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Identifying Deadlock Errors by Type Error Slicing

ErI IImURA, ! Naokr KoBayasui'! and KoHEl SUENAGAT?

It is difficult to find bugs in concurrent programs because of non-determinism.
Recently, various type systems have been proposed for detecting bugs in con-
current programs. For instance, Kobayashi et al. present type systems for
checking deadlock freedom, livelock freedom, and other properties of the -
calculus. Their type systems are implemented in the tool TyPiCal. However,
it is sometimes difficult for the users to understand the reason for a type error
reported by TyPiCal. In this paper, drawing on research in type error slicing
for functional languages, we propose a slicing algorithm for identifying deadlock
type errors reported by TyPiCal. We have implemented our slicing algorithm
as an extension to TyPiCal, and verified its correctness on a small number of
examples.
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Syntax of types

U: _0|at1 U|(U1‘U2)‘TtU|U1&U2|P‘NP-U|*U bool < bool

a =7 t € Nat U {oo, —co}
Tu=bool | 71 X 12 | ch(r, U)

‘ Operational semantics of usages ‘

T1§T2,F1§P2‘

<t T<T4 U<U <71 <7t

TI X T2 <71 X Tg ch(r,U) < ch(r',U")
' <T; & dom(T1) 2 dom(T2) AV € dom(T'2).(T'1(z) < T'a(x))
A Vz € dom(T1) \ dom(T'2).(0b?(T1(x)) = 0bi(T1(z)) = c0)

‘ Operations on types and type environments ‘

U1‘U2jU2|U1 (U1|U2)|U35U1‘(U2|U3) *Uj*U|U
Ui&Ua <0 € {1,2))  1'afd.l <ol 14U | Us) < (11 01) | (1' T) *bool =bool —a(n xm) =(en) xlama) - weh(r, U) =chirsl)
Uy <UL Us < U} U=<U 1" bool = bool T x12) =(1"1) x (1" 12) ¥ ch(r,U) = ch(r, 1" U)
pp-U = [p— pp.UJU U | Uz < UL | U3 U< bool | bool = bool (11 x 1) | (11 X 13) = (71| 71) X (72| 73)
U, —» Ul Ul > Us U <UL Uy < U ch(r,U) [ch(r,U’) = ch(r, (U |U"))
2.U1 | .Uz — Ur | Us - () () = *(I'(x))
U1|U2—>U1|U2 U1—>U2 (F‘F)()
112)(®
U ba(U), 0ba
[cap. (U), cap,.(7), 0 <t ), 0ba(7)] t (&) | Ta(@)if & € dom(Ts) (1 dom(T)
cap,(0) = cap o (@;2.U) = cap,(p) = oo capq (. U) = te Di(z) ifz € dom(T1) )\ dom(T2)
cap,, (*U) = capo(pp.U) = cap, (U) To(z) if 2 € dom(T'2) \ dom(Ty)
Ca‘pa(Tt U) = Capa(U) Capa(Ul | Uz) = min(capa(U1)7 Capa(UQ)) (y . Ch(T at ) )( )
. ) Tt
cap, (U1 & Uz) = min(cap, (U1), cap,, (Uz2)) ch(r, ale 17
t
0ba(0) = 0ba (@;°) = oo 0ba(p) = —o0 oba(ay®.U) =to if 2 = y AT(2) = ch(r,U)
0ba (U1 | U2) = min(oba(U1), 0ba(U2)) ch(r,ai°.0) ifx=yAx g dom(T)
0bo (U1 & Usz) = max(oby(Uy), 0ba(Us)) et F(“x) x4y

0bo (*xU) = 0ba(pp.U) = 0ba(U)

ob(bool) = oo 0b(11 X 12) = min(ob(71), 0b(72)) ob(ch(r,U)) = ob(U)

oba(TtU):{ —00 if 0bo(U) = —c0

max(t, 0b(U)) otherwise
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Fig.2 Definition of types and their operations.
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T <r b € {true, false}
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l l
if y € dom(T") then 7 < T'(y) else 7 <0
1
ch(r,U) < ch(r, 7?;’), I'(z)

T\ {z,y) < 1 (T {2, 4})
x:ch(r,U),I'\ {z,y} Fz?'y. P
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MakeC(P) =
let (§,C) = MakeCp(P) in
Reduce(C,0)

MakeCp(0) = (0, 0)

MakeCp(z!®!tv. P) =
let (I'1,C1) = MakeCp(P) in
let (I'2,7/,C2) = MakeCu(v) in
let (I'3,C3) =T1[; T2 in
let ch(T,-) = typeof (z) in
let (I's,C4) =z : ch(r,!{°); (I3) in
if ¢ =0 then

1
(F4701U...UC4U{T/§T})
else

(T4,C1U...UCLU{r’ é 7, fin' (te)})

MakeCp(z?%ly. P) =
let (I'1,C1) = MakeCp(P) in
let ch(r,_) = typeof(z) in
let C> =

l
if y € dom(I'1) then {7 <T1(y)}

else {p é 0} where 7 = ch(_, p)
in
let (I'2,C3) = x : ch(r, ?iz);l (T1\y) in
if ¢ =0 then (I's,C1 UC2 U C3)
else (I'2,C1 UC2UC3 U {ﬁnl(tc)})

MakeCp((va)! P) =
let (I',C) = MakeCp(P) in
(C'\ z,C U {rel (U)})

MakeCp(P| Q) =
let (I'1,C1) = MakeCp(P) in
let (I'2,C2) = MakeCp(Q) in
let (I'3,C3) =T1 g T2 in
(Fg, CcCiuCse U 03)

MakeCp(xP) =
let (I',C') = MekeCp(P) in
(I, 0)

MakeCp((if v then P else Q)!) =
let (I'1,C1) = MakeCp(P) in
let (I'2,C2) = MakeCp(Q) in
let (I'z, -, C3) = MakeCv(v) in
let (F4,C4) = Fl &ZFQ in
let (I's,C5) =T'3 g T4 in

(T5,C1U...UC5)

MakeCp(let x = e in P) =
let (I'1,C1) = MakeCp(P) in
let (I'2, 7,C2) = MakeCu(e) in
let C3 = if z € dom(T'1)

dl
then {r <Ti(x)}

dl
else {p < 0} where 7 = ch(_, p) in

let (F3,04) = (Fl \1‘) |dl Iz in
(T'3,C1U...UCy)
MakeCv(b) = (0, bool, 0)
MakeCv(z!) =
let 7 = typeof (z) in
let 7/ = typeof(x) in
1
(z:7, 7', {7 <7'})
MakeCv({e1,e2)) =
let (I'1,71,C1) = MakeCv(e1) in
let (I'2,2,C2) = MakeCv(ez2) in
let (I'3,C3) =T |g 2 in
(T3, 71 X 12,C1 UC2 U 03)
Maker(projé(e)) =
let (T',71 X 72,C) = MakeCu(e) in
let 7/ = typeof (proji(e)) in
1 l
(F7T/’CU{Ti < Tlip < 0})
(where T73_; = ch(, p))

04 O0000O0OOOODOO
Fig.4 A labeled type inference algorithm.
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bool |; bool = (bool, 0)
T11 X T12 |§ T21 X T22 =
let (71,C1) = 711|721 in
let (12,C2) = 712 |; 722 in
(T1 X ’7’2,01 @] 02)
ch(r1,Ur) |; ch(me, U2) =
(Ch(Tlvp)v

l ! !
{1 <12, 72 <11,p <UL |U2})
(where p is fresh)
Ty ;T2 = (I'1UT2,0)
(if dom(I'1) N dom(T'2) = 0)
{z:m}u) | {xz: 2} UTlR) =
let (1,C1) =71 ;2 in
let (F, CQ) = Fl ‘l FQ in
{z:7}UT,C1UC)
¥ bool = (bool, 0)
1] (11 x 72) =
let (T{,Cl) = Tf 71 in
let (15,C2) =1} 72 in
((’7’{ X ’Té),cl ] CQ)

dl 1
1} ch(r,U) = (ch(r,p), {p < U,p < 1" p})

(where p is fresh)
Ti{z:7}ul =
let (7/,C) =1} 7 in
let (I",C") = ¢ T in
{=z :T}5 THU Tf r,cuc’)
(x: ch(r,af2)y T) =
let (I",C) = Tt<™! (I) in

({2 eh(r, )} UT, CU {p < ale))
(where p is freshAx & dom(T)) )
(z : ch(r, aiz);l ({z : ch(r/,U)}UT)) =

let (I',C) = 17! s in
({z  ch(r, p)} UT,
cu{r % T é TP é aiz’.U})
(where p is fresh) '

bool & ;bool = (bool, @)
bool & ;0 = (bool, 0)
T11 X T12 & 721 X T22 =
let (’1'17 C1) =711 & 721 in
let (‘1'27 Cz) = T12& 722 in
(T1 X TQ,Cl @] Cg)
711 X T12 & ;0 =
let (n,Cl) =111 &0 in
let (TQ,CQ) =7112&,0 in
(T1 X 12,C1 U Cz)
ch(r,Ur) & jch(r,Uz) =

(eh(r, ), {p < Us & Ua))
(where p is fresh)

ch(r,U1) & ;0 = (ch(T, p), {p é Ui &0})
(where p is fresh)
{z:mpuUTl) & ({z:2}Uls) =
let (7,C1) =11 & 72 in
let (F, Cz) = Fl & lFQ in
{z:7}UT,ChLUC2)
{z:7}UT) & T2 =
To& ({z:7UT) =
let (/,C1) = 7& 0 in
let (F/,CQ) =TI & ;' in
{z:7}UlY,C1UCL)
(where x & dom(T'2))
Reduce(D,C) = C
Reduce({fin'(t)} w C’,C) =
Reduce(C', {fin'(t)} & C)

1
Reduce({p <U'}wC’,C) =
1
Reduce(C,{p <U'} & C)

1
Reduce({bool < bool} W C’,C) =
Reduce(C’, C)

Reduce({(ri,72) < (r{, Th)} 6 C", C) =
Reduce({m1 é T, T2 é e, C)

Reduce({ch(r,U1) é ch(re,U2)} wC’,C) =

Reduce({m1 é T2, T2 é 71,01 é U} wC’,C)

05 0000000

Fig.5 Auxiliary functions.
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ESlice(b, L) = dots

ESlice(z!, L) =
if [ € L then z else dots

ESlice({e1,e2), L) =
let e} = ESlice(e1, L) in
let e, = ESlice(e2, L) in
if e} = dots A e}, = dots then dots
else (e, €h)

ESlice(proj(e), L) =
let ¢/ = ESlice(e, L) in
if ¢’ = dots V1 ¢ L then dots
else proj;(e’)

Slice(0!, L) =
if l € L then 0
else dots

Slice(x!'e. P, L) =
let ¢/ = ESlice(e, L) in
let P’ = Slice(P, L) in
if [ € L then zle’. P’
else P’

Slice(z?'y. P, L) =
let P’ = Slice(P, L) in
if [ € L then z7y. P’
else P’

Slice((vx)! P, L) =
let P’ = Slice(P, L) in
if [ € L then (vz) P’
else P’

Slice(P|Q,L) =
let P’ = Slice(P, L) in
let Q' = Slice(Q, L) in
if (P’ = dots) A (Q' = dots)
then dots
else if (P’ = dots) then Q’
else if (Q' = dots) then P’
else P’ |Q’

Slice(xP, L) =
let P’ = Slice(P, L) in
if (P’ = dots) then dots
else xP’

Slice((if v then P else Q)!, L) =
let v/ = ESlice(v, L) in
let P’ = Slice(P, L) in
let Q' = Slice(Q, L) in
iflelL
then if v/ then P’ else Q’

else
if (P’ = dots) A (Q' = dots)
then dots

else if (P’ = dots) then Q’
else if (Q' = dots) then P’
else dots

Slice(let x =ein P, L) =
let ¢/ = ESlice(e, L) in
let P’ = Slice(P, L) in
if (P’ = dots)
then dots
else let z = ¢’ in P’

06 OD0OODOOOOOODOOO
Fig.6 Slicing.
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/
z : ch(bool, 0),y : ch(bool, !Z?) Foyll2z
6

/
@ : ch(bool, !Z}),y : ch(bool, 0) b z!l4 2
2

z : ch(bool, 7713), y : ch(bool, 175 + z?z.yl2z  z:ch(bool, 17), 4 ch(bool, 777) = ¢y 7?7132 zll4 2

x : ch(bool, 171 | 7733), y : ch(bool

n5 | 2M7 l l 1 1
e | Tog) Fa?izoylt2z | y?78 2. gl 2

z : ch(bool, I} | 773 - (va)ls (vy)le (a7 z.yll22 | y??l8 2. 2lte 2)

1°n2

0 F (va)ls (vy)ls (z?h1z.yll2z | y??03 2. 2llaz)

07 (va)'s (vy)'e (a?'1z. yll22 | y??782. 214 2) 000000
Fig.7 Derivation for (va)'s (vy)'6 (z?'1z. y!'2z | y?7!32. z!l42).
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Table 1 Input programs and the obtained slices.
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