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Goal I: Modular Reasoning

- Modularverification technique for concurrent objects
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Goal Il: Handle Concurrency-Aware objects

Specifying Concurrency-Aware objects

- Multiple operations linearize at the same point in time

EXa mpl e: java.util.concurrent.EXChanger

- allow threads to pair up and swap elements

exchange(3) ; || exchange (10) ; || exchange (7) ;

51 to t3




Verification challenge: Elimination Stack

push(1) || push(7) || v=pop()

Elimination stack [Hendler et al. SPAA ‘o4]
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Research problems

- How do we define the behavior of Concurrency-Aware
objects?
- Multiple operationslinearizeat the same point in time
- E.g., Exchanger, elimination array,...

- How do we provide a specification which is amenable for
formal proofs?

- How do we reason about composed concurrent objects?
- Information hiding- compositional reasoning

- Mixing CA-objects and linearizable objects



Challenge I: specifying CA-objects
Linearizabilty?

ex(3) =(true,10)
tq: } l

ex(10) >(true,3)
ty: I i

ex|(7) l>(fal?e,7)
ts: | 1

EX(IB) =(true,10)

t1: I ~ :

ex(10) t
ty: | s ruie,s)

ex(7) >(false,7)
——

(€4 b)) ° ° . ° *
Good specs.” intuitive, expressive,..., prefix-closed*, ...
*SPEC is prefix-closed if VH,H,,H,.H € SPECANH = H H, = H, € SPEC



Sequential specification for Exchanger?

Sequential specifications for Exchanger are
» Too lax
* Too strict

EX(IB) =(true,10)

tq:

€« b)) . e o ° *
Good specs.” intuitive, expressive,..., prefix-closed*, ...
*SPEC is prefix-closed if VH,H,,H,.H € SPECANH = H H, = H, € SPEC



Concurrency-Aware Specifications

Concurrent history Sequential History

expressive intuitive

------- . - HH HH HH He

Concurrency-Aware history

- CA-specification: a prefix closed set of concurrency-aware
histories



Concurrency-Aware specification for
Exchanger

ex(3) l>(true 10)

ex(1o) l>(true 3)

ex(7) (false 7)




Concurrency-Aware Linearizability

Generalizes linearizability by using
CA-histories as the specification
instead of sequential histories

Concurrency-Aware history



Goal: Modular Reasoning

- Linearizability allows for compositional reasoning

- Reason about subcomponents in term of theirinterfaces

Elimination stack

Treiber Elimination
stack array
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Goal: Modular Reasoning

- Linearizability allows for compositional reasoning

- Reason about subcomponents in term of their interfaces

pop() {
atomic {

.
}

Elimination stack

Atomic
stack

Elimination
array




Goal: Modular Reasoning

- Compositional reasoning with CA-objects
- Reason about subcomponents in term of their interfaces

- Reason about concurrency-aware subcomponent of “standard”
linearizable objects

S.push(2) | S.pop()

pus?(z) /// .

push(7)

V=p?p0 V=2
1 1

(t1,xchg(2) > o)
E'{(tg,xchg(OO) = 2)}

oo is a dummy value used to
indicate pop() operation



Challenge: Handling push(1) || push(7) || v=pop()
o o o o o o push(1)
joint linearization points f . |
| V=p:>p() I | vt
ES.push(1) s,puE(l) - falje AREX%).IE::X(l) l>(tmel,> ogt;:lllj oo)l> true

ES.push(7) > true
.push(7) > true
How can
[ I ] Wwe exXpress
that?!
ES.pop()

Etp() > fajeARf(m%'r(oo)



Challenge: Handling push(1) || push(7) || v=pop()

push(1)

joint linearization points f - ‘ |
push(7 I ,

v=pop() =1
| |
I /

t;: 1, = exchange(vq) {
atomic {

}

— =

ES.pop()

Etp() > fajeARf(m%'r(oo)

)




Challenge: Handling push(1) || push(7) || v=pop()

Push( )

joint linearization points f . ‘
,7 push(7 I
v=pop()

t,: 1y = exchange(v;) || t,:, = exchange(v,) {
atomic {

r, = (true,v,); ;

r, = (true,v,);




Our solution

- Auxiliary variable T°: logs the sequence of operations

- Adaptation function F,: adapt operations on
subcomponents of object o to their affect on o



Our solution

- Record interaction using a “history” auxiliaryvariable T’

t: 2(2)....... 22 |2 28 EEICON—. .
ty: }ex(S_) ........ '>2, ‘ ex(8) f=>4

. ex(0)... 0.3 }.‘%’.’.C..(.Z.)l...?..ﬂ
(t,xchg(2) > 5)) . ((t;,xchg(3) & 6) l (t1,xchg(4) = 8)
7= E{ oo ) o venaer o n) s xeng o0y B{ 700 07



Our solution

- Record interaction using a “history” auxiliaryvariable T’

. |..e.9€.(.6.) ........ >3| }%DT"EH
(e ) Bl o 2)

r = (true,v') ATq = T-E.{

(tid,xchg (v) > v’)}
(t',xchg(v') > v) )

{Tqg = T}Hid: r = xchg(v) {EIt’,v’.(
At # tid
V (r = (false,v) AT;;q = T - E.{(tid, xchg(v) = v)})}




8 push(1) || push(7) || v=pop()
Our SOIUtlon pus?(l)

push(7) ; I
- Adaptation function F, J E - -
| |

ES.push(1) o true
S.push(1) o false AR.ex(l)E ex() o (¢ = (tj/e o0)
[ ] [ I: N ]
ES.push(7) o true
SEush(7) = true]
ES.pop()

E)p() > false AR.ex(c0) E.ex(oo) (true1 (true 1)



8 push(1) || push(7) || v=pop()
Our SOIUtlon pus?(l)

push(7) ; I
- Adaptation function F, J E e -
| |

ES.push(1) o true
S.push(1) o false AR.ex(l)E ex() o (¢ = (tj,e o0)
[ ] [ I: N ]
ES.push(7) o true
SEush(7) = true]

ES.pop()
t’P() o false AR.ex(o0) E.ex(o0) (true ) (true 1)




Elimination stack

A C

O ur SOl Ut|0 N Treiber Elimination

stack

- Adaptation function F,

- Each component defines how subcomponents adapt:
- Elimination stack to Treiber stack (A):
Frs(S.{t,push(n) > true}) 2 (ES.{t,push(n) > true})
Fps(S.{t,pop() & (true,n)}) = (ES.{t,pop() & n})
- Elimination array to Exchanger (B):
Fir(E[i].S) 2 (AR.S)

- Elimination stack to Elimination array (C):
t,ex(n) = (true, o) })
Fes (AR'{t’, ex(o0) > (true, n)
2 (ES.{t,push(n) > true}) - (ES.{t',pop() > (true,n)})

(n # )



8 push(1) || push(7) || v=pop()
Our SOIUthn pus?(l)

push(7)
- Adaptation function F J E © vepop0) d

ES.{(ty, push(7) > T)} ES.{(t;,push(2) > T)} - ES.{(t3, pop() > 2)}

Fes(Ts) Fes(T| ar)

S.A(t;,push(7) = T)} S.{(t;,push(2) = F)} S.{(t3,pop() = F)} AR{EZ:);EZﬂEQ)Zo;%}

\ ] | Y J
Tls Tlar = Far(T'|E)

= {(tl,xchg(Z) e 00)}

(t3,xchg () = 2) |

|
Tle



8 push(1) || push(7) || v=pop()
Our SOIUtlon pus?(l)

l;usl}(7) ) I
Object-local views of the trace J E e - ‘
|

S.A{(ty,push(7) = T)} S.{(t;,push(2) = F)} S.{(t;,pop() = F)} E. {g:iiggg)zog}
\ N }

Y Y
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8 push(1) || push(7) || v=pop()
Our SOIUtlon pus?(l)

l;usl}(7) ) I
Object-local views of the trace J E e - ‘
|

(ty,xchg(2) > o)
If'{(t;,xchg(oo) = 2)}

}

|
Tar = FarUE)

(ty,xchg(2) > o)
\ | \E {(tg,xchg(OO) = 2)}}
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8 push(1) || push(7) || v=pop()
Our SOIUtlon pus?(l)

push(7)
Object-local views of the trace J E " vepop0) ]
|

ES.{(ty, push(7) > T)} ES.{(t;,push(2) > T)} - ES.{(t3, pop() > 2)}

Jgs = Fgs(Js) Frs(Tyr)

(£1,xchg(2) & o)

\ '{(tg,xchg(oo) > 2)}}

|
Tar = FarUE)

SA(t,push(7) = T)} S.{(¢1,push(2) = F)} S.{(t3,pop() & F)} E{EZEZ?Q)ZO%}
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Modular reasoning

1 class ElimArray {
2 Exchanger[] E = new Exchanger [K];

3 (bool, int) exchange(int data) {
4 int slot = random(0,K-1);

5 return E[slot].exchange (data);
6r 1}

7 class Stack {
8 class Cell {Cell next; int data;}
9 Cell top = null;

10 bool push(int data){
1 Cell h = top;

12 Cell n = new Cell(data, h);
13 return CAS(&top, h, n);
4}

15 (bool, int) pop(){

16 Cell h = top;

17 if (h == null)

18 return (false, 0); // EMPTY
19 Cell n = h.next;

20 if (CAS(&top, h, n))

21 return (true, h.data);

2 else

23 return (false, 0);

2%} }

25 class EliminationStack {

26 final int POP_SENTINAL = INFINITY;
27 Stack S = new Stack();

28 ElimArray AR = new ElimArray();

29
30
31
32
33
34
35
36
37

38

39

41

42
43

45

47
48
49

50

51
52
53
54 }

{ WFs (Tes) A Tesle = T Av < ==}
bool push(int v) { int d;
while (true){

{WFgs(Tes) A Tes| =T Av <o}
bool b = S.push(v);
{WFgs (Tis) A Tis|; = T-Fis (S.(61d, push(v) & b)) Av < so}
if (b) return true;
{WFgs(Tes) A Tes|i =T Av <o}
(b,d) = AR.exchange(v);
bAd = oo ATgs|, = T-(ES.(1,push(v) > true)) A WFgs (Trs)
Vd# o ANWFgs(Tes) A Tesli =T Av < oo
if (d == POP_SENTINAL) return true;

} )

{WFES(’ES) ATgs| =T-(ES.(r,push(v) l>ret))}

{WFgs(Tes) A Tesl =H}
(bool ,int) pop() { (bool, int) (b,v);
while (true){
(b,v) = S.pop();
{WEgs(Tes) A Tesle = T-Fes(S.(t,pop() > b,v)) }
if (b) return (true,v);
{WFes(Tes) A Tesle =T}
(b,v) = AR.exchange(POP_SENTINAL);
bAv#eoNTgsl =T-(ES.(t,pop() > true,v)) AWFgs(Tes)
Vv =00 AWFgs(Ts) A Tesle =T
if (v != POP_SENTINAL) return (true,v);
¥y
{WFgs(Tgs) A Tesle = T+(ES.(1,pop() > ret)) }

}

{Telesa =T}
(bool ,int) exchange(int v) {

Offer n =
{a}
if (CAs(g, null, n)){ // iniT
{(TElsia =T Anws tid,v,null A g = n)V B(n.hole) }
sleep(50);
if (CAS(n.hole,
{Teleia =T}
return (false ,v);
else {B(n.hole)}
return (true,n.hole.data);

new Offer (tid,v);

null, fail)) // pass

// EAIL

}
{A}
Offer cur = g;
{AN(g=curVcurhole # null)}
if (cur !'= null) {
{AN (g =curV curhole # null) A cur # null A =s}

bool s = CAS(cur.hole, null, n); // xcHa
{(=s NAV s AB(cur)) Acur  null A cur.hole # null }
CAS(g, cur, null); // cLean

if (s) {B(cur)}
return (true,cur.data);
}

return (false ,v); // FaiL

(3" ,V. ret = (true,V) At #tid A
Teleia = T-(E{(tid,ex(v) > true,V'), (t',ex (V') > true,v)}))
V (ret = (false,v) A Tg|eia = T-(E.-{(tid,ex(v) > false,v)}))




Modular reasoning

R,G +

{WFgs(Tes) A Tesli =T Av < oo}
bool push(int v) { int 4;
while (true){
{WFES(TES)/\ES t =T/\V<°°}
bool b = S.push(v);
{WFES(TES) ATes|e = T-Fgs(S.(tid,push(v) > b)) Av < °°}
if (b) return true;
{WFES(TES)/\ES ¢ =T/\V<°°}
(b,d) = AR.exchange(v);

{b/\d = oo A\ Tgs|; = T-(ES.(¢t,push(v) > true)) /\WFES(ES)}

Vd;éOO/\WFEs('ﬁgs)/\'ﬁgslt =T Av <o
if (d == POP_SENTINAL) return true;
T}

{WFES (Tes) A Tes|s = T-(ES.(t,push(v) > ret))}




Related work

- Verifying the elimination stack
- [Hendleretal. SPAA ’04]

- [Scherer & Scott, SCOOL ‘o5]

- [Vafeiadis, PHD thesis]

- Concurrency-aware linearizabilty
- Set-Linearizabilty [Neiger, PODC '94]



Summary

- We identify the class of concurrency-aware objects

- CAL (Concurrency-Aware Linearizability)
- Syntactic specifications

- Verification method
- Thread-modular
- Compositional

- Translate seeminglyinstantaneous operationsinto a sequence of
indivisible actions of the clients

- First modular proof of linearizability of the elimination
stack
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