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NOTE: Compared to the submitted version, we include the full semantics and
the formal definitions of linearizability in Section 3; the full definitions of progress
properties in Section 4; and proofs of all the theorems in the appendix. Besides,
we give alternative formulations of these progress properties in Section 4, which
are simpler and more constructive (although may not be close to the natural
language interpretations). From them, we could clearly see the relationships
between progress properties. To support the new formulations, we add a new
event to represent thread spawning and slightly change the generation of event
traces. The changes are independent from our contextual refinement framework.

Abstract. Implementations of concurrent objects should guarantee lin-
earizability and a progress property such as wait-freedom, lock-freedom,
obstruction-freedom, starvation-freedom, or deadlock-freedom. Conven-
tional informal or semi-formal definitions of these progress properties
describe conditions under which a method call is guaranteed to com-
plete, but it is unclear how these definitions can be utilized to formally
verify system software in a layered and modular way.

In this paper, we propose a unified framework based on contextual re-
finements to show exactly how progress properties affect the behaviors
of client programs. We give formal operational definitions of all common
progress properties and prove that for linearizable objects, each progress
property is equivalent to a specific type of contextual refinement that
preserves termination. The equivalence ensures that verification of such
a contextual refinement for a concurrent object guarantees both lineariz-
ability and the corresponding progress property. Contextual refinement
also enables us to verify safety and liveness properties of client programs
at a high abstraction level by soundly replacing concrete method imple-
mentations with abstract atomic operations.

1 Introduction

A concurrent object consists of shared data and a set of methods that provide
an interface for client threads to manipulate and access the shared data. The
synchronization of simultaneous data access within the object affects the progress
of the execution of the client threads in the system.
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Various progress properties have been proposed for concurrent objects. The
most important ones are wait-freedom, lock-freedom and obstruction-freedom for
non-blocking implementations, and starvation-freedom and deadlock-freedom for
lock-based implementations. These properties describe conditions under which
method calls are guaranteed to successfully complete in an execution. For exam-
ple, lock-freedom guarantees that “infinitely often some method call finishes in
a finite number of steps” [10].

Nevertheless, the common informal or semi-formal definitions of the progress
properties are difficult to use in a modular and layered program verification be-
cause they fail to describe how the progress properties affect clients. In a modular
verification of client threads, the concrete implementation I of the object meth-
ods should be replaced by an abstraction (or specification) IT4 that consists of
equivalent atomic methods. The progress properties should then characterize
whether and how the behaviors of a client program will be affected if a client
uses II instead of IT4. In particular, we are interested in systematically study-
ing whether the termination of a client using the abstract methods IT4 will be
preserved when using an implementation IT with some progress guarantee.

To prove the soundness of such a layered and modular verification of con-
current systems, previous work on verifying the safety of concurrent objects
(e.g., [4,5]) has shown that linearizability—a standard safety criterion for con-
current objects—and contextual refinement are equivalent. Informally, an im-
plementation IT is a contextual refinement of a (more abstract) implementation
Il 4, if every observable behavior of any client program using I can also be
observed when the client uses IT 4 instead. To obtain equivalence to linearizabil-
ity, the observable behaviors include I/O events but not divergence. Recently,
Gotsman and Yang [6] showed that a client program that diverges using a lin-
earizable and lock-free object implementation must also diverge when using the
abstract atomic operations instead. Their work reveals a connection between
lock-freedom and a form of contextual refinement which preserves termination
as well as safety properties. It is unclear how other progress guarantees affect
termination of client programs, how they are related to contextual refinements,
and how we can prove liveness properties of client programs in a modular way.

This paper studies all five commonly-used progress properties and their re-
lationships to contextual refinements. We propose a unified framework in which
a certain type of termination-sensitive contextual refinement is equivalent to
linearizability together with one of the progress properties. The idea is to iden-
tify different observable behaviors for different progress properties. For example,
for the contextual refinement for lock-freedom we observe the divergence of the
whole program, while for wait-freedom we also need to observe which threads in
the program diverge. For the lock-based progress properties starvation-freedom
and deadlock-freedom, we have to take fair schedulers into account.

To formally develop the framework, we first have to formalize the progress
properties. However, most existing definitions of these progress properties are
informal and sometimes ambiguous (e.g., [8,10]). Some formal or semi-formal
definitions are difficult to apply in Hoare-style verification (e.g., [3]) or even
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Fig. 1: Relationships between Progress Properties

flawed. (See Appendix A for an example program demonstrating that the recent
formulation of obstruction-freedom given by Herlihy and Shavit [9] is inconsistent
with the common intuition.)

In this paper, we give formal operational definitions of these progress prop-
erties which follow their intuitions, and unify them in our contextual refinement
framework. In summary, we make the following contributions:

— We formalize the definitions of the most common progress properties wait-
freedom, lock-freedom, obstruction freedom, starvation-freedom, and deadlock-
freedom. Our formulation is based on possibly infinite event traces that are
operationally generated by any client using the object implementation.

— Based on our formalization, we prove relationships between the progress
properties. For example, wait-freedom implies lock-freedom and starvation-
freedom implies deadlock-freedom. These relationships form a lattice shown
in Figure 1 (where the arrows represent implications). We close the lattice
with a bottom element that we call sequential termination, a progress prop-
erty in the sequential setting. It is weaker than any other progress property.

— We develop a unified framework to observe progress properties via contextual
refinements. With linearizability, each progress property is proved equivalent
to a contextual refinement which takes into account divergence of programs.
The formal proofs of our results can be found in Appendix B.

Our contextual refinement framework provides another point of view to under-
stand progress properties. The contextual refinement implied by linearizability
and a progress guarantee precisely characterizes the properties at the abstract
level that are preserved by the object implementation. When proving these prop-
erties of a client of the object, we can soundly replace the concrete method imple-
mentations by its abstract operations. On the other hand, since the contextual
refinement also implies linearizability and the progress property, we can borrow
ideas from existing proof methods for contextual refinements, such as simula-
tions (e.g., [13]) and logical relations (e.g., [2]), to verify linearizability and the
progress guarantee together.

In the remainder of this paper, we first informally explain the progress prop-
erties and our framework in Section 2. We then introduce the formal setting
in Section 3; including the definition of linearizability as the safety criterion
of objects. We formulate the progress properties and the contextual refinement
framework in Section 4. We discuss related work and conclude in Section 5.
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2 Informal Account

In this section, we informally describe our results. We first give an overview of
linearizability and its equivalence to the basic contextual refinement. Then we
explain the progress properties and summarize our new equivalence results.

Linearizability and Contextual Refinement Linearizability is the standard
correctness criterion for concurrent objects [10]. Intuitively, linearizability de-
scribes atomic behaviors of object implementations. It requires that each method
call should appear to take effect instantaneously at some moment between its
invocation and return.

Linearizability intuitively establishes a correspondence between the object
implementation IT and the intended atomic operations I7 4. This correspondence
can also be understood as a contextual refinement. Informally, we say that IT is a
contextual refinement of IT4, IT C Il 4, if substituting IT4 for IT in any context
(i.e., in a client program) does not add observable behaviors. Human beings as
external observers cannot tell that IT4 has been replaced by IT from monitoring
the behaviors of the client program.

It has been proved [4,5,12] that linearizability is equivalent to a contextual
refinement in which the observable behaviors are finite traces of I/O events. Thus
this basic contextual refinement can be used to distinguish linearizable objects
from non-linearizable ones. But it cannot identify progress properties of objects.

Progress Properties Figure 2 shows several implementations of a counter with
different progress guarantees that we study in this paper. A counter object pro-
vides the two methods inc and dec for incrementing and decrementing a shared
variable x. The implementations given here are not intended to be practical but
merely to demonstrate the meanings of the progress properties.

Informally, an object implementation is wait-free, if it guarantees that every
thread can complete any started operation of the data structure in a finite num-
ber of steps [7]. Figure 2(a) shows an ideal wait-free implementation in which
the increment and the decrement are done atomically. This unrealistic imple-
mentation is obviously wait-free since it guarantees termination of every method
call regardless of interference from other threads. Note that realistic implemen-
tations of wait-free counters are more complex and involve arrays and atomic
snapshots [1].

Lock-freedom is similar to wait-freedom but only guarantees that some thread
will complete an operation in a finite number of steps [7]. Typical lock-free imple-
mentations (such as the well-known Treiber stack, HSY elimination-backoff stack
and Harris-Michael lock-free list) use the atomic compare-and-swap instruction
cas in a loop to repeatedly attempt an update until it succeeds. Figure 2(b)
shows such an implementation of the counter object. It is lock-free, because
whenever inc and dec operations are executed concurrently, there always exists
some successful update. Note that this object is not wait-free. For the following
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. 1 inc() { 1inc() {
1 incO {x :=x+1; } 2 while (i < 10) { |2 TestAndSet_lock();
2 decO{x:=x-1;}] 3 ii=d o+ 1 3 xi=x+1;
(a) Wait-Free (Ideal) Impl. 4 3 4 TestAndSet_unlock();

5 x :=x + 1; 5}

1 incO { 6} (d) Deadlock-Free Impl.
2 local t, b; 7 decO {
3 dof 8 while (i > 0) 1 incQ {
4 t =% 9 i=1i - 1; 2 Bakery_lock();
5 b := cas(&x,t,t+1); | 15y 3 X = x + 1:
6 1} while(!b); 11 x :=x - 1; 4 Bakery_unlock();
[ 12 } 5 3}

(b) Lock-Free Impl. ] )

(c) Obstruction-Free Impl. | (e) Starvation-Free Impl.

Fig. 2: Counter Objects with Methods inc and dec

program (2.1), the cas instruction in the method called by the left thread may
continuously fail due to the continuous updates of x made by the right thread.

inc(); || while(true) inc(); (2.1)

Herlihy et al. [8] propose obstruction-freedom which “guarantees progress
for any thread that eventually executes in isolation” (i.e., without other active
threads in the system). They present two double-ended queues as examples. In
Figure 2(c) we show an obstruction-free counter that may look contrived but
nevertheless illustrates the idea of the progress property.

The implementation introduces a variable i, and lets inc perform the atomic
increment after increasing i to 10 and dec do the atomic decrement after decreas-
ing i to 0. Whenever a method is executed in isolation (i.e., without interference
from other threads), it will complete. Thus the object is obstruction-free. It is
not lock-free, because for the client

incO; ||  decO; (2.2)

which executes an increment and a decrement concurrently, it is possible that
neither of the method calls returns. For instance, under a specific schedule, every
increment over 1 made by the left thread is immediately followed by a decrement
from the right thread.

Wait-freedom, lock-freedom, and starvation-freedom are progress properties
for non-blocking implementations, where a delay of a thread cannot prevent other
threads from making progress. In contrast, deadlock-freedom and starvation-
freedom are progress properties for lock-based implementations. A delay of a
thread holding a lock will block other threads which request the lock.

Deadlock-freedom and starvation-freedom are often defined in terms of locks
and critical sections. Deadlock-freedom guarantees that some thread will succeed
in acquiring the lock, and starvation-freedom states that every thread attempting
to acquire the lock will eventually succeed [10]. For example, a test-and-set spin
lock is deadlock-free but not starvation-free. In a concurrent access, some thread
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Wait-Free | Lock-Free | Obstruction-Free | Deadlock-Free | Starvation-Free
4| (t, Div.) Div. Div. Div. Div. if Fair
IT| (t, Div.) Div. Div. if Isolating Div. if Fair Div. if Fair

Table 1: Observing Progress Properties via Contextual Refinements IT T 14

will successfully set the bit and get the lock, but there might be a thread that
is continuously failing to get the lock. Lamport’s bakery lock is starvation-free.
It ensures that threads can acquire locks in the order of their requests.

However, as noted by Herlihy and Shavit [9], the above definitions based on
locks are unsatisfactory, because it is often difficult to identify a particular field
in the object as a lock. Instead, they suggest to define them in terms of method
calls. They also notice that the above definitions implicitly assume that every
thread acquiring the lock will eventually release it. This assumption requires fair
scheduling, i.e., every thread gets eventually executed.

Following Herlihy and Shavit [9], we say an object is deadlock-free, if in each
fair execution there always exists some method call that can finish. As an exam-
ple in Figure 2(d), we use a test-and-set lock to synchronize the increments of
the counter. Since some thread is guaranteed to acquire the test-and-set lock, the
method call of that thread is guaranteed to finish. Thus the object is deadlock-
free. Similarly, a starvation-free object guarantees that every method call can
finish in fair executions. Figure 2(e) shows a counter implemented with Lam-
port’s bakery lock. It is starvation-free since the bakery lock ensures that every
thread can acquire the lock and hence every method call can eventually return.

Our Results None of the above definitions of the five progress properties de-
scribes their guarantees regarding the behaviors of client code. In this paper, we
define a series of contextual refinements to characterize the effects over client
behaviors when the client uses objects with some progress properties. We show
that linearizability together with a progress property is equivalent to a certain
termination-sensitive contextual refinement. Table 1 summarizes our results.

For each progress property, the new contextual refinement IT T II4 cares
about various divergence behaviors and/or fairness at the implementation level
(the third row in Table 1) and at the abstract side (the second row), in addition
to the I/O events in the basic contextual refinement for linearizability.

— For wait-freedom, we need to observe the divergence of each individual thread
t, represented by “(t, Div.)” in Table 1, at both the concrete and the abstract
levels. We show that, if the thread t of a client program diverges when the
client uses a linearizable and wait-free object II, then thread t must also
diverge when using IT, instead.

— The case for lock-freedom is similar, except that we now consider the diver-
gence behaviors of the whole client program rather than individual threads
(denoted by “Div.” in Table 1). If a client diverges when using a linearizable
and lock-free object 17, it must also diverge when it uses IT4 instead.
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— For obstruction-freedom, we focus on the behaviors of isolating executions
at the concrete side (denoted by “Div. if Isolating” in Table 1). In those
executions, eventually only one thread is running. We show that, if a client
diverges in isolating executions when it uses a linearizable and obstruction-
free object IT, it must also diverge in some abstract executions.

— For deadlock-freedom, we only care about fair executions at the concrete
level (denoted by “Div. if Fair” in Table 1).

— Starvation-freedom restricts our considerations to fair executions at both
the concrete and the abstract levels. A client using II could diverge in fair
executions, only if it can also diverge in fair executions when using IT4
instead.

These new contextual refinements allow us to identify linearizable objects with
progress properties. We will formalize the results and give examples in Section 4.

3 Formal Setting and Linearizability

In this section, we formalize linearizability and show its equivalence to a contex-
tual refinement that preserves safety properties. This equivalence is the basis of
our new results that relate contextual refinement and progress properties.

Language and Semantics We use a similar language as in previous work of
Liang and Feng [12]. As shown in Figure 3, a program W consists of several
client threads that run in parallel. Each thread could call the methods declared
in the object IT. A method f is defined as a pair (z,C), where z is the formal
argument and C' is the method body. We write f ~ (x,C). The object II could
be either concrete with fine-grained code that we want to verify, or abstract
(usually denoted as IT4 in the following) that we consider as the specification.
For the latter case, each method body should be an atomic operation of the form
(C) and it should be always safe to execute it. For simplicity, we assume there
is only one object in the program W and each method takes one argument only.
However, it is easy to extend our work to multiple objects and arguments.

We use the command noret at the end of methods that terminate but do
not execute return F. It is automatically appended to the method code and
is not supposed to be used by programmers. The command return E will first
calculate the return value n and reduce to fret(n), another runtime command
automatically generated during executions. We separate the evaluation of E from
returning its value n to the client, to allow interference between the two steps.
Note that the atomic block (C) may contain the command return E. In that
case, (C) would also reduce to fret(n).

To discuss progress properties later, we introduce an auxiliary command end.
It is a special marker that can be added at the end of a thread, but should not
be used directly by programmers. Other commands are mostly standard. Clients
can use print(F) to produce observable external events. We do not allow the
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(Bzpr) E ==z |n| E+E | ...
(BEzp) B := true | false | E=FE |!B | ...
(Instr) ¢ == xz:=F | x:=[E] | [E] :=FE | print(E)
| x:=cons(E,...,E) | dispose(E) | ...
(Stmt) C == skip | ¢ | z —f(E) | return E | fret(n) | noret
| end | (C) | C;C | if (B) C else C | while (B){C}
(Prog) W == skip | let IT in C||...||C
(ODecl) I == {fi~ (21,C1),..., fn~ (Tn,Cn)}
Fig. 3: Syntax of the Programming Language
(ThrdID) t € Nat (Bvt) e == (t,f,n)]| (t,ret,n)
(Mem) o € (PVarU Nat) — Int | (t,obj) | (t,obj, abort)
(CallStk) k = (o1,2,C) | o | (t,out,n) | (t,clt)
(ThrdPool) K = {ti~Ki,...,tx~>kn} | (t clt,abort) | (t, term)
(PState) S == (0c,00,K) | (spawn,n)
(LState) s := (0c,00,K) (ETrace) T := € | exT (co-inductive)

Fig. 4: States and Event Traces

object’s methods to produce external events. To simplify the semantics, we also
assume there are no nested method calls.

Figure 4 defines program states and event traces. We partition a global state
S into the client memory o, the object o,, and a thread pool K. A client can
only access the client memory o, unless it calls object methods. The thread pool
maps each thread ID t to its local call stack frame. A call stack x could be either
empty (o) when the thread is not executing a method, or a triple (o, z, C), where
o7 maps the method’s formal argument and local variables to their values, x is
the caller’s variable to receive the return value, and C' is the caller’s remaining
code to be executed after the method returns. To give a thread-local semantics,
we also define the thread local view s of the state that only includes one call
stack.

Figure 5 contains selected rules of the operational semantics. To describe
the operational semantics for threads, we use an execution context E, where
E =[] | E;C. The execution of code occurs in the hole [ ]. The context E[C']
results from placing C' into the hole.

We have three kinds of transitions. We write (W, S) —— (W', S’) for the top-
level program transitions and (C, s) —— ;7 (C”, s") for the transitions of thread t
with the object IT. We also introduce the local transition (C, o) —+ (C’,0’) to
describe a step inside or outside method calls of concurrent objects. It accesses
only object memory and method local variables (for the case inside method calls),
or only client memory (for the other case). We then lift a local transition to a
thread transition that produces an event (t,obj) or (t, clt). All three transitions
also include steps that lead to the error state abort.

We define all the generated events e in Figure 4. A method invocation
event (t, f,n) is produced when thread t executes z := f(F), where the ar-
gument E’s value is n. A return (t,ret,n) is produced with the return value
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(Civ (Ucv Oo, ’C(Z))) LH»H (Civ (Jév 0';), K/)))

(let ITin C1||...Ci...||Ch, (0c,00,K)) == (let I in Cy||...CL...||Cy, (oL, 0b, K{i~ &'}))
(a) Program Transitions

o(f)=w<C) [Ele.=n  xz&dom(o.) = {y~ n},x E[skip])

(Blz = f(E)], (0c,00,0) “2 1y (C;noret, (¢, 00, )

f & dom(Il) or [E],., undefined or x ¢ dom(o.)

(Bla = f(B)], (0c, 00, 0)) S22, abort
k= (o,2,C) o, = oc{T ~ n}
(t,ret,n) (t,term)

(fret(n), (oc,00,K)) w11 (C, (04, 00,0)) (end, s) o7 (skip, s)

[E]o. =n

(t,out,n)

(E[print(E)], (a¢, 00, 0)) w11 (E[skip], (o¢, 00,0))

(CyooWa) — (C'y 0, Way) dom(o1) = dom(oy)

(t,obj)

—>t,H (Cl7 (O-Ca OJov (Ull7 z, CC)))

(C, (0¢, 00, (01,2,C¢)))

(C,0,W 0;) —>rabort (C,oc) —> (C',0L)

(t,clt)

—>t,H (0/7 (0'27 Oo, O))

(t,obj,abort)
_—>

(C: (O'C70'07((7l733700))) t,IT abort (07 (UC,UO:O))
(b) Thread Transitions

[E]ls =n

(E[return E],0) — (fret(n), o) (noret, o) —» abort

(C,0) —{ (skip,o’) (C,0) —{ (fret(n),o’) (C,0) —»{ abort
(B[(C)],0) —< (B[skip],o)  (BI(C)],0) —s: (feet(n),0))  (BI(C)],7) —rabort

(c¢) Local Thread Transitions

Fig. 5: Selected Rules of Operational Semantics
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n. print(F) generates an output (t,out,n), and end generates a termination
marker (t, term). Other steps generate either normal object actions (t, obj) (for
steps inside method calls) or silent client actions (t,clt) (for client steps other
than print(E)). For transitions leading to the error state abort, fault events
are produced: (t,obj,abort) by the object method code and (t,clt,abort) by
the client code. We also introduce an auxiliary event (spawn,n) to represent
spawning n threads. It is automatically inserted at the beginning of a generated
event trace, according to the total number of threads in the program.? Note that
in this paper, we follow Herlihy and Wing [11] and model dynamic thread cre-
ation by simply treating each child thread as an additional thread that executes
no operations before being created. Outputs and faults are observable events.
We write tid(e) for the thread ID in the event e. The predicate is_clt(e) states
that the event e is either a silent client action, an output, or a client fault. We
write is_inv(e) and is_ret(e) to denote that the event e is a method invocation
and a return, respectively. The predicate is_res(e) denotes a return or an object
fault, and is_abt(e) denotes a fault of the object or the client. Other predicates
are similar and summarized below.

— is_inv(e) iff there exist t, f and n such that e = (t, f, n);

— is_ret(e) iff there exist t and n’ such that e = (t,ret, n’);

— is_obj_abt(e) iff there exists t such that e = (t, obj, abort);

— is_res(e) iff either is_ret(e) or is_obj_abt(e) holds;

— is_obj(e) iff either e = (_, 0bj) or is_inv(e) or is_res(e) holds;

— is_clt_abt(e) iff there exists t such that e = (t, clt, abort);

— is_abt(e) iff either is_obj_abt(e) or is_clt_abt(e) holds;

— is_clt(e) iff there exists t and n such that either e = (t,clt) or e = (t, out, n)
or e = (t, clt,abort) holds.

An event trace T is a finite or infinite sequence of events. We write T'(7)
for the i-th event of T last(T) is the last event in a finite T. The trace T'(1..7)
is the sub-trace T'(1),...,T(i) of T, and |T| is the length of T (|T| = w if T
is infinite). The trace T'|; represents the sub-trace of T' consisting of all events
whose thread ID is t. We generate event traces from executions in Figure 6.
We write T[W, (0, 0,)] for the prefix-closed set of finite traces produced by the
executions of W with the initial client memory o, the object o,, and empty
call stacks for all threads. Similarly, we write T,[W, (0¢,0,)] for the finite or
infinite event traces produced by complete executions. In the definitions, we use

the notation _ ——* _ for zero or multiple-step program transitions the generate

the trace T'. Similarly, _ T @ . denotes the existence of an infinite T-labelled
execution. Note that by using |W ], end is automatically appended at the end
of each thread in W to explicitly mark the termination of a thread. Using |T |,
we insert the spawning event (spawn,n) at the beginning of T, where n is the
total number of threads in W. Then we could use tnum(7T) to get the number

3 The spawning event (spawn, n) is newly introduced in this TR. It helps to hide the
parameter of the total number of threads in the fairness definition in the submitted
version, and to formulate the alternative definitions of progress properties.

10
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TIW, (00,00)] % {IT)w | IV, 8. (W), (0c,00,0)) 3" (W', S")
V (W], (0¢,00,®)) —* abort}

TolW, (0e,00)] = {[T)w | (IW], (0¢,00,©)) ey (IW ], (0¢,00,®)) AN (skip, )
vV ([W], (oc, 00,®)) NG abort}

llet 1T in C1||...||Cn] = let IT in (Ci;end)]|...|| (Cy; end)
LT et 17 in 1)1 11Cn) ] (spawn,n)::T tnum((spawn, n)::T) EC
© = {ti~o,... ty~ o} div_tids(T) = {t| (|(T]:)| =w)}

iso(T) iff |T|=w = 3t,i. (V4. j >i = tid(T(j)) =1t)
fair(T) iff |T|=w = Vte [1.tnum(T)]. |(T})| = w V last(T|;) = (t, term)
HIW, (0c,00)] = {get-hist(T) | T € T[W, (0c,00)] }
O[W, (0e,00)] = {getobsv(T) | T € T[W, (0¢,00)] }
O1[W, (0,00)] = {(getobsv(T),div_tids(T)) | T € To[W, (0e,00)]
OuW, (0¢,0,)] = {getobsv(T) | T € TL[W, (0, 00)] }

= T) | T €Tu[W,(0oc,00)] Aiso(T)}

Oiw[W, (0c,00)] = {get_obsy(
& (T) | 3n. T € To[W, (0c,00)] Afair(T)}

Osu[W, (0c,00)] = {get_obsv

Fig. 6: Generation of Event Traces

of threads in the program that generates T'. Figure 6 also shows various ways to
get histories and observable behaviors of a program, which we will explain later.

Linearizability and Basic Contextual Refinement Linearizability [11] is
defined using histories. Histories are special event traces only consisting of method
invocation, method return, and object faults.

We say a response ey matches an invocation ep, denoted as match(ey, es), iff
they have the same thread ID.

match(er, ea) = isinv(er) Ais_res(e2) A (tid(e1) = tid(e2))

A history T is sequential, i.e., seq(T), iff the first event of T is an invocation, and
each invocation, except possibly the last, is immediately followed by a matching
response. It is inductively defined as follows.

is_inv(e) match(eq, e2) seq(T)

seq(e) seq(e :: €) seq(er ireg = T)
Then T is well-formed iff, for all t, T'|; is sequential.

well_formed(T) %' Vt. seq(T:).

T is complete iff it is well-formed and every invocation has a matching response.
An invocation is pending if no matching response follows it. We write pend_inv(T')
for the set of pending invocations in 7'

11
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def

pend_inv(T) {e|3i. e=T(3) Ais_inv(e) A (Vj. i<j <|T| = —match(e,T(5)))}

We handle pending invocations in an incomplete history T' following the stan-
dard linearizability definition [11]: We append zero or more return events to T,
and drop the remaining pending invocations. Then we get a set of complete his-
tories, which is denoted by completions(T"). Formally, we define completions(T)
as follows.

Definition 1 (Extensions of a history). extensions(T) is a set of well-formed
histories where we extend T by appending successful return events:

well_formed(T) T’ € extensions(T) is_ret(e) well_formed (7" :: e)
T € extensions(T") T’ ::e € extensions(T)

Or equivalently,

def

extensions(T) = {T"| well_formed(T")A IToi. T'=T:Tor A Vi. is_ret(Tor (7)) }.

Definition 2 (Completions of a history). truncate(T) is the maximal com-
plete sub-history of T, which is inductively defined by dropping the pending in-
vocations in T':

truncate(e) &

€
def {e truncate ) if is_res(e) or Ji. match(e, T'(7))

truncate(e:: T)
tru ncate otherwise

Then completions(T) == {truncate(T") | T’ € extensions(T)}. It’s a set of
histories without pending invocations.

Then we can formulate the linearizability relation between well-formed his-
tories, which is a core notion used in the linearizability definition of an object.

Definition 3 (Linearizable Histories). T <, T" iff

1. Y. Tl =T

2. there exists a bijection w : {1,...,|T|} — {1,...,|T’|} such that Vi. T(i) =
T'(n(i)) and Vi, j. i < jNisret(T(i)) Aiscinv(T'(j)) = 7(3) < 7(j).

That is, T is linearizable w.r.t. T if the latter is a permutation of the former,
preserving the order of events in the same threads and the order of the non-
overlapping method calls. Then an object is linearizable iff all its concurrent
histories after completions are linearizable w.r.t. some legal sequential histories.
We use IT4 > (04, T") to mean that T” is a legal sequential history generated by
any client using the specification I74 with an initial abstract object o,.

Iar> (0,,T) &

In,C4,...,Cp,0c.. T € H[(let II4 in C1||...||Cr), (0c,0a)] Aseq(T)

As defined in Figure 6, we use H[W, (0., 0,)] to generate histories from W,
where get_hist(T") projects the event trace T to the sub-history.

12
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Definition 4 (Linearizability of Objects). The object’s implementation IT is
linearizable w.r.t. I4 under a refinement mapping o, denoted by I =, T4 iff
Vn,Ch,...,Cn,0c,00,04,T. T € H[(let I in C1||...||Cr), (0c,00)] A (¢(00) = 04a)
= 3AT.,T'. T. € completions(T) A T4 > (00, T') ANTe =i T’

Here the mapping ¢ relates concrete objects to abstract ones:
(RefMap) ¢ € Mem — AbsObj

The side condition ¢(c,) = 6 in the above definition requires the initial concrete
object o, to be a well-formed data structure representing a valid object 6.

Next we define a contextual refinement between the concrete object and its
specification, which is equivalent to linearizability. Informally, this contextual
refinement states that for any set of client threads, the program W has no more
observable behaviors than the corresponding abstract program. Below we use
O[W, (o.,0,)] to represent the set of observable event traces generated during
the executions of W with the initial state (o.,0,) (and empty stacks). It is
defined similarly as H[W, (o¢,0,)] in Figure 6, but now the traces consist of
observable events only (outputs, client faults or object faults).

Definition 5 (Basic Contextual Refinement). IT T, I14 iff
Vn,Ch,...,Cny0c,00,04. (p(00) = 04)
— O[(let IT in C1 ||...||Cn). (0e,00)] € O[(let Ia in Ci|...||Cn), (0e,0a)] -

Following Filipovié¢ et al. [4], we can prove that linearizability is equivalent
to this contextual refinement. We give the proofs in Appendix B.1.

Theorem 6 (Basic Equivalence). I <, IIy <= II C, Il,.

Theorem 6 allows us to use II T, I14 to identify linearizable objects. However,
we cannot use it to observe progress properties of objects. For the following
example, IT T, IT4 holds although no concrete method call of £ could finish (we
assume this object contains a method £ only).

II(£) : while(true) skip; ITA(f) : skip; C: print(1); £(O; print(1);

The reason is that II T, II4 considers a prefiz-closed set of event traces at the
abstract side. For the above client C, the observable behaviors of let IT in C
can all be found in the prefix-closed set of behaviors produced by let IT4 in C.

4 Progress Properties and Contextual Refinements

Now we define each progress property and discuss the corresponding termination-
sensitive contextual refinement. We assume that the object specification IT 4 is
total, i.e., the abstract operations never block. We provide the full proofs of our
equivalence results in Appendix B.

13
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4.1 Wait-Freedom and Observing Threaded Divergence

A wait-free object guarantees that every method call can finish in a finite number
of steps [7]. Below we first define wait-freedom over an event trace T

Definition 7 (Wait-Free Event Trace).
wait-free(T) iff one of the following holds:
1. for any i and e, if e € pend_inv(T'(1..7)), then one of the following holds:
(a) there exists j > i such that match(e,T'(j)); or
(b) there exists j > i such that Vk > j. tid(T(k)) # tid(e);
2. there exists i such that is_abt(T'(i)) holds.

We say an event trace T is wait-free, if every pending method call in it eventually
returns (condition 1(a)) unless the thread is no longer scheduled after some
program point (condition 1(b)). Besides, we assume an event trace ending with
a fault is wait-free (condition 2). Remember that pend_inv(7T'(1..7)) is the set of
pending invocations among the first ¢ events of T'.

An object is wait-free iff all its event traces are wait-free. Here we use
To[W, (0¢,0,)], the set of finite or infinite traces produced by complete exe-
cutions, which is defined in Figure 6.

Definition 8 (Wait-Free Object). The object’s implementation II is wait-

free under the refinement mapping ¢, denoted by wait-free, (IT), iff
Vn,Ch,...,Cn,0c,00,T. T € To[(let II in Cy||...||Cr), (0c,00)] A (00 € dom(p))
= wait-free(T")

We extend the basic contextual refinement to observe wait-freedom as well
as linearizability. The divergence of individual threads as well as I/O events are
treated as observable behaviors. In Figure 6, we define div_tids(T") to collect the
set of threads that diverge in the trace T. We write Oy, [W, (0., 0,)] for the
corresponding set of observable behaviors generated by complete executions.

Definition 9 (Contextual Refinement for Wait-Freedom).
HOCY IIa iff (Vn,Ch,...,Cn,0c,00,04. (9(00) = 0a) =>
Orwl(let Tin Cy ||...||Cn), (0, 00)] € Orwo[(et Iain Cy||...||Cn), (0c; 5a)])-

We can prove that a linearizable and wait-free object preserves the new con-
textual refinement w.r.t. its specification, as shown below.

Theorem 10. II =, IT4 A wait-free,(II) <= II Efp‘“ II4 .

To see the intuition of this equivalence, consider the client program (2.1).
Intuitively, for any execution in which the client uses the abstract operations,
only the right thread diverges. The client does not produce more observable
behaviors when it uses the wait-free implementation in Figure 2(a) instead. But
if it uses a non—wait-free implementation (such as the one in Figure 2(b)), it is
possible that both the left and right threads diverge. Therefore, a client with
such an implementation produces more observable behaviors than the abstract
client, breaking the contextual refinement.

14
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4.2 Lock-Freedom and Divergence of Whole Programs

Lock-freedom is similar to wait-freedom but only guarantees that some thread
can complete an operation in a finite number of steps [7]. We first define lock-
freedom over an event trace 7'

Definition 11 (Lock-Free Event Trace).

lock-free(T) iff one of the following holds:

1. for any i, if pend_inv(T'(1..3)) # (0, then one of the following holds:
(a) there exists j > i such that is_ret(T'(j)); or
(b) there exists j > i such that Yk > j. is_clt(T'(k));

2. there exists i such that is_abt(T(i)) holds.

A lock-free event trace T ensures that there always exists some pending method
call that returns (condition 1(a)). When none of the threads with pending calls
are scheduled, T' may eventually contain client actions only (condition 1(b)).
Then a lock-free object IT ensures that all its event traces are lock-free.

Definition 12 (Lock-Free Object). lock-free,(IT) iff
Vn,Ch,...,Cn,0c,00,T. T € To[(let II in C1||...||Cr), (0c,00)] A (00 € dom(p))
= lock-free(T)

In the corresponding contextual refinement, we observe the divergence of the
whole client program. We use O, [W, (0., 0,)], as defined in Figure 6, to get the
observable traces from complete executions.

Definition 13 (Contextual Refinement for Lock-Freedom).
IICg I iff (Vn,Ch,...,Ch,0c,00,04. (¢(00) = 0a) =
Oul(let ITin C1|...||Cn), (00, 50)] C Oul[(let Lain Ci||...||Cn), (0e, 0a)] ).

Theorem 14. II =, I14 A lock-free, (II) <= I T 11, .

To understand this equivalence, consider the client (2.1). The whole client
program diverges in every execution both when it uses the lock-free object in
Figure 2(b) and when it uses the abstract one. In comparison, the following client
must terminate and print out both 1 and 2 in every execution at both levels.

inc(); print(1); I dec(); print(2); (4.1)

4.3 Obstruction-Freedom and Isolating Executions

Obstruction-freedom guarantees progress for any thread that eventually executes
in isolation [8]. We define obstruction-free event traces as follows.

Definition 15 (Obstruction-Free Event Trace).

obstruction-free(T") iff one of the following holds:

1. for any i and e, if e € pend_inv(T'(1..7)), then one of the following holds:
(a) there exists j > i such that match(e, T'(j)); or
(b) ¥j >i. Fk. k> j Atid(T(k)) # tid(e);

2. there exists i such that is_abt(T'(i)) holds.
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An obstruction-free event trace guarantees that every pending method call even-
tually finishes unless the thread is not running in isolation for a sufficiently long
time. In other words, either the thread returns (condition 1(a)), or it is infinitely
often interrupted by other threads (condition 1(b)). An object II is obstruction-
free, denoted as obstruction-free,, (IT), iff all its event traces are obstruction-free.

Definition 16 (Obstruction-Free Object). obstruction-free, (II) iff

Vn,Ch,...,Cn,0c,00,T. T € Ty[(let II in C1||...||Ch), (0c,00)] A (00 € dom(p))
= obstruction-free(T’)

Obstruction-freedom ensures progress for those isolating executions where
eventually only one thread is running. In the corresponding termination-sensitive
contextual refinement, we are also interested in isolating executions only. We
define iso(T) in Figure 6 to mean T is isolating, and use O, [W, (0., 0,)] to get
the observable behaviors for the generated event traces T' which satisfy iso(T").

Definition 17 (Contextual Refinement for Obstruction-Freedom).
I ;fpw Iy iff (Vn,Ch,...,Cn,0c,00,04. (p(00) = 04) =
Oiv[(let ITin C1||...||Cr), (0c,00)] C Ou(let Hain Ci||...||Cn), (0c,0a)])-

Theorem 18. IT <, IT5 A obstruction-free, (IT) <= IT i 114 .

To understand the above equivalence, consider the client (4.1). When using
the obstruction-free object in Figure 2(c), the client may diverge and nothing is
printed out. But it always terminates and prints out both 1 and 2 for isolating
executions. Then the observable behaviors taken by O;,, at the concrete side do
not include divergence and are thus a subset of those at the abstract level.

4.4 Deadlock-Freedom and Fairness

As we explained in Section 2, deadlock-freedom and starvation-freedom assume
fair scheduling. We define fair(7T') in Figure 6. It requires that if 7" is infinite then
every unterminated thread’s execution is infinite.* Note that a trace ending with
a fault is fair, too. An object IT is deadlock-free, denoted as deadlock-free, (1),
if in every fair execution, the system as a whole always makes progress (i.e.,
there always exists some pending method call that finishes). Its formulation is
very similar to the lock-freedom definitions (Definitions 11 and 12).°

4 In the submitted version, we use fair, (1) which takes the number of threads n as a
parameter. Here we could know n from the spawning event at the beginning of T,
as defined by tnum(T') in Figure 6.

® The definitions are slightly different from the submitted version, where we rule out
unfair event traces at the generation so that we only need to consider fair ones in the
definition of deadlock-free traces. Here we think an unfair event trace is deadlock-
free, and an object is deadlock-free iff all its event traces are deadlock-free. We can
make this change because we hide the number of threads from fair(T") here. Based on
this change, we can unify the formulations of progress properties (see Section 4.6).
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Definition 19 (Deadlock-Free Event Trace).

deadlock-free(T") iff one of the following holds:

1. for anyi, if pend_inv(T'(1..4)) # 0, there exists j > i such that is_ret(T'(j)); or
2. fair(T') does not hold; or

3. there exists i such that is_abt(T(i)) holds.

Definition 20 (Deadlock-Free Object). deadlock-free, (IT) iff
Vn,Ci,...,Cn,0c,00,T. T € To[(let IT in Ci||...||Cr),(0c,00)] A (06 € dom(p))
= deadlock-free(T)

The corresponding contextual refinement considers only fair executions at the
concrete side. As defined in Figure 6, Oy, [W, (0., 0,)] picks observable behaviors
for fair event traces only.

Definition 21 (Contextual Refinement for Deadlock-Freedom).
17 Ef;’ Iy iff (Vn,Ch,...,Cn,0¢,00,0q. (¢(00) = 04) =
Op,[(let Iin Cy||...||Chn), (0¢,00)] C Oul(let IT4in C1||...||Cr), (0¢,0a)]).

Theorem 22. IT <, Il A deadlock-free, (II) <= II ¥ 114 .

Consider the client (4.1) to understand the above equivalence. When the
client uses the deadlock-free object in Figure 2(d), it may diverge and print out
nothing. For instance, the left thread acquires the test-and-set lock and gets
suspended, then the right thread would keep requesting the lock forever. This
undesirable behavior is caused by unfair scheduling. Thus we rule out unfair exe-
cutions at the implementation level in the contextual refinement (Definition 21).

4.5 Starvation-Freedom and Fairness at Both Levels

Starvation-freedom guarantees that in fair executions, every method call even-
tually finishes. We formulate starvation-free, (/1) similarly as the wait-freedom
definitions (Definitions 7 and 8).% The related contextual refinement must require
both the concrete and abstract executions to be fair.

Definition 23 (Starvation-Free Event Trace).

starvation-free(T") iff one of the following holds:

1. for any i and e, if e € pend_inv(T(1..9)), then there exists j > i such that
match(e, T'(j)); or

2. fair(T') does not hold; or

3. there exists i such that is_abt(T(i)) holds.

Definition 24 (Starvation-Free Object). starvation-free,(IT) iff
Vn,Ch,...,Cn,0c,00,T. T € To[(let IT in Cy||...||Ch), (0c,00)] A (00 € dom(p))
= starvation-free(T")

5 Like the deadlock-freedom definitions, the starvation-freedom definitions are slightly
different from the submitted version. Here an unfair event trace is starvation-free,
and an object is starvation-free iff all its event traces are starvation-free.
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(1..¢)) = 3j. j > i A match(e, T(5))
prog-s(T') iff Vi,e. e € pend_inv(T'(1..i)) = 3j. j > i Ais_ret(T'(j))
non-sched(T") iff Ve. e € pend.inv(T) = Fi. Vj > 4. tid(T'(j)) # tid(e)

abt(T) iff 3i. is_abt(T'(i))

prog-t(T") iff Vi, e. e € pend_inv(T

wait-free <= prog-t V non-sched V abt <= non-sched V abt

lock-free <= prog-s V non-sched V abt <= wait-free V prog-s
obstruction-free <= prog-t V non-sched V —iso V abt <= lock-free V —iso
deadlock-free <= prog-s V —fair V abt <= lock-free V —fair
starvation-free <= prog-t V —fair V abt <= wait-free V —fair

Fig. 7: Alternative Formulations of Progress Properties

Definition 25 (Contextual Refinement for Starvation-Freedom).
OC s iff (Yn,C1,...,Cn,0c,00,04. (p(00) = 04) =
O (et IIin C1||...||Cn), (0c,00)] C Ops[(let Hain C1||...||Cr), (0c, 0a)])-

Theorem 26. IT =, Il A starvation-free,(IT) <= II E{Z‘*’ I, .

The fairness restriction at the abstract level of the contextual refinement
allows us to distinguish starvation-free objects from deadlock-free objects. Con-
sider the following client program.

inc(); print(1); || while(true) inc(); (4.2)

Under fair scheduling, we know it must print out 1 when using the starvation-free
object in Figure 2(e); and it may or may not print 1 when using the deadlock-free
object of Figure 2(d). Correspondingly at the abstract level, the client program
may not print out 1 in unfair executions.

4.6 Alternative Formulations of Progress Properties

We give simpler and more structural definitions of the five progress properties
in Figure 7.

We first define some properties over event traces T. prog-t(T') means that
every method call in T eventually finishes. prog-s(7') means that there always
exist a pending method call that completes. non-sched(T') represents the case
caused by a “bad” scheduler. It says, every pending thread in 7" must be no
longer scheduled after some program point. The boundary case abt(T") says that
T ends with a fault.

The bottom half of Figure 7 gives alternative definitions of the five progress
properties over event traces T. For example, an event trace T is wait-free, iff it
satisfies prog-t, non-sched or abt. Since prog-t(7") also means there is no pending
method call in the whole T, it actually implies non-sched(T"). We can further
reduce wait-free(T") to non-sched(T") V abt(T"). To simplify the presentation, we
omit the parameter T in the formulas at the bottom half of the figure. We give
their proofs in Appendix B.2.
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Then for a progress property P, we can define that an object I satisfies P
iff all its event traces satisfy P.

P,(IT) iff
Vn,C1,...,Cn,0c,00,T. T € To[(let IT in Cy||...||Cr), (0c,00)] A (00 € dom(p))
= P(T)

The alternative formulations in Figure 7 shows a constructive way to define
progress properties. We pick a main progress condition prog-t or prog-s, and
choose an appropriate scheduler (fair, iso or —non-sched, but there might be
more). We take the disjunction of these conditions, with the boundary case abt.
Using this approach, we could define more progress properties.

Moreover, we could clearly see the relationships between progress properties
from Figure 7. The relationships form the lattice in Figure 1. Below we define
sequential termination as the bottom element to close the lattice.

4.7 Sequential Termination and the Relationship Lattice

Besides the above five progress properties for concurrent objects, we also define
a progress property in the sequential setting, as shown below.

Definition 27 (Sequentially Terminating Object). seq-term,, (/1) iff

VC1,0c,00,T. T € To[(let IT in C1), (0c,00)] A (00 € dom(ip))
= abt(T") V prog-t(T).

It says, every method call must finish when it is executed sequentially.” We can
show that seq-term,,(II) is implied by a termination-sensitive contextual refine-
ment with sequential contexts, and a linearizable and sequentially terminating
object preserves this contextual refinement.

Definition 28 (Sequential Contextual Refinement). IT T 114 iff

VC1,0¢,00,04. (9(00) = 04)
= Ou[(let II in C1),(0c,00)] C Ou[(let 114 in C1), (0c, 04)] .

Theorem 29. 1. I Cl¥ [y = seq-term(II);
2. IT =, ITy Aseq-term (1) = I C¥ IT,.

Intuitively, seq-term <p(H ) is weaker than all the five concurrent progress prop-
erties. We can formally prove all the implications in the lattice of Figure 1, show-
ing that the widely believed presumptions about the progress properties are all
true (see Appendix B.2).

" The submitted version uses “starvation-free(T)” to formulate sequential termination,
which is equivalent to abt(T") V prog-t(7T') in this TR.
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5 Related Work and Conclusion

There is a large body of work discussing the five progress properties and the con-
textual refinements individually. Our work in contrast studies their relationships,
which have not been considered much before.

As we mentioned in Section 1, Gotsman and Yang [6] show that lock-freedom
with linearizability implies termination-sensitive contextual refinement. Here we
also prove the other direction that allows us to verify lock-freedom using proof
methods for contextual refinement. Besides, we generalize this equivalence for
lock-freedom to other progress properties and propose a unified framework to
systematically study the relationships with various contextual refinements.

Herlihy and Shavit [9] informally discuss all five progress properties. Our
formulation mostly follows their explanation but makes two important contribu-
tions. First, we turn their natural language explanation into formal definitions
and close the gap between program semantics and their history-based interpre-
tations. Second, we noticed that their obstruction-freedom is inappropriate for
some examples (see Appendix A), and propose a different definition that is closer
to the usual informal formulations [10]. Besides, for the unified framework, they
focus on the scheduling assumptions made by the progress properties, while we
mainly consider the effects on client behaviors and relate the progress properties
to contextual refinements.

Other formalizations of progress properties usually rely on temporal logics.
For example, Petrank et al. [14] use linear temporal logic to formalize the three
non-blocking properties. Dongol [3] formalizes all the five progress properties
using a logic capable of proving temporal properties. Those formulations may
make it easier to perform model checking on whole programs (e.g., Petrank et
al. [14] also build a tool to model check lock-freedom with a bound on the time
for progress). Here we follow Herlihy and Shavit [9] and choose more operational
formulations to fit into the framework with contextual refinements.

Conclusion. We have introduced a contextual refinement framework to unify
various progress properties. For linearizable objects, each progress property is
equivalent to a specific termination-sensitive contextual refinement, as summa-
rized in Table 1. The framework allows us to verify safety and liveness properties
of client programs at a high abstraction level by replacing concrete method im-
plementations with abstract operations. It also enables us to borrow ideas from
existing proof methods for contextual refinements to verify linearizability and a
progress property together.
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A Comparisons with Herlihy and Shavit’s
Obstruction-Freedom

Herlihy and Shavit [9] define obstruction-freedom using the notion of uniformly
isolating executions. A trace is uniformly isolating, if “for every k > 0, any thread
that takes an infinite number of steps has an interval where it takes at least k
concrete contiguous steps” [9]. Then, their obstruction-free object guarantees
wait-freedom for every uniformly isolating execution. They also propose a new
progress property, clash-freedom, which guarantees lock-freedom for uniformly-
isolating executions.

Below we give an example showing that their definition is inconsistent with
the common intuition of obstruction-freedom.

Ezample 30. The object implementation uses three shared variables: x, a and b.
It provides two methods £ and g:

£O { g {
while (a <= x <= b) { while (a <= x <= b) {
X++; x--;
a-—-; b++;
} }
} }

We can see that, if £ () or g() is eventually executed in isolation (i.e., we suspend
all but one threads), it must returns. Thus intuitively this object should be
obstruction-free. It also satisfies our formulation (Definitions 15 and 16).
However, we could construct an execution which is uniformly isolating but
is not lock-free or wait-free. Consider the client program £() || g(). It has an
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X+ X+,  x+t;
a-; a-; a—;
a=-1|tl —3] a=-2 a=-2 a=-4 a=z-4
x=0 x=1 x=0 x=2 x=0
b=11]1t2 b=1 b=2 b=2 b=4
x5 X X
bt++; b+t; bt+t;
Fig. 8: Execution of £() ||g() in Example 30
execution shown in Figure 8. Starting from x = 0, a = —1 and b = 1, we

alternatively let each thread execute more and more iterations. Then for any k,
we could always find an interval of k iterations for each thread in this execution.
Thus the execution is uniformly isolating. But neither method call finishes. This
execution is not lock-free nor wait-free. Thus the object does not satisfy Herlihy
and Shavit’s obstruction-freedom or clash-freedom definitions.

B Proofs

In the following proofs, we make the call stacks explicit in the generation of
event traces. For example, we use H[W, (o.,0,,®)] instead of H[W, (o¢,0,)]-
We generalize the definitions to allow nonempty call stacks in the initial state,
e.g., we can use H[W, (0., 0,,K)].

B.1 Proofs of Theorem 6

To prove the theorem, we utilize the most general client (MGC). Let’s assume
dom(IT) = {f1,..., fm}. We could use the expression rand() to get a random
(nondeterministic) integer, and rand(m) to get a random integer r € [1..m].
Then, for any n, MGC,, is defined as follows:

def

MGT = while (true){ frand(m)(rand()); }
MGC, & || MGT

i€[l..n]

Here each thread keeps calling a random method with a random argument. We
also define another kind of “most general clients” which print out arguments and
return values for method calls:

def

MGTp, = while (true){
z¢ :=rand(); vy := rand(m); print(y, z¢);
2= fy(z1); print(z);
}
MGCp,, = ||i€[1.4n] MGTp;

Here i, y; and z; are all local variables for thread t. Below we define the MGC
versions of “linearizability” and refinements, and prove they are related to the
standard definitions of linearizability and contextual refinement.
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Definition 31. IT jZ’GC I 4 iff

Vn,oo,0q,T. T € H[(let II in MGC,,), (0,00,®)] A (¢(0o) = 04)
— 3IT.,T,. T. € completions(T) A 14N (0q, To) A Te =Zjin Ta

where

def

HAYC(0,,T) = T € H[(let T4 in MGC,,), (0,04, ®)] A seq(T).
II S, 104 iff

Vn? 00,0a- (SO(UO) = Uu)
= H[(let II in MGC,), (0,0,,®)] C H[(let II4 in MGC,), (0, 04,9)] .

The following lemma shows that every history of an object IT could be gen-
erated by the MGC.

Lemma 32 (MGC is the Most General). For anyn, C1, ..., Cy, 0., 0, and
0a, H[(et IT in Cy||...||Ch), (0c,00,@)] C H[(let IT in MGC,,), (0,0,,®)].

Proof. We define the simulation relation Sygc between a program and a MGC
in Figure 9(a), and prove the following (B.1) by case analysis and the operational
semantics:

For any W1, &1, Wa, S and ey, if (W1,81) Zmec (Wa, S2), then

(1) if (W1, 81) += abort and is_obj_abt(e;), then
there exists Ty such that (Ws,Ss) 25 % abort and
e1 = get_hist(T»);
(2) if (Wl781) 'i> (W1/7Si)7 then
there exist Ty, W3 and S} such that (Ws,Ss) LN (W3, 8%),
get_hist(e;) = get_hist(73) and (W], S]) Smec (W3, S5).

(B.1)

With (B.1), we can prove the following by induction over the number of steps
generating the event trace of H[W1,S1].

If (|W1],81) Smee (|Wa], Ss), then H[Wq,S1] C H[Ws, Sa].
Then, since
(llet IT in C1||...||Crl, (0c,00,®)) Smac (|let IT in MGC,, |, (0, 0,,®)),
we are done. O
For linearizability, the MGC-version is equivalent to the original definition.

Lemma 33. I <, [Ty <= II <Y II,.

Proof. 1. II =%, Ty = IT =Y II,:
For any n, 0,, 04 and T such that T' € H[(let II in MGC,), (0, 0,,®)] and
¢(0o) = 04, from IT =, IT4, we know there exist T. and T, such that
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(let I in Ci||...||Cn, (0c,00,{1 ~ K1,...,n~> Kn}))
Smec (let IT in C1 ... ||Ch, (0,00, {1 ~ K1,...,n~ Kk, }))
where Vi. (C;, ki) Smaec (Ci, K7)

(C,0) 2mec (MGT;end, o) (C, (o1,2,C")) 2mac (C, (o1, -, (skip; MGT; end)))

(a) Program is Simulated by MGC

(let I in Ci||...||Cn, (0c,00,{1 ~ K1,...,nn~> Kn}))
Smcep (let I in C1|.. || Cp, (00, 00, {1~ K1, ...y n o Ky b))
where Vi. (Cs, ki) Stccp (Ciyk5) and o¢ = {xe~ Lyr~ Lz~ - |1 <t <n}

(C,0) Zhccp (MGTp,; end, o)
(C, (o1,-,C")) Zhccp (C, (01, 2, (skip; print(z:); MGTp,; end)))
(b) Program is Simulated by MGCp

(let I7T in Cyi||...||Cn, (0c,00,{1 ~ K1,...,n~> Kn}))
Smecp- (let I in C1|...[[Ch, (0,00, {1~ Ki,...,n~ K}))
where Vi. (Cy, 0¢, ki) féll\/’IIGYCp (Ci, ki) and e = {xe ~ Ly~ Lz~ |1 <t <n}

(CO, ({x ~ n}a y (Skip; MGT7 end))
if (C = E[Zt = fyt (mt)] ve= E[Skip7 Rt 1= fyt(xt) ])
ANoc(ze) =nAoc(y) =i AN(fi) = (z,Co)
(C,0¢,0) Ruecy- § (fret(n’), (-, -, (skip; MGT; end))
if (C = E[print(z)]V C = E[skip; print(z)])
Aoc(z) =n'
(MGT;end, o) otherwise

(C,0c, (01,2, C")) Zynacp- (C: (o1, (skip; MGT; end)))

(c) MGCp is Simulated by MGC

(let I in C1||...||Cn, (0c, 00, {1~ K1,...,n~> Kn}))
S (et Hain Ci||...||Ch, (0,00, {1~ K1,...,n~> KL });
let IT4 in CY||...||Cy, (0c, 06, {1~ KY,...,n~ Kkn}))
where Vi. (Ci, k) 3 (CL, k55 CY kY
and H[let IT in C1||...||Ch, (0¢,00, {1 ~ K1,...,n~> kn})]
CH[let IT4 in C1||...||Cr, (0,00, {1~ K1,...,n~ k. })]

(07 O) 5 (0/7 o5 07 O) (07 (O'lv z, CC)) rﬁ (0/7 (Ullvxlv Cé)v Cl7 (O'l/7~r7 CC))

(d) Concrete Program is Simulated by Abstract MGC and Abstract Program

Fig. 9: Simulations between Programs and MGC
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T, € completions(T) A T4 > (64, To) A Te <jin Ty -
We only need to show that
I 5 > (Ua,Ta) — HADwGC(Ua,Ta).

First we know Vi. tid(T, (7)) € [1..n]. Second, from IT4 > (04,T,), we know
there exist n’, C1, ..., C, and o. such that seq(7,) and

T, € H[(let IT4 in Cy||...||Cnr), (0¢,04,@)] -
If n’ < n, then we know
T, € H[(let IT4 in Cy||...||Cyn || skip]|.. .| skip), (cc, 04, ®)] -

From Lemma 32, we are done. Otherwise, since T, only contains events of
threads 1, ..., n, we know the threads n+1, ..., n’ do not access the object.
Similar to the proof of Lemma 32, we can construct simulations and prove
T, € H[(let 114 in MGC,,), (0, 0,,®)]. Thus we are done.

AT =Yy = T =, Iy

For any n, C1, ..., Cp, 0¢, 00, 04 and T such that ¢(o,) = 0, and T €
H[(et IT in Cy||...||Ch), (0c,00,®)], from Lemma 32, we know

T € H[(let IT in MGC,,), (0,0,,©)] .
From I7 jZ’GC IT 4, we know there exist T,. and T, such that
T, € completions(T) A IT4>MC (0, T.) A T <jin T -
By definitions, we see
I ABMCC (0, T,) = T4 > (04,Ty).
Thus we are done. ad

Below we prove an important lemma which relates the basic contextual re-

finement to a refinement over MGC which considers histories instead of observ-
able behaviors. The idea behind this lemma will be useful in proving various
equivalence results, including those for progress properties.

Lemma 34. HE#,HA <~ HggaHA-

Proof. 1. I C, Iy = II S, 114:

We first prove the following (a) and (b):

(a) For any n, o,, 0., T,
ifo.={axt~ e~ ,z~ _| 1 <t<n}and
T € H[(let II in MGC,,), (0, 0,,®)],
then there exists B such that T'~ B and
B € O[(let IT in MGCp,,), (0¢, 00, ®)],
where
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B

e T ~
~e:B

Q
> Q

(t7 fi7n) ~ (t7 out, (7;771)) (t> ret, ’I'L) ~ (tv()Uta ’I’L)

(t,obj,abort) = (t,obj, abort)

Proof. We define the simulation relation Zmecp in Figure 9(b), and prove
the following (B.2) by case analysis and the operational semantics. This
simulation ensures that at the right side (MGCp), each output of the
method argument is immediately followed by invoking the method, and
each method return is immediately followed by printing out the return
value.

For any Wl, Sl, WQ, 82 and (S lf (Wl,Sl) jMGCp (WQ,SQ), then
(1) if (W1, S;) v+ abort and is_obj_abt(e;), then

there exists Ty such that (W2, Ss) 2% abort and

e1 ~ get_ ObSV(Tg)
(2) if (W71,81) % (W], S]), then

there exist To, W3 and S5 such that (WQ,SQ) (W3, 85),

get_hist(eq) ~ get_obsv(T») and (W7, S]) Smaecp (WQ,SQ)

(B.2)

With (B.2), we can prove the following by induction over the number of
steps generating the event trace of H[W7,S1].

If (|_W1J,Sl) jMGCp (LWQJ,SQ) and T € H[[W1,81]], then

there exists B such that 7'~ B and B € O[W>, S,].
Then, since

(llet I in MGC, |, (0,0,,®)) Zmacp ([let II in MGCp,, |, (0., 00, ®)),

we are done.

For any n, 0., o¢, B,
ifo.={ar~ o~ ,ze~ _|1<t<n}and
B € O[(let IT in MGCp,,), (0¢,04,®)],

then there exists T such that T~ B and

T € H[(let II in MGC,,), (0, 0,,®)].

Proof. We define the simulation relation Jygc,- in Figure 9(c), and
prove the following (B.3) by case analysis and the operational semantics.
This simulation ensures two things. (i) Whenever the left side (MGCp)
prints out a method argument, the right side (MGC) invokes the method
using that argument. (ii) Whenever the left side prints out a return
value, the right side must return the same value. We can ensure (i) and
(ii) because xt, yr and z are all thread-local variables.
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For any Wl, Sl, WQ, 82 and €1, if (Wl,Sl) rjMGCp_ (WQ,SQ), then
(1) if (W,81) v abort, then

there exists Ty such that (Ws,Ss) 25 % abort and

get_hist(T5) = e1;
(2) if (W7,81) % (W], S]), then

there exist To, W4 and S5 such that (W, Ss) LN (W3, 85),

get_hist(T,) ~ get_obsv(e;) and (W7, S7) Zmecp- (W3, S3).

(B.3)

With (B.3), we can prove the following by induction over the number of
steps generating the event trace of O[W7,S1].
If <|_W1J,81) r_jMGCp* (I_WQJ,SQ) and B € O[[Wl,Sl]], then there
exists T such that T~ B and T € H[W3, S2].
Then, since

(Uet II'in MGCan’ (067 Oa @)) jMGCp* (Llet I in MGCHJ7 (Q)a Oa, @))’
we are done.
Then, since IT T, II4, we know

VN, 0c, 00, 0q. (p(00) = 0a)
= O[(let II in MGCp,,), (0¢,00,®)] C O[(let II4 in MGCp,,), (0¢,04,®)] -

Thus from (a) and (b), we get

Yn, 00,04 (p(06) = 04)
— H[(let II in MGC,), (0, 0,,®)] C H[(let II4 in MGC,), (0,04, ®)].

Then we are done.

. ng,HA — HELPHA:

We define the simulation relation 3 in Figure 9(d), and prove the following
(B.4) by case analysis and the operational semantics. This simulation relates
one program to two programs. We use the MGC at the abstract level to
help determine the abstract program that corresponds to the concrete one.
Specifically, we require the histories generated by the concrete program can
also be generated by the abstract MGC. Then, when an abstract thread is in
a method call, its code should be the same as the MGC thread. Otherwise,
its code is the same as the concrete thread.

For any Wl, 81, WQ, 82, Wg, 83 and €1,
if (Wl, 81) :j (WQ, SQ; Wg, 83)7 then
(1) if (W1, 81) v abort, then
there exists T3 such that (W3, S3) &)* abort and
e1 = get_obsv(T5);
(2) if (Wy,8) v (WY, S]), then
there exist Ty, W3, S, Ts, W5 and S5 such that
(Wa, 82) =2 (W3, 84), (Wi, S5) = (W5, S3),
get_obsv(e;) = get_obsv(T3) and (W{,S]) 3 (W}, S5; Wi, S5).
(B.4)
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With (B.4), we can prove the following by induction over the number of steps

generating the event trace of O[W7,S1].
If (Wl,Sl) ;5 (WQ,SQ; W3783), then O[[thlﬂ g O[[W;)”Sgﬂ.

For any n, C4, ..., Cy, o¢, 0, and g4, by Lemma 32, we know
H[(et IT in Cy||...||Cn), (0¢,00,@)] € H[(let II in MGC,,), (0, 0,,@)] .
Since IT S, 114, we know if p(0,) = 0g, then

H[(let IT in MGC,,), (0,0,,®)] C H[(let I14 in MGC,), (0, 0,,®)] -

Then we know

(let I in Cl ” ‘e || Cn, (Jc7007 @))
= (let IT4 in MGC,,, (0,0,,0);
let IT4 in C; || R ” Ch, (Uc; Oa, @)) :
Thus, we get
O[(let I in Cy||...||Cy), (0c, 00, ®)]
CO[(let 14 in C1||...||Cpn),(0c,04,9@)] -
Thus we are done. O

Then, we prove the following (B.5) and can get Theorem 6.
II S Iy = 11 <XV°C Iy (B.5)

TS,y = 1T =Y Ty
We only need to prove the following lemma (remember we assume that each
C; in I14 is of the form (C) and it is always safe to execute I14).

Lemma 35 (Il is Linearizable). For any n, o, and T,

if T € H[(let 114 in MGC,,), (0, 0,,®)],

then there exist T, and T, such that T, € completions(T), Te <jin Ta,
T, € H[(let II4 in MGC,,), (0, 04,®)] and seq(Ty).

Proof. We define a new operational semantics, in which we additionally gen-
erate two events at the single step of the method body. We know the method
body in the execution can only be (C);noret, and hence the resulting code
after one step (if not block) must be fret(n’) for some n'.
({C); noret, o, Woy) —» (fret(n’), o, W o))
dom(o1) = dom(o7)  or={y~n}  I(f)=(y,(C))

[t,f,n]:ft,ret,n’

({C);noret, (o¢, 00, (01,2, C.))) ] w11 (fret(n), (oc, 00, (07, x, Ce)))

Here [t, f,n] and [t,ret, n'] are two new events (called atom-invocation event
and atom-return event respectively) generated for the new semantics. We
use 7’| to project the event trace T' to the new events, and use |e| (and
|T]) to transform the new event (and the event trace) to an old event (and
a trace of old events), where [t, f, n] is transformed to (t, f,n) and [t, ret, n’]
is transformed to (t,ret,n’). Other parts of the semantics are the same as
the operational semantics in Figure 5. We can define 7;[W, S] in a similar
way as T[W,S], which uses the new semantics instead of the original one
and keeps all the events including the new events.
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(1) We can prove that there is a lock-step simulation between the original
semantics in Figure 5 and the new semantics. Then, for any 7" such that
T € H[(let II4 in MGC,), (0,04,®)],
we have an corresponding execution under the new semantics to generate
Tr such that
Tr € Tyl(let I14 in MGC,,), (0, 0,,®)],
and get_hist(Tr) = T.
(2) Below we show:
If Tr € Ty[(let I14 in MGC,,), (0, 04,®)], T = get_hist(Tr) and
T = [Trlp],
then seq(7,) and there exists T, such that T, € completions(T")
and Te =jin Ta-

Proof. By the new operational semantics, we know seq(7,) holds.

Construct T, and Prove Linearizability Condition 1: By the new opera-
tional semantics, we know that for any t, T'|; and T, |, must satisfy one
of the following:

(i) T|y = Tult; or

(if) In. T)e:(t,ret,n) = Tyly; or

(i) 3f,n. Tl =Tale::(t, f,n).

We construct T, as follows. For any t, if it is the above case (ii), we ap-
pend the corresponding return event at the end of T'. Since well_formed(T")
and well_formed(Ty,), we could prove well_formed(T:). Thus T, € extensions(T).
Also T, satisfies: for any t, one of the following holds:

(i) Telt = Tule; or

(ii) 3f,n. Tele = Tult = (£, f,n).

Let T, = truncate(7.). Thus T, € completions(T’).

Since Vt. is_res(last(Ty]t)) A seq(T,|t), we could prove that for any t,

(i) if Telt = Tylt, then Te|r = Tels;

(ii) if Tely = Tult = (8, f,n), then Te|y = Tylt.

Thus Vt. Tp|; = Tyls.

Prove Linearizability Condition 2: We informally show that the bijection
7 implicit in Vt. T,|; = Ty |t preserves the response-invocation order.
Let T,(i) be a response event in T, and let T.(j) be an invocation event.
Then 7(i) and 7(j) are the indices of T.(i) and T.(j) in T, respectively.
Suppose ¢ < j. By the construction of T, from T, we know the same
response and invocation events are in T', and the response happens before
the invocation. Let i and ;' be the indices of these events in 7. Then
7" < j'. By the new operational semantics, we know in T, the atom-
return event is before the atom-invocation event since the history return
event is before the history invocation event. Thus (i) < 7 ().

(3) Finally, we show the following and finish the proof of the lemma:
If Tr € Ty[(let 114 in MGC,,), (0,04,®)] and T, = Tl
then T, € H[(let 114 in MGC,), (0, 0,,®)].
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This is proved by constructing the following simulation =pew. This sim-
ulation ensures that the right side invokes and returns from a method at
the time when the left side generates the new atomic events.
(let IT4 in Ci||...||Cn, (0,00, {1 ~ K1,...,n~> £n}))
Snew (let IT4 in C1||...||Ch, (0,04, {1~ K1,...,n~> K, }))
where Vi. (Cy, ki) Snew (CF, K})

(C,0) Znew (C,0)
((<C>7 noret), (Ulv ) (Skip; MGT))) jnew ((frand(m) (rand()); MGT)7 O)
(fret(n’), (o1, -, (skip; MGT))) Znew ((skip; MGT), o)

We prove the following by case analysis and the operational semantics.
For any Wy, &1, Wa, S and 17,
if (W1, 81) Znew (W2, Ss) and (W7, S1) 5 (W/,S}) in the new
semantics,
then there exist Ty, W and S} such that (Ws, S2) KN (W4, 85),
get*hiSt<T2) = I_T1|[]J and (W1I7S{) jnew (W2/7Sé)
Then we can prove the following by induction over the number of steps
generating the event trace of 7;[Wi,S1].
If (Wl,Sl) ,jnew (W2782), Tr € 7-[]HW1781H and T, = LTT|[]J7
then T, € H[Wa, Sa].
Since we know
(let I14 in MGC,, (0,0,,©)) Znew (let 114 in MGC,,, (0, 0,,®)),
we are done.
The lemma is immediate from the above (1), (2) and (3). O

AT =Yy = TS, In:
We only need to prove the following lemma (similar to the Rearrangement
Lemma in [5]):

Lemma 36 (Rearrangement). For any n, o,, T and T,
if T Ziin Ta, Tu € H[[(let II4 in MGCn)a (®70a7©)]] and Seq(Ta);
then T € H[(let II4 in MGC,,), (0, 04,®)].

Proof. Suppose |T| = n. We know T must not contain the abort event. From

T =<jin T, we know

(i) Vt. Ty = Talt;

(ii) there exists a bijectionm : {1,...,|T|} = {1,...,|Ts|} such that Vi. T'(i) =
T.(m(4)) and Vi,j. i < j Ais_res(T'(2)) Niscinv(T'(j)) = n(i) < 7(j) -

We construct the execution under the new semantics (defined in the proof

of Lemma 35) which generates T, and the new events constitute T,, i.e., we

want to show the following holds:

3Tr. Tr € Ty[(let T4 in MGC,,), (0,04, ®)] AT = get_hist(Tr). (B.6)

Then we prove that there is a lock-step simulation between the new semantics
and the original semantics in Figure 5, and we can get
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T € H[(let I14 in MGC,), (0, 04,®)].

Below we prove (B.6). We prove that for any k, there exist T, W/, &’ and
k' such that

(let 114 in MGC,,, (0,04, ®)) ~5* (W', ')
/\get,hist(TT) = T(lk) A I_TTl[]J = Ta<1..k‘/)

A(YS". (let 114 in MGCy, (0, 0,,®)) et
= §"|obj = &'[obj) »

* (77 8//)

where §’|ob; get the object memory in S'.

By induction over k.

Base Case: If k£ = 0, trivial.

Inductive Step: Suppose there exist 77, Wi, S; and k7 such that

(let IT4 in MGC,, (0,0,,®)) AN (Wy,81)
Aget_hist(Ty) = T(L.k) A |Tily) = Ta(lk)

A(YS]. (let IT4 in MGCy, (0,04, ®)) retit),
= Slobj = Silobj) ;

" (L 51)

we want to show there exist Ty, W5, Sy and ks such that

(W1, 81) ~2* (Wa, Ss)
/\get,hist(Tg) = T(k‘ + 1) N I_T2|[]J =Ty(k1 + 1..k2)

A(VSL. (let [T in MGC,, (0,0, ) retye g1y
= Silobj = S2fobj) ;

By case analysis.
(a) T(k+1) = (t f,n').
Suppose T'(k + 1) = (T'|¢)(4).
From T|; = Tyly and T, € H[(let II4 in MGC,), (0,04, ®)], we know
i =1 or is_ret((T|¢)(¢ — 1)) holds.
i. If i =1, we just let the code MGT of the thread t executes to calling
the method f using the argument n, and generates the event (t, f,n’).
ii. Ifis_ret((T|¢)(¢ — 1)) holds, we know the code of the thread t is in the
client code. Still we can let it execute to the method call of f using
the argument n, generating the event (t, f,n’).
(b) T(k+1) = (t,ret,n’).
Suppose T'(k 4+ 1) = (T]¢)(¢). Similar to the previous case, we know
is_inv((T'|¢)(i—1)) holds. Suppose (T'|;)(i—1) = e = (t, f,n) and [T4(f) =
(x,(C)). Thus the code of the thread t is either (C);noret or fret(n”)
(for some n’).
i. The code of t is (C); noret.
Thus last(T1|t) = e. Suppose |T'(1..k)|¢] = n1. From the operational
semantics and the generation of Ty, we know |T,(1..k1)|s| = n1 — L.
For the bijection  in (ii) which maps events in T to events of T, we
let ko = w(k+1). Since T'|y = Ty |t, we know ko > ky. Let k' = ka—k;.
Suppose T, (k1 + 1..kg) = ey 2 ... e Since |Th]p] = Ta(1..k1),
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by the operational semantics and the generation of T, we know
is_ret(T,(k1)). Since seq(Ty,), we know seq(ey ::...:1ep) and k' = 2j.
Suppose the threads of the events eq, ..., ey are ti,...,t; respec-
tively where t; = t. Below we prove that for any ¢ such that 1 <
i < j, the current code of the thread t; is (C;);noret (for some
method body (C;)), and es;—1 = last(T(1..k)|t,). The proof is by
contradiction. Suppose ez;—1 = T'(¢') and i’ > k. Since T'(k + 1) =
(t,ret,n') and is_inv(eg;_1), we know i" > k + 1. By (ii), we know
w(i") > w(k + 1) = ko, which contradicts the fact that eg;—1 is an
event in T, (k1 + 1..k). Thus, 3" < k, and since |T1|| = Tu(1..k1),
by the operational semantics and the generation of T, we know
e9;—1 = last(T1|t;). Thus we are done.
We let the threads t;,...,t; execute one step in order, generating
the event trace T4 which only contains the atom-invocation and
atom-return events, and then the thread t; execute one more step
generating ey = Ty(ke) = To(n(k + 1)) = T(k + 1). Since T, €
H[(let II4 in MGC,,), (0, 0,,®)], we know this execution is possi-
ble, and moreover we have |Ts|] = (T3] = To(k1 + 1..k2).
ii. The code of t is fret(n”).

Thus last(T1|¢) = [t,ret,n”]. Since [Ti|p] = Tu(1..k1), we know
last(Ty(1..k1)]t) = (t,ret,n”). Suppose |T,(1..k1)|t| = n1.
From the operational semantics and the generation of 77, we know
|get_hist(T1|)| = |T(1..k)|t] = n1 — 1. Since T|; = Ty, we know
n' = n'. The code of t is fret(n'). We let it execute one step and
generate the event (t,ret,n’).

Thus (B.6) holds and we are done. O

From I7 j[\fGC I 4, we know
Vn, 00,04, T. T € H[(let IT in MGC,,), (0, 0,,®)] A (p(00) = 0a)
= 3T.,T,. T, € completions(T) AT, € H[(let II4 in MGC,,), (0, 04,©)]
Nsed(To) AT =4in Ta

From Lemma 36, we know

Vn, 00,04, T. T € H[(let II in MGC,,), (0, 0,,®)] A (©(00) = 0a)
= 3JT.. T. € completions(T) AT € H[(let I14 in MGC,), (0, 04, ®)]

Since T, € completions(T), we know there exists T, such that T, = truncate(T)
and T, € extensions(T’). By the definition of truncate(7,), we can prove:

T. € H[(let I14 in MGC,), (0,04,®)]
Then, by the definition of T, € extensions(T), we can prove:
T € H[(let II4 in MGC,,), (0,04, ®)]

Thus we get IT S, 11 4.
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B.2 Proofs of Figures 1 and 7

Lemma 37 (Figure 7). Assume T € T,[(let IT in Cy||...||Cp), (0c,00,®)] -
1. wait-free(T') <= prog-t(T) V non-sched(T) Vv abt(T') <= non-sched(T) V
abt(T) ;
2. lock-free(T) <= prog-s(T) V non-sched(T") V abt(T) <= wait-free(T) V
prog-s(T') ;

3. obstruction-free(T') <= prog-t(T) V non-sched(T") V —iso(T') V abt(T) <—
lock-free(T") V —iso(T) ;
4. deadlock-free(T) <= prog-s(T) V —fair(T) V abt(T) <= lock-free(T) Vv
—fair(T) ;
5. starvation-free(T) <= prog-t(T') V —fair(T) V abt(T) <= wait-free(T) V
—fair(T) .
Proof. 1. By definition.
wait-free(T") <= (Vi,e. e € pend_inv(T(1..7))
= (3j. 7 > i A match(e, T(5)))
V(37. § > i A (Vk > j. tid(T'(k)) # tid(e))))
V abt(T)
< (Vi,e. e € pend_inv(T(1..3)) A =(35. j > i A match(e, T(5)))
= (5.7 >iA(Vk >3 tid(T(k)) # tid(e))))
V abt(T)
<= (Ve. e € pend_inv(T) = (3j. Vk > j. tid(T'(k)) # tid(e)) )
V abt(T)
<= non-sched(T") V abt(T')
Also, we can prove prog-t(T)) => non-sched(T") as follows.
prog-t(T) < (Vi,e. e € pend_inv(T'(1..i)) = 3j. j > i Amatch(e,T(5)))
< (Vi,e. e € pend_inv(T(1..4)) = e ¢ pend_inv(T))
< (pend_inv(T) =0)
= non-sched(T’)
2. We only need to prove the first equivalence. The second is trivial from the
first one.
lock-free(T') <= (Vi,e. e € pend_inv(T(1..7))
= (3j. 7 > iNisret(T(5)))
V(). § > i A (k> . is.ct(T(K)))) )
V abt(T)
<= prog-s(T')
vV (3j. Yk > j. isclt(T(k)))
V abt(T)
From 3j. Vk > j. is_clt(T(k)) and the operational semantics generating T,
we know non-sched(T") holds.
If non-sched(T') holds, we know there exists j such that Vk > j. tid(T'(k)) &
tid(pend_inv(T)), where tid(pend_inv(T)) gets the set of thread IDs of the
pending invocations in 7. Then by the operational semantics and the gen-
eration of T', we know either 3j. Vk > j. isclt(T'(k)) or prog-s(T") holds.
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3. For obstruction-freedom, we only need to prove the following:

(1) VT. iso(T') A obstruction-free(T) = wait-free(T);

(2) VT. wait-free(T') == obstruction-free(T") ;

(3) VT. —iso(T) = obstruction-free(T') ;

(4) Vn,Cq,...,Cpn,0c,00,T.
T e T,[(det IT in Cy||...||Ch), (0c, 00, ®)] A prog-s(T)
= obstruction-free(T") .

For (1) VT iso(T") A obstruction-free(T') = wait-free(T"):

Proof. By obstruction-free(T"), we know one of the following holds:
(a) there exists ¢ such that is_abt(7'(¢)) holds; or
(b) for any 7 and e, if e € pend_inv(T'(1..7)), then one of the following holds:

(i) there exists j > i such that match(e, T'(j)); or

(i) ¥j > i. Fk. k > j Atid(T(k)) # tid(e).
For (a), we know wait-free(T").
For (b), for any ¢ and e, where e € pend_inv(T(1..7)), we let t = tid(e). Since
iso(T"), we know

IT| #w Vv 3t (V5. j =i = tid(T(j)) =1t).
If |T| # w, we know (ii) cannot hold. Thus (i) must hold.
Otherwise, we know there exists tg and ig such that
Vj. j > = tid(T(j)) =to.
If tg = t, we know (ii) does not hold, and hence (i) holds. Otherwise, if tg # t,
we know
Vk. k>ip = tid(T(k)) # tid(e) .

Thus we know wait-free(T').

For (2) VT wait-free(T)) = obstruction-free(T"):

Proof. From wait-free(T"), we know one of the following holds:

(i) there exists ¢ such that is_abt(7'(¢)) holds; or

(ii) for any 7 and e, if e € pend_inv(T'(1..7)), then one of the following holds:
(1) there exists j > ¢ such that Yk > j. tid(T'(k)) # tid(e); or
(2) there exists j > 4 such that match(e, T'(j)).

For (i), we know obstruction-free(7") holds.

For (ii), for any ¢ and e, where e € pend_inv(T(1..7)), if (1) holds, we know

Vi >4 Jk. k> g Atid(T(k)) # tid(e).
Thus we know obstruction-free(T').
For (3) VI'. —iso(T)) == obstruction-free(T):
Proof. From —iso(T), we know

IT| =wAVti. 35. 7 > i Atid(T(j)) # t.
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Thus, for any ¢ and e, where e € pend_inv(T'(1..7)), we know
V4. Jk. k> j Atid(T(k)) # tid(e) .
Thus we have proved obstruction-free(T').

For (4)Vn,Cq,...,Cp, 00,00, T. T € Ty[(let IT in Cy || ... || Cy), (0c, 00, ®)]A
prog-s(T’) == obstruction-free(T):

Proof. From prog-s(T'), we know: for any ¢, if pend_inv(T'(1..7)) # 0, then
there exists j > ¢ such that is_ret(T'(j)).

If |T| # w, by Lemma 51, we know obstruction-free(T") hold. Otherwise,
|T'| = w. For any ¢ and e such that e € pend_inv(T(1..7)), we know one of the
following must hold:

(1) there exists j > i such that match(e, T'(5)); or

(2) Vj. j > i = —-match(e,T(j)).

For (2), we know

Vj.j5>1i = e € pend.inv(T(1..5)).
Thus we have
Vi.j>i = 3k. k> jANisret(T(k)).
Then we know
Vg >4 3k. k> g ANis_ret(T'(k)) A tid(T'(k)) # tid(e) .
Thus we know obstruction-free(T").

. The first equivalence is trivial from definition. For the second equivalence,
we only need to prove the following:

non-sched(T") A —prog-s(T') = —fair(T).
From the proof of the equivalences for wait-freedom, we know
(pend_inv(T") = 0) <= prog-t(T').

Thus we only need to prove the following.

(1) non-sched(T') A (pend_inv(T) # ) = —fair(T);
(2) prog-t(T') = prog-s(T).

For (1), from the premises, we know

Je,i. e € pend_inv(T) AVj > 4. tid(T(5)) # tid(e) .
Thus from the operational semantics and the generation of T', we know
IT| =w A 3t e [l.tnum(T)]. |(T]e)| # w Alast(T|t) # (t, term).

Thus —fair(T) holds.

(2) is trivial from definition.

. The first equivalence is trivial from definition. For the second equivalence,
we only need to prove the following:
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non-sched(T") A —prog-t(T) = —fair(T).

It has been proved in the proofs for the equivalences for deadlock-freedom.
O

From Lemma 37, we can get most of the implications in the lattice of Figure 1.
To prove the remaining implications on sequential termination, we first prove
some equivalences in the sequential setting below.

Lemma 38 (Equivalences in Sequential Setting). For any C, 0., 0, and
T, if T € To[(let IT in Cy), (0, 0,,®)], then

1. fair(T) and iso(T') holds;
2. lock-free(T) <= wait-free(T') <= obstruction-free(T') <= deadlock-free(T)
<= starvation-free(T') .

Proof. 1. Since T € T,[(let II in C4), (0., 0,,®)], by the operational seman-
tics we know T'(1) = (spawn, 1) and

Vi.2<i<|T| = tid(T(i)) =1.

If |T| = w, we know |(T']1)| = |T'| = w. Thus fair(T) and iso(T).
2. By Lemma 37 and the above case. a

From Lemmas 37 and 38, we get the following theorem.
Theorem 39 (Figure 1).

wait-free,, (II) = lock-free, (IT) ;
wait-free,, (II) = starvation-free, (II) ;
lock-free,,(II) = obstruction-free,,(IT) ;
lock-free,,(II) == deadlock-free, (II) ;
starvation-free,, (II) = deadlock-free, (IT) ;
obstruction-free, (I1) == seq-term(II);
deadlock-free,, (1) = seq-term(/I).

NS O o=

B.3 Proofs of Theorem 14

Lemma 40 (Finite trace must be lock-free). For any T, if
Te 7;[[(let II'in Cy “ s ” Cn)v (Uca Oo, @)]]
and |T| # w, then lock-free(T') must hold.

Proof. Suppose T' = (spawn, n)::T". We know one of the following holds:

(i) (|let IT in Cy||...||Cn], (0¢,00,®)) N abort; or
(i) (|let 17 in Cy||...||Cn), (0c, 00, ®)) - * (skip, ).
For either case, we can prove lock-free(T') by the operational semantics. a
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We define the MGC version of lock-freedom.
Definition 41. lock-free/*“ (1), iff

Vn,o,,T. T € T,[(let IT in MGC,,), (0, 0,,®)] A (0, € dom(p))
= (3. is_obj_abt(T'(z))) V (Vi. 3j. j > i Alis_ret(T'(j)))

We use get_objevt(T') to project T' to the sub-trace of object events (including
method invocation, return, object fault, and normal object actions). Thus we
know:

VT, T’. (get-objevt(T) = get_objevt(T")) = (get_hist(T") = get_hist(T")).

The following lemma is similar to Lemma 32 (MGC is the most general). But
here we take into account infinite traces generated by complete executions.

Lemma 42. For any T, if
T e T,[(et IT in Cy ||...||Ch), (0c,00,®)],
then one of the following holds:

(1) |T| # w; or
(2) there exists i such that Vj > i. is_clt(T(j)); or
(3) there exists Ty, such that

T € To[(let 1T in MGC,,), (0,0,,0)],
and get_objevt(T') = get_objevt(T},).
Proof. By co-induction over T € T, [W, S], where
(llet I in Oy ||...||Cul, (- ®)) —=* (W,S) A (W # skip).
In other words, (W, S) is a “well-formed” configuration. We only need to prove
the following (B.7):
for any T, W, S, W,,, and S,,, if

(a) (W, S) Imec (Win, Sm),
(b) (W,S) —«., and
(¢) Yi. 3j. j > i A—isclt(T(j)) AT(j) # (-, term),

then there exists T, such that (W,,,Sm) Ly w . and get_objevt(T) =
get_objevt(T, ).
(B.7)

Here Zmac is defined in Figure 9(a). We first prove Smgc is a simulation:

If (W, S) 2mec (Wi, Sp) and (W, 8) = (W', S’), then

there exist T, W/ | S/ such that (Wy,, Sm) N w'.,S), (B.8)
get_objevt(e) = get_objevt(T) and

(W', S8") Zmec (W), S,,) -

This is proved by case analysis of e.
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— If e = (t,out,n) or e = (t,clt) or e = (t,term), we know the call stack
of the current thread t (which makes the step) is o, before and after the
step. Then we simply let (W,,,Sy) go zero step, and hence T' = €. Thus
get_objevt(e) = get_objevt(T) and we can prove (W' S8") Smec (Win, Sm)-

— If e = (t, fi,n), we know the call stack of the thread t is o before the
step and is (oy,xz,C’) after the step. Then we know the code of t in W,
must be MGT. We let it go two steps. After the first step, the code of t
becomes frana(m)(rand()); MGT. We evaluate rand(m) to i and rand()
to n, and make the second step. Thus the resulting configuration satisfies
(W', 8" Imec (W),,S),), and T = e.

— If e = (t,ret,n), we know the call stack of the thread t is (o, 2, C") before
the step and is o after the step. Then we let the code of t in W,,, go two steps.
After the first step, the code of t becomes skip; MGT. After the second step,
we have (W', 8") Zmec (W, S),). Also we know the first step generates the
event e, and thus get_objevt(e) = get_objevt(T).

— If e = (t,0bj), we know the call stack of the thread t is not o before or after
the step. We let the code of t in W,,, go one step, and hence T' = (t, obj)
and (W/’S/) jMGC (W;nas;n)

Thus we have proved (B.8).
From (B.8), we can prove the following by induction over the steps of T"

If (W, S) 2mcc (Wi, Sm) s (W, S) —=+ (W', 8') and
(Fi. —isclt(T(i)) AT (i) # (-, term)), then
there exist T, W/ , S/, such that (W,,,S) Loy o+ (W/.,S.),

get_objevt(T) = get_objevt(T},,) and (W', S’) Zmec (W), S),) -

Then we can get (B.7) by co-induction.
When (W,S8) = (|let II in C1||...||Ch], (0c,00,®)), we know (W, S) Smac
(|let IT in MGC, |, (0, 0,,®)). Thus we are done. 0

We prove that the MGC version is equivalent to the original version of lock-
freedom.

Lemma 43. lock-free,(I) <= Iock—freegGC(H) .

Proof. 1. lock-free,(1T) = Iock—freegGC(H) :
We prove the following:

Vn,o0,T. T € To[(let II in MGC,,), (0, 0,,®)] A (06 € dom(p)) A lock-free(T)
= (3. is_obj_abt(7T'(3))) Vv (Vi. 3j. j > i Ais_ret(T'(j§)))

B.9
We unfold 7,[(let IT in MGC,), (0, 0,,®)], then we have three cases: B
(1) (|let IT in MGC,,], (0, 0,,®)) —* _
(2) (|let IT in MGC, |, (0,0,,®)) —* (skip, _)
(3) (|let IT in MGC, |, (0,0,,®)) L5 * abort
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We know from the operational semantics that (2) is impossible.

For (3), we know from the operational semantics that last(T") = (_, obj, abort).

Thus Ji. is_obj_abt(7T'(7)).

For (1), we prove the following by contradiction:
¥n, 00, T. (|let IT in MGC, |, (0,0,,®)) ——* _

= Vi. 3j. j > i A (isinv(T(4)) Visret(T(5)) V T(5) = (-, obj)) (B.10)

Then, Vi. 35. j > iA(is_ret(T'(j))Vpend_inv(T'(1..5)) # ). Thus by lock-free(T),
we are done.

. Iock—free!\fGC(H) = lock-free,(IT):

For any T' € T,[(let IT in Cy || ... || Cn), (0, 00,®)], by Lemma 42, we
know one of the following holds:

(1) |7 # w; or
(2) there exists ¢ such that Vj > 4. is_clt(T'(j)); or
(3) there exists Ty, such that

T, € Tol(let II in MGC,,), (0,0,,0)],
and get_objevt(T) = get_objevt(T},).
For (1), by Lemma 40, we know lock-free(T').

For (2), we know lock-free(T') holds immediately by definition.
For (3), from Iock—free:\ch(H), we know
(Fi. is_obj_abt(T,, (7)) V (Vi. 35. § > i Nis_ret(T,,(5))).
Thus we have:
(Fi. is_obj_abt(T'(¢))) v (Vi. 35. j > i Ais_ret(T'(j))).
If Ji. is_obj_abt(T'(i)), we know lock-free(T"). Otherwise, we know
Vi. 3j. j > i Asret(T(5)).

Thus, for any i, if pend_inv(T'(1..7)) # (), then there exists j > 4 such that
is_ret(T'(4)). Therefore lock-free(T") and we are done.

O
Then, we only need to prove the following (B.11), (B.12) and (B.13):
MCY Iy = T, s (B.11)
ncg iy = Iock—free:\ch(H) (B.12)
II T, IT4 Alock-free,(IT) = II Eg IT4 (B.13)
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Proofs of (B.11) For any n, Cy, ..., C,, o., 0, and o, such that ¢(o,) = 0q,
for any T if

T e O[(let I in Cy||...||Cyp), (0¢, 00, ®@)],
we know there exists 77 such that T' = get_obsv(7}) and
Ty € T[(let IT in C1||...||Cy), (0c,00,@)]

Thus there exists 7] and T}’ such that 7y = Ty :: T{ and one of the following
holds:

(i) (|let IT in Cy||...||Cn], (0¢,00,®)) bT—l//W - or
(i) ([let 1T in C1 .. || Cnl, (0e, 00y ®)) +os* (skip, ); or
(i) ([let I7 in C1|[.. || Cnl, (0e, 00, ®)) ris* abort.
That is,

T € To[(let IT in Cy||...||Cy), (0¢, 00, @)] .
Since II ¢ I14, we know there exists T4 such that

T3 € Tu[(let 114 in Ci|...||Cp), (0c,04,@)],
and

get_obsv(T4) = get_obsv(T7') = T::get_obsv(T7).

Thus there exists Ty such that

Ty € T[(let 1y in Cy||...[|Cr), (0¢, 04, @)]
and get_obsv(72) = T. Thus
T eO[(let 14 in C1||...||Ch), (0c,04,9)],

and we are done.

Proofs of (B.12) We construct another most general client as follows:
MGTpl = while (true){ frand(m)(rand()); print(1); }
MGCpl, = llic(1. MGTp1
The following lemma describes the relationship between MGCpl and MGC:
Lemma 44. (1) For any T, if
T € T.[(let IT in MGC,,), (0, 0,,)],
then there exists T), such that

T, € To[(let II in MGCpl,)), (0, 0,,®)],
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T,\(-,out,1) =T and
Vi, t. T,(1) = (t,ret,.) & Tp(i+1) = (t,out,1).
(2) For any T, if
T, € To[(let II in MGCpl,,), (0, 0,,®)],
then there exists T such that
T € T,[(let IT in MGC,,), (0,0, ®)]

and T,\(_,out, 1) =T.
Here we use T,\(_,out, 1) to mean o sub-trace of T, which removes all the
events of the form (_,out,1).

Proof. By constructing simulations between executions of let I in MGC,, and
let IT in MGCpl,,. O

Lemma 45. Suppose I 4 is total.
For anyn, oq and T, if T € Oy[(let 114 in MGCpl,,), (0,04, ®)], then T is an
infinite trace of (-, out,1).

Proof. We need to prove: for any T such that
T € O,[(let IT4 in MGCpl,,), (0, 04, ®)], the following hold:

(1) T = w;
(2) for any i, T(i) = (, out, 1).

For (1): we can prove for any 7" such that
T' € T, [(let I14 in MGCpl,), (0, 04,®)],
we have |T'| = w. If |T| # w, we know there exists ¢ such that
Vi > . iscinv(T7(5)) Visret(T'(5)) VT'(5) = (-, 0bj) VT'(j) = (-, clt).

Since II 4 is total, from the code and the operational semantics, we know this is

impossible.
(2) is easily proved from |T| = w and that the code can only produce
(_,out, 1) as observable events. O

To prove Iock—freegcc(ﬂ), we want to show: for any n, o,, o, and T, if
T € T,[(let IT in MGC,,), (0,0,,®)] and ¢(0,) = 04, then

(Fi. is_obj_abt(T'(4))) Vv (Vi. 3j. j > i Nis_ret(T(5))) (B.14)

First, if T € T,[(let IT in MGC,), (0, 0,,®)], by Lemma 44(1), there exists
T, such that T, € T,[(let II in MGCpl,), (0, 0,,®)] and T},\(-,out,1) = T.
Since II CF I14, we know

Ou[(let IT in MGCpl,,), (0,0,,®)] C O, [(let II4 in MGCpl,,), (0,04, ®)] .
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From Lemma 45, we know for any 7', if T € O, [(let IT in MGCpl,), (0, 0,,®)],
then T is an infinite trace of (_, out, 1).

Then we know: get_obsv(T},) is an infinite trace of (_, out,1).
Thus |T,| = w and

Vi. 3j. j > i AT,(j) = (-, out, 1). (B.15)
We prove the following:
Vi. 3j. j > i Nis_ret(Tp(4)) - (B.16)

This is proved as follows. From |T},| = w and (B.15), we know for any i, there
exist ji,...,jnt1 such that ¢ < ji < ... < jpy1 and Vk € [L.n+1]. T,(ji) =
(,,out,1). Then, by the pigeonhole principle, we know there exists a thread t
producing two (t,out, 1)-s. Suppose ji and j; are the indexes of the two events
produced by t and ji < j;. By the operational semantics, we know there exists
j" such that ¢ < j, < j' < j; and is_ret(T,,(j')). Thus we have proved (B.16).
Since Tp\ (-, out, 1) = T', from (B.16), we know (B.14) holds and we are done.

Proofs of (B.13) We need to prove that if II T, IT4 and lock-free, (IT), then
for any n, C1, ..., Cp, 0., 0, and o, such that ¢(o,) = 0,, we have

Oul(let IT in Cy||...||Ch), (0¢,00,®)]
COu(et Iy in Cy|]...||Cr), (0c,04,@)] .

Thus we only need to prove: for any 7T,

(1) If (|let IT in Cy ||.. .|| Cn), (0c, 00, ®)) —— * abort,
then there exists T;, such that
([let II4 in C1||...||Chnl, (0c,04,®)) 2 * abort and
get_obsv(T') = get_obsv(Ty,).

(2) If ([let IT in Cy||...||Cnl, (0c, 00, ®)) —=* (skip, ),
then there exists T, such that
([let IT4 in Cy||...||Cnl, (0¢, 00, ®)) AN (skip, -) and
get_obsv(T') = get_obsv(T,).

(3) If ([let IT in C1||...||Cpl, (0cr 00, ®)) ——¢ -,
then there exists T, such that
([let II4 in Cy||...||Cnl, (0¢, 00, ®)) ey and

get_obsv(T") = get_obsv(Ty,).

Actually neither (1) or (2) depends on progress properties. We can prove the
following lemma.

Lemma 46. If II T, 14, then for anyn, C1, ..., Cy, 0c, 00, 04 and T such
that p(o,) = 04, we have
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1. If (|let IT in C1||...||Cnl, (0c; 00, ®)) —— * abort,
then there exists T, such that
(llet II4 in C1||...||Chl, (0c,04,®)) 2+ abort and
get_obsv(T') = get_obsv(Ty,).

2. If (llet 17 in C1||...[|Cu), (00, 00, ®)) = (skip, ),
then there exists T, such that
(|let T4 in C1|...||Cpl, (0c, 00, ®)) —2* (skip,_) and

get_obsv(T') = get_obsv(Ty,).

Proof. 1. We know is_abt(last(T")). By II C,, IT4, we know there exists T, such
that

T, € T[[(let Iy in Cy ” s ” Cn)a (Jca Oa, @)H

and get_obsv(T) = get_obsv(T,). Thus is_abt(last(7},)), and by the opera-
tional semantics, we know

([let II4 in C1||...||Ch), (0c, 04, ®)) 2 * abort,

and we are done.
2. (a) If n =1, we know

(let IT in {C;end}, (0., 00, ®)) — * (skip, ).

Thus there exists T" such that T'=T":: (1, term). Let
T =T":(1,clt):: (1, out, “done”):: (1, clt):: (1, term),
where we assume (1, out, “done”) is different from all the events in T,
then )
(let IT in {C;print(“done”);end}, (o, 0,,®)) A (skip, .).
Since II &, 114, we know there exists T! such that
T! € T[(let II4 in {C;print(“done”);end}), (o, 04, ®)]

and get_obsv(T') = get_obsv(7T,). Thus we know there exists T such
that

T, =T::(1,0out, “done”):: (1, clt):: (1, term),
and by the operational semantics, we know there exists T, such that
TV =T,::(1,clt) and

(let I14 in {C;end}, (o, 04,®)) Jailtorm), (skip, -).
Also we have get_obsv(T') = get_obsv(Ty).
(b) Ifn > 1, we construct another program let II in C1||...|| C}, as follows:

we pick n — 1 fresh variables: ds, ..., d,,

C1 = (Cy;if (do&ée . .. &&4d,) print(“done”);)

C} = (Cy;4d; = true) Vi € [2..n]
and also let

ol = o, {dy ~ false,...,d, ~ false}.
Then, if
([let 17 in Cy|...[|Cul, (0¢, 0, ®)) =" (skip, ),

let T” be the result after removing all the termination markers in 7', and
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T =T":(2,clt)::(2,clt) .. .i: (n, clt) :: (n, clt)
(1, clt):: (1, clt) :: (1, out, “done”)
2(1,clt) (1, term)::. . .:: (n, clt) :: (n, term)

where we still assume (1, out, “done”) is different from all the events in
T, we can prove:

. T v
(|let IT in C1||...||CL], (o), 00,®)) —* (skip, -).
Since II &, II4, we know there exists Ta such that
T, € T[(let 114 in C1||...||C}), (00,04, @)]

and get_obsv(7T”) = get_obsv(7}). Thus we know there exists ¢ such that
T!(i) = (1, out, “done”). Then we know

. Ty v f1.s
([let II4 in C1||...||C)], (0L, 04,®)) —=* (skip, -).
We can remove all the actions of the newly added commands, construct
a simulation between the two executions, and prove: there exists T, such

that
(|let T4 in C1||...||Cpl, (0c, 00, ®)) —2* (skip, ),
and get_obsv(T,) = get_obsv(T/) = get_obsv(T).
Thus we are done. O

For (3), we define the simulation relation 3 in Figure 9(d), and prove the
following (B.17) by case analysis and the operational semantics:

For any Wl, Sl, WQ, 82, Wg, 83 and €1,

if (Wl,Sl) (WQ,SQ,Wg,Sd) and (Wl,Sl) (Wlasl)

then there exist To, W3, S5, T, W3 and 8% such that

(Wa, S2) =2 (W5, 83), (Wa, Ss) = L7, ),

TB\(*’ ObJ) - 61\( Ob.]) and (lesl) (W2782’ W3783) (B 7)
1

With (B.17), we can prove the following (B.18) by induction over the length of
Tli

For any Wl, Sl, WQ, 82, Wg, 83 and Tl,

if (Wl,Sl) (WQ,SQ,Wg,Sg) (Wl,Sl) >—>+(W1,Sl) and

laSt(Tl) 7é (* 0b.])7
then there exist Ty, W3, S5, T5, W4 and 8§ such that

<W2,82> L2 (W4, 85), (Wi, S3) = (W35, S5),
\(*70b.]) T3\( Ob.]) and (le‘sl) (WZaSQaW3783) (B ]_8)

With (B.18), we can prove the following (B.19):

For any W, S, Wy, &1, Wa, So, W3, S3, Ty and 17,

if (W, S) is well-formed and out of method calls, (W, S) ELN (W1, 81),
(W1,81) 3 (Wa,S2; W3, S3), (W1,851) V@ and lock-free(Ty::T1),
then there exists T5 such that (W3, Ss3) 5w and

T1\(-, obj) = T5\(, obj). (B.19)
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We prove (B.19) as follows. Let T' = Ty ::Ty. Since lock-free(T'), we know one of
the following holds:

(i) there exists ¢ such that Vj > 4. is_clt(7'(j)); or
(ii) for any i, if pend_inv(T'(1..4)) # 0, then there exists j > i such that is_ret(7'(5)).

For (i), we know there exist W{, S, T{ and T}’ such that
(W, S1) ™5+ (W81, (07,85
Ty =TTy, T{ =Ti(1..4), isclt(last(Ty)), Vj.isclt(T (7).
By (B.18), we know: there exist To, W3, S5, T4, W4 and S} such that
(Wa. 82) ™ * (W3, 84), (Wa,Sa) v+ (W5,5), T{\(-,0bj) = T4\(_, obj) and
(W{,87) 3 (W3,8%; W4, S5). Then by coinduction over 77 and from (B.18), we
get: there exists T4 such that
(W5,55) =54 - and T{\ (- 0bj) = T\ (- obj).
Let T5 = T4 :: T3, and we know
(W3,S3) =5« - and Ty\(, obj) = T5\(_, obj).
Suppose (i) does not hold. Thus we know
Vi. 3j. j > i Ais.obj(T(5)) .
By the operational semantics, we know
Vi. 34. 7 > i Apend_inv(T(1..5)) # 0.
Since (ii) holds, we know
Vi. 35. j > i Nis_ret(T(5)) .
Then by coinduction and from (B.18), we know there exists T3 such that

(W3, S3) =5 - and Ty \(_, obj) = T3\ (_, obj).

Thus we have proved (B.19). On the other hand, for any n, C1, ..., Cy, o, 0,
and o,, by Lemma 32, we know
H(let II in Cq||...||Ch), (0¢,00,@)] C H[(let II in MGC,,), (0,0,,®)] .

From IT T, IT4, by Lemma 34, we know IT &, I14. Thus, if ¢(0,) = 04, then
H[(let II in MGC,,), (0,0,,®)] C H[(let I14 in MGC,), (0,0,,®)] .

Then we know

(let IT in C1||...||Cn, (0c,00,®))
= (let I14 in MGC,,, (0,0,,©);
let 14 in Cy ” s “ Ch, (O’C,(Ta, ©))7
Thus, if ([let IT in Cy||...||Cyr], (0, 00,®)) V@ by lock-free,, (IT), we know
lock-free(T"). Then from (B.19) we get: there exists T, such that
(let T4 in Ci|...||Cul, (0c) 00, ®)) —2e .

and T\ (_,obj) = T, \ (., 0bj). Thus get_obsv(T") = get_obsv(T,) and we are done.
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B.4 Proofs of Theorem 10
Similar to Lemma 40, we can prove the following lemma.

Lemma 47 (Finite trace must be wait-free). For any T, if
T € Tu[(let IT in Cy||... || Cn), (0c, 00, @)]
and |T| # w, then wait-free(T) must hold.

We define the MGC version of wait-freedom, and prove it is equivalent to the
original version.

Definition 48. Wait—freei\gcc(ﬂ), iff

Vn,o,,T. T € T,[(let IT in MGC,,), (#,0,,®)] A (0, € dom())
= wait-free(T)

Lemma 49. wait-free,(II) <= Wait—free!\;Gc(H).

Proof. 1. wait-free,,(II) = wait-freeMCC(17) :

Trivial. ’
2. Wait—freegGC(H) = wait-free,(II):
For any T' € T, [(let I in Cy || ... || Cn), (0¢,00,®)], by Lemma 42, we
know one of the following holds:
(1) [T # w; or

(2) there exists ¢ such that Vj > i. is_clt(T'(j)); or
(3) there exists T, such that
T € To[(let IT in MGC,,), (0,0,,@)],

and get_objevt(T) = get_objevt(T},).
For (1), by Lemma 47, we know wait-free(T) holds.
For (2), we know |T'| = w.
For any k and e, if e € pend_inv(T'(1..k)), we know one of the following must
hold:
(i) 3j. j > k Amatch(e, T(j)).
(ii) ¥y. j > k = —match(e, T(j)). Thus we can prove:

Vj > k. e € pend_inv(T'(1..5)).
Let | = max(é, k). Then we know:
Vi > 1 isclt(T(j5)) A e € pend_inv(T'(1..5)).
Thus by the operational semantics, we can prove:
Vi > 1 tid(T'(j)) # tid(e).

Thus we know wait-free(T).
For (3), suppose (1) does not hold for T, and we only need to prove the
following:

for any i and e, if e € pend_inv(T(1..7)), then there exists j > i such

that either Vk > j. tid(T'(k)) # tid(e) or match(e, T'(5)).
From get_objevt(T') = get_objevt(T},), we know

—3i. is_obj_abt(T},(i)).
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Then by the operational semantics and the generation of T},,, we know

—3i. is_abt(T,, (7)).

From Wait—freei\,f'GC(H)7 we know wait-free(7T},, ), then we have

for any i and e, if e € pend_inv(T,,,(1..7)), then there exists j > 4 such
that either Vk > j. tid(T),(k)) # tid(e) or match(e, T,,(j)).
For any i and e, if e € pend_inv(T'(1..7)), since get_objevt(T') = get_objevt(T},),
we know there exists i,, such that

e € pend_inv(T,,(1..i,,)) and get_objevt(T'(1..7)) = get_objevt(Ty,(1..4:,))-

We know there exists j,, > 4., such that one of the following holds:

(i) match(e, Ty (jm)); or

(ii) Vk > jp. tid(T5n(k)) # tid(e).

For (i), since get_objevt(T") = get_objevt(T},,), we know there exists j > ¢
such that match(e, T'(5)).

For (ii), suppose

Vj > i. =match(e,T(j)) and Vj > 4. Ik > j. tid(T'(k)) = tid(e) .
Since e € pend_inv(T'(1..7)), by the operational semantics, we know
Vi >i. 3k > j. T(k) = (tid(e), obj) .
Since get_objevt(T') = get_objevt(T,,), we know
Y > ip. Ik > j. Trn(k) = (tid(e), obj),

which contradicts (ii). Thus we get wait-free(T') and we are done.

O
Then, we only need to prove the following (B.20), (B.21) and (B.22):

HEZ’O Iy, = HE‘:; I 4 (BQO)

I C 1Ty = wait-freel) *“(IT) (B.21)

II T, IT4 A wait-free, (IT) = 1T Efo“’ IT4 (B.22)

Proofs of (B.20) For any n, Cy, ..., C,, 0., 0, and o, such that ¢(o,) = 0q,

for any T', suppose

T e T,[(det IT in Cy||...||Cr),(0c,00,@)] -

Since IT C% I 4, we know there exists T, such that

T, € To[(let IT4 in Cy1||...||Ch), (0c, 06, ®)],
get_obsv(T,) = get_obsv(T') and div_tids(T,) = div_tids(T) .

Thus we are done.
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Proofs of (B.21) Just like the proofs of (B.12), we use the most general client
MGCpl. We first prove the following lemma:

Lemma 50. Suppose II4 is total.
For anyn, 04, T and S, if (T,S) € Oo[(let 114 in MGCpl,,), (0,0,,®)], then
div_tids(T) = S.

Proof. We know there exists T such that

Ty € To[(let 114 in MGCpl,), (0, 04,®)],
T = get_obsv(T}) and S = div_tids(T}).

It’s easy to see that div_tids(7) C S.
On the other hand, for all t € S, we know:

Vi. 3j. 5 > i Atid(TL(j)) = t.

By the operational semantics and the generation of T}, we know
Vi. 3j. j > i ATi(j) = (t,out, 1).

Thus we can prove:

Vi. 3. 7 > intid(T(j)) =t.
Thus t € div_tids(7T'), and we are done. O

For any n, 0,, 0, and T such that ¢(o,) = 04, if
T € T,[(let IT in MGC,,), (0, 0,,®)],
by Lemma 44(1), there exists T}, such that
T, € To[(let IT in MGCpl,,), (0, 0,,®)] and T},\(-,out,1) =7

Suppose —3i. is_abt(T(i)).
Then for any ¢ and e, if e € pend_inv(T(1..7)), we know there exists i, such that

e € pend_inv(T,(1..ip)) and (T, (1..3))\(-, out, 1) = T'(1..7).
Let t = tid(e), we suppose
Vi > i. 3k > 4. tid(T(k)) = tid(e) = t.
Since T, \(-,out, 1) = T, we know:
Vi > iy 3k > j. tid(T, (k) = t.

Thus we know

t € div_tids(T) .
On the other hand, since IT pr‘“ 114, we know:

Oy[(let IT in MGCpl,,), (0, 0,,®)] € Ow[(let II4 in MGCpl,,), (0, 0,,®)] .
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Then from Lemma 50, we know
div_tids(T},) = div_tids(get_obsv(T},)).
Thus
t € div_tids(get_obsv(T},)),
and then we can prove:
Vj. 3k > j. Tp(k) = (t,out, 1).
Then since e € pend_inv(T,(1..i,)) and by the operational semantics, we know
there must exist j such that j > i, and match(e, T,,(5)).
Since T, \ (-, out, 1) = T, we know:
there exists j such that j > ¢ and match(e, T'(j)).

Thus wait-free(T') and we are done.

Proofs of (B.22) We need to prove that if IT T, IT4 and wait-free, (17), then

for any n, Cq, ..., Cp, 0., 0, and o, such that ¢(o,) = o4, we have
Otw[[(let Il in Cl || ce ” Cn)a (O-ca 0o, ©)H
C Owl(et Iy in C1|...||Cn), (0c,04,@)] -

Thus we only need to prove: for any T,

(1) If (|let IT in Cy ||.. .|| Cnl, (0c, 00, ®)) —— * abort,
then there exists T, such that
([let IT4 in Cq||...||Cnl, (0c, 00, ®)) 2 * abort and
get_obsv(T') = get_obsv(T,).

(2) If ([let 17 in Cy|...[|Cul, (0c, 00, ®)) == (skip, ),
then there exists T, such that
([let IT4 in Cy||...||Chl, (0c, 0a, ®)) —2* (skip, ) and
get_obsv(T') = get_obsv(Ty,).

(3) If (|let IT in Cy||...||Cul, (0c, 00, ®)) —® -,
then there exists T, such that
(et 174 in Cy|...[|Col, (00, 00, ®)) =5,

get_obsv(T') = get_obsv(T,) and div_tids(T") = div_tids(T,).

(1) and (2) are proved in Lemma 46.

For (3), we define the simulation relation 3 in Figure 9(d), and as in the
proof for (B.13), we can get the following (B.23) from (B.19) and the fact that
wait-free(Tp:: 71 ) implies lock-free(Tp:: Ty ):
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For any VV7 S, Wl, 81, WQ, 82, W3, 83, TO and Tl,

if (W, S) is well-formed and out of method calls, (W, S) ELN (W1, 81),
(W1,81) 3 (Wa,S2; W3, S3), (W1,851) e and wait-free(Tp:: T1),
then there exists T3 such that (W3, Ss3) 5w and

Tl\(*» Obj) = T3\(*7 Obj)'

(B.23)
On the other hand, for any n, Cy, ..., C,, 0., 0, and o4, by Lemma 32, we
know
H(let II in C1||...||Ch), (0¢,00,@)] C H[(let II in MGC,), (0,0,,®)] .

From IT C,, IT4, by Lemma 34, we know IT &, I14. Thus, if ¢(0,) = 0,4, then
H[(let IT in MGC,,), (0,0,,®)] C H[(let I14 in MGC,), (0, 0,,®)] -

Then we know

(let IT in C1|]...||Ch, (0c,00,®))
= (let II4 in MGC,,, (0, 0,,®);
let T4 in C1||...||Cy, (0c,04,®)),

Thus, if ([let IT in Cy ||...||Cn, (0c, 00, ®)) ——* -, by wait-free,,(IT), we know
wait-free(T"). Then from (B.23) we get: there exists T, such that

(let o in Cy||...||Cnl, (0c) 00, ®)) —2% - and T\(_, 0bj) = Tu\(_, obj).

Thus we know get_obsv(T') = get_obsv(T).
Below we prove: div_tids(T") = div_tids(7}).

(a) div_tids(T) C div_tids(T,):
For any i, since T\(-,0bj) = T,\ (-, 0bj), we know there exists i’ such that
T(1..i")\(, 0bj) = T, (1..i)\(, obj). For any t € div_tids(T"), we know

35§ > Atd(T(5) =t.

If T(5) # (t,0bj), since T\(_, 0bj) = T, \ (-, 0bj), we know there exists j > i
such that T,(j5) = T(j").

Otherwise, T'(j') = (t, obj). By the operational semantics and the generation
of T', we know there exists e such that

e € pend_inv(T(1..5/ — 1)) and tid(e) = t.

Since wait-free(T), we know one of the following holds:
(i) there exists [ > j' such that Vk > [. tid(T(k)) # t; or
(ii) there exists j” > j’ such that match(e, T'(j")).
Suppose (i) holds. Since t € div_tids(T"), we know

35", 3" > LAG(T(") = t,
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which is a contradiction.

Thus (ii) must hold. Thus T'(5”) = (t,ret,_) and j” > ¢’. Since T\(_, obj) =
T.\(-, obj), we know there exists j > ¢ such that T,(j) = T'(j").

Thus we have proved

Jj. 7 > iAntd(T.(5)) =t.

Therefore t € div_tids(T,).

div_tids(7,) C div_tids(Ty):

For any ¢, since T\ (-, obj) = T,\(, 0bj), we know there exists ¢ such that
T(1..i")\(,0bj) = T, (1..0)\(, obj). For any t € div_tids(7T},), we know

=
S~—

Jj. j > iAtid(To(j)) =t.

If T,(j) # (t,obj), since T\(-,0bj) = T,\(-,0bj), we know there exists
j' >4’ such that T,(j) = T(j).

Otherwise, T, (j) = (t,0bj). By the operational semantics and the generation
of T,,, we know one of the following holds:

(i) Vk > j. tid(T,(k)) # t; or

(i) there exists j” > j such that match(e, T, (5")).

Suppose (i) holds. Since t € div_tids(Ty,), we know

35", 7" > g Atid(Ta (")) =t,

which is a contradiction.

Thus (ii) must hold. Thus T,(5”) = (t,ret, _) and j” > i. Since T'\(_, obj) =
T.\(-, obj), we know there exists j° > ¢’ such that T, (") = T(j").

Thus we have proved

35§ > Atd(T() =t.
Therefore t € div_tids(T").

Thus we are done.

B.5 Proofs of Theorem 18

Lemma 51 (Finite trace must be obstruction-free). For any T, if
Te 7;[[(let IT in C4 “ s ” Cn)v (Uca Oo, @)]]
and |T'| # w, then obstruction-free(T') must hold.

We define the MGC version of obstruction-freedom, and prove it is equivalent
to the original version.

Definition 52. obstruction—freeZ’GC(ﬂ), iff

Vn,o,,T. T € T,[(let IT in MGC,,), (0, 0,,®)] Aiso(T) A (0, € dom(p))
= (Ji. is_obj_abt(T(¢))) V (Vi. 3j. § > ¢ Aisret(T(5))) .
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Lemma 53. obstruction-free, (II) <= obstruction—freeycc(ﬂ).

Proof. From Figure 7, we know obstruction-free,, (IT) is equivalent to the follow-
ing:
Vn,Ch,...,Cn,0c,00,T.
T e To[(let IT in Cy||...||Ch), (0c,00)] Aiso(T) A (o6 € dom(p))
= lock-free(T")
By Lemma 43, we know it is equivalent to the following:
Vn,o0,T. T € To,[(let IT in MGC,,), (0, 05,®)] Aiso(T) A (oo € dom(p))
= (3i. is_obj_abt(T'(2))) V (Vi. 3j. j > i Alis_ret(T'(j))) .
Thus we are done. ad

Then, we only need to prove the following (B.24), (B.25) and (B.26):

NCY Iy = ITC, Iy (B.24)
1 Ef;’ Iy, = obstruction—freewcc(ﬂ) (B.25)
II T, I14 A obstruction-free, (I1) = II Eé‘” 114 (B.26)
Proofs of (B.24) For any n, C4, ..., C,, 0., 0, and o, such that ¢(0,) = 0q,
for any T if
T € O[(et IT in C1||...||Ch), (0c,00,@)],
we know there exists T7 such that T' = get_obsv(7}) and
Ty € T[(et IT in Cy||...||Cr), (0c,00,@)] -

Thus there exists T and 77 such that T} = Ty :: Ty, where iso(T]) holds, and
one of the following holds:

(i) (et IT in Ci|...|[Cnl, (00r 00, ®)) rHs® - or
(i) ([let 1T in C1|...||Cnl, (0e, 00, ®)) +s* (skip, ); or
(i) ([let II in Cy||...[|Cpn], (0c, 00, @)) s+ abort.
Thus,

Ty € T,[(let I in C1||...||Ch), (0¢, 00, ®)] and iso(TY').
Since IT E;‘*’ 11,4, we know there exists T4 such that

Ty € T,[(let IT4 in Cy||...||Cn), (0, 04,@)],

and

get_obsv(T4) = get_obsv(T}') = T::get_obsv(T7).
Thus there exists Ty such that

To € T[(let T4 in Cy||...||Cr), (0¢,04,@)] s
and get_obsv(Ty) = T. Thus
TeO[(let 14 in C1||...||Ch), (0c,04,@)],

and we are done.
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Proofs of (B.25) The proof is similar to the proof of (B.12).
To prove obstruction-free" ¢ (II), we want to show: for any n, o,, 0, and T, if
T € T,[(et IT in MGC,,), (0,0,,®)], iso(T) and ¢(0,) = 04, then the following
(B.14) holds:
(Fi. is_obj_abt(T(¢))) V (Vi. 35. § > i Nis_ret(T(j))) -

First, if T € T,[(let II in MGC,,), (0, 0,,®)] and iso(T"), by Lemma 44(1),
there exists T}, such that

T, € To[(let IT in MGCpl,,), (0,0,,®)], T,\(-,out,1) =T
and Vi, t. T,(i) = (t,ret, ) < T,(i +1) = (t,out, 1).

Since iso(T'), we know
T|=w = 3t,i. (V). j>i = tid(T(j)) =1).

If |T,| = w, by the generation of T, and T,,\(-,out,1) = T, we know |T| = w.
Thus there exist tg and 7 such that

Vi.j>1 = tid(T(j)) =to.
Since T, \ (-, out, 1) = T, we know there exists i, such that
Vj. j>1i, = tid(T,(j)) =to VI,(j) = (-,out,1).
By the generation of T),, we know there exists ¢’ such that
Vj.j>i = tid(Tp(j)) =to.

Thus iso(7},) holds.
Since IT E;“’ I14, we know

Oiul(let IT in MGCpl,,), (0, 0,,®)] € O,[(let 114 in MGCpl,,), (0, 0,,®)] .

From Lemma 45, we know for any T, if T € O, [(let IT in MGCpl,), (0, 0,,®)],
then T is an infinite trace of (_, out, 1).
Then we know: get_obsv(7},) is an infinite trace of (-, out,1). Thus |T,| = w

and the following (B.15) holds:
Vi.3j.j > iAT,(j) = (L,out, 1).
As in the proof of (B.12), we prove the following (B.16) from (B.15):
Vi. 3j. j > i Nis_ret(Tp(4)) -

Since Tp\ (-, out, 1) = T', from (B.16), we know (B.14) holds and we are done.
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Proofs of (B.26) We need to prove that if IT T, IT4 and obstruction-free,, (IT),

then for any n, C1, ..., Cp, 0., 0, and o, such that ¢(o,) = 04, we have
Oiu[(et IT in C1||...||Ch), (0c,00,®)]
COuf(et Iy in C1||...||Cr), (0c,04,@)].
Thus we only need to prove: for any T,
(1) If (|let IT in Cy||...||Cpl, (0c, 00, ®)) ——* abort,
then there exists T, such that
(llet II4 in C1||...||Ch], (0c,04,®)) 2 * abort and
get_obsv(T') = get_obsv(Ty,).
(2) It (|let 1T in Cy|...||Cnl, (0c, 00, ®)) —=* (skip, ),
then there exists T, such that
([let I14 in Cy||...||Chl, (00, 0a, ®)) —2* (skip, ) and
get_obsv(T') = get_obsv(T,).
(3) If (|let IT in C1||...||Cnl, (0c, 00, ®)) —=¢ - and iso(T),
then there exists T, such that
([let II4 in Cy||...||Cnl, (0c, 00, ®)) ey and

get_obsv(T") = get_obsv(Ty).

(1) and (2) are proved in Lemma 46.
For (3), as in the proofs for (B.13), we define the simulation relation = in
Figure 9(d), and prove the following (B.19):

For any W, S, W1, §1, Wa, Sa, W3, Ss, Ty and 17,

if (W,8) is well-formed and out of method calls, (W,S) LN (W1, 81),
(W1, 81) 2 (Wa, So; W3, Ss), (W1,81) e and lock-free(Ty:: Ty),
then there exists T3 such that (W3, S3) @ and

T1\(-, 0bj) = T3\(-, obj).

On the other hand, for any n, Cy, ..., C,, 0., 0, and o4, by Lemma 32, we
know
Hl(let I in Cy||...||Cn), (0¢,00,®)] C H[(let IT in MGC,), (§,0,,®)] .

From IT C,, IT4, by Lemma 34, we know IT &, I14. Thus, if ¢(0,) = 0q, then
H[(et IT in MGC,), (0,0,,®)] C H[(let IT4 in MGC,,), (0, 0,,®)] .

Then we know
(let IT in Cy||...||Cn, (¢, 04, ®))
= (let IT4 in MGC,,, (0, 0,,®);
let 14 in C1||...||Ch, (0¢,04,®)),

Thus, if (|let 1T in Cy||...||Cpl, (0c, 00, ®)) ——¢ - and iso(T),
by obstruction-free,, (IT), we know lock-free(T"). Then from (B.19) we get: there
exists T, such that

(et T4 in Cy||...||Cnl, (0cs 00, ®)) 25
and T\ (_,0bj) = T, \ (., 0bj). Thus get_obsv(T") = get_obsv(T,) and we are done.
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B.6 Proofs of Theorem 22

We define the MGC version of deadlock-freedom, and prove it is equivalent to
the original version.

Definition 54. deadlock-freel)®“(II), iff

Vn,o0,T. T € T,[(let II in MGC,,), (§,0,,®)] A objfair(T) A (o, € dom(p))
= (Ji. is_obj_abt(T'(¢))) V (Vi. 34. j > i Aisret(T'(5))) ,

where objfair(T) says object steps are fairly scheduled:

objfair(T) = |T|=w
= (Vt € [L.tnum(D)]. Yn. |(T]:)| =n
= is_ret((T|y)(n)) Visclt((T]t)(n)) V (T'])(n) = (t, term)) .

It’s easy to see:
VT. fair(T') = objfair(T).

Lemma 55. For any T and T,,, if fair(T), get-objevt(T) = get_objevt(T},),
|T| =w and

T eT,[(let II in Cy||...||Cn), (0¢,00,®)],
then objfair(T,,).

Proof. Suppose |(Ti,|t)| = n and the index of (Ti,|¢)(n) in Ty, is 1. If is_ret(T},, (1))
or is_clt(T,, (1)) or Tp,,(I) = (t, term), we are done. Otherwise, we know

is.inv(Ty, (1)) or T, (1) = (t, 0bj).

Since get_objevt(T) = get_objevt(T},), we know there exists 7 such that

T(i) =Tn(l) and get-objevt(T(1..7)) = get-objevt(T,,(1..1)).
Thus tid(7'(7)) =t and

is_inv(T'()) or T(i) = (t, obj).
From fair(T), we know
5. j>intd(T(j)) =t.
By the generation of T and the operational semantics, we know
3j. j > i Atid(T(f)) = t A is-obj(T(j)) .
Since get_objevt(T") = get_objevt(T,,), we know
5. j > IAtd(Tn(5)) = t Aisobj(Thn(5))

which contradicts the assumption that |(T),[¢)] = n and the index of (T;,|:)(n)
in T}, is I. Thus neither is_inv(7}, (1)) nor T,,(I) = (t,obj) holds, and we are
done. O
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Lemma 56. deadlock-free,(II) < deadlock—free'\;GC(H).

Proof. 1. deadlock-free,(IT) = deadlock—freech(ﬂ):

As in the proof for Lemma 43, we can prove the following (B.9):

Vn,o0,T. T € To[(let II in MGC,), (0, 0,,®)] A (00 € dom(yp)) A lock-free(T)
= (Fi. is_obj_abt(T'(4))) V (Vi. 3j. 7 > i Ais_ret(T(5)))

Then we only need to prove the following (B.27):

Vn,o0,T. T € To[(let IT in MGC,,), (0, 05,®)]
Aobjfair(T) A (0, € dom(y)) A deadlock-free, (IT) (B.27)
= lock-free(T')

For T such that T’ € 7,[(let II in MGC,), (0, 0,, ®)] and objfair(T), if | T'| #
w, then we know fair(T"). By the definition of deadlock-free, (IT), we know
lock-free(T"). Otherwise, we know |T| = w, and let

S = {t] 3n [(T])] = n A (T])(n) # (t, term)}
= (e[ 1(T])] # w}-

Then we construct another program W =let IT in Cy ||...|| C, as follows:
for any t € [1..n],

tdS = C=MGT
tesS
= C; = local i; 4 := 0;
while (it < n¢){ frand(m)(rand());i¢ ;=i +1 }
where ny = |get_hist(T'|:)|/2

Let 0. = {ir~ 0]t € S}
We can construct a simulation between let IT in MGC,, and W, and show
that there exists 7" such that

T € T,[W,(0c,00,®)], fair(T’) and get objevt(T) = get_objevt(T”).

From deadlock-free,, (I1T), we know lock-free(T"). We can prove the following
(B.28):

If |T| = w, getobjevt(T) = get_objevt(T”) and lock-free(T"),

then lock-free(T') . (B.28)
Then we know lock-free(T") and hence (B.27) holds.
We prove (B.28) as follows. Since |T| = w, we know one of the following

must hold:

(i) there exists i such that Vj > i. isclt(T(5));

(i) Vi. 3j. j > i Ais-obj(T(j)).

For (i), we know lock-free(T').

For (ii), since get_objevt(T) = get_objevt(T"), we know

Vi. 3j. j > i Ais.obj(T"(5)).
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Since lock-free(T"), we know
for any i, if pend_inv(7"(1..i")) # 0, then there exists j° > i’ such
that is_ret(T'(j)).

For T, for any 4, we know there exists i’ such that

get_objevt(T'(1..i)) = get_objevt(T'(1..7")) .
If pend_inv(T'(1..7)) # (0, we know
pend_inv(T"(1..5")) # 0.
Then we get:
there exists j' > ¢’ such that is_ret(T'(j")).
Thus we know:
there exists j > i such that is_ret(T'(5)).

Therefore lock-free(T) and we have proved (B.28).
. deadlock—freewec(ﬂ) = deadlock-free,, (1) :
For any T such that

T e %H(let II'in Cy ” s ||Cn)7 (06700;@)]]7

by Lemma 42, we know one of the following holds:
(1) |T] # w; or
(2) there exists i such that Vj > i. is_clt(T'(5)); or
(3) there exists T,, such that
T € Tol(let II in MGC,,), (0,0,,0)],
and get_objevt(T) = get_objevt(T},).
For (1), by Lemma 40, we know lock-free(T').
For (2), we know lock-free(T') holds immediately by definition.
For (3), suppose (1) does not hold. If fair(T"), by Lemma 55, we know
objfair(7;,) holds. Then from deadlock-free{®(IT), we know

(Fi. is_obj_abt(T,,(7))) V (Vi. 35. j > i Nis_ret(Tn(7))).
Thus we have:
(Fi. is_obj_abt(T'(¢))) v (Vi. 3j. j > i Alis_ret(T(j))).
If Ji. is_obj_abt(T(7)), we know lock-free(T"). Otherwise, we know
Vi. 34. 7 > i Nis_ret(T'(5)).

Thus, for any i, if pend_inv(7'(1..i)) # 0, then there exists j > i such that
is_ret(T'(j)). Therefore lock-free(T") and we are done.

O
Then, we only need to prove the following (B.29), (B.30) and (B.31):
nchk i, = IC, Il (B.29)
I T Ty = deadlock-freels °“(IT) (B.30)
II C, IT4 A deadlock-free, (IT) = IT E{;" T4 (B.31)
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Proofs of (B.29) For any n, Cy, ..., Cy, o., 0, and o, such that ¢(o,) = 0,,
for any T if

T € O[(let II in Cy||...||Cn), (0¢,00,®)],
we know there exists T such that T = get_obsv(T}) and
Ty € T[(let IT in Cy||...||Cp), (cc,00,®)] -

Thus there exists T and Ty’ such that T = T3 :: T{, where fair(77) holds, and
one of the following holds:

(i) (et IT in Ci|...|[Cols (00r 00, ®)) rHs® : or
(i) (|let IT in C1||...]|Cn], (0c00,®)) T (skip, -); or
(i) ([let 1T in C. .. .|| Cnl, (00 50, ®)) rs* abort.
Thus,
T € T,[(let IT in C1||...||Cp), (0c,00,®)] and fair(T}').

Since IT Q;‘*’ 114, we know there exists T}’ such that
Ty € To[(let 114 in Cy||...||Cp), (0¢c,04,®)],
and
get_obsv(T4) = get_obsv(T7') = T::get_obsv(T7).
Thus there exists Ty such that
Ty € T[(let IT4 in Cy||...||Cn), (0c, 04, @)],
and get_obsv(T3) = T'. Thus
TeO[(let II4 in C1||...||Ch), (0c,04,@)],
and we are done.
Proofs of (B.30) The proof is similar to the proof of (B.12), except that we
need to first prove the following lemma:
Lemma 57. Suppose Il 5 is total. If IT Q;W 11 4, then
Oop(let IT in MGCpl,,), (0,0,,©)] € O,[(let IT4 in MGCpl,,),(0,0,,®)],
where

O [W, 8] & {getobsv(T) | T € T.,[W,S] A objfair(T)
AVi,t. T(i) = (t,ret,.) < T(i+1)=(t,out,1)}.

Proof. For any T and T, such that
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T € T,[(let IT in MGCpl,,), (0, 0,,®)], objfair(T),
Vi t. T(i) = (t,ret,_) < T(i+1) = (t,out, 1),

and T, = get_obsv(T), if |T| # w, we know fair(T") holds, thus
T, € Op[(let II in MGCpl,,), (0, 0,, ®)].
From IT EJ;W 1T 4, we know
T, € Oy[(let I14 in MGCpl,,), (0, 0,,®)].

Otherwise, we know |T'| = w, and let

S = {t|3n. (Tl = n A (T|)(n) # (1, term)}

= {t[1(Tl)] # w}.
Since |T| = w, we know there exists t such that |(T|;)| = w and hence t &€ S.
Then we construct another program W =let IT in C ||...|| C, as follows: for
any t € [1..n],
tdS = C,=MGTpl
tes

= C; = local iy; iy := 0;
while (i, < n¢){
frand(m)(rand()); print(1); 4, := i, + 1;

where n, = |get_hist(T|)|/2

Let o, = {ir~ 0|t e S}.
We can construct a simulation between let II in MGCpl,, and W, and show
that there exists 7" such that

T € T,[(let IT in C1||...||Cr), (0c,00,®)],
fair(T’) and get_obsv(T) = get_obsv(T") = T,.

Since IT Q;“ I14, we know

T, € O,(let I14 in C1||...||Cr), (0¢, 0a, ®)]-
Thus there exists 7" such that
T" € T,[(let T4 in Cy||...||Ch), (0¢,04,®)], and getobsv(T")=1T,.

Since there exists t such that C; = MGCpl, we can construct a simulation and
show that there exists 7" such that

T" e T,[(let ITy in MGCpl,), (0, 0,,®)],
and getiobsv(TN) = get,ObSV(TIH) = To .

Thus we are done. O

To prove deadlock—freeMGC(H)7 we want to show: for any n, o,, 0, and T,
if T € T,[(let II in MGC,,), (0, 0,,®)], objfair(T") and ¢(0,) = 04, then the
following (B.14) holds:
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(Fi. is_obj_abt(T'(¢))) V (Vi. 3j. § > i Nis_ret(T'(j))) -

First, if T € T, [(let II in MGC,,), (0, 0,, ®)] and objfair(T’), by Lemma 44(1),
there exists T}, such that

Ty € To[(let IT in MGCpl,), (0,00, ®)], Tp\(-out,1) =T
and Vi, t. T,(¢) = (t,ret,) < T,(i+ 1) = (t,out, 1).

Since objfair(T"), we know objfair(7},) also holds.
Since IT Efip“’ Il 4, by Lemma 57, we know

Oop[(let IT in MGCpl,,), (0,0,,®)] C Oy[(let II4 in MGCpl,), (0,04, ®)] .

From Lemma 45, we know for any T, if T' € O,y [(let II in MGCpl,,), (0, 00, ®)],
then T is an infinite trace of (_, out, 1).

Then we know: get_obsv(7},) is an infinite trace of (-, out,1). Thus |T,| = w
and the following (B.15) holds:

Vi. 3j. j > i AT,(j) = (L,out, 1).
As in the proof of (B.12), we prove the following (B.16) from (B.15):
Vi. 35. 5 > i Nis_ret(Tp(4)) -
Since T,\(-,out,1) =T, from (B.16), we get (B.14) and thus we are done.

Proofs of (B.31) We need to prove that if IT T, IT4 and deadlock-free, (IT),

then for any n, C1, ..., Cp, 0., 0, and o, such that ¢(o,) = 04, we have
Op,[(let IT in Cy||...||Ch), (0¢, 00, ®)]
C Ou(et Iy in Cy|]...||Cr), (0c,04,@)] .

Thus we only need to prove: for any 7,

(1) If (|let IT in Cy||...||Cul, (0c, 00, ®)) ——* abort,

then there exists T, such that
(llet II4 in C1||...||Ch], (0c,04,®)) 2 * abort and
get_obsv(T') = get_obsv(T,).

(2) If ([let 1T in Cy ... [ Cul, (00, 7, ©)) == (skip, -),
then there exists T, such that
([let IT4 in Cy||...||Cnl, (0c,0a,®)) LN (skip, -) and
get_obsv(T") = get_obsv(Ty,).

(3) If ([let IT in C1||...||Cpl, (0c; 00, ®)) ——=¢ - and fair(T),
then there exists T, such that
(|let T4 in C1||...||Cpl, (0c, 00, ®)) ~2¢ - and
get_obsv(T") = get_obsv(Ty).

(1) and (2) are proved in Lemma 46.
For (3), as in the proofs for (B.13), we define the simulation relation = in
Figure 9(d), and prove the following (B.19):
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For any W, S, W1, 81, Wa, Sa, W3, Ss, Ty and 17,

if (W,S) is well-formed and out of method calls, (W,S) LN (W1, 81),
(W1,S1) < (Wa, So; W3, S3), (W, 81) 5« - and lock-free(T, :: T}),
then there exists T5 such that (W3, Ss3) V@ and

T1\(-, obj) = T3\(-, obj).

On the other hand, for any n, Cy, ..., C,, 0., 0, and o4, by Lemma 32, we
know
H[(let IT in Cy||...||Cp), (0¢,00,®)] € H[(let I in MGC,,), (0, 0,,9)] .

From IT T, IT4, by Lemma 34, we know IT &, I14. Thus, if ¢(0,) = 04, then
H[(let II in MGC,,), (0,0,,®)] C H[(let II4 in MGC,,), (0, 0,,®)] .

Then we know

(let IT in C1||...||Cn, (0c,00,®))
= (let I14 in MGC,, (0, 0,,©);
let I14 in Cy ” s “ Ona (0070a7 ©))7

Thus, if (|let IT in Cy||...||Chl, (0c, 00, ®)) ——=¢ - and fair(T),
by deadlock-free,, (1), we know lock-free(T"). Then from (B.19) we get: there
exists T, such that

(let IT4 in Cy||...||Chl, (0c, 0a,®)) —25 -
and T\ (_, obj) = T, \(_, 0bj). Thus get_obsv(T") = get_obsv(7T,) and we are done.

B.7 Proofs of Theorem 26

We define the MGC version of starvation-freedom, and prove it is equivalent to
the original version.

Definition 58. starvation—freeycc(ﬂ), iff

Vn,o0,T. T € Ty[(let II in MGC,,), (0, 0,,®)] A objfair(T) A (o, € dom(p))
= wait-free(T)

Lemma 59. starvation-free,(II) <= starvation—freei\fGC(H).

Proof. 1. starvation-free, (/1) = starvation—freexcc () :
We only need to prove the following (B.32):

Vn,o0,T. T € To[(let II in MGC,,), (0,0,,0)]
Aobjfair(T) A (0, € dom(p)) A starvation-free, (1I) (B.32)
= wait-free(T")

For T such that T' € 7, [(let II in MGC,,), (0, 0,,®)] and objfair(T"), if |T'| #
w, then we know fair(7"). By the definition of starvation-free,,(IT), we know
wait-free(T'). Otherwise, we know |T'| = w, and let
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S = {t|3n. [(T|)] =n A (T])(n) # (1, term)}
= {t[ (Tl # w}-

Then we construct another program W =let I in Cy ||...|| C,, as follows:
for any t € [1..n],

tgS = Ci=MGT
tesS
= C; = local i; i := 0;
while (it < n¢){ frana(m)(rand());i; ;=i +1 }
where n, = |get_hist(T|+)|/2

Let 0. = {ir~ 0]t € S}.
We can construct a simulation between let IT in MGC,, and W, and show
that there exists T” such that

T € T,[W, (0¢,00,®)], fair(T’) and get_objevt(T) = get_objevt(T”).

From starvation-free, (IT), we know wait-free(T”). We can prove the following
(B.33):

If |T| = w, get_objevt(T) = get_objevt(T”) and wait-free(T"),

then wait-free(T) . (B.33)

Then we know wait-free(T") and hence (B.32) holds.
We prove (B.33) as follows. Since get_objevt(T') = get_objevt(T"), for any 4,
we know there exists i’ such that

get_objevt(T'(1..7)) = get_objevt(T"(1..7")) .
For any e, if e € pend_inv(T'(1..7)), we know
e € pend_inv(T"(1..7')) .

From wait-free(T"), we know one of the following holds:

(i) there exists j/ > ' such that match(e,T77(j")).

(i) there exists j° > i’ such that V&' > j'. tid(T'(k')) # tid(e).
For (i), since get_objevt(T) = get_objevt(T”), we know

there exists j > ¢ such that match(e, T'(5)).

For (ii), assume (i) does not hold. Then we know e € pend_inv(T”). Since
get_objevt(T') = get_objevt(T”), we can prove

e € pend_inv(T).
Let t = tid(e). Suppose
Vi >4. 3k > 4. tid(T(k)) =t.

Then, by the operational semantics and the generation of T', we know
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Vi >i. 3k > j. T(k) = (t,0bj).
Since get_objevt(T) = get_objevt(T”), we know
V' > i’ 3K > §1. T'(kK') = (t,0bj),
which contradicts (ii). Thus we know
35 > 0. Vk > 5. td(T(k)) # t.

Therefore wait-free(T") and we have proved (B.33).
2. starvation—freeycc(ﬂ) = starvation-free, (II):
Almost the same as the proof for Lemma 49, except that we need to apply

Lemma 55.
O

Then, we only need to prove the following (B.34), (B.35) and (B.36), where
(B.34) is trivial from definitions:

N Iy = I I, (B.34)
n E{Zw n, = starvation—freegcc(ﬂ) (B.35)
IT T, Il 4 A starvation-free,(II) = II Eg‘“ 1Ty (B.36)

Proofs of (B.35) For any n, 0,, 0, and T such that ¢(o,) = o4, if T €
T.[(let IT in MGC,,), (0, 0,,®)] and objfair(T), suppose

—3i. is_abt(T()),
then by the operational semantics, we only need to prove:

for any 7 and e, if e € pend_inv(T'(1..7)), then there exists j > i such that
match(e, T'(5)).

Suppose it does not hold. Then we know there exists tg such that
Fi.Vj. j>i= (T ) () = (to, obj) .
By Lemma 44(1), there exists T}, such that

T, € To[(let IT in MGCpl,)), (0,0,,®)], Tp\(-,out,1) =T
and Vi, t. T,(i) = (t,ret,.) < T,(i +1) = (t,out, 1).

By the operational semantics, we know
Fi. V4. 5> i = (Tyly)(J) = (to, obj) .

Let
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Thus we know

to & S.

We construct another program W = let IT in C || ... || C), as follows: for any
t € [1..n],

tZS = Ci=MGTpl
te S
= C} = local it; 4 :=0;
while (i < n¢){
frand(m)(rand()); print(1); i := i 4 1;

where ny = |get_hist(T'|+)|/2

Let 0. = {it ~ 0 | t € S}. We can construct a simulation between let IT in MGCpl,,
and W, and show that there exists TI', such that

T, € To[(let IT in Cy||...||Cy), (0¢,00,@)] , fair(T}),
get objevt(T},) = get objevt(T})) and get obsv(7},) = get obsv(T}) .

Thus we know there exists ¢ such that
Vj. j zi= (Tyl) (i) = (to, 0bj).
Thus we have
|(get-obsv(T})l,)| <.

On the other hand, since IT QZ‘*’ IT4, we know:

Opl(et IT in Ci|...||Cp), (0c, 00, ®)]
- Ofwﬂ(let I, in C; || .. || Cn), (O’C,(Ta7 @)]] .

Thus there exists T;’ such that

T) € To[(let 14 in Cy|...||Ch), (0c, 04, 0)],
fair(T})) and get obsv(T}’) = get obsv(T}) .

Since Cy, = MGTpl and fair(7}), we know
(T o) = w0,
and also
|(get-obsv(T})lt, )| = |(get-obsv(T)lt, )| = w,

which contradicts the fact that |(get-obsv(T})[s,)| < i. Thus we know wait-free(T’)
and we are done.
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Proofs of (B.36) We need to prove that if IT T, IT4 and starvation-free,, (IT),

then for any n, C1, ..., Cp, 0., 0, and o, such that ¢(o,) = 04, we have
Op[(let IT in C1||...[|Cp), (0¢,00,@)]
COplllet IT4 in C1||...||Ch), (0c,04,@)] -
Thus we only need to prove: for any T,
(1) If (|let IT in Cy||...||Cpl, (0c, 00, ®)) ——* abort,
then there exists T, such that
([let IT4 in Cy||...||Cnl, (0c,0a,®)) 2 * abort and
get_obsv(T') = get_obsv(Ty,).
(2) Tf ([let IT in Cy||...||Cnl, (0c, 00, ®)) —* (skip, ),
then there exists T, such that
(llet T4 in Cy||...||Cnl, (00, 0a, ®)) —2* (skip, ) and
get_obsv(T') = get_obsv(Ty,).
(3) If (|let IT in C1||...||Cn], (0¢,00,®)) @ and fair(T),
then there exists T, such that
([let T4 in Cy||...||Cnl, (0,00, ®)) —2¢ -,

get_obsv(T') = get_obsv(T,) and fair(T,).

(1) and (2) are proved in Lemma 46.
For (3), as in the proofs for (B.22), we define the simulation relation = in
Figure 9(d), and prove the following (B.23):

For any W, S, Wy, 81, Wa, So, W3, S3, Ty and 17,

it (W,S) is well-formed and out of method calls, (W,S) LN (W1, 81),
(W1, 81) 3 (Wa, So; W3, S3), (W1,81) Jhw L and wait-free(Tp:: T1),
then there exists T5 such that (W3, S3) 5w and

T1\(-, 0bj) = T5\(-, obj).

On the other hand, for any n, Cy, ..., Cy, o¢, 0, and o4, by Lemma 32, we
know
H[(et IT in C1||...||Ch), (0c,00,®)] € H[(let IT in MGC,), (0,0,,®)]

From IT T, IT4, by Lemma 34, we know IT &, I14. Thus, if ¢(0,) = 04, then
H[(let IT in MGC,,), (0,0,,®)] € H[(let 14 in MGC,), (0,0,,®)] -

Then we know

(let IT in C1||...||Cn, (0¢,00,®))
= (let I14 in MGC,,, (0,0,,©);
let 14 in C1||...||Ch, (0¢c,04,®)),

Thus, if (|let IT in Cy ||...||Cnl, (0c, 00, ®)) —* - and fair(T),

by starvation-free, (/T), we know wait-free(T"). Then from (B.23) we get: there
exists T, such that
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(llet 114 in Cy||...||Cnl, (0, 00, ®)) —5« -, and T\(_,0bj) = T,\(_, obj).

)
Thus we know get_obsv(T') = get_obsv(T,).
Below we prove: fair(7,). Since fair(T) and |T| = w, we know for any t,

either |(T|y)| = w, or last(T];) = (t, term).

(a) last(T|:) = (t, term):
Since T\ (-, 0bj) = T,\ (-, 0bj) and by the operational semantics, we know
last(T,]:) = (t, term).

(b) (T} = o
Since T\ (-, 0bj) = T, \(-, 0bj), we know

(TIo\(t, 0bj) = (Tul)\(t, obj) .
Suppose |(T,|t)| # w. Then we know |(Ty|:)\(t,0bj)| # w. Thus
3i.Vj. j zi = (T])(j) = (t,0bj).
By the operational semantics, we know there exists 7 such that
tid(T(4)) =t, isinv(T(4)), and Vj.j>i = -match(T(3),T(j)).
By wait-free(T'), we know
Jj. Vk > j. tid(T'(k)) # t,

which contradicts the assumption that |(T¢)| = w.
Thus we know [(Tg]¢)| = w.

Thus fair(7,) holds and we are done.

B.8 Proofs of Theorem 29

Proofs of Theorem 29(1) For any o,, 0, and T such that p(o,) = g, if
T € T,[(et IT in C1), (0., 0,,®)],

by Lemma 42, we know one of the following holds:

(1) IT] # w; on
(2) there exists 7 such that Vj > . is_clt(T'(5)); or
(3) there exists T}, such that

T € To[(let IT in MGT), (0,0,,0)],
and get_objevt(T) = get_objevt(T,,).

For (1), by the operational semantics, we can prove prog-t(T") or abt(T") holds.
For (2), for any k and e, if e € pend_inv(T(1..k)), since there exists ¢ > k such
that is_clt(T'(i)), by the operational semantics we know there exists j such that
k < j < i and match(e, T'(j)). Thus prog-t(7") holds.

For (3), by Lemma 44(1), there exists T}, such that
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T, € To[(let II in MGTpl), (0,0,,®)] and T),\(-,out,1) =1T.
Since IT Ei;" IT 4, we know
O [(let IT in MGTpl), (0, 0,,®)] C Oy[(let IT4 in MGTpl), (0, 0,4,®)] -

From Lemma 45, we know get_obsv(7},) is an infinite trace of (_,out,1). Thus
|T,| = w and the following (B.15) holds:

Vi.3j.j > iAT,(j) = (,out, 1).
As in the proof of (B.12), we prove the following (B.16) from (B.15):
Vi. 3j. j > i Nis_ret(Tp(4)) .
Since T, \ (-, out, 1) = T, we know
Vi. 34. 5 > i Nisret(T'(5)) -

Thus for any ¢ and e, if e € pend_inv(7T'(1..7)), then there exists j > ¢ such that
is_ret(T'(j)) holds. By the operational semantics and the generation of T, we
know match(e, T'(j)) holds. Thus prog-t(T") holds. Then we are done.

Proofs of Theorem 29(2) We need to prove that if IT =, I14 and seq-term,(I7),
then for any C1, o., 0, and o, such that ¢(o,) = o4, we have

O, (et IT in C1),(0c,0,,®)] € O, [(let IT4 in C4), (0c,04,0)] -
Thus we only need to prove: for any T,

(1) If (|let IT in Cy],(0e,00,®)) — * abort,

then there exists T, such that

([let II4 in C1],(0c,04,®)) 2 * abort and get_obsv(T') = get_obsv(T,).
(2) If (|let IT in C, |, (0c, 00, ®)) — * (skip, ),

then there exists T, such that

(|let IT4 in Ci], (00,04, ®)) —2* (skip, ) and get_obsv(T)) = get_obsv(T}).
(3) If (let IT in C], (00, 00, ®)) -,

then there exists T, such that

(|let 114 in C4], (0¢,04,®)) V@ and get_obsv(T') = get_obsv(Ty,).

(1) and (2) are proved in Lemma 46.

For (3), as in the proofs for (B.13), we define the simulation relation = in
Figure 9(d), and prove the following (B.19):

For any W, S, Wl, 81, Wg, 82, Wg, 53, TO and Tl,

if (W,8) is well-formed and out of method calls, (W,S) LN (W1, 81),

(W1,81) 3 (Wa, Sa; W3, Ss), (W1, S81) e and lock-free(Ty:: Ty),

then there exists T3 such that (W3, S3) 3w and

Ti\(- obj) = T5\(-, obj).
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On the other hand, for any n, Cy, ..., C,, 0., 0, and o,, by Lemma 32, we
know

Hl(let II in C4), (0c,00,®)] C H[(let 1T in MGC,), (0, 0,,®)] .
From IT T, IT4, by Lemma 34, we know IT &, I14. Thus, if ¢(0,) = 04, then
H[(et IT in MGCy), (0,0,,©)] C H[(let IT4 in MGCy), (0, 0,,9)] .

Then we know

(let IT in C4, (0c,0,,®))
= (let IT4 in MGCy, (0,04, ®);
let IT4 in Cq, (crc,aa,@)),

Thus, if (|let IT in C1], (0¢, 00, ®)) N seg-term,,(I1), we know lock-free(T').
Then from (B.19) we get: there exists Ty, such that

([let I14 in C1],(0¢,04,®)) ey w

and get_obsv(T) = get_obsv(Ty,), thus we are done.
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