machine



(i32.const 9)
(i32.const 1) 
(i32.const 8)
(i32.add)

(i32.const 1) 
(i32.const 8)
(i32.add)

(i32.const 1) 
(i32.const 8)
(i32.add)

(𝑡.const 𝑐1) (𝑡.const 𝑐2) (𝑡.add)   ⟶   (𝑡.const 𝑐1 +𝑡 𝑐2)

(i32.const 1) 
(i32.const 3) 
(i32.const 5) 
(i32.add)
(i32.add)

(i32.const 9)⟶ ⟶

(i32.const 1) 
(i32.const 3) 
(i32.const 5) 
(i32.add)
(i32.add)

program terminates when reduced entirely to values 
spoiler: soundness proves that this is the only way



𝑖𝑛𝑠𝑡𝑟* ⟶ 𝑖𝑛𝑠𝑡𝑟*
small-step reduction rules 

rewrite the program step by step 
until it consists only of values 

𝑖𝑛𝑠𝑡𝑟  ⊇  𝑣𝑎𝑙   ::=  𝑡.const 𝑐  |  ref.null  |  ref.func 𝑥 

reduction relation



 
(loop $l 
    … 
    (br $l) 
    … 
)

control flow

 
(block $l 
    … 
    (br $l) 
    … 
)

break continue



 
(loop 
    … 
    (br 𝑖) 
    … 
)

control flow

 
(block 
    … 
    (br 𝑖) 
    … 
)

break continue



(block 𝑣𝑎𝑙*)   ⟶   𝑣𝑎𝑙*

recall:        𝑖𝑛𝑠𝑡𝑟  ⊇  𝑣𝑎𝑙   ::=  𝑡.const 𝑐  |  ref.null  |  ref.func 𝑥

(block 𝑣𝑎𝑙* (br 0) 𝑖𝑛𝑠𝑡𝑟*)   ⟶  ε

(block 𝑣𝑎𝑙* (br 𝑖 +1) 𝑖𝑛𝑠𝑡𝑟*)   ⟶  (br 𝑖)
(block 𝑣𝑎𝑙*)   ⟶   

(block 𝑣𝑎𝑙* (br 0) 𝑖𝑛𝑠𝑡𝑟*)   ⟶ 

(block 𝑣𝑎𝑙* (br 𝑖 +1) 𝑖𝑛𝑠𝑡𝑟*)   ⟶ 



𝑠 ; 𝑖𝑛𝑠𝑡𝑟* ⟶ 𝑠 ; 𝑖𝑛𝑠𝑡𝑟*
generalise to reduction over configurations 

store 𝑠 is just more syntax… 

𝑠   ::=  {globals 𝑣𝑎𝑙*, tables (𝑣𝑎𝑙*)*, memories (𝑏𝑦𝑡𝑒*)*}

state



𝑠 ; (i32.const 𝑖) (i64.load 𝑥)    ⟶   𝑠 ; (i64.const 𝑐)
iff 𝑠.memories[𝑥][𝑖 .. 𝑖+7] = bytes i64(𝑐)

𝑠 ; (i32.const 𝑖) (i64.const 𝑐) (i64.store 𝑥)    ⟶   𝑠' ; ε
iff 𝑠' = 𝑠 with memories[𝑥][𝑖 .. 𝑖+7] = bytes i64(𝑐)

𝑠 ; (i32.const 𝑖) (i64.load 𝑥)

𝑠 ; (i32.const 𝑖) (i64.const 𝑐) (i64.store 𝑥)



(store) s ::= {inst inst⇤, tab tabinst⇤, mem meminst⇤}
(instances) inst ::= {func cl⇤, glob v⇤, tab i?, mem i?}

tabinst ::= cl⇤

meminst ::= b⇤

(closures) cl ::= {inst i, code f} (where f is not an import and has all exports ex⇤ erased)
(values) v ::= t.const c

(administrative operators) e ::= . . . | trap | call cl | label{t⇤; e⇤} e⇤ end | local{i; v⇤} e⇤ end
(local contexts) L0 ::= v⇤ [ ] e⇤

Lk+1 ::= v⇤ label{t⇤; e⇤} Lk end e⇤

Reduction s; v⇤; e⇤ ,!i s; v
⇤; e⇤s; v⇤; e⇤ ,!i s

0; v0⇤; e0⇤

s; v⇤;Lk[e⇤] ,!i s0; v0⇤;Lk[e0⇤]
s; v⇤; e⇤ ,!i s

0; v0⇤; e0⇤

s; v⇤0 ; local{i; v⇤} e⇤ end ,!j s0; v⇤0 ; local{i; v0⇤} e0⇤ end

(t.const c) t.unop ,! t.const unopt(c)
(t.const c1) (t.const c2) t.binop ,! t.const c if c = binopt(c1, c2)
(t.const c1) (t.const c2) t.binop ,! trap otherwise

(t.const c) t.testop ,! i32.const testopt(c)
(t.const c1) (t.const c2) t.relop ,! i32.const relopt(c1, c2)

(t1.const c) t2.convert t1 sx ? ,! t2.const c0 if c0 = cvtsx
?

t1,t2(c)
(t1.const c) t2.convert t1 sx ? ,! trap otherwise
(t1.const c) t2.reinterpret t1 ,! t2.const constt2(bitst1(c))

unreachable ,! trap
nop ,! ✏

v drop ,! ✏
v1 v2 (i32.const 0) select ,! v2

v1 v2 (i32.const k + 1) select ,! v1

vn block (tn1 ! tm2 ) e⇤ end ,! label{tm2 ; ✏} vn e⇤ end
vn loop (tn1 ! tm2 ) e⇤ end ,! label{tn1 ; loop (tn1 ! tm2 ) e⇤ end} vn e⇤ end

(i32.const 0) if tf e⇤1 else e
⇤
2 end ,! block tf e⇤2 end

(i32.const k + 1) if tf e⇤1 else e
⇤
2 end ,! block tf e⇤1 end

label{t⇤; e⇤} v⇤ end ,! v⇤

label{t⇤; e⇤} trap end ,! trap
label{tn; e⇤} Lj [vn (br j)] end ,! vn e⇤

(i32.const 0) (br if j) ,! ✏
(i32.const k + 1) (br if j) ,! br j

(i32.const k) (br table jk1 j j⇤2 ) ,! br j
(i32.const k + n) (br table jk1 j) ,! br j

s; call j ,!i call sfunc(i, j)
s; (i32.const j) call indirect tf ,!i call stab(i, j) if stab(i, j)code = (func tf local t⇤ e⇤)
s; (i32.const j) call indirect tf ,!i trap otherwise

vn (call cl) ,! local{cl inst; vn (t.const 0)k} block (✏ ! tm2 ) e⇤ end end ...
local{i; v⇤l } v⇤ end ,! v⇤ | . . . if cl code = (func (tn1 ! tm2 ) local tk e⇤)

local{i; v⇤l } trap end ,! trap
local{i; v⇤l } Lk+1[return] end ,! local{i; v⇤l } Lk+1[br k] end

vj1 v vk2 ; get local j ,! v
vj1 v vk2 ; v

0 (set local j) ,! vj1 v
0 vk2 ; ✏

v (tee local j) ,! v v (set local j)
s; get global j ,!i sglob(i, j)

s; v (set global j) ,!i s0; ✏ if s 0 = s with glob(i, j) = v

s; (i32.const k) (t.load a o) ,!i t.const constt(b
⇤) if smem(i, k + o, |t|) = b⇤

s; (i32.const k) (t.load tp sx a o) ,!i t.const constsxt (b⇤) if smem(i, k + o, |tp|) = b⇤

s; (i32.const k) (t.load tp sx ? a o) ,!i trap otherwise
s; (i32.const k) (t.const c) (t.store a o) ,!i s0; ✏ if s 0 = s with mem(i, k + o, |t|) = bits|t|t (c)

s; (i32.const k) (t.const c) (t.store tp a o) ,!i s0; ✏ if s 0 = s with mem(i, k + o, |tp|) = bits|tp|t (c)
s; (i32.const k) (t.const c) (t.store tp? a o) ,!i trap otherwise

s; current memory] ,!i i32.const |smem(i, ⇤)|/64Ki
s; (i32.const k) grow memory ,!i s0; i32.const |smem(i, ⇤)|/64Ki if s 0 = s with mem(i, ⇤) = smem(i, ⇤) (0)k·64Ki

s; (i32.const k) grow memory ,!i i32.const (�1)

Figure 1. Small-step reduction rules

1

[PLDI 2017]



static semantics



stack typing

(i32.const 2)          :     ε → i32 
(i32.const 5)          :     ε → i32 
(i32.add)                :     i32 i32 → i32 } :     ε → i32
(i32.const 2)          
(i32.const 5)         
(i32.add)             



𝑖𝑛𝑠𝑡𝑟*  :  𝑡₁* → 𝑡₂*

𝑡₁* are the types of values popped from the stack 𝑡₂* are the types of values pushed to the stack

typing judgement



𝑡.const 𝑐  :  ε → 𝑡
𝑡.add  :  𝑡  𝑡 → 𝑡

𝑖𝑛𝑠𝑡𝑟₁* 𝑖𝑛𝑠𝑡𝑟₂*  :  𝑡₁* → 𝑡₃*
ε  :  ε → ε𝑖𝑛𝑠𝑡𝑟₁* :  𝑡₁* → 𝑡₂* 𝑖𝑛𝑠𝑡𝑟₂* :  𝑡₂* → 𝑡₃*

premise

conclusion

axiom

deduction rule

𝑖𝑛𝑠𝑡𝑟*  :  𝑡₀* 𝑡₁* → 𝑡₀* 𝑡₂*𝑖𝑛𝑠𝑡𝑟* :  𝑡₁* → 𝑡₂*



context

global.get 𝑥  :  ε → 𝑡    𝐶.globals[𝑥] = 𝑡

context 𝐶 records types of declarations in scope 

𝐶  ::=  {globals 𝑡*, tables 𝑡[𝑛..𝑚]*, memories i8[𝑛..𝑚]*, labels (𝑡*)*}



𝐶   ⊢ 𝑖𝑛𝑠𝑡𝑟*  :  𝑡₁* → 𝑡₂*
turnstile



𝐶  ⊢  global.get 𝑥  :  ε → 𝑡         𝐶.globals[𝑥] = 𝑡

𝐶  ⊢  block 𝑓𝑡  𝑖𝑛𝑠𝑡𝑟*  :  𝑡₁* → 𝑡₂*𝐶, labels 𝑡₂*  ⊢ 𝑖𝑛𝑠𝑡𝑟*  :  𝑡₁* → 𝑡₂*         𝑓𝑡 = 𝑡₁* → 𝑡₂*
𝐶  ⊢  br 𝑙  :  𝑡* → ε
     𝐶.labels[𝑙] = 𝑡*



[PLDI 2017]

(contexts) C ::= {func tf ⇤, global tg⇤, table n?, memory n?, local t⇤, label (t⇤)⇤}

Typing Instructions C ` e⇤ : tf

C ` t.const c : ✏ ! t C ` t.unop : t ! t C ` t.binop : t t ! t C ` t.testop : t ! i32 C ` t.relop : t t ! i32

t1 6= t2 sx ? = ✏ , (t1 = in ^ t2 = in0 ^ |t1| < |t2|) _ (t1 = fn ^ t2 = fn0)
C ` t1.convert t2 sx ? : t2 ! t1

t1 6= t2 |t1| = |t2|
C ` t1.reinterpret t2 : t2 ! t1

C ` unreachable : t⇤1 ! t⇤2 C ` nop : ✏ ! ✏ C ` drop : t ! ✏ C ` select : t t i32 ! t

tf = tn1 ! tm2 C, label (tm2 ) ` e⇤ : tf
C ` block tf e⇤ end : tf

tf = tn1 ! tm2 C, label (tn1 ) ` e⇤ : tf
C ` loop tf e⇤ end : tf

tf = tn1 ! tm2 C, label (tm2 ) ` e⇤1 : tf C, label (tm2 ) ` e⇤2 : tf
C ` if tf e⇤1 else e

⇤
2 end : tn1 i32 ! tm2

Clabel(i) = t⇤

C ` br i : t⇤1 t⇤ ! t⇤2

Clabel(i) = t⇤

C ` br if i : t⇤ i32 ! t⇤
(Clabel(i) = t⇤)+

C ` br table i+ : t⇤1 t
⇤ i32 ! t⇤2

Clabel(|Clabel|� 1) = t⇤

C ` return : t⇤1 t
⇤ ! t⇤2

Cfunc(i) = tf
C ` call i : tf

tf = t⇤1 ! t⇤2 Ctable = n
C ` call indirect tf : t⇤1 i32 ! t⇤2

Clocal(i) = t
C ` get local i : ✏ ! t

Clocal(i) = t
C ` set local i : t ! ✏

Clocal(i) = t
C ` tee local i : t ! t

Cglobal(i) = mut? t
C ` get global i : ✏ ! t

Cglobal(i) = mut t
C ` set global i : t ! ✏

Cmemory = n 2a  (|tp| <)?|t| (tp sz )? = ✏ _ t = im
C ` t.load (tp sz )? a o : i32 ! t

Cmemory = n 2a  (|tp| <)?|t| tp? = ✏ _ t = im
C ` t.store tp? a o : i32 t ! ✏

Cmemory = n
C ` current memory : ✏ ! i32

Cmemory = n
C ` grow memory : i32 ! i32

C ` ✏ : ✏ ! ✏
C ` e⇤1 : t⇤1 ! t⇤2 C ` e2 : t⇤2 ! t⇤3

C ` e⇤1 e2 : t⇤1 ! t⇤3

C ` e⇤ : t⇤1 ! t⇤2
C ` e⇤ : t⇤ t⇤1 ! t⇤ t⇤2

Typing Modules
tf = t⇤1 ! t⇤2 C, local t⇤1 t

⇤, label (t⇤2) ` e⇤ : ✏ ! t⇤2
C ` ex⇤ func tf local t⇤ e⇤ : ex⇤ tf

tg = mut? t C ` e⇤ : ✏ ! t ex⇤ = ✏ _ tg = t
C ` ex⇤ global tg e⇤ : ex⇤ tg

(Cfunc(i) = tf )n

C ` ex⇤ table n in : ex⇤ n C ` ex⇤ memory n : ex⇤ n

C ` ex⇤ func tf im : ex⇤ tf
tg = t

C ` ex⇤ global tg im : ex⇤ tg C ` ex⇤ table n im : ex⇤ n C ` ex⇤ memory n im : ex⇤ n

(C ` f : ex⇤
f tf )

⇤ (Ci ` globi : ex
⇤
g tg i)

⇤
i (C ` tab : ex⇤

t n)
? (C ` mem : ex⇤

m n)?

(Ci = {global tg i�1})⇤i C = {func tf ⇤, global tg⇤, tablen?,memoryn?} ex⇤
f
⇤ ex⇤

g
⇤ ex⇤

t
? ex⇤

m
? distinct

` module f⇤ glob⇤ tab? mem?

Figure 1. Typing rules
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soundness



Soundness 

If 𝐶 ⊢ 𝑖𝑛𝑠𝑡𝑟* : ε → 𝑡* and 𝑠 : 𝐶, 
then 𝑠 ; 𝑖𝑛𝑠𝑡𝑟* either diverges, 
or     𝑠 ; 𝑖𝑛𝑠𝑡𝑟* ⟶* 𝑠' ; 𝑣𝑎𝑙* 
such that  𝐶 ⊢ 𝑣𝑎𝑙* : ε → 𝑡* and 𝑠' : 𝐶. 

That is, there is no undefined behaviour!



mechanisation

soundness has been machine-verified multiple times 
    …with theorem provers such as Coq and Isabelle 



going next-level: 
SpecTec



Wasm standard

End-to-end formalisation 

   … formal specification is centerpiece of the official language standard 

But for accessibility reasons, folks also want plain English 

   … prose specification also is part of the language standard





Prose essentially is a manual text rendering of the formal rules 

   …200 pages instead of 2, extremely laborious 

   …plus, for political reasons, the entire spec had to be written in markdown 

Both formats are error-prone and make for nightmarish code reviews  

    …Latex is a write-only language 

    …markdown verbose; diff-unfriendly 



proposals

Wasm currently has 

    8 completed proposals (making up Wasm 2.0) 

    25+ active proposals 

Every new proposal needs to extend both formal and prose rules  

Diffs for proposals range from 1 to 100 Kloc (spec document, interpreter, test suite) 

Proposal champions also need to extend the reference interpreter  

    …essentially, yet another rendering of the formal rules in OCaml 



We want a language for this!



A Wasm Spec DSL

Single source of truth  

Easy to write, read, diff, and review; meta-level error checking 

Transformable into all the aforementioned representations 

  …sufficient for math rendering, natural language, and semantic modelling 

One frontend – many backends



relation Instr_ok: context |- instr : functype  hint(show "T") 

rule Instr_ok/nop: 
  C |- NOP : epsilon -> epsilon 

rule Instr_ok/block: 
  C |- BLOCK bt instr* : t_1* -> t_2* 
  -- Blocktype_ok: C |- bt : t_1* -> t_2* 
  -- InstrSeq_ok: C, LABEL t_2* |- instr* : t_1* -> t_2* 

rule Instr_ok/loop: 
  C |- LOOP bt instr* : t_1* -> t_2* 
  -- Blocktype_ok: C |- bt : t_1* -> t_2* 
  -- InstrSeq_ok: C, LABEL t_1* |- instr* : t_1* -> t_2 

rule Instr_ok/br: 
  C |- BR l : t_1* t* -> t_2* 
  -- iff C.LABEL[l] = t* 

rule Instr_ok/br_if: 
  C |- BR_IF l : t* I32 -> t* 
  -- iff C.LABEL[l] = t* 

rule Instr_ok/br_table: 
  C |- BR_TABLE l* l' : t_1* t* -> t_2* 
  -- (Resulttype_sub: |- t* <: C.LABEL[l])*



relation Step_pure: config ~> config 

rule Step_pure/nop: 
  NOP  ~>  epsilon 

rule Step_pure/block: 
  val^k (BLOCK bt instr*)  ~>  (LABEL_n`{epsilon} val^k instr*) 
  -- iff bt = t_1^k -> t_2^n 

rule Step_pure/loop: 
  val^k (LOOP bt instr*)  ~>  (LABEL_n`{LOOP bt instr*} val^k instr*) 
  -- iff bt = t_1^k -> t_2^n 

rule Step_pure/br-zero: 
  (LABEL_n`{instr'*} val'* val^n (BR 0) instr*)  ~>  val^n instr'* 

rule Step_pure/br-succ: 
  (LABEL_n`{instr'*} val* (BR $(l+1)) instr*)  ~>  val* (BR l) 

rule Step_pure/br_if-true: 
  (CONST I32 c) (BR_IF l)  ~>  (BR l) 
  -- iff c =/= 0 

rule Step_pure/br_if-false: 
  (CONST I32 c) (BR_IF l)  ~>  epsilon 
  -- iff c = 0 

rule Step_pure/br_table-lt: 
  (CONST I32 i) (BR_TABLE l* l')  ~>  (BR l*[i]) 
  -- iff i < |l*| 

rule Step_pure/br_table-le: 
  (CONST I32 i) (BR_TABLE l* l')  ~>  (BR l') 
  -- iff i >= |l*|



relation Step_pure: config ~> config 

rule Step_pure/nop: 
  NOP  ~>  epsilon 

rule Step_pure/block: 
  val^k (BLOCK bt instr*)  ~>  (LABEL_n`{epsilon} val^k instr*) 
  -- iff bt = t_1^k -> t_2^n 

rule Step_pure/loop: 
  val^k (LOOP bt instr*)  ~>  (LABEL_n`{LOOP bt instr*} val^k instr*) 
  -- iff bt = t_1^k -> t_2^n 

rule Step_pure/br-zero: 
  (LABEL_n`{instr'*} val'* val^n (BR 0) instr*)  ~>  val^n instr'* 

rule Step_pure/br-succ: 
  (LABEL_n`{instr'*} val* (BR $(l+1)) instr*)  ~>  val* (BR l) 

rule Step_pure/br_if-true: 
  (CONST I32 c) (BR_IF l)  ~>  (BR l) 
  -- iff c =/= 0 

rule Step_pure/br_if-false: 
  (CONST I32 c) (BR_IF l)  ~>  epsilon 
  -- iff c = 0 

rule Step_pure/br_table-lt: 
  (CONST I32 i) (BR_TABLE l* l')  ~>  (BR l*[i]) 
  -- iff i < |l*| 

rule Step_pure/br_table-le: 
  (CONST I32 i) (BR_TABLE l* l')  ~>  (BR l') 
  -- iff i >= |l*|



Latex backend Prose backend Coq backend

parsing, checking

IR

AR

animation

OCaml 
Agda 
Lean 

Isabelle 
Haskell 
Tests

AR interpreter

Spec 
Tec

proofs 
(to do)

wasm 
test 
suite

Latex Sphinx Coq 
theory



Summary

 
 
spelled Wasm, not WASM 

not a web technology 

low-level and language-neutral 

 
formally specified end-to-end 

nothing new there, just textbook techniques! 

formal rigour and machine verification in the mainstream 

lead to a cleaner and safer design





outtakes



(module 
    (import "env" "mem" (memory 10)) 
    (export "sum" (func $sum)) 
    (func $sum (param $ptr i32) (param $end i32) (result f64) 
        (local $r f64)                ;; double r = 0.0 
        (f64.const 0) 
        (set_local $r) 
        (loop $continue 
            (get_local $ptr)        ;; ptr < end 
            (get_local $end) 
            (i32.lt) 
            (if 
                (get_local $r)        ;; r += *ptr 
                (get_local $ptr) 
                (f64.load) 
                (f64.add) 
                (set_local $r) 
                (get_local $ptr)    ;; ptr++ 
                (i32.const 8) 
                (i32.add) 
                (set_local $ptr) 
                (br $continue) 
            ) 
        ) 
        (get_local $r) 
    ) 
)

double sum(double* ptr, double* end) { 
     double r = 0.0; 
     while (ptr < end) { 
         r += *ptr++; 
     } 
     return r; 
}



 
(loop $l 
    … 
    (br $l) 
    … 
)

control flow

 
(block $l 
    … 
    (br $l) 
    … 
)

break continue

 
  (result i32) 
 
)(i32.const 5))

 
 (param i32) 
 
) (i32.const 5))



𝑡.const 𝑐  :  ε → 𝑡
𝑡.add  :  𝑡  𝑡 → 𝑡

𝑖𝑛𝑠𝑡𝑟₁* 𝑖𝑛𝑠𝑡𝑟₂*  :  𝑡₁* → 𝑡₃*
ε  :  ε → ε

𝑖𝑛𝑠𝑡𝑟₁* :  𝑡₁* → 𝑡₂* 𝑖𝑛𝑠𝑡𝑟₂* :  𝑡₂* → 𝑡₃*
premise

conclusion

axiom

deduction rule




