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What is Flow Typing?

m Defining characteristic: ability to retype variables

m JVM Bytecode provides widely-used example:

public static float convert (int):

iload 0  /load register 0 on stack \
Type of r0 here is int
i2f // convert int to float . :
Type of r0 here is int
fstore 0 / store float to register 0 ) i
Type of x0 here is £loat
fload 0  /load register 0 on stack . .

Type of x0 hereis £loat

A

freturn // return value on stack

m Groovy 2.0 includes flow-typing static checker



Another Example

m Non-null type checking provides another example:

int compare (String sl, @NonNull String s2) {

@NonNull

if(sl != null) Type of sl here is }

return sl. campareTm(sZ

} else {
/( Type of s1 here is null }

return -1;

}
m Many works in literature on this topic!



The Whiley Programming Language

m Statically typed using a flow-type algorithm

m Look-and-feel of dynamically-typed language:

int | {int f} fun(bool flag):

if flag:
x =1
else:
x = {f : 1}

return x

m Question: how to implement flow-type checker?



A Simple Flow Typing Calculus

Example:
y=1
int f(int x) { +
= 11 )
y [z = {£:1}
z = {f : 1}? v )
while x < y3 { X = Z-f4 } (. ) false
return x° klf S |
} ) true q‘
x =2z.f
Syntax:
F o= Tf(T;ny,...,Ton,){B} [I'Eturn X ]4'
B = SB]le
0 0 0 ¢ ¢
S = [[n :vﬂ | [[n :mﬂ | [[n.f :m]] | [[n :m.f]] | [[return nﬂ

{
| while [[n<mﬂ {B}
v o= {f1:vi,...,fh vt d



Language of Types

m Definition of types being considered:
T == void|any|int [{T: £1,...,Tn £} | T1 VT | UX.T | X

m Understanding recursive types:

uX.int V{x £ } {uXAntV{X £} £}

m Note: language above defines subset of types found in Whiley



Dataflow-Based Flow Typing

S

(x:any, y:int) (x:any, y:int)

i) [regen)

(x:1nt, y:int) (x:{int £}, y:int)

m Dataflow Analysis is commonly used for flow typing (e.g. JVM
Bytecode Verifier)

m Dataflow algorithm maintains environment at each point mapping
variables to types. These can be joined (e.g. I'; LIT,).



Dataflow-Based Typing Rules

m Dataflow rules determine how environment is affected by
statements:

Fv oo T Mm) =T
M [n=v]" : T~ Tl Mk [n=nm]" : Tn— Tl

F(n) :{Tl fl,...,Tn fn}
T =T (n)[f — I'(m)]
| [[n.f:m]]e : I'n — T

MNm)={...,T £,...}
M+ [[n:m.fﬂ(Z - I'[n— T]

[ UT, FB :T,

n) <T($) I, U rl(n):int r, U Fl(m):int

€ .
I+ [[return nﬂ : () [, - while [[n < mﬂﬂ{B}: o Uy

m Rule for while loops must iterate until fixed point reached



Fixed-Point lteration

m Consider this function:

intV{int g} fun(int n, int m, int x) {
while n < m' {
x = {g : 1}?
n = m

}

return x4

m Dataflow checker iterates this loop to produce type for x:

N = {n— int, m— int, x — int}
F1::-ﬁlhéint,anéint,><H$int\/{intgﬂ}
N = {n—int, m— int, x — int V{int g}}

m So ... how do we know it always terminates?



Termination

Question: So ... how do we know it always terminates?

Answer: it doesn’t!

(thanks anonymous PLDI reviewer)



Termination Problem

m Unfortunately, lattice of types has infinite height

void loopy (int n, int m) {
x = {f:1}]

while n < m
3

2

x.f = x

m This example causes dataflow-based checker to loop forever!

3 ::{n+—>int,anéint,XF%{int:ﬂ}
{nw—)int,nlhéint,XF%{int\/{intijiﬂ}
M = {n—int, m— int,x— {int V{int £}V {int V{int £} £} £}}

_j
w
|

m Fixed-point exists: {n — int, m+— int,x — px{int VX f}}



Constraint-Based Flow Typing

m Idea: instead of dataflow-based algorithm, use a constraint-based

one!
void loopy(int x, int vy) { //
//
z = {f : 1} //
while x < vy° { //
//
z.f = z° //

Xo - int,yo int,
voidd $

zoJ{int f}

z1d zoUzy,1nt Jdxg,
int Jyo

zy 1 z1[f — zq]

m First, extract constraints as above. Then, solve to find valid

typings.

m Constraint variables numbered in style of static single

assignment



Language of Constraints

cio=myde|Tde
e:=T|ng|e.fleilfroes] || ]e;

Definition (Typing)

A typing, £, maps variables to types and satisfies a constraint set C,
denoted by X =C, ifforalle; Je, € C we have £(X,e1) > £(X,ey).
Here, £(X, e) Is defined as follows:

E(X,T) = (1)
E(Z,n) =T if {[ng—>T}C L (2)
E(L,e.8) =\ T; if £(Z,e)=VI... ) (3)

E(X,erlfey]) =
VAT £} — T] if E(Z,e1)=\/T f}and £(Z,e;)=T (4)
5(Z>|_|ei) — \/Ti if 5(2381) — Tl)ﬂ')g(Z)en) = Tn

G



Constraint-Based Typing Rules

Fv T Nm) =«
I [[n:v]]e : 'ne—4 | {neIJT} I [[n:mﬂz : Tne— 4 | {n¢Jm}
"m) =« Nn)=«x I'(m)=A

I+ [[n:m.f]]g :'n—f | {ngdme.£} TF [[n.fzm]](Z : Tin—= {0 | {ngdnclfr—oml}

Nn) =«
[t [return n]]e 0 | {$ Iny}

defs(B) = n
MN=rn—( M"eEe:1M|C
Mn)=«k T?(n)=A
MNhn)=«x TMm=A
C, ={int O ng,int Jmy}

C3 :Cl UCZ U{HQQHKH ].’1}\}
M+~ while [[n <m]]€{B}:r1 | Cs

m defs(B) returns variables assigned in B.



Variable Elimination

void loopy (int x, int y) { //
//

z = {f : 1} //
while x < y? { //
//

z.f = z° //

Xo - int,yod int,
voidJ $

zoJ{int f}

z1d zg U zy,int Jxg,
int Jyg

zy J z1[£— zq]

m o determine type for a variable, we eliminate all other variables

by substitution

E.g. given n;J e, eliminate n; by substituting with e

m After elimination, one constraint ny 1 e remains, where e is either
constant or expressed only in terms of ng

m May yield recursive constraints, e.g. z; J{int f}U z1[f— 2]



Type Extraction

m Elimination yields a single constraint for each variable
m From these constraints, must extract the typing for each variable
E.g. from n;Jint, type of ng IS int
m Recursive constraints are challenging:
z, Hint f}U z{[f— z4]

m From above, must extract type ux.{intV x £} for z;



Limitations

m Unfortunately, the approach does not work in all cases:

void loopier(int x, int y) { // xodint,yod int,voidI $

z = {f : 1} // zo3{int f}
while x < y? { // z13z9Uz,y,int Jxg,
// int dyg
z.f = z3 // z,dz1[f— z4]
}
while x < y2 { // z3dz1Uz4,int Jxg,
// int Jdvyg
z.f = 23 // z43 z3[f— z5]

m After elimination, we end up with this constraint for z5:
Z3 _J {ll’lt f}|_| Zl[f — Zl] L Zg[f — 23]

(where z; has not been successfully eliminated)



Conclusions

m Have considered a specific flow typing problem, which arose
from developing Whiley

m Dataflow-based solution is easy to express and implement, but
does not terminate in all cases

m Constraint-based solution is more involved, but is guaranteed to
terminate in all cases

m Want to extend constraint-based approach to cover all cases...



http://whiley.org



