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Abstract

Existing work on verifying concurrent objects is mostly concerned
with safety only, e.g., partial correctness or linearizability. Although
there has been recent work verifying lock-freedom of non-blocking
objects, much less efforts are focused on deadlock-freedom and
starvation-freedom, progress properties of blocking objects. These
properties are more challenging to verify than lock-freedom because
they allow the progress of one thread to depend on the progress of
another, assuming fair scheduling.

We propose LiLi, a new rely-guarantee style program logic for
verifying linearizability and progress fogether for concurrent objects
under fair scheduling. The rely-guarantee style logic unifies thread-
modular reasoning about both starvation-freedom and deadlock-
freedom in one framework. It also establishes progress-aware
abstraction for concurrent objects, which can be applied when
verifying safety and liveness of client code. We have successfully
applied the logic to verify starvation-freedom or deadlock-freedom
of representative algorithms such as ticket locks, queue locks, lock-
coupling lists, optimistic lists and lazy lists.

1. Introduction

A concurrent object or library provides a set of methods that al-
low multiple client threads to manipulate the shared data structure.
Blocking synchronization (i.e., mutual exclusion locks), as a straight-
forward technique to ensure exclusive accesses and to control the
interference, has been widely-used in object implementations to
achieve linearizability, which ensures the object methods behave as
atomic operations in a concurrent setting.

In addition to linearizability, a safety property, object imple-
mentations are expected to also satisfy progress properties. The
non-blocking progress properties, such as wait-freedom and lock-
freedom which have been studied a lot (e.g., [SL 10} 16} 23]]), guar-
antee the termination of the method calls independently of how the
threads are scheduled. Unfortunately these properties are too strong
to be satisfied by algorithms with blocking synchronization. For
clients using lock-based objects, a delay of a thread holding a lock
will block other threads requesting the lock. Thus their progress
relies on the assumption that every thread holding the lock will
eventually be scheduled to release it. This assumption requires fair
scheduling, i.e., every thread gets eventually executed. As summa-
rized by Herlihy and Shavit [14], there are two desirable progress
properties for blocking algorithms, both assuming fair scheduling:

o Deadlock-freedom: In each fair execution, there always exists
some method call that can finish. It disallows the situation in
which multiple threads requesting locks are waiting for each
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other to release the locks in hand. It ensures the absence of
livelock, but not starvation.

e Starvation-freedom: Every method call should finish in fair
executions. It requires that every thread attempting to acquire
a lock should eventually succeed and in the end release the
lock. Starvation-freedom is stronger than deadlock-freedom.
Nevertheless it can often be achieved by using fair locks [13]].

Recent program logics for verifying concurrent objects either
prove only linearizability and ignore the issue of termination (e.g., [0}
211129, 130]]), or aim for non-blocking progress properties (e.g., [}
10, [16l 23])), which cannot be applied to blocking algorithms that
progress only under fair scheduling. The fairness assumption intro-
duces complicated interdependencies among progress properties of
threads, making it incredibly more challenging to verify the lock-
based algorithms than their non-blocking counterparts. We will
explain the challenges in detail in Sec.

It is important to note that, although there has been much work
on deadlock detection or deadlock-freedom verification (e.g., [4} 20,
31]), deadlock-freedom is often defined as a safety property, which
ensures the lack of circular waiting for locks. It does not prevent live-
lock or non-termination inside the critical section. Another limitation
of this kind of work is that it often assumes built-in lock primitives,
and lacks support of ad-hoc synchronization (e.g., mutual exclusion
achieved using spin-locks implemented by the programmers). The
deadlock-freedom we discuss in this paper is a liveness property and
its definition does not rely on built-in lock primitives. We discuss
more related work on liveness verification in Sec.[8]

In this paper we propose LiLi, a new rely-guarantee style logic
for concurrent objects under fair scheduling. LiL.i is the first program
logic that unifies verification of linearizability, starvation-freedom
and deadlock-freedom in one framework (the name LiLi stands for
Linearizability and Liveness). It supports verification of both mutex-
based pessimistic algorithms (including fine-grained ones such as
lock-coupling lists) and optimistic ones such as optimistic lists and
lazy lists. The unified approach allows us to prove in the same logic,
for instance, the lock-coupling list algorithm is starvation-free if we
use fair locks, e.g., ticket locks [24], and is deadlock-free if regular
test-and-set (TAS) based spin locks are used. Our work is based on
earlier work on concurrency verification, but we make the following
new contributions:

e We divide environment interference that affects progress of a
thread into two classes, namely blocking and delay. We show
different occurrences of them correspond to the classification of
progress into wait-freedom, lock-freedom, starvation-freedom
and deadlock-freedom (see Sec.[2.2.1)and Sec. [f). Recognizing



the two classes of interference allows us to come up with
different mechanisms in our program logic to reason about them
separately. Our logic also provides parameterized specifications,
which can be instantiated to choose different combinations of
the mechanisms. This gives us a unified program logic that can
verify different progress properties using the same set of rules.

e We propose two novel mechanisms, definite actions and strat-
ified tokens, to reason about blocking and delay, respectively.
They are also our key techniques to avoid circularity in rely-
guarantee style liveness reasoning. A definite action character-
izes a thread’s progress that does not rely on the progress of the
environment. Each blocked thread waits for a queue of definite
actions. Starvation-freedom requires the length of the queue be
strictly decreasing, while deadlock-freedom allows disciplined
queue jumps based on the token-transfer ideas [16} [23]. To avoid
circular delay, we further generalize the token-transfer ideas by
stratifying tokens into multiple levels, which enables us to verify
complex algorithms that involve both nested locks and rollbacks
(e.g., the optimistic list algorithm).

e By verifying linearizability and progress together, we can pro-
vide progress-aware abstractions for concurrent objects (see
Sec. [5). Our logic is based on termination-preserving simula-
tions as the meta-theory, which establish contextual refinements
that assume fair scheduling at both the concrete and the abstract
levels. We prove the contextual refinements are equivalent to
linearizability and starvation-freedom/deadlock-freedom. The
refinements allow us to replace object implementations with
progress-aware abstract specifications when the client code is
verified. As far as we know, our abstraction for deadlock-free
(and linearizable) objects has never been proposed before.

e We have applied our logic to verify simple objects with coarse-
grained synchronization using TAS locks, ticket locks [24] and
various queue locks (including Anderson array-based locks,
CLH locks and MCS locks) [13]]. For examples with more
permissive locking schemes, we have successfully verified the
two-lock queues, and various fine-grained and optimistic list
algorithms. To the best of our knowledge, we are the first to
formally verify the starvation-freedom/deadlock-freedom of
lock-coupling lists, optimistic lists and lazy lists.

Notice that with the assumption of fair scheduling, wait-freedom
and lock-freedom are equivalent to starvation-freedom and deadlock-
freedom, respectively. Therefore our logic can also be applied to
verify wait-free and lock-free algorithms. We discuss this in Sec.[6]
In the rest of this paper, we first analyze the challenges and
explain our approach informally in Sec.[2] Then we give the basic
technical setting in Sec.[3] and present our logic in Sec. ] whose
soundness theorem, together with the abstraction theorem, is given
in Sec.[5] We discuss how our logic supports wait-free and lock-free
objects too in Sec. [6] Finally, we summarize the examples we have
verified in Sec.[/] and discuss related work and conclude in Sec.

2. Informal Development

Below we first give an overview of the traditional rely-guarantee
logic for safety proofs [18], and the way to encode linearizability
verification in the logic. Then we explain the challenges and our
ideas in supporting liveness verification under fair scheduling.

2.1 Background

Rely-guarantee reasoning. In rely-guarantee reasoning [18]],
each thread is verified in isolation under some assumptions on
its environment (i.e., the other threads in the system). The judgment
is in the form of R,G + {P}C{Q}, where the pre- and post-
conditions P and @ specify the initial and final states respectively.

(a) abstract operation INC: <x++>;

dfInc:

1 local b := false, r;

2 while (!'b) { b := cas(&L, 0, cid); } // lock L
3 r:=x; X :=r +1; // critical section

4 L :=0; // unlock L

(b) deadlock-free implementation df Inc using a test-and-set lock

sfInc:
1 local i, o, r;
2 i := getAndInc(next);

3 o := owner; while (i !'= o) { o := owner; }
4 r :=x; X :=7r +1; // critical section
5 owner := i + 1;

(c) starvation-free implementation sfInc using a ticket lock

Figure 1. Counters.

The rely condition R specifies the assumptions on the environ-
ment, which are the permitted state transitions that the environment
threads may have. The guarantee condition G specifies the possible
transitions made by the thread itself. To ensure that parallel threads
can collaborate, the guarantee of each thread needs to satisfy the
rely of every other thread.

Encoding linearizability verification. As a working example,
Fig. [T(b) shows a counter object df Inc implemented with a test-
and-set (TAS) lock L. Verifying linearizability of df Inc requires
us to prove it has the same abstract behaviors as INC in Fig. [T[a),
which increments the counter x atomically.

Following previous work [21} 23| |30]], one can extend a rely-
guarantee logic to verify linearizability. We use an assertion
arem(C) to specify as an auxiliary state the abstract operation C' to
be fulfilled, and logically execute C' at the linearization point (LP)
of the concrete implementation. For df Inc, we prove a judgment in
the form of R, G - {P A arem(INC)}dfInc{Q A arem(skip)}.
Here R and G specify the object’s actions (i.e., lock acquire and
release, and the counter updates at both the concrete and the abstract
sides) made by the environment and the current thread respectively.
P and @ are relational assertions specifying the consistency relation
between the program states at the concrete and the abstract sides.
The postcondition arem(skip) shows that at the end of df Inc there
is no abstract operation to fulfill.

2.2 Challenges of Progress Verification

Progress properties of objects such as deadlock-freedom and
starvation-freedom have various termination requirements of ob-
ject methods. They must be satisfied with interference from other
threads considered, which makes the verification challenging.

2.2.1 Non-Termination Caused by Interference

In a concurrent setting, an object method may fail to terminate
due to interference from its environment. Below we point out there
are two different kinds of interference that may cause thread non-
termination, namely blocking and delay. Let’s first see a classic
deadlocking example.

DL-12:
lock L1; lock L2;
unlock L2; unlock L1;

DL-21:
lock L2; lock L1;
unlock L1; unlock L2;

The methods DL-12 and DL-21 may fail to terminate because
of the circular dependency of locks. This non-termination is caused
by permanent blocking. That is, when DL-12 tries to acquire L2, it
could be blocked if the lock has been acquired by DL-21.

For a second example, the call of the df Inc method (in Fig. [[[b))
by the left thread below may never terminate.

dfInc(); H while (true) dfInc();



When the left thread tries to acquire the lock, even if the lock is
available at that time, the thread could be preempted by the right
thread, who gets the lock ahead of the left. Then the left thread
would fail at the cas command in the code of df Inc and have to
loop at least one more round before termination. This may happen
infinitely many times, causing non-termination of the df Inc method
on the left. In this case we say the progress of the left method is
delayed by its environment’s successful acquirement of the lock.

The key difference between blocking and delay is that blocking
is caused by the absence of certain environment actions, e.g.,
releasing a lock, while delay is caused by the occurrence of certain
environment actions, e.g., acquiring the lock needed by the current
thread (even if the lock is subsequently released). In other words, a
blocked thread can progress only if its environment progresses first,
while a delayed thread can progress if we suspend the execution of
its environment.

Lock-free algorithms disallow blocking (thus they do not rely on
fair scheduling), although delay is common, especially in optimistic
algorithms. Starvation-free algorithms allow (limited) blocking, but
not delay. As the df Inc example shows, delay from non-terminating
clients may cause starvation. Deadlock-free algorithms allow both
(with restrictions). As the optimistic list in Fig. Eka) (explained in
Sec. |2.3.4) shows, blocking and delay can be intertwined by the
combined use of blocking-based synchronization and optimistic con-
currency, which makes the reasoning significantly more challenging
than reasoning about lock-free algorithms.

How do we come up with general principles to allow blocking
and/or delay, but on the other hand to guarantee starvation-freedom
or deadlock-freedom?

2.2.2 Avoid Circular Reasoning

Rely-guarantee style logics provide the power of thread-modular
verification by circular reasoning. When proving the behaviors
of a thread t guarantee G, we assume that the behaviors of the
environment thread t’ satisfy R. Conversely, the proof of thread t’
relies on the assumptions on the behaviors of thread t.

However, circular reasoning is usually unsound in liveness
verification [1]. For instance, we could prove termination of each
thread in the deadlocking example above, under the assumption that
each environment thread eventually releases the lock it owns. How
do we avoid the circular reasoning without sacrificing rely-guarantee
style thread-modular reasoning?

The deadlocking example shows that we should avoid circular
reasoning to rule out circular dependency caused by blocking. Delay
may also cause circular dependency too. Figure 2b) shows a thread
t using two locks. It first acquires L1 (line 1) and then tests whether
L2 is available (line 2). If the test fails, the thread rolls back. It
releases L1 (line 4), and then repeats the process of acquiring L1
(line 5) and testing L2 (line 6). Suppose another thread t’ does the
opposite: repeatedly acquiring L2 and testing L1. In this example the
acquirement of L2 by t’ may cause t to fail its test of the availability
of L2. The test could have succeeded if t’ did not interfere, so t’
delays t. Conversely, the acquirement of L1 by t may delay t’. Then
the two threads can cause each other to continually roll back, and
neither method progresses.

Usually when delay is allowed, we need to make sure that the
action delaying other threads is a “good” one in that it makes the
executing thread progress (e.g., a step towards termination). This
is the case with the “benign delays” in the df Inc example and the
optimistic list example. But how do we tell if an action is good or
not? The acquirements of locks in Fig. 2(b) do seem to be good
because they make the threads progress towards termination. How
do we prevent such lock acquirements from delaying others, which
may cause circular delay?

2.2.3 Ad-Hoc Synchronization and Dynamic Locks

One may argue that the circularity can be avoided by simply
enforcing certain orders of lock acquirements, which has been
a standard way to avoid “deadlock cycles” (note this is a safety
property, as we explained in Sec. [T). Although lock orders can help
liveness reasoning, it has many limitations in practice.

First, the approach cannot apply for ad-hoc synchronization. For
instance, there are no locks in the following deadlocking program.

x = 1; y :=1;
while (y = 1) skip; while (x = 1) skip;
x := 0; y := 0;

Moreover, sometimes we need to look into the lock implementa-
tion to prove starvation-freedom. For instance, the df Inc in Fig.[T[b)
using a TAS lock is deadlock-free but not starvation-free. If we re-
place the TAS lock with a ticket lock, as in sfInc in Fig.[Ifc), the
counter becomes starvation-free. Again, there are actually no locks
in the programs if we have to work at a low abstraction level to look
into lock implementations.

Second, it can be difficult to enforce the ordering for fine-grained
algorithms on dynamic data structures (e.g., lock-coupling list).
Since the data structure is changing dynamically, the set of locks
associated with the nodes is dynamic too. To allow a thread to
determine dynamically the order of locks, we have to ensure its view
of ordering is consistent with all the other threads in the system,
a challenge for thread-modular verification. Although dynamic
locks are supported in some previous work treating deadlock-
freedom as a safety property (e.g., [4, [19]), it is unclear how to
apply the techniques for general progress reasoning, with possible
combination of locks, ad-hoc synchronization and rollbacks.

2.3 QOur Approaches

To address these problems, our logic enforces the following princi-
ples to permit restricted forms of blocking and delay, but prevent
circular reasoning and non-termination.

First, if a thread is blocked, the events it waits for must eventually
occur. To avoid circular reasoning, we find “definite actions” of
each thread, which under fair scheduling will definitely happen
once enabled, regardless of the interference from the environment.
Then each blocked thread needs to show it waits for only a finite
number of definite actions from the environment threads. They form
an acyclic queue, and there is always at least one of them enabled.
This is what we call “definite progress”, which is crucial for proving
starvation-freedom.

Second, actions of a thread can delay others only if they are
making the executing object method to move towards termination.
Each object method can only execute a finite number of such
delaying actions to avoid indefinite delay. This is enforced by
assigning a finite number of tokens to each method. A token must
be paid to execute a delaying action.

Third, we divide actions of a thread into normal ones (which do
not delay others) and delaying ones, and further stratify delaying
actions into multiple levels. When a thread is delayed by a level-k
action from its environment, it is allowed to execute not only more
normal actions, but also more delaying actions at lower levels.
Allowing one delaying action to trigger more steps of other delaying
actions is necessary for verifying algorithms with nested locks and
rollbacks, such as the optimistic lists in Fig.[2a). The stratification
prevents the circular delay in the example of Fig. 2|b).

Fourth, our delaying actions and definite actions are all seman-
tically specified as part of object specifications, therefore we can
support ad-hoc synchronizaiton and do not rely on built-in synchro-
nization primitives to enforce ordering of events. Moreover, since
the specifications are all parametrized over states, they are expres-
sive enough to support dynamic locks as in lock-coupling lists. Also



our “definite progress” condition allows each blocked thread to de-
cide locally and dynamically a queue of definite actions it waits for.
There is no need to enforce a global ordering of blocking depen-
dencies agreed by every thread. This also provides thread-modular
support of dynamic locks.

Below we give more details about some of these key ideas.

2.3.1 Using Tokens to Prevent Infinite Loops

The key to ensuring termination is to require each loop to terminate.
Earlier work [16} 23] requires each round of the loop to consume
resources called tokens. The rule for loops is in the following form:

PAB=P {0 R,GF{P}C{P}
R,G + {P}while (B) C{P A ~B}

(TERM)

Here ¢ represents one token, and “x” is the normal separating
conjunction in separation logic. The premise says the precondition
P’ of the loop body C' has one less token than P, showing that one
token needs to be consumed to start this new round of loop. Since
the number of tokens strictly decreases, we know the loop must
terminate when the thread has no token.

We use this simple idea to enforce termination of loops, and
extend it to handle blocking and delay in a concurrent setting.

2.3.2 Definite Actions and Definite Progress

Our approach to cut the blocking-caused circular dependency is
inspired by the implementation of ticket locks, which is used to
implement the starvation-free counter sfInc in Fig. Ekc). It uses
the shared variables owner and next to guarantee the first-come-
first-served property of the lock. Initially owner equals next. To
acquire the lock, a thread atomically increments next and reads
its old value to a variable i (line 2). The value of i becomes the
thread’s ticket. The thread waits until owner equals its ticket value i
(line 3). Finally the lock is released by incrementing owner (line 5)
such that the next waiting thread (the thread with ticket i + 1, if
there is one) can now enter the critical section.

We can see sfInc is not concerned with the circular dependency
problem. Intuitively the ticket lock algorithm ensures that the threads
requesting the lock always constitute a queue ti,ts,...,t,. The
head thread, ti, gets the ticket number which equals owner and
can immediately acquire the lock. Once it releases the lock (by
increasing owner), t; is dequeued. Moreover, for any thread t in
this queue, the number of threads ahead of t never increases. Thus t
must eventually become the head of the queue and acquire the lock.
Here the dependencies among progress of the threads are in concert
with the queue.

Following this queue principle, we explicitly specify the queue
of progress dependencies in our logic to avoid circular reasoning.

Definite actions. First, we introduce a novel notion called a
“definite action” D, which models a thread action that, once enabled,
must be eventually finished regardless of what the environment
does. In detail, D is in the form of Py ~» Q4. It requires in every
execution that ()4 should eventually hold if P, holds, and Py should
be preserved (by both the current thread and the environment) until
Q4 holds. For sfInc, the definite action P; ~ Qg4 of a thread can
be defined as follows. Py says that owner equals the thread’s ticket
number i, and Q4 says that owner has been increased to i + 1. That
is, a thread definitely releases the lock when acquiring it. Of course
we have to ensure in our logic that D is indeed definite. We will
explain in detail the logic rule that enforces it in Sec.[f.2.2}

Definite progress. Then we use definite actions to prove termina-
tion of loops. We need to first find an assertion @) specifying the
condition when the thread t can progress on its own, i.e., it is not
blocked. Then we enforce the following principles:

1. If @ is continuously true, we need to prove the loop terminates
following the idea of the TERM rule;

2. If Q is false, the following must always be true:

(a) There is a finite queue of definite actions of other threads
that the thread t is waiting for, among which there is at least
one (from a certain thread t’) enabled. The length of the
queue is F.

(b) E decreases whenever one of these definite actions is fin-
ished;

(c) The expression E is never increased by any threads (no
matter whether @) holds or not); and it is non-negative.

We can see E serves as a well-founded metric. By induction over £/
we know eventually @ holds, which implies the termination of the
loop by the above condition 1.

These conditions are enforced in our new inference rule for
loops, which extends the TERM rule (in Sec. [2.3.1) and is presented
in Sec. The condition 2 shows the use of definite actions
in our reasoning about progress. We call it the “definite progress”
condition.

The reasoning above implicitly makes use of the fairness as-
sumption. The fair scheduling ensures that the environment thread t’
mentioned in the condition 2(a) is scheduled infinitely often, there-
fore its definite action will definitely happen. By conditions 2(b)
and 2(c) we know E will become smaller. In this way E keeps
decreasing until () holds eventually.

For sfInc, Q is defined as (1 = owner) and the metric E is
(1 — owner). Whenever an environment thread t’ finishes a definite
action by releasing the lock, it increases owner, so I decreases.
When E is decreased to 0, the current thread is unblocked. Its loop
terminates and it succeeds in acquiring the lock.

2.3.3 Allowing Queue Jumps for Deadlock-Free Objects

The method df Inc in Fig.[T[b) implements a deadlock-free counter
using the TAS lock. If the current thread t waits for the lock, we
know the queue of definite actions it waits for is of length one
because it is possible for the thread to acquire the lock immediately
after the lock is released. However, as we explain in Sec. 2.2.1]
another thread t' may preempt t and do a successful cas. Then
thread t is blocked and waits for a queue of definite actions again.
This delay caused by thread t’ can be viewed as a queue jump in our
definite-progress-based reasoning. Actually df Inc cannot satisfy
the definite progress requirement because we cannot find a strictly
decreasing queue size E. It is not starvation-free.

However, the queue jump here is acceptable when verifying
deadlock-freedom. This is because thread t’ delays t only if t’
successfully acquires the lock, which allows it to eventually finish
the df Inc method. Thus the system as a whole progresses.

Nevertheless, as explained in Sec. @], we have to make sure
the queue jump (which is a special form of delay) is a “good” one.

We follow the token-transfer ideas [16, 23] to support disci-
plined queue jumps. We explicitly specify in the rely/guarantee
conditions which steps could delay the progress of other threads
(jump their queues). To prohibit unlimited queue jumps without
making progress, we assign a finite number m of ¢-tokens to an
object method, and require that a thread can do at most m delaying
actions before the method finishes.

Whenever a step of thread t’ delays the progress of thread t,
we require t’ to consume one ¢-token. At the same time, thread t
could increase {-tokens so that it can loop more rounds. Besides,
we redefine the definite progress condition to allow the metric £
(about the length of the queue) to be increased when an environment
thread jumps the queue at the cost of a ¢-token.



1 local b := false, p, c; 1 lock Li;
2 while ('b) { 2 1local r := L2;
3 (p, ¢) := find(e); 3 while (r !'= 0) {
4 lock p; lock c; 4 unlock L1;
5 b := validate(p, c); 5 lock L1;
6 if (1b) { 6 r := L2;
7 unlock c; unlock p; } 7 )
8 } 8 lock L2;
9 wupdate(p, c, e); 9 unlock L2;
10 unlock c; unlock p; 10 unlock L1;
(a) optimistic list (b) rollback

Figure 2. Examples with multiple locks.

2.3.4 Allowing Rollbacks for Optimistic Locking

The ideas we just explained already support simple deadlock-free
objects such as df Inc in Fig. [I{b), but they cannot be applied to
objects with optimistic synchronization, such as optimistic lists [[13]]
and lazy lists [11].

Figure [2Ja) shows part of the optimistic list implementation.
Each node of the list is associated with a TAS lock, the same lock
as in Fig.[T{b). A thread first traverses the list without acquiring any
locks (line 3). The traversal £ind returns two adjacent node pointers
p and c. The thread then locks the two nodes (line 4), and calls
validate to check if the two nodes are still valid list nodes (line 5).
If validation succeeds, then the thread performs its updates (adding
or removing elements) to the list (line 9). Otherwise it releases the
two node locks (line 7) and restarts the traversal.

For this object, when the validation fails, a thread will release
the locks it has acquired and roll back. Thus the thread may acquire
the locks for an unbounded number of times. Since each lock
acquirement will delay other threads requesting the same lock and
each delaying action should consume one 4-token, it seems that
the thread would need an infinite number of ¢-tokens, which we
prohibit in the preceding subsection to ensure deadlock-freedom,
even though this list object is indeed deadlock-free.

We generalize the token-transfer ideas to allow rollbacks in order
to verify this kind of optimistic algorithms, but still have to be
careful to avoid the circular delay caused by the “bad” rollbacks in
Fig.[2[b), as we explain in Sec.[2.2.2]

Our solution is to stratify the delaying actions. Each action is
now labeled with a level k. The normal actions which cannot delay
other threads are at the lowest level 0. The ¢-tokens are stratified
accordingly. A thread can roll back and do more actions at level k&
only when its environment does an action at a higher level k', at the
cost of a k’-level #-token. Note that the ¢-tokens at the highest level
are strictly decreasing, which means a thread cannot roll back its
actions of the highest level. In fact, the numbers of ¢-tokens at all
levels constitute a tuple (my, . . . , m2, m1). Itis strictly descending
along the dictionary order.

The stratified ¢-tokens naturally prohibit the circular delay
problem discussed in Sec. [2.2.2] with the object in Fig.[2[b) . The
deadlock-free optimistic list in Fig. 2Ja) can now be verified. We
classify its delaying actions into two levels. Actions at level 2 (the
highest level) update the list, which correspond to line 9 in Fig.[2Ja),
and each method can do only one such action. Lock acquirements
are classified at level 1, so a thread is allowed to roll back and
re-acquire the locks when its environment updates the list.

3. Programming Language

Fig.[3] gives the syntax of the language. A program W consists of
multiple parallel threads sharing an object II. We say the threads
are the clients of the object. An object declaration is a mapping
from a method name f to a pair of argument and code (method
body). The statements C' are similar to those in the simple language

(MName) f € String
(Expr) E\Eux=az | n | E+E | ...
(BExp) B,B ::= true | false | E=F |!B | ...
(Instr) c¢,c i=ax:=F | x:=[FE] | [E]:=F | print(E)
| z:=cons(E,...,E) | dispose(E) | ...
(Stmt) C,C == skip | ¢ | z:= f(E) | return E | (C)
| end | C;C | if (B) Celse C | while (B){C}
(Prog) W, W ::= skip | letIIinC||...||C

(ODecl) ILT = {f1 ~ (1,C1),..., fn~ (n,Cn)}

Figure 3. Syntax of the programming language.

used for separation logic. The commands z := [E] and [E] := E’
reads and writes the memory cell at the location E, respectively.
z :=cons(FE, ..., E) and dispose(F) allocates and frees memory
blocks respectively. The command print(E) generates externally
observable events, which allows us to observe behaviors of programs.
We use (C) to represent an atomic block in which C' is executed
atomically. We introduce an auxiliary command end to help define
liveness properties (see Sec.[3)). It is appended at the end of each
thread when the program W starts to run, and is not supposed to
be used directly by programmers. Executing it generates a special
event, which marks the termination of the corresponding thread.

Note that we use one language for both the concrete implemen-
tation at the low level and the abstract specification at the high level.
We introduce two sets of symbols for each syntactic category (e.g.,
W and W for programs, and II and I" for objects).

To simplify the presentation, we make several simplifications
here. We assume there is only one concurrent object in the system.
Each method of the object takes only one argument, and the method
body ends with a return £ command. Also we assume there is no
nested method invocation. For the abstract object specification I,
each method body is an atomic operation (C') (ahead of the return
command), and executing the code is always safe and never blocks.

The model of program states S is defined in Fig. ] To ensure
that the client code does not touch the object state, in S we
separate the states accessed by clients (o) and by the object (o,).
Execution of programs is modelled as a labelled transition system
(W,8) ~ (W', S8') in Fig.[5] The event e is defined in Fig. 4
(t, obj) and (t, clt) represent an execution step by the thread t inside
and outside the object method, respectively. (t, f,n) and (t, ret, n)
record the invocation and the return of an object respectively.
The event (t, obj, abort) (or (t, clt, abort)) is generated when the
thread t aborts inside (or outside) the object method body. The
output event (t, out,n) is generated by the print(E) command.
(t, term) marks the termination of the thread t, generated by the
end command. The event (spawn, n) is used to record the number n
of threads in the program, which is helpful to define fair executions
(see Sec. [5). We use T' to represent an event trace, a (possibly
infinite) sequence of events.

Externally observable events. We treat (t, out, n), (t, obj, abort)
and (t, clt, abort) as externally observable events, and we use
get_obsv(T') to represent the subsequence of 7" consisting of exter-
nally observable events only.

4. Program Logic LiLi

LiLi verifies the linearizability of objects by proving the method
implementations refine abstract atomic operations. The top level
judgment is in the form of D, R, G - { P}II : I". (The OBJ rule for
this judgment is given in Fig.@]and will be explained later.) To verify
an object 11, we give a corresponding object specification I" (see



(letITin skip || . . . || skip, S) — (skip, S)

(Ci’ (0'07 0o, ’C(Z))) i>i,1'[ (Cz/> (Uév o{)v N/)))

(Ci, (O’c, Oo, IC(Z))) i’i,l‘[ abort

(letTTin Cy ||...C;i...||Cn, (0c, 00, K)) — abort

K = K{i~ r'}

(et TTin C1 ||...Cs .|| Ch, (0¢,00,K)) = (let TTin C1 ||...C’...||Cn, (0k, 0l K"))

(a) program transitions

I(f) = (y,C) [Els.=n x€dom(sc) r={y~ n}, z, E[skip]) f & dom(II) or [E]s, undefined or xz & dom(sc)
(Elo = F(B)], ((5c,he) 70,0)) L (O (50 he), 00, ) (Blz := f(B)], ((se, he)s 00,0)) S, abort
k= (s;,z,C) [E]ls;, =n sl = sc{z~ n} k= (s1,z,C) [E]s, undefined
(E[return B], ((se, he), 70, 1)) o (O, (84, he)s 00, 0)) (E[return E], (s, he), 7, 1)) 0, abort
[E]s. =n
(Blprint(B) ], ((se, he), 70, 0)) 22, | (B[skip], ((sc, he)s 00, 0)) (end, (0c, 00, 0)) 2™, (skip, (0, 00, 0))

(C, (50 Ws1,ho)) —>+ (C7, (s, W 5], )

dom(s;) = dom(s])

(C> UC) >t (C/,O'é)

(C, (0, (50, ho), (51,2, C))) 22,

e,11 (€7, (0¢, (86, o), (57, 2, )

(C, (0e,70,0)) 28 (CY, (0% 70, 0))

(b) thread transitions

(C,0) —={ (skip,0’)

(Cv U) _D;u )

(C,0) —> ¢ abort

(E[(C) ], 0) —>¢ (E[skip],0")

(E[{(C)],0) — (E[(C) ], 0)

(E[{C)], o) —>¢ abort

(c) local thread transitions

Figure 5. Selected operational semantics rules.

(ThrdID) t € Nat (ExecCtxt) E =[] | E;C
(Store) s,s € Var — Int (Heap) h,h € Nat— Int
(Mem) 0,% == (s,h) (CaliStk) K,k == (s;,z,C) | o

(ThrdPool) K,K ::= {t1 ~ K1,...,tn ~ Kn}

(PState) S,S == (0¢,00,K)

(Evt) e == (t,f,n) | (tret,n) | (t,obj) | (t,clt)
| (t,out,n) | (t,term) | (spawn,n)
| (t,obj,abort) | (t,clt, abort)

(ETrace) T,T =€ | exT (co-inductive)

Figure 4. States and event traces.

Fig.[3), which maps method names to atomic commands. In addition,
we need to provide an object invariant (P) and rely/guarantee
conditions (R and G) for the refinement reasoning in a concurrent
setting. Here P is a relational assertion that specifies the consistency
relation between the concrete data representation and the abstract
value. Similarly, R and G lift regular rely and guarantee conditions
to the binary setting, which now specify transitions of states at both
the concrete level and the abstract level. The definite actions D is
a special form of state transitions used for progress reasoning. The
definitions of P, R, G and D are shown in Sec.

Note LiLi is a logic for concurrent objects IT only. We do not
provide logic rules for clients. See Sec. [5] for more discussions.

To simplify the presentation in this paper, we describe LiLi based
on the plain Rely-Guarantee Logic [[18]. Also, to avoid “variables as
resources” [26], we assume program variables are either thread-
local or read-only. The full version of Lili (see Appendix
extends the more advanced Rely-Guarantee-based logic LRG [7] to
support dynamic allocation and ownership transfer. It also drops the
assumption about program variables.

(RelAssn) P,Q,J::= B | emp | E~E | E=E
['lell | PxQ | PAQ | PVQ | ...
(RelAct) R,G == PxpQ | [P]| D

Glo | GAG | GVG | ...
P~Q | Vz.D | DAD

P | arem(C) | O(E) | (Ey,...,E1)
| pla | lplo | P*q | pAG PVl ...

(DAct) D
(FullAssn)  p,q

Figure 6. Syntax of the assertion language.

4.1 Assertions

We define assertions in Fig. [§] The relational state assertions P
and @ specify the relationship between the concrete state o and the
abstract state 3. Here we use s and h for the store and the heap at the
abstract level (see Fig.[3). For simplicity, we assume the program
variables used in the concrete code are different from those in the
abstract code (e.g., we use x and X at the concrete and abstract levels
respectively). We use the relational state S to represent the pair of
states (o, X), as defined in Fig.[7]

Figure[/[a) defines semantics of state assertions. The boolean
expression B holds if it evaluates to true at the combined store
of s and s. emp describes empty heaps. The assertion £y — F»
specifies a singleton heap at the concrete level with the value of
the expression E» stored at the location F;. Its counterpart for
an abstract level heap is represented as 1 = FE>. Semantics of
separating conjunction P () is similar as in separation logic, except
that it is now lifted to relational states &. The disjoint union of two
relational states is defined at the top of the figure. Semantics of the
assertion ||p|| will be defined latter (see Fig. c)).

Rely/guarantee assertions R and G specify the transitions over
the relational states &. Their semantics is defined in Fig. [/(b). The
action P Xy, @ says that the initial relational states satisfy P and the



def

S = (0,%) (0,2) W (0",2) = (cWo',TWX)

where (s,h)w(s’,h') & (s, hWh'), if s=s
((s,h), (s,h)) = B iff [B]sws = true
((s,h), (s,h)) Eemp iff dom(h) = dom(h) =0
((s,h), (s,h)) E E1+— Ez iff h={[E1]sws ~ [E2]sws}
((s,h),(s,h)) F B1 = B2 iff h = {[E1]sws ~ [E2]sws}

S PxQ iff 361,62.6 =61 W62
NE1EP)A (62 EQ)

(a) Semantics of relational state assertions P and Q.

(6,8 E PxpQ iff (& P)AN(EEQ)

(6,8") E [P] iff (& =6)A(6EP)

(b) Semantics of relational rely/guarantee assertions R and G.
(6, (u,w),C)EP iff 6P
(6, (u,w),C) E arem(C’) iff C =C’
(6, (w,w),C) EO(B)  iff 3n. ([Ele.s = n) A (n < w)
(6, (u,w),C) = #(Eg, ..., E1) iff ([Exls.s,---[Eils.s) <u
(6, (u,w),0) = [p)o iff Juw’. (6, (v, w’),C) = p
(6, (u,w),C) = |pla iff 3C’. (6, (v, w),C") Ep
S = lpl iff Ju,w,C. (6, (u,w),C) Ep
cwer {E R0

def

(67 (u7 w): C) @ (6/7 (ulv ’LU/), Cl) = (656/’ (u+u/7 w+wl)7 chl)

(c) Semantics of full assertions p and q.

Figure 7. Semantics of assertions.

resulting states satisfy ). We can ignore the index k for now, which
is used to stratify actions that may delay the progress of other threads
and will be explained in Sec. [P] specifies identity transitions
with the initial states satisfying P. Semantics of |G |o is defined
in Sec. f3|too (see Fig.[T2). Below we use P x Q as a shorthand
for P x¢ (). We also use Id for [true], which represents arbitrary
identity transitions.

We further instrument the relational state assertions with the
specifications of the abstract level code and various tokens. The
resulting full assertions p and q are defined in Fig. |§|, whose
semantics is given in Fig. |ZKC). The assertion p is interpreted over
(6, (u,w),C). C is the abstract-level code that remains to be
refined. It is specified by the assertion arem(C'). Since our logic
verifies linearizability of objects, C' is always in the form of atomic
commands {C’) (ahead of return commands). The pair (u,w)
records the numbers of various tokens 4 and §. It serves as a well-
founded metric for our progress reasoning. Informally w specifies
the upper bound of the round of loops that the current thread can
execute if it is neither blocked nor delayed by its environment. The
assertion ¢(E) says the number w of {-tokens is no less than E.
Therefore ¢(0) always holds, and ¢(n + 1) implies ¢(n) for any n.
We postpone the explanation of w and the assertion #(Ey, ..., F1)
to Sec. 4.3 Below we use ¢ as the shorthand for O(1). We use |p|
to ignore the descriptions in p about the number of tokens. || p||
converts p back to a relational state assertion.

Separating conjunction p * ¢ has the standard meaning as in
separation logic, which says p and ¢ hold over disjoint parts of
(6, (u,w), C) respectively (the formal definition elided here). The
disjoint union is defined in Fig. |ch). The disjoint union of the
numbers of tokens is the sum of them. The disjoint union of C
and C5 is defined only if at least one of them is skip. Therefore we
know the following holds (for any P and C):

(6,8 EP~Q iff (6FP) = (8FQ)

(6,8") EVe.D iff Vn.(G{x~ n},&{z~n})E=D
(6,8 ED1 ADy iff ((6,8") ED1)A((6,8) ED2)
(a) Semantics of D.

Enabled(P~ Q) £ P
Enabled(Vz.D) ¥ 3z. Enabled(D)
Enabled(D1 A D2) = Enabled(D;) V Enabled(D2)

(D) & D A (Enabled(D)  true)
[D] = Enabled(D) ~ Enabled(D)

D’ < D iff (Enabled(D’) = Enabled(D)) A (D = D’)
(b) Useful syntactic sugars.

Figure 8. Semantics of definite actions.

(P Aarem(C)A Q) * (O Aemp) < (P Aarem(C) A O(2))

Definite actions.  Fig.[f] also defines definite actions D, whose
semantics is given in Fig. [8[a). P ~ @ specifies the transitions
where the final states satisfy ) if the initial states satisfy P. It is
different from P x () in that P ~» () does not restrict the transitions
if initially P does not hold. Consider the following example D, .
Dy € Vn. (x—=n)Am>0) ~ (x—n+1)

D, describes the state transitions which increment x if x is positive
initially. It is satisfied by any transitions where initially x is not
positive. The conjunction D; ADs is useful for enumerating definite
actions. For instance, when the program uses two locks L1 and L2,
the definite action D of the whole program is usually in the form of
D1 A D2, where Dy and D specify L1 and L2 respectively.

We define some useful syntactic sugars in Fig. Ekb). The state
assertion Enabled (D) takes the guard condition of D. We use (D)
to represent the state transitions of D when it is enabled at the initial
state. Intuitively (D) gives us the corresponding “x” actions. For
instance, (P ~ Q) is equivalent to P x Q. For the example D,
defined above, (D) is equivalent to the following:

In. ((x—=n)A(n>0)) x (x—n+1)

In addition, we define the syntactic sugar [D] as a definite action
describing the preservation of Enabled(D). For the example D
above, [D] represents the following definite action:

(@n. (x = n)A(n>0)) ~ (In. (x+—n)A(n>0))

It specifies the transitions which keep x positive if it is positive
initially. The notation D’ < D will be explained later in Sec.
Since D is a special rely/guarantee assertion, the semantics of
D = D’ follows the standard meaning of R = R’ []] (or see
the definition in Fig.[T2).

Thread IDs as implicit assertion parameters. All the assertions
in our logic, including state assertions, rely/guarantee conditions
and definite actions, are implicitly parametrized over thread IDs.
Although our logic does modular reasoning about the object code
without any knowledge about clients, it is useful for assertions to
refer to thread IDs. For instance, we may use L — t to represent
that the lock L is acquired by the thread t. We use P to represent the
instantiation of the thread ID parameter in P with t, which means
P holds on thread t. Then P alone can also be understood as Vt. P,
and P = (@ can be viewed as Vt. P, = Q:. The same convention
applies to rely/guarantee conditions and definite actions.



forall f € dom(I1) : II(f) = (z,C)

I'(f) = (. C")

dom(I1) = dom(T")

D,R,GH{PA(x=1y)ANarem(C') A ®(Ey, ..., E1)}C{P A arem(skip)}

Vi, t'.t #t' = Gy = Ry

wffAct(R, D)

P = —Enabled(D)

D,R,GF{PYI:T

(oBJ)

D,R,G - {p}C{q}

(WL D R GF (ployHlaley Y

D,d,GF {p}{(C){q}  Sta({p,q}, R)
D, R, G F {p}(C){q}

(ATOM-R)

pAB=p  pABA(Enabled(D)VQ)=p (0 Aemp) D,R,G+ {p'}C{p}
p=J Sta(JJRVG) D <D wifAct(R,D') J= (R,G:D'LQ)
D, R,G + {p}while (B){C}{p A ~B}

FpICl]  d =ka (el <k lal) = G
(ATOM)
D,ld, G+ {pHC)Hq}
p= (E=E) Sta(p, R)

D,R,G F {|p]a A arem(return E’)}return E{|p|, A arem(skip)}

D,R,GF{pAB}Ci{q} D,R,GlF {pA-B}C2{q}
D, R,G I {p}if (B) Cy else C2{q}

(1F)

pP=p R =R DRGF{p}C{q}

D,R,G+ {p}Ci{r} D,R,G+ {r}C2{q}

(RET) (SEQ)

D, R, G {p}clv 02{q}

D,R,GF {|p]a Aarem(C1)}C{|p]|a A arem(C2)}

q=4q

(AREM)

D,R,GF {|p]a Aarem(C1;C3)}C{|p|a N arem(C2;C3)}

G=GqG

Sta({p',q'},R)  wffAct(R, D)

D, R, G"+{p'}C{q'}

D,R,G F {p}C{q}
z (D, R,G)

(EX)

D,R, G+ {p1}C{q1}
D,R,GF {pQ}C{‘D}

(csQ)

D,R, G+ {p1}C{aq:}
D,R,GF+ {p2}C{Q2}

D,R,GtF {3z. p}C{3z. ¢}

D,R,G ¢ {p1 Ap2}C{q1 A q2}

CONJ DISI
( ) D,R,GF {p1Vp2}C{q1 V q2} (pts?)

Figure 9. Inference rules.

4.2 Verifying Starvation-Freedom with Definite Actions

Figure 9] presents the inference rules of LiLi. We explain the logic in
two steps. In this subsection we explain the use of definite actions
to reason about starvation-freedom. Then we explain the delay
mechanism for deadlock-freedom in Sec.

4.2.1 The 0BJ Rule

The OBJ rule requires that each method in II refine its atomic
specification in I'. Starting from the initial concrete and abstract
object states related by P, and with the equivalent method arguments
x and y at the concrete and the abstract levels, the method body C
must fulfil the abstract atomic operation C’. We can temporarily
ignore the assertion 4(Ey, ..., E1) for deadlock-freedom.

The last three premises of the OBJ rule checks the well-
formedness of the specifications. The first one says the guarantee
of one thread must implies the rely of all others, a standard require-
ment in rely/guarantee reasoning. In Fig. [T0] we give a simplified
definition of wffAct used in the second premise. Its complete def-
inition is given in Fig. which will be explained later when we
introduce stratified actions and -tokens. wffAct(R, D) says once a
definite action D of a thread t is enabled it cannot be disabled by an
environment step in R;. Also such an environment step either fulfils
a definite action Dy of some thread t’ different from t, or preserves
Enabled(Dy/) too. Together with the previous premise Gy = Ry,
this condition implies Vt'. Gy = [Dy] V Dy . Therefore, once Dy
is enabled, the only way to disable it is to let the thread t finish the
action. As an example, consider the following D;:

D ¥ (Lst)~ (L 0)
It says that whenever a thread t acquires the lock L, it will finally
release the lock. Then, wffAct(R, D) require that when t acquires
L, every step in the system either keeps L unchanged or releases L.
In particular, R; keeps L unchanged, that is, the environment cannot
update the lock when L > t.

The last premise (P = —Enabled(D)) says there cannot be
enabled but unfinished definite actions when the method terminates
and the object invariant P is true.

The judgment D, R, G + {p A arem(C")}C{q A arem(skip)}
establishes a simulation relation between C' and C”, which ensures
the preservation of termination when the environment guarantees
the definite action D. It also ensures the execution of C' guarantees
D too. We explain the key rules for the judgment below.

4.2.2 The WHL Rule for Loops

The WHL rule, shown in Fig.[] is the most important rule of the
logic. It establishes both of the following properties of the loop:

(1) it cannot loop forever with D continuously enabled;

(2) it cannot loop forever unless the current thread is waiting for
some definite actions of its environment.

The former guarantees a definite action of the current thread is
definite to happen once it is enabled. The latter is crucial to establish
the starvation-freedom.

Why definite actions are definite. The WHL verifies the loop
body with a precondition p’, which can be derived from the loop
invariant p if B holds. Moreover, we require each iteration to
consume a {-token if Enabled (D) holds at the beginning, as shown
by the second premise (ignore the assertion () for now). Since each
thread has only a finite number of ¢-tokens, the loop must terminate
if Enabled(D) is continuously true.

However, the last premise of the OBJ rule says Enabled(D)
cannot be true if the method terminates. Therefore, Enabled(D)
cannot be continuously true. Also recall the other two side conditions
(WffAct(R, D) and G: = Ry ) of the OBJ rule guarantee that, once
Enabled(D) holds, the only way to make it false is to let the current
thread finish the action.

Putting all these together, we know D will be finished once it is
enabled, even with the interference R.



Starvation-freedom. To establish starvation freedom, we need to
find a condition () saying the current thread is not blocked by others.
Then the second premise requires each iteration to consume a -
token if @) holds at the beginning. Since the number of tokens is
finite, the loop must terminate if () always holds.

If @ is false, the current thread is blocked by others. Then the

premise (R, G: IR Q) requires the thread must be waiting for its
environment to perform a finite number of definite actions.

Definition 1 (Definite Progress). & = (R,G: EN Q) iff the
following hold for all t:

(1) either & = Q,
or there exists t’ such that t’ # t and & |= Enabled(Dy/);
(2) forany t’ # tand &', if (6,8’,0) = R: A (Dv ), then
fi(&) < £i(8):
(3) forany &', if (6, &’,0) = Ry V Gy, then f(&') < fi(S).

Here f is a function that maps the relational states & to some metrics
over which there is a well-founded order <.

Ignoring the index 0 above, the definition says either () holds
over G or the definite action Dy of some environment thread t’
is enabled. Also we require the metric (&) to decrease when
a definite action is performed. Besides, the metric should never
increase at any step of the execution.

To ensure that the metric f decreases regardless of the time when
the environment’s definite actions take place, the definite progress
should always hold. This is enforced by finding a stronger assertion
J such that p = J and Sta(J, RV G) hold, that is, J is an invariant

that holds at every program point of the loop. If (R, G : IEN Q)

happens to satisfy the two premises, we can use (R, G : IEN Q)
directly as .J, but in practice it could be easier to prove the stability
requirement by finding a stronger .J. The definition of stability
Sta(p, R) is given in Fig.[10}

Notice in (R,G : D’ ER Q) we can use D’ instead of D to
simplify the proof, as long as D' < D and wffAct(R,D’) are
satisfied. The premise D’ < D, defined in Fig. says D’ specifies
a subset of definite actions in D. For instance, if D consists of
multiple definite actions and is in the form of D1 A ... A D, D’
may contain only a subset of these D, (1 < k£ < n). The way to
exclude in D’ irrelevant definite actions can simplify the proof of
the condition (2) of definite progress (see Definition[T).

Given the definite progress condition, we know ) will be
eventually true because each definite action is definite to happen.
Then the loop starts to consume {-tokens and needs to finally
terminate, following our argument at the beginning.

4.2.3 More Inference Rules

The HIDE-{ rule allows us to discard the tokens (by using |_|¢)
when the termination of code C' is already established, which is
useful for modular verification of nested loops.

ATOM rules for refinement reasoning. The ATOM rule allows us
to logically execute the abstract code simultaneously with every
concrete step (let’s first ignore the index k in the premises of the
rule). We use = [p]Cg] to represent the total correctness of C' in
sequential separation logic. The corresponding rules are standard
and elided here. We use p = ¢ for the zero or multiple-step
executions from the abstract code specified by p to the code specified
by ¢, which is defined in Fig.[I0] Then, the ATOM rule allows us to
execute zero-or-more steps of the abstract code with the execution
of C, as long as the overall transition (including the abstract steps
and the concrete steps) satisfies the relational guarantee G. We can
lift Cs total correctness to the concurrent setting as long as the
environment consists of identity transitions only. To allow a weaker

wffAct(R, D) iff Vt. Ry = [Di] A (Vt' # t.[Dy] V Dy)
Sta(p, R) iff V6,8, u, w, C.
(&, (u,w),C) EP) A ((6,8") E R) = (&, (u,w),C) Ep
p= q iff Vt,0, %, u,w,C,Xp.
(((0,2), (u,w),C) Ep) A (XLEp) = IC', T
((C,ZWZp) —% (C', Z'WUZFR)) A ((0, %), (u,w),C") Eq

Figure 10. Auxiliary defs. used in logic rules (simplified version).

local i, o, r;

<i := getAndInc(mext); ticket[i] := cid >;

o := [owner]; while (i '= 0) { o := [owner]; }
[owner] := i + 1;

B w N e

def

Gt & Lock: V Unlocky
Locky &t 3rl,ma, mo. locklrre(tl, n1, n2) X locked(#l::t,n1,ng + 1)
Unlocky &ef i, n1, mo. locked(t::#l, n1,n2) x locklrre(1l, 1 +1,n2)
Dx
g ¥ Iny, na,tl, tla. tlockedy, 4, (n1,1i,n2) A (0 <ny)
Qr & 3ng, tly. locked(t::tly, i,n2) A (0 < i)

f(6) =k iff & |=3n1. (owner — nq1) *true A (i —n1 = k)

P; tl,n1,n2. Iocklrrt(tl,nl,ng)

& Vi, n1,n2. locked(t::7l, n1,n2) ~ locklrre(tl,n1 + 1,n2)

Figure 11. Proofs for the ticket lock (with auxiliary code in gray).

R, we can apply the ATOM-R rule later, which requires that the pre-
and post-conditions be stable with respect to R.

4.2.4 Example: Ticket Locks

We prove the starvation-freedom of the ticket lock implementation
in Fig. |1 1| using our logic rules. We have informally discussed in
Sec.[2|the verification of the counter using a ticket lock (sfInc in
Fig.[1]c)). To simplify the presentation, here we erase the increment
in the critical section and focus on the progress property of the
code in Fig. With an empty critical section, the code functions
just as skip, so Fig. [TT] proves it is linearizable with respect to
skip. The proofs of sfInc (including its starvation-freedom and
linearizability with respect to the atomic INC in Fig.[T(a)) are given
in Appendix[C]]

To help specify the queue of the threads requesting the lock, we
introduce an auxiliary array ticket. As shown in Fig. [IT} each
array cell ticket[i] records the ID of the unique thread which gets
the ticket number 4. Here we use cid for the current thread ID.

We then define some predicates to describe the lock status.
lock(#l, n1, n2) contains the auxiliary ticket array in addition to
owner and next, where owner — nj; and next — no, and ¢/ is
the list of the threads recorded in ticket[ni],...,ticket[ns —1].
We also use locked(#l, n1,n2) for the case when # is not empty.
That is, the lock is acquired by the first thread in #/, while the
other threads in ¢/ are waiting for the lock in order. Besides, we use
locklrre (¢, n1, n2) short for lock(#l, n1,n2) A (t & #l). That is, the
thread t is “irrelevant” to the lock: it does not request the lock. The
formal definitions are given in Appendix[C.1]

The bottom of Fig. defines the precondition P and the
guarantee condition GG of the code. G; specifies the possible atomic
actions of a thread t. Lock; adds the thread t at the end of #/ of the
threads requesting the lock and increments next. It corresponds
to line 2 of Fig. Unlock: releases the lock by incrementing
owner and dequeuing the thread t which currently holds the lock. It
corresponds to line 4 of Fig. The rely condition R; includes all
the G made by the environment threads t’.

Next we define the definite action D. As we explained in
Sec. @ D requires that whenever the thread t holds a lock with



owner — n1, it should eventually release the lock by incrementing
owner to n1 + 1. We can prove the side conditions about well-
formedness of specifications in the OBJ rule hold.

The key to verifying the loop at line 3 is to find a metric

function f and prove definite progress J = (R, G": XN Q) fora
stable J. As shown in Fig.[T1] we define J; to say that the thread
t is requesting the lock. Here tlocked, t.4, (1, 1, n2) is similar
to locked(#ly :: t:: tla, n1, n2). It also says that the thread t takes
the ticket number i. Q. specifies the case when #l; is empty (thus
owner > i). We also strengthen the guarantee condition G’ of the
loop to Id, the identity transitions.

The metric function f maps each state S to the difference
between i and owner at that state, which describes the number
of threads ahead of t in the waiting queue. We use the usual < order
on natural numbers as the associated well-founded order. Then, we
can verify J = (R,G": DL Q).

Finally, we prove that the loop terminates with one {)-token when
Q@ holds or D is enabled. Then we can conclude linearizability and
starvation-freedom of the ticket lock implementation in Fig.[TT}

4.3 Adding Delay for Deadlock-Free Objects

As we explained in Sec. [J] deadlock-free objects allow the progress
of a thread to be delayed by its environment, as long as the whole
system makes progress. Correspondingly, to verify deadlock-free
objects, we extend our logic with a delay mechanism. First we find
out the delaying actions and stratify them for objects with rollbacks
where a delaying action may trigger more steps of other delaying
actions. Then, we introduce #-tokens (we use 4 here to distinguish
them from {-tokens for loops) to bound the number of delaying
actions in each method, so we avoid infinite delays without whole-
system progress.

Multi-level rely/guarantee assertions. As shown in Fig. [6] we
index the rely/guarantee assertion P X, ) with a natural number &k
and call it a level-k action. We require 0 < k& < maxL, where maxL
is a predefined upper bound of all levels. Intuitively, P x; @) could
make other threads do more actions at a level k' < k. Thus P xo Q
cannot make other threads do any more actions, i.e., it cannot delay
other threads. P x1 @ could make other threads do more actions
at level O but no more at level 1, thus we avoid the problem of
delay-caused circular dependency discussed in Sec.[2.2.2]

To interpret the level numbers in the assertion semantics, we de-
fine £((&,&’), R) in Fig.[12] which assigns a level to the transition
(6, &), given the specification R. That is, if £L((&,&’), R) = k,
we say R views (&, ') as a level-k transition. We let k = maxL if
the transition does not satisfy R. Given the level function, we can
now define the semantics of | R]o, which picks out the transitions
that R views as level-0 ones. For the following example R,

R Z (PxoQ)V (P x1Q")
| R|o is equivalent to P xo Q. Besides, R = | R]o means that R
views all state transitions as level-0 ones, thus any state transitions
of R should not delay the progress of other threads.
We use (6,8, k) = R as a shorthand for £L((6,6'),R) =k
(k < maxL). Then the implication R = R’ is redefined under this
new interpretation, as shown in Fig.[T2}

$#-tokens in assertions. To ensure the progress of the whole
system, we require the steps of delaying actions to pay ¢-tokens.
Since we allow multi-levels of transitions to delay other threads,
the #-tokens are stratified accordingly. Thus we introduce the new
assertion ¢ (Fk, ..., E1) in Fig. @ whose semantics is defined in
Fig.[7] 1t says the number of each level-j #-tokens is no less than
E;. Here u is a sequence (ny, . .., n1) recording the numbers of 4-
tokens at different levels, as defined in Fig.[I2] We overload < as the

-, w [k if (6,68") F Py Q
L((6,68),P x, Q)= maxL otherwise

/ w [0 if(6,6) (P
['( 6,6 )7 [PD - maxL otherwise

, w [0 if(6,&)ED
L£((6,8"),D) - maxL otherwise

max(L((&,8"), R), L((6,6"), R'))
min(L((6,6'), R), L((6,8'), R"))

, w [0 ifL((6,&),R) =0
L((6,6), [Eo) _{ maxL otherwise

(6,8') = |R]o iff £((S,8'),R) =0
(6,8,k) = R iff L((6,8"),R) = kand k < maxL

R= R iff VS, &', k. (6,8, k) £ R) = (6,8,k) = R
u = (ng,...,n1) (1 <k < maxL)

(s -+ 5n) <p (M, .. m1) 3ME (Vi > k. (n] = ni)) A (ng, < ng)
(M- 1y) R (M, -, n1) 0ff (Vi > k. (0] = ny))

w <o iff k. u < u<u iff u<u Vu=au
(u,w) <g (W, w) iff (u<pu)V(k=0Au=u Aw=urw’)

(u,w) =g (W, w') iff ump W/ A(k=0= w=uw)

Figure 12. Levels of state transitions and tokens.

dictionary order for the sequence of natural numbers. The ordering
over u and other related definitions are also given in Fig.[T2]

4.3.1 Inference Rules Revisited

To use the logic to verify deadlock-free objects, we need to first
find in each object method the actions that may delay the progress
of others. Since some of these actions may be further delayed by
others, we assign levels to them to ensure each action can only be
delayed by ones at higher levels. We specify the actions and their
levels in the rely/guarantee conditions. We also need to decide an
upper bound of these execution steps at each level and specify them
as the number of $-tokens in the precondition of each method.

Below we revisit the inference rules in Fig.[9]and explain their use
of multi-level actions and ¢-tokens. In the OBJ rule, we specify in the
precondition the number of 4-tokens needed for each object method.
The side condition wffAct(R, D) is also redefined in Fig. 13| which
is explained below.

Decreasing $-tokens at the ATOM rule. The thread loses ¢-
tokens when it performs an action that may delay other threads. This
is required by the ATOM rule. Depending on whether the atomic
command may delay others or not, we assign a level k in the premise
¢’ = g, which is redefined in Fig.[13] Similar to p = ¢ in Fig.[10}
it allows us to execute the abstract code. Now it also requires the
number of ¢-tokens at level k to be decreased if & > 1.

Note k cannot be arbitrarily chosen. The assignment of the
level k to the atomic operation must be consistent with the level
specification in G, as required by the third premise.

Being delayed: increasing tokens at stability checking. When
the progress of the thread t is delayed by a level-k (k > 1) action
from its environment thread t’, thread t could gain more (-tokens
to do more loop iterations. It could also gain more level-k’ (k' < k)
#-tokens to execute more level-k" actions. Here increasing tokens
would not affect the soundness of our logic because the environment
thread t' must pay a higher-level token for its higher-level delaying
action. As we explained in Sec. the ¢-tokens at all levels in



wffAct(R, D) iff Vt.|Ri|o = [Di] A (Vt' # t. [Dy] V Dy)
p = q iff Vi, 0,2, u,w,C, Xp.
(((0, %), (u, w),C) E p) A(ELEp) = Fu',w’,C", 3.
((Cu EH'JZF) _Dﬂ; (0/7 E/H’JEF)) A (((07 2/)7 (’ll,/, ”LU/), Cl) i: q)
A (W, w') <k (u,w) (<}, defined in Fig.[T2)
Sta(p, R) iff V6,6, u,w,C, k.
(6, (v, w),C) Ep) A (6,8, k) F R) = Tu/,w'.
(&, (', w'),C) Ep) A (v, w') =g (u, w))
where /2y, is defined in Fig.[T2]

Figure 13. Key auxiliary definitions for inference rules (final
version that supersedes definitions in Fig.[T0).

def

def
lockedy = =

envLocked: = 3t’. lockedy A (t' # t)

unlocked V envLocked;

(L—t)

def

unlocked & (L 0) notOwn; &

d

Gt & Lockt V Unlocky
Locky &f

def

Dy =

.
Qc =

Unlock: &f
locked; ~+ unlocked J ¥

unlocked x 1 locked; locked: X unlocked

notOwny V lockedt

1 if & = envlocked:
0 if&EQ

13

unlocked V locked; fe(6) = {

{notOwncia A 4}
1 local b := false;
{ ((—=b) A notOwncia A 4 A Q) V (b Alockedcia) }
2 while (!b) {
{(unlocked A #) V (envLockedcia A # A O) }
3 b := cas(L, 0, cid);
{ (b Alockedcia) V ((=b) A notOwncia A 4 A O) }

}

{ lockedcia }
5 [L] := 0;

{ notOwncig }

Figure 14. Proofs for the TAS lock.

the whole system actually form a tuple which strictly descends along
the dictionary order, ensuring the whole-system progress.

We re-define the stability Sta(p, R) in Fig. [13|to reflect the
possible increasing of tokens for the thread t. We could reset w and
the number at level k¥’ < k in u after the environment step R if this
step is associated with a level k£ (k > 1).

Allowing queue jumps at definite progress and wffAct. As we
explained in Sec.[2.3.3] for deadlock-free objects, the environment
steps could cause queue jumps to delay the progress of the thread t.
Like starvation-free objects, the thread t using deadlock-free objects
may wait for a queue of definite actions made by its environment. A
queue jump would make the thread t wait for a longer queue of the
environment’s definite actions.

As shown in Definition the definite progress condition (R, G :

EN Q) allows the thread to reset its metric f(&) for a queue jump
when the environment step is associated with level k£ > 1 (i.e., it is
a delaying action). In this case, although the current thread may be
blocked for a longer time, the whole system must progress since a
4-token is paid by the environment thread for the delaying action.

Also the requirement wffAct(R, D) (used at the OBJ rule and
the WHL rule) should be revised to allow queue jumps. The new
definition is shown in Fig.|13] Here we allow a queue jump to disable
the definite action D of the thread at the head of the queue, so it
is not necessary to require Enabled(D) to be preserved when the
environment step is associated with level £ > 1.

4.3.2 Example: Test-and-Set Locks

In Fig. we verify the test-and-set lock implementation explained
in Sec.[2] Like the ticket lock proofs in Sec.[d.2.4] we simplify the
code and prove it is linearizable with respect to skip. Here we omit
the assertion arem(skip) at each line in the proof, and focus on
proving deadlock-freedom of the code.

As defined at the top of Fig.[14] the action Lock; (corresponding
to the successful cas at line 3) is at level 1, which may delay other
threads trying to acquire the lock. The Unlock; action is at level 0,
which cannot delay other threads. Also the precondition is given a
¢-token, which is required to pay for the Lock; action.

The definite action D simply says that the thread t would
eventually release the lock when it acquires the lock. It is easy
to check that the side conditions about R, G and D in the OBJ rule,
e.g., wffAct(R, D), are satisfied.

R,G: EN @ specifies the queue of definite actions which now
contains at most one environment thread. That is, the metric f(&)
is 1 if the lock is not available, and is 0 otherwise. When an
environment thread t’ cuts in line by acquiring the lock when the
lock is free, the current thread t has to wait for D,/ before t itself

progresses. Thus in R, G: ER @ the current thread t can reset its
metric f(&) when its environment acquires the lock.

The detailed proof at the bottom of Fig. [T4]shows the changes of
tokens. We give the current thread one {-token (using the HIDE-{
rule) to do its loop at lines 2-4. It consumes this {-token at the
beginning of the loop body when @ holds, as shown in the left
branch of the assertion p before line 3. When @) does not hold, as
shown in p’s right branch, the loop does not consume the {-token.

Next we stabilize p. For the left branch, if an environment thread
t" acquires the lock, which is a delaying action Lock, we let the
current thread regain a {-token. The resulting state just satisfies the
right branch of p. Thus p is already stable.

The current thread pays its #-token when its cas at line 3
succeeds (i.e., it acquires the lock), as shown in the left branch
of the assertion after line 3. If the cas fails, the thread still has 4 to
acquire the lock in the future and ¢ to try one more iteration.

4.3.3 Another Example: Nested Locks with Rollback

To demonstrate the use of action levels, we verify the rollback code
in Fig. P[b) which we informally discussed in Sec. 2] Here we
assume all the methods of the object either acquire L1 before L2 (as
in the method of Fig. b)), or acquire only one lock.

Stratified delaying actions. As in the TAS lock example in
Sec.[#32] lock acquirements are delaying actions. Here we have
two locks L1 and L2, and a thread may roll back and re-acquire L1
if its environment owns L2. To support the rollbacks, we stratify
the delaying actions and ¢-tokens in two levels. Acquirements of
L2 are at level 2, defined as Lock?2 in Fig. which may trigger
rollbacks and more acquirements of L1. Acquirements of L1 at
level 1 may delay other threads requesting L1, causing them to do
more non-delaying actions, but cannot reversely trigger more level-2
actions. Thus we avoid the circular delay problem.

However, acquirements of L1 in some special cases cannot
be viewed as delaying actions. Suppose L2 is acquired by an
environment thread t’ before the current thread t starts the method.
Then t would continuously roll back until t’ releases L2. It may
acquire L1 infinitely often. In this case, viewing all acquirements
of L1 as delaying actions would require t to pay ¢-tokens infinitely
often, and consequently require an infinite number of ¢-tokens be
assigned to the method at the beginning, which is impossible. To
address the problem, we define in Fig. |15 that acquiring L1 is a
level-1 action Lockl1 only if L2 is free. When L2 is acquired by the
environment, we say the current thread is “blocked”, and we view
its acquirement of L1 as a non-delaying action LockO at level 0.



[en &f Lock2: V Lockly V LockO: V Unlock2: v Unlock1:
Lock2: (unlocked(L2) x2 locked:(L2)) * [L1 — ]
Lockl1: (unlocked(L1) x 1 locked¢(L1)) * [unlocked(L2)]

def

def

)
& (locked: (L2) o unlocked(L2)) * [L1 — ]
Unlock1: &of (
D2 ¥ Vs. locked;(L2) * (L1 — s) ~» unlocked(L2) % (L1 — s)
del

Lock0; & (unlocked(L1) g lockedt(L1)) * [envLocked:(L2)]
Unlock2y =
4 (locked: (L1) xo unlocked(L1)) * [L2 — ]
Dy £ D2 A DL,
Dl ¥ locked:(L1) * unlocked(L2) ~ unlocked(L1) * unlocked(L2)

Figure 15. Multi-level actions for the example in Fig. 2[b).

{ notOwnciq(L1) * notOwngia(L2) A 4(1,1) }
1 lock Li;
daof | lockedcia(L1) * (unlocked(L2) A 4(1,0)
p1= V envLockedesa(L2) A #(1,1))
2 local r := L2;
lockedcia(L1) * notOwngiq(L2)
Az =0) A (1,0) V (r #0) A #(1,1) A O)
3 while (r !'= 0) {
d@er [ lockedcia(L1)
p2 = { * (unlocked(L2) V envLockedcia(L2) A O) A 4(1,1) }
4 unlock L1;
5 lock L1;
lockedcia(L1) * (unlocked(L2) A 4(1,0)
V envlLockedcia(L2) A ¢(1,1) A O)
6 r := L2;
lockedcia(L1) * notOwncia(L2)
A(x=0)A#(1,0) V (r=1)A¥11)A0)
7 }
{ lockedcia(L1) * notOwnciq(L2) A 4(1,0) }
8 1lock L2;
{ lockedcia(L1) * lockedciq (L2) }
9 unlock L2;
10 wunlock L1;
{ notOwnciq(L1) * notOwnciq(L2) }

QrE (lockedt(L1) V unlocked(L1)) * unlocked(L2)

Figure 16. Proof outline for the rollback example in Fig.[2|b).

To simplify the presentation, the definitions in Fig.[T3]follow the
notations in LRG [[7]], using “x [P]” to mean that the actions on the
irrelevant part P of the states are identity transitions.

Definite actions. There are two kinds of definite actions, which
release the two locks respectively. As shown in Fig.[T3] D2 says a
thread holding L2 eventually releases it, regardless of the status of
the lock L1. D1 says L1 will be definitely released when L2 is free.
Note that a thread holding L1 may not be able to release the lock if
it cannot acquire L2.

Proof outline for the rollback.  As shown in Fig.|16| when thread t
starts the method, it is given 4(1, 1), where the level-2 #-token is for
doing Lock2 and the level-1 #-token is for Lockl. The assertions
notOwn is defined similarly as in Fig.[T4]

lock L1 atline 1 is implemented using the TAS lock, and its
detailed proof is in Fig. E which will be explained later. The
acquirement of L1 may or may not consume a level-1 ¢-token,
depending on whether L2 is free or not (see p; in Fig. @) IfL2is
free, line 1 is a Lock1 action, which consumes a token. Otherwise it
is a LockO action and the token is not consumed, allowing the thread
t to roll back and do Lock1 later. Then we stabilize the assertion.
For the left branch, when an environment thread acquires L2, i.e.,
the interference is at level 2, the thread t could re-gain the level-1

Po1 &f unlocked(L1)
poz & (unlocked(L1)

* unlocked(L2)
x envLockedcia(L2)) A O

Po3 = (envLockedcia(L1) * notOwncsa(L2)) A O
{notOwnciq(L1) * notOwncsa(L2) A 4(1,1) }
1 1local b := false;
(=b) A (notOwncig(L1) * notOwncia(L2)) A #(1,1) A O
Vb AP

2 while (!'b) {
{(po1 V poz V po3) A #(1,1) }

3 b := cas(Ll, 0, cid);

b A lockedcia(L1)

* (unlocked(L2) A 4(1,0) V envlLockedcia(L2) A 4(1,1))

V (=b) A ((unlocked(L1) V envLockedcia(L1))

* notOwnciq(L2)) A #(1,1) A O

4 3

{p1}

Figure 17. Proof outline for lock L1 in the rollback example.

¢-token, resulting in the right branch of the assertion. Stabilizing
the right branch gives us the whole p; too. Thus p; is stable.

Then thread t tests L2 at line 2 in Fig.@ When r is not 0, thread
t goes into the loop at line 3. The @ for the loop is defined at the
bottom of Fig. @ which says that thread t could terminate the loop
when L1 is not acquired by the environment and L2 is free. Before
line 3, we give the thread one {-token for the loop (applying the
HIDE-{ rule). The token is consumed at the beginning of an iteration
when the above @) holds. Thus, the loop body (from line 4 to line 6)
is verified with the precondition p». Note the thread still has one
Q-token if L2 is not available, because the loop does not consume
the token if (Q does not hold. The token will be consumed at the
next round when L2 is free. On the other hand, stabilizing the left
branch of the above assertion p» just gives us the whole p2: When
an environment thread acquires L2, thread t could re-gain a {-token.

Besides, the definite progress R, G: DLQ is verified as fol-
lows. When thread t is blocked (i.e., @ does not hold), there is a
queue of definite actions of the environment threads. The length of
the queue is at most 2, as shown by f defined below:

) 2 if & = envLocked;(L2) * true
fi(e) ¢ { 1 if & = envLockedt(L1) * unlocked(L2)
0 feEQ

When the environment thread t’ holding L2 releases the lock (i.e., it
does D2y), the queue becomes shorter. Thread t only needs to wait
for the environment thread to release L1.

Acquirements of L1 in the rollback example. Finally we discuss
the proof of the implementation of lock L1 in Fig.[T7} Here we use
the same Q in Fig.[T6]to verify the loop. That is, we think the thread
is “blocked” if L2 is not available. Initially we give one {-token
for the loop. Depending on whether @ holds or not, there are three
cases (po1, poz2 and po3) when we enter the loop. For the case po1,
the loop consumes the {-token because () holds. For the other two
cases (po2 and po3), ) does not hold and the token is kept. Note
that stabilizing po1 results in po3 when the environment acquires L1:
Since L2 is free, the environment action is a level-1 delaying action
Lock1, allowing the thread to re-gain the {-token.

For line 3, if b is true, we know po1 or po2 holds before the line.
Depending on whether L2 is available or not, the action may or
may not consume a level-1 4-token, following the same argument
as in line 1 in Fig. E If b is false, then po3 holds before the line.
Stabilizing this case results in the right branch of the postcondition

of line 3, with a {-token for the next round of loop.
It may seem strange that for the loop we do not use a Q’ o

locked;(L1) V unlocked(L1), i.e., the same @ as in Fig.[14] If we
use Q' instead, then the case po2 before line 3 cannot have the



{-token because Q' is true in this case and the {-token needs
to be consumed by the loop. Thus po2 needs to be changed to

Do < envLocked.ia(L1) % notOwncsa(L2). Stabilizing pj, can no
longer give us pos when the environment acquires L1, because the
acquirement action is LockO instead of LocklI (since L2 is not free
in this case). The thread cannot re-gain the {-token in pos, SO pos
cannot have the {-token either. As a result, we no longer have a
{-token to pay for the next round of loop if the cas in line 3 fails.

5. Soundness and Abstraction Theorems

Our logic LiLi is a sound proof technique for concurrent objects
based on blocking algorithms, as shown by the following theorem.

Theorem 2 (Soundness). If D, R,G + {P}II: T, then

(1) both IT <" I" and deadlock-freep (IT) hold; and
(2) if R = |R]o and G = |G o, then starvation-freep (II) holds.

Here IT <! T describes linearizability of the object II. Infor-
mally it says that II has the same effects as the atomic operations
of I' (assuming the initial object states satisfy P). The formal def-
inition is standard [[15] and omitted here. deadlock-freep(II) and
starvation-freep (II) are the two progress properties defined follow-
ing their informal meanings [14] (or see Sec..

Theorem 2] shows that LiLi ensures linearizability and deadlock-
freedom rogether, and it also ensures starvation-freedom when the
rely/guarantee specification of the object satisfies certain constraints.
The constraints R = |R|o and G = |G| require R and G to
specify actions of level 0 only. That is, none of the object actions of a
thread could delay the progress of other threads. With the specialized
R and G, we can derive the progress of each single thread, which
gives us starvation-freedom.

Abstraction.  The soundness theorem shows that our logic ensures
linearizability with respect to atomic operations. However, from the
client code’s point of view, the methods of deadlock-free objects
do not refine atomic operations when termination is concerned.
Consider the example below.

dfInc(); s:=1; || while (s=0) dfInc();
INC; s:=1; || while (s=0) INC;

The first line shows the client code using a lock-free counter,
while the second line uses an atomic counter (see Fig. [I] for the
implementation of counters). Assuming s=0 initially, it is easy to
see the first program may or may not terminate, but the second one
must terminate under fair scheduling. Therefore the first program
is not a termination-preserving refinement of the second one. Note
that if we replace df Inc with the starvation-free counter sfInc, the
first program must terminate too under fair scheduling.

We propose a novel “progress-aware” object specification wry (I")
for deadlock-free objects that are linearizable with respect to I'. As
defined below, wry (I") wraps the atomic operations in I" with some
auxiliary code for synchronization.

wr1 () (f) o (z, wri({C));return E) if I(f) = (z, (C);return E)

wri((C)) ¥ local ul := nondet(), u2 := nondet();
while(ul >= 0) { lock 1; unlock 1; ul--; }
(C);
while(u2 >= 0) { lock 1; unlock 1; u2--; }

Here we assume 1 is a fresh variable, i.e., 1 ¢ fu(II,T', P). The
wrapper function wr; inserts a finite (but arbitrary) number of lock-
acquire (lock 1) and lock-release (unlock 1) actions before and
after the atomic abstract code (C'). The command u := nondet ()
assigns to u a nondeterministic number. The lock 1 is a TAS lock
(implementation shown in Fig. [T{b)). Then the progress of a thread
executing wr1 (I") could be delayed by other threads acquiring the

lock 1. By introducing the explicit delay mechanism, the abstract
specification can model the deadlock-freedom property. In our
previous example, if we replace INC with wry (INC), the second
program may fail to terminate too, even under fair scheduling.

Before showing our abstraction theorem, we first define contex-
tual refinement below.

Definition 3 (Contextual Refinement under Fair Scheduling).

MCp Il iff Vn,C4,...,Cn,0c,00, 0. ((00720) ': P)
- Ofw [[(W7 (UC7 UO))H c Ofw [[(W/7 (O'C) EO)H 5

where W =letIIinCy ||...||Cn and W’/ =1etII'in C1 || ... || Ch.

Here Oy, [W, S] generates the full traces of externally observ-
able events in fair executions starting from (W, S). In our language
in Sec. [3] only outputs (produced by print commands) and fault
events are externally observable. Note that Oy, [W, S| contains only
full execution traces (which could be infinite for non-terminating
executions), therefore C is a termination-preserving refinement.

As an important and novel result, we show the following ab-
straction theorem, saying that our logic LiLi ensures the contextual
refinements C.

Theorem 4 (Progress-Aware Abstraction).
Suppose 1 € fy(IL,T, P, D, R,G).If D, R,G F {P}II : T, then

(1) II Gy, (py wra(T) holds; and
(2) if R= |R]o and G = |G|o, then II Cp I holds.

where wry (P) extends the precondition P with the lock variable 1,
ie,wr(P) = (Px (1~ 0)).

The contextual refinements C provide abstractions for concur-
rent objects under fair scheduling, which can be applied for modular
verification of client code. When proving liveness properties of a
client of an object under fair scheduling, we can soundly replace the
concrete object implementation II by some more abstract code. For
starvation-free objects (case (2) in the theorem), the substitute is I,
the atomic abstract operations. For deadlock-free objects (case (1)
in the theorem), the substitute is wry (I"), where the atomic abstract
operations I" are wrapped with auxiliary code for synchronization.
In this paper we do not discuss the verification of clients.

More details about proofs. Due to splace limit, we omit defini-
tions of some key concepts, e.g., linearizability, deadlock-freedom
and starvation-freedom. They are mostly standard and are presented
in Appendix The proofs of Theorems [2] and ] are shown in
detail in Appendix [B| Here we only give a brief overview about the
structure of the proofs.

To prove Theorem [d we introduce a termination-preserving
simulation, which extends previous work [23] to reason about
blocking and delay. LiLi ensures that the concrete implementation
II is simulated by the abstract specification (I" for starvation-free
objects and wr, (T") for deadlock-free ones). Then we prove the
simulation ensures the contextual refinement C.

We also establish the equivalence between the contextual re-
finements and the combination of linearizability and deadlock-
freedom/starvation-freedom, as in Liang et al.’s previous work [22].
Then Theorem 2] follows from these equivalence results and Theo-
rem ]

In more detail, Theorem 2]is proved in a unified framework in
Fig.[I8] In the diagram, we use “==" for implications and “<="
for equivalences. The dashed arrow a --+ b and the dotted arrow
b > a both mean that b is an instance of a.

The top at Fig. shows our final goals: verifying lineariz-
ability IT <" T, and starvation-freep (IT) or deadlock-freep (II).
Inspired by earlier work [8, 22]], we reduce the goals (see D and Q)
in Fig.[I8) to verifying contextual refinements C in Definition[3]
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Figure 18. A unified framework for logic soundness proofs.

When using C to characterize deadlock-free objects II (see @
in Fig. [T8), their methods at the abstract side are no longer atomic.
We need to use the “progress-aware” object specification wry (T").

Our results D and @ in Fig. 18| unify starvation-freedom and
deadlock-freedom. Both can be characterized by contextual refine-
ment IT Ep/ II', where IT" may not be atomic. (See @ and @.)

Next we propose the simulation IT < p, IT" as a proof technique
for the contextual refinement C. (See the gray box at the center
of Fig.[T8]) The simulation ensures that executions of IT preserve
the behaviors of II" under fair scheduling. It is adapted from the
compositional simulations in earlier work [21} 23]

At the bottom @) of Fig. we define semantics for our logic
judgment D, R, G + {P}II : I". Note that the logic uses the atomic
I as specification. The judgment semantics D, R, G |= {P}II: T’
is also based on a simulation, but it is much closer to the logic rules,
which can simplify the task of proving the validity of each rule in
Fig. E} It can be directly (see ®) translated to II Sy, (p) wra(T),
where wr; is the wrapper function we just defined (still assume 1 is
an arbitrary fresh variable). If the rely/guarantee conditions R and
G specify actions of level 0 only (see case (2) in Theorem[2), the
judgment semantics can also be reduced to IT Zp T (see @). Both
IT Sy (py wri(I') and IT Zp T are instances of the more general
simulation IT X p/ IT' (see ® and ®).

The proof framework in Fig. [T8] unifies the logic soundness
proofs for both starvation-freedom and deadlock-freedom. All the
formal definitions and detailed proofs are given in Appendix B}

6. On Lock-Freedom and Wait-Freedom

As a program logic for concurrent objects under fair scheduling,
LiLi unifies the verification of linearizability, starvation-freedom
and deadlock-freedom. It has been applied to verify objects with
blocking synchronization (i.e., mutual exclusion locks).

LiLi can also be applied to verify non-blocking objects. For non-
blocking objects, wait-freedom and lock-freedom are two commonly
accepted progress criteria, which require method-wise progress and
whole-system progress respectively. Then, under fair scheduling,
wait-freedom and lock-freedom are degraded to starvation-freedom
and deadlock-freedom, respectively.

Fig. [I9] shows the relationships among all the four progress
properties (where “=>-" represents implications). We sort them in two
dimensions: blocking and delay (their difference has been explained
in Sec.[2.2.1). Starvation-free or deadlock-free objects allow a thread
to be blocked, and lock-free and deadlock-free objects permit delay.

| non-delay delay
non-blocking wait-freedom = lock-freedom
4

blocking starvation-freedom =  deadlock-freedom

Figure 19. Progress properties of concurrent objects.

Our logic LiLi handles blocking by definite actions, and supports
delay by #-tokens and multi-level actions. By ignoring either or
both features, it can be instantiated to verify objects with any of the
four progress properties in Fig.

To verify lock-free objects, we instantiate the definite actions
D to be false ~ true, and use only the supports for delay. Then a
thread cannot rely on the environment threads’ D, meaning that it is
never blocked. The WHL rule in Fig.[J]is reduced to requiring that
the loop terminates (the {-tokens decrease at each iteration) unless
being delayed by the environment. The definite progress condition

J=(R,G: IEN Q) could trivially hold by setting both @ and J
to be true and f to be a constant function.

To verify wait-free objects, besides instantiating D as false ~»
true, we also require R and G to specify actions of level O only, as in
Theorem [2{2). The instantiation results in the logic rules disallowing
both blocking and delay, so we know every method would terminate
regardless of the environment interference.

In fact, Liang et al.’s program logic rules [23] for lock-free
algorithms can be viewed as a specialization of LiLi. Thus all the
examples verified in their work can also be verified in LiLi.

7. More Examples

We have seen a few small examples showing the use of LiLi. Below
we give an overview of other blocking algorithms we have verified.
Their proofs are in Appendix [C] (for starvation-free examples) and
Appendix [D] (for deadlock-free examples).

e Coarse-grained synchronization. The easiest way to implement
a concurrent object is using a single lock to protect all the object
data. Our logic can be applied to such an object. As an example,
we verified the counter with various lock implementations 13}
24|, including ticket locks, Anderson array-based queue locks,
CLH list-based queue locks, MCS list-based queue locks, and
TAS locks. We show that the coarse-grained object with ticket
locks or queue locks is starvation-free, and it is deadlock-free
with TAS locks.

Fine-grained and optimistic synchronization. As examples with
more permissive locking scheme, we verified Michael-Scott two-
lock queues [25], lock-coupling lists [[13], optimistic lists [[13]],
and lazy lists [11]. We show that the two-lock queues and
the lock-coupling lists are starvation-free if all their locks are
implemented using ticket locks, and they are deadlock-free if
their locks are TAS locks. The optimistic lists and the lazy lists
have rollback mechanisms, and we prove they are deadlock-free.

To the best of our knowledge, we are the first to formally verify
the starvation-freedom of lock-coupling lists and the deadlock-
freedom of optimistic lists and lazy lists.

Optimistic lists. Below we verify the optimistic list-based imple-
mentation in Fig.[2JJa) of a mutable set data structure. The algorithm
has operations add, which adds an element to the set, and rmv,
which removes an element from the set. Fig. 20]shows the code and
the proof outline for rmv.

We have informally explained the idea of the algorithm in
Sec. To verify its progress in LiLi, we need to recognize
the delaying actions, specify them in rely and guarantee conditions



rmv(int e) {
{#(1,2) Aarem(RMV(e)) A ... }
1 1local b := false, p, c, n;
{-bASL2)AOA...VDA...}
2 while (!b) {
{e(1,2)A...}
3 (p, ¢) := find(e); // a loop of list traversal
{valid(p,c) A #(1,2) A... Vinvalid(p,c) A #(1,4) AOA ...}
4 lock p; lock c;
{valid(p,c) A #(1,0) A ... Vinvalid(p,c) A (1, 2) AO A ...}
5 b := validate(p, c); // a loop of list traversal
6 if (!'b) { unlock c; unlock p; }
{bAvalid(p,c) A#(L,0)A...V-DAML2AOA...}
7 3}
{valid(p,c) A #(1,0) A arem(RMV(e)) A ...}
8 if (c.data = e) {
9 n := c.next;
{valid(p, c,e,n) A 4(1,0) A arem(RMV(e)) A ... }

gn := gn U {c}>; // LP
{valid(p,n) A arem(skip) A ...}
}

10 < p.next := n;

11

12 unlock c; unlock p;
{arem(skip) A ...}

}

Figure 20. Proofs for optimistic lists (with auxiliary code in gray).

with appropriate levels, define the definite actions, and finally prove
the termination of loops following the WHL rule.

Following the earlier linearizability proofs in RGSep [30], the
basic actions of a thread include the lock acquire (line 4) and release
actions (lines 6 and 12), and the Add and Rmv actions (lines 8-11)
that insert and delete nodes from the list respectively. Since we use
TAS locks here, acquirements of a lock will delay other threads
competing for the same lock. Thus lock acquirements are delaying
actions, as illustrated in Sec. [£:3.2] Also, the Add and Rmv actions
may cause the failure of the validation (at line 5) in other threads.
The failed validation will further cause the threads to roll back and
to acquire the locks again. Therefore the Add and Rmv actions are
also delaying actions that may lead to more lock acquirements. In
our rely and guarantee specifications, the Add and Rmv actions are
level-2 delaying actions, while lock acquirements are at level 1.

Next we define the definite actions D that a blocked thread
may wait for. Since a thread is blocked only if the lock it tries to
acquire is unavailable, we only need to specify in D the various
scenarios under which the lock release would definitely happen. The
definitions are omitted here.

We also need to find a metric f to prove the definite progress
condition in the WHL rule. We define f as the number of all the
locked nodes, including those on the list and those that have been
removed from the list but have not been unlocked yet. It is a
conservative upper bound of the length of the queue of definite
actions that a blocked thread is waiting for. It is easy to check that
every definite action D makes the metric to decrease, and that a
thread is unblocked to acquire the lock when the metric becomes O.

In Fig. the precondition is given #(1,2), two level-1 ¢-
tokens for locking two adjacent nodes, and one level-2 ¢-token for
doing Rmv. We apply the (HIDE-) rule and assign one {)-token to
the loop at lines 2-7, so the loop should terminate in one round if it
is not delayed by the environment.

A round of loop is started at the cost of the (-token. The code
find at line 3 traverses the list. After line 3, p and ¢ may be
valid: both of them are on the list and p.next is c. However, if
the environment updates the list by the level-2 delaying actions Add
or Rmv, the two nodes p and ¢ may no longer satisfy valid. In this
case, invalid(p, c) holds, and the current thread could gain two more

level-1 ¢-tokens and one more {-token, allowing it to roll back and
re-lock the nodes in a new round.

At line 4, lock p and lock c consume two level-1 ¢-tokens
respectively. The validation at line 5 succeeds in a valid state, and
fails in an invalid state. Thus we can re-establish the loop invariant
after line 6.

Lines 8-11 perform the node removal. Line 10 is the lineariza-
tion point (LP in the figure), at which we fulfill the abstract atomic
operation RMV (e) . Afterwards, the remaining abstract code becomes
skip. To help specify the shared state, in line 10 we introduce an
auxiliary variable gn to collect the locations of removed nodes.

Due to space limit, here we only give a brief overview of
the proofs and omit many details, including the specifications
of rely and guarantee conditions, definite actions, and the proofs
of the implementation of find (line 3), validate (line 5) and
lock (line 4). The full specifications and proofs are given in

Appendix

8. Related Work and Conclusion

Using rely-guarantee style logics to verify liveness properties can
date back to work by Stark [27]], Stglen [28]], Abadi and Lamport [1]]
and Xu et al. [32]. Among them the most closely related work is
the fair termination rule for while loops proposed by Stglen [28],
based on an idea of wait conditions. His rule requires each iteration
to descend if the wait condition P, holds once in the round. P, is
comparable to —Q in our WHL rule in Fig.[0] But it is difficult to
specify P, which is part of the global interface of a thread, while our
@ can be constructed on-the-fly for each loop. Also it is difficult to
construct the well-founded order when — P, is not stable (e.g., as in
the TAS lock). We address the problem with the token transfer idea.
Besides, his rule does not support starvation-freedom verification.

Gotsman et al. [10] propose a rely-guarantee-style logic to verify
non-blocking algorithms. They allow R and G to specify certain
types of liveness properties in temporal logic assertions, and do
layered proofs iteratively in multiple rounds to break circular rea-
soning. Afterwards Hoffmann et al. [16] propose the token-transfer
idea to handle delays in lock-free algorithms. Their approach can
be viewed as giving relatively lightweight guidelines (without the
need of multi-round reasoning) to discharge the temporal obligations
for lock-freedom verification. Liang et al. [23]] then apply similar
ideas in refinement verification. Their logic can verify linearizability
and lock-freedom together. In LiLi, the use of stratified ¢-tokens
generalizes their token-transfer approaches to support delays and
rollbacks for deadlock-free objects. Also we propose the new idea
of definite actions as a specific guideline to support blocking for
progress verification under fair scheduling.

Recently, da Rocha Pinto et al. [5] take a different approach to
handle delay. They verify total correctness of non-blocking programs
by explicitly specifying the number of delaying actions that the
environment can do. As we explained, blocking and delay are two
different kinds of interference causing non-termination, both of
which are now handled in LiLi.

Jacobs et al. [[17] also design logic rules for total correctness.
They prevent deadlock by global wait orders (proposed by Leino et
al. [20]] to prove safety properties), where they need a global function
mapping locks to levels. It is unclear if their rules can be applied
to algorithms with dynamic locking and rollbacks, such as the list
algorithms verified with LiLi. Besides, the idea of wait orders relies
on built-in locks, which is ill-suited for object verification since it is
often difficult to identify a particular field in the object as a lock.

Bostrom and Miiller [3] extend the approach of global wait
orders to verify finite blocking in non-terminating programs. They
propose a notion of obligations which are like our definite actions
D. But they still do not support starvation-freedom verification.



Here we propose the definite progress condition to also ensure the
termination of a thread if it is unblocked infinitely often.

Filipovi¢ et al. [8] first show the equivalence between lineariz-
ability and a contextual refinement. Gotsman and Yang [9] suggest
a connection between lock-freedom and a termination-sensitive con-
textual refinement. Afterwards Liang et al. [22] formulate several
contextual refinements, each of which can characterize a liveness
property of linearizable objects. However, their contextual refine-
ments for blocking properties assume fair scheduling at the concrete
level only, which lack transitivity. In this paper, we unify deadlock-
freedom and starvation-freedom with the contextual refinement C
(see Def. [3) which gives us the novel Abstraction Theorem (Thm. )
to support modular reasoning about client code.

Back and Xu [2] and Henzinger et al. [[12] propose simulations
to verify refinement under fair scheduling. Their simulations are not
thread-local, and there is no program logic given.

There is also plenty of work for liveness verification based on
temporal logics and model checking. Temporal reasoning allows
one to verify progress properties in a unified and general way, but it
provides less guidance on how to discharge the proof obligations.
Our logic rules are based on program structures and enforce specific
patterns (e.g., definite actions and tokens) to guide liveness proofs.

Conclusion and future work. We propose LiLi to verify lineariz-
ability and starvation-freedom/deadlock-freedom of concurrent ob-
jects. It is the first program logic that supports progress verification
of blocking algorithms. We have applied it to verify several non-
trivial algorithms, including lock-coupling lists, optimistic lists and
lazy lists. In the future, we would like to further test its applicability
with more examples, such as tree algorithms which perform rota-
tion by fine-grained locking. We also hope to mechanize LiLi and
develop tools to automate the verification process.
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A. The LRG-Style Full Version of LiLi

The full version of LiLi extends the advanced Rely-Guarantee-based logic LRG [7] to support dynamic allocation and ownership transfer. The
top level judgment is now in the form of D, R, G, I  { P}II : I'. Here the fence [ is used to determine the boundary of the shared memory
following LRG [7]. Just like P, I is also a relational assertion specifying the consistency relation between the concrete data representation and
the abstract value.

A.1 LRG-Style Assertions
(RelAssn) P,Q,I,J = ... | own(x)
(RelAct) R,G == ... | G*xG
Following LRG [[7]], we treat program variables as resources [26] and use own(z) for the ownership of the program variable z. Also we
introduce separating conjunction over actions to locally define shared state updates. G * G2 means that the actions G1 and G start from

disjoint relational states and the resulting states are also disjoint. Here a level-k transition (&, &’) can be relaxed to a transition at a level
k' < k. Their semantics is defined below.

def

(0, 2w (0", ) ¥ (cwo!, T wX') where (s,h)w(s' k') & (sws’, hwh!)

((s,h), (s, h)) = own(x) iff dom(sWs)={z}

(6,6") = Gy * Gy iff 361,62,6,6,.6 =6 W6, NG =&, W6,
A ((61,68)) | G1) A ((62,6)) = G2)
L((6,6),G1+G2) & min{k | 361,682,686, 6. (6 =61 W6) A (S =&, WE))
Ak =max(L((61,6]),G1), L((62,65),G2))}
R= R iff V6,6 k. (6,8, k) = R) = 3k' < k. (6,6, K) = R

The syntactic sugars |d, Emp and True represent arbitrary identity transitions, empty transitions and arbitrary transitions respectively.

Emp & emp X emp True & true x true Id & [true]

Fence. Since we logically split states into local and shared parts as in LRG [[7], we need a precise invariant I to uniquely determine the
boundary between local and shared resources. We define the fence I > G below, which says that the transition G must be made within the
boundary specified by I.

I>G iff (I = G) AN (G = (IxI))APrecise(l)
The formal definition of the precise requirement Precise(I) is given in earlier work [211 23], which follows its usual meaning as in separation

logic but is now interpreted over relational states. Since the need of fenced rely/guarantee conditions is inherited from LRG and is orthogonal
to the problem we study in this paper, readers unfamiliar with LRG can safely ignore it.

A.2 Inference Rules

Figure 21| presents the complete set of inference rules of LiLi.

Executing abstract code at (ATOM) and (CSQ) rules. Below we first define p & q used in the (CSQ) rule.

p =2 g iff W, 0,5, u,w,C, S
(((0,%), (w,w),C) Ep) A (ELZp) = Tk, u/,w',C", 5.
((C,SW/p) —ot (€, 05 m)) A (0, ), (0,3, k) [= G = True)
A(((0,2), (W, w"),C") Eq) A (W, w') <g (u,w) (< defined in Fig.[T2)

The definition of p £ q is similar to p =, g defined in Fig. In addition to executing the abstract code and decreasing the corresponding
black tokens, p £ q also requires the overall transition to satisfy G.



forall f € dom(IT) :  II(f) = (z,C) I'(f) = (y,C) dom(IT) = dom(T")
D,R,G, I+ {P *own(z)*own(y) A (x =y) A arem(C) A $(Ey, ..., E1)}C{P * own(z) * own(y) A arem(skip) }
vt t'.t #t = Gt = Ry wffAct(R, D) P = —Enabled(D) P Vv Enabled(D) = I

D,R,G,IF {PMI:T (081)
pAB=7p p A B A (Enabled(D) V Q)  true = p’ x (0 A emp) D,R,G, I+ {p'}C{p}
p=(B=B)xJ JVQ=1 Sta(JRVG) D <D wiAct(R,D') J= (R G:DLQ)
D, R,G,1F {p}while (B){C}{p A —B} (wHL)
F [pICl¢] qd =k q (lpll ¥k llgll) = G * True I>G pVq=Ixtrue ( )
ATOM
D, [1], G, I+ {p}{C){q}
D,[I],G, I+ {pH{C){a}  Sta({p,q},R*ld) I>R D, R,G, I+ {p}C{q}
(ATOM-R) (HIDE-0)
D,R,G, I+ {p}(C){q} D,R,G, I+{lplo}C{lalo}
p=(E=E)«I Sta(p, R * Id) I>{R,G}
RET
D,R,G, I+ {|p]a A arem(return E) }return E{|p|. A arem(skip)} (RET)
F [p]Clq] Sta(r, R Id) I>{G, R} r = I x true D,R,G, I+ {p}Ci{r} D,R,G, I+ {r}C2{q}
S
D7 R7 le = {p*T’}C{q*T‘} (PRIM) D7R7 G7I'_ {p}01702{q} ( EQ)
D, R, G, 1~ {p}if (B) C else Ca{q} (ir)
D,R,G,I+ {p}C{q} D,R,G, I+ {|p]a Aarem(C1)}C{|p]a A arem(C2)}
(FRM) (AREM)
D,R,G, I+ {pxr}C{g=*r} D,R,G, I+ {|p]aAarem(Cy;C3)}C{|p|a A arem(C2;C3)}
PEp R=R DRGIFH{pC{g ¢ G=0¢
p’Vg =TIxtrue I'>{G,R'} Sta({p’,¢'}, Rx*Id) Enabled(D) = I  wffAct(R, D)
CS
DRI (7101} e
D,R,G, 1+ {p}C{q} D,R,G, I+ {pi1}C{q1} D,R,G,IF{p1}C{q:}
z €fv(lD7 R7 le) D7R7 G7I}_ {pQ}C{QQ} DvRvall_ {pQ}C{QQ}
(EX) (cony) (D18y)
D,R,G, 1+ {3z. p}C{3z. q} D,R,G, I+ {p1 Ap2}C{q1 A gz} D,R,G, It {p1Vp2}C{q1V gz}

Figure 21. LRG-style inference rules.



B. Logic Soundness Proofs
In this appendix, we give the detailed proofs of Theorem 2] following the unified proof framework in Fig. [T8]

. Appendixdefines the judgment semantics D, R, G = {P}II: I.
° Appendix shows the proofs of @ of Fig. i.e., the logic rules are sound with respect to the judgment semantics.

o Appendix [B.3|defines the “common simulation” IT < p, TI'. Appendix shows the proofs of @ and ® of Fig.[18] i.e., the judgment
semantics D, R, G |= {P}II : T implies instantiations of the common simulation.

° Appendix shows the core proofs for the gray box at the center of Fig.[18] i.e., the common simulation implies IT C p/ II', the contextual
refinement under fair scheduling.

e Appendix shows the proofs of D and @ of Fig. i.e., deadlock-freedom/starvation-freedom and linearizability can be characterized
by the contextual refinements.

B.1 Judgment Semantics

The judgment semantics D, R, G |= { P}I1 : T is based on a simulation between II and I, with four well-founded metrics: M, £, M and w.
The metric M is to ensure that the current thread t must fulfill its definite action D in a finite number of steps. If thread t is blocked, the
metric ¢ specifies the set of the environment threads that t is waiting for. It shrinks when an environment thread t’ finishes definite action Dy.
The metric M corresponds to the number of white tokens ¢, which is to ensure that thread t progresses on its own when £ becomes empty. The
last metric u corresponds to the tuple of black tokens. It bounds the number of actions made by thread t which could delay the progress of its
environment threads.

Definition 5. D, R,G = {P}II : T iff, for any f € dom(Il), for any o and X, for any t, if II(f) = (z,C), I'(f) = (y,C) and
(0,%) |E P. xown(x) * own(y) A (z = y), there exist three well-founded metrics u, M and M and a set £ € & (ThrdID) such that

D,R,G ¢ (C,0) <X (C,X) o (u,M, M) ¢ (P *own(z) *x own(y)).

Here D, R, G |=: (C,0) 2 (C,X) o (u, M, M) ¢ Q is co-inductively defined as follows.
Whenever D, R, G = (C,0) <X (C,X) o (u, M, M) ¢ Q holds, then the following hold:
§

(1) Suppose o = (s, h). Then § C s(TIDS) and t & &.
For any t' € &, we have (0, %) |= Enabled(Dy ) * true.
(2) If C = E[return E], then for any ¥ such that X 1 ¥, there exist E and &’ such that
(@ (C,X ¥ Xp) —{ (return E, ¥’ & ), and
() (0,%) E Q: and [E]o.s = [E]x/ s, and
© ((0,%),(0,%),0) | Gy * True.
(3) Forany o, (C,0 W or) —/>abort.
(4) Forany C', 0", o and X, if (C,0 Wor) —+ (C',0") and ¥ L p, then there exist o', C', ¥/, k, v/, M, M’ and ¢’ such that
(a) 0’ =o' Wor, and
) (C, 8w Sp) —»7 (C', S &Sp), and
© D,R,G = (C',0") = (T, %) o (u/,M', M’) lber Q, and
@ ((0,%), (¢, %), k) = Gt x True, and
(e) either v’ <y u,
orv' =wand k =0and M’ < M,
orv' =uandk =0and M’ =M and £ # () and £ C ¢'; and
() if (0, %), (¢/, %)) = ([Dt]) * True, then M’ < M.
(5) Forany k, o’ and ', if ((0, %), (¢, %), k) |= Ry  Id, then there exist u’, M, M’, €4 and ¢’ such that
(@ D,R,G = (C,0")<(C,2) o (u',M', M) | Q, and
O &L={t'|{t e A(((6,%),(0",2) =E(Dv)*Id)} and (k =0 = £\&a C &) and v’ =, u, and
(c) if k = 0, then either M’ < M, or M’ = M and &4 = (); and
(d) if k = 0 and (0, %) |= Enabled(D)  true, then M’ < M.

Definition 6. D, R, G |= {p}C{q} iff, for any o, 3, u, w and C, for any t, if ((¢, X), (u, w), C) |= p, then
D,R,G [ (C,0) X (C,X) o (u, ((0,0),]C]), (0, |C]), w, height(C)) do g

Here D, R, G = (C,0) = (C, %) o (u,ws, ws, w, H) ¢ g is co-inductively defined as follows.
Whenever D, R, G |=: (C,0) < (C, %) ¢ (u,ws, ws, w, H) {¢ ¢ holds, then the following hold:

(1) Suppose o = (s, h). Then ¢ C s(TIDS) andt & &.
For any t' € &, we have (0, 3) (= Enabled(Dy ) * true.
If £ # (, then |ws| > 1.
(2) If C = sKip, then for any ¥ such that ©1 X, there exist C’ and ¥’ such that
(@ (C,XWXp) —{ (C', ¥ WXF), and
®) ((0,%), (u,w),C’) = g, and
(c) ws = ((0,0),0) and ws = (0,0) and £ = (), and
@ ((0,%),(0,%),0) = Gt * True.



(3) If C = E[return E ], then for any ¥ such that X L ¥ 5, there exist E and ¥’ such that
(@ (C,XWXp) —; (return E, ¥’ W X ), and
®) ((6,%"), (u,w),skip) = ¢ and [E]o.s = [E]s’ s, and
©) ((0,%),(0,%),0) | Gy * True.
(4) Forany o, (C,0 W o) —/> abort.
(5) Forany C’, 0", o and XF, if (C,0 Wor) —>¢ (C’, "), then there exist o/, C', &', k, v’, ws’, ws’, w’ and £’ such that
(@) 0" =o' Wor, and
) (C, S Sp) —7 (C', S & Sp), and
(©) D,R,G = (C',0")<(C', ) o (v, ws', ws',w', H) J¢ ¢, and
) ((0,%),(¢',2"),k) = Gy x True, and
(e) either v’ <j u,
oru' =wand k = 0and ws’ <% ws and w’ = w,
orvw/ =uandk =0andws’ =wsandw’ = wand £ # @ and £ C ¢'; and
) if ((o, %), (', X)) | {[Dy]) * True, then ws’ <3 ws.
(6) Forany k, o’ and X', if ((0, X)), (¢/,%'), k) |= R  Id, then there exist u’, ws', ws’, w’, &4 and &’ such that
(@ D,R,G = (C,0")<(C,Y) o (u',ws’, ws',w', H) J¢ ¢, and
O &a={t'|t e A((6,%),(0", X)) E(Dv) *x1Id)} and (k = 0 = £\&q C ¢') and v’ =, u, and
(c) if k = 0, then either ws’ <2 Ws and w’ = w, or W’ = ws and w’ = w and &; = 0; and
(d) if k = 0 and (0, X) |= Enabled(D;)  true, then ws’ <3; ws.

Below we also define the semantics for the sequential judgment used in the ATOM rule. Note that C' only accesses the concrete memory o,
therefore we require the other components in the full state (i.e., u, w, C and ¥) should remain unchanged during the execution of C.

Definition 7 (SL judgment semantics, total correctness). |= [p]C|q] iff, for all o, X, u, w and C, for any t, if ((o, X), (u,w),C) = p¢, the
following are true:

1. forany o', if (C,0) —{ (skip, o’), then ((¢/, 2), (u, w),C) = ¢
2. (C,0) -+ abort;

3. (Cyo) ¢ -

Lemma 8. If - [p]Clg], then = [p]C[q].

Definition 9 (Locality).
Locality(C) iff, for any o1 and o2, let 0 = 01 W o2, then the following hold:
1. (Safety monotonicity) If (C,c1) —~»{ abort, then (C,c) —/{ abort.
2. (Termination monotonicity) If (C, 1) —/+{ abort and (C,01) —/¢ -, then (C,0) —/>¢ -.
3. (Frame property) For any n and o', if (C,01) —/»{ abort and (C,o) —{ (C’, "), then there exists o] such that ¢’ = o7 & o2 and
(C7 01) _D? (C/v O'i)
B.1.1 Instantiating Metrics and Well-Founded Orders

The judgment semantics in Definition[§]can be viewed as an instantiation of the simulation in Definition[5] The key is to instantiate the metrics
Mand M in D, R,G }= (C,0) = (C, %) o (u,M, M) J¢ Q. Below we take the instantiation for M as an example.

(Metric) M (ws, M)
(WfStack) ws (w,n) | (w,n):ws
(StkHeight) H €  Nat

For each single thread, its metric ws is usually a list of (w, n) pairs, where w is the while-specific metric (which is left to be instantiated later)
and n is a natural number specifying the “code size” as in Liang et al.’s work [23]. We let the threaded metric ws be a list (a stack actually) to
allow different while-specific metrics for nested loops. That is, when entering a loop, we can push a (w, n) pair to the ws stack; and when
exiting the loop, we pop the pair out of ws.

The threaded metric ws follows the dictionary order. However, the usual dictionary order over lists is not well-founded (consider
B > AB > AAB > AAAB > ... in adictionary). To address this issue, we introduce a bound of the list length (stack height), H, and
define the well-founded order <4, by requiring the length of the lists should be not larger than . Intuitively, the stack height H represents
the maximal depth of nested loops, so it can be determined for any given program. The well-founded orders M’ < M and ws’ <3, ws are
defined as follows.

ws' <y ws H =H
(ws',H') < (ws, H)

ws' <y ws iff  (ws’ < ws) A (Jws'| < H) A (Jws| < H)

ws' u ws  iff (ws' <y ws) V (ws' = ws)
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w,n') < (w,n) (W,n'") < (w,n)
(W,n") < (w,n) (W, n):iwst < (w,n):ws:

(w,n') = (w,n) wsy < ws1

(W,n):iwst < (w,n):ws:

(W,n") < (w,n) (W,n") < (w,n)
(W,n"):iwst < (w,n) (W,n') < (w,n):ws
Here |ws| is the length of ws, which is defined as follows:
|(w,n)] = 1
[((w,n):ws] = 14 |ws|

The well-founded order over the (w, n) pairs is a usual dictionary order below, where the order over w is instantiated later depending on the
type of w.

(W,n')y < (w,n) iff (W <w)V(W=wAn'<n)
(W,n')=(w,n) iff (W =w)A(n =n)
(w,n') < (w,n) iff (W,n)<(w,n)V(W,n')=(w,n)
Lemma 10 (Well-foundedness). The relations M’ < M and ws’ <3, ws defined above are both well-founded relations.

The judgment semantics in Definition|§|has more restrictions on the well-founded order over ws. We define the order ws’ <3, ws below,
which is stronger than the more general order ws’ <3, ws above.

ws' <y ws iff  (ws’ K ws) A (Jws'| < H) A (Jws| < H)

ws' < ws Mt (ws’ <y ws) V (ws' = ws)

(W,n') < (w,n) (W,n") = (w,n) wsh < wsy
(w,n') < (w,n) (W,n')wst < (w,n):wsy
(W,n') < (w,n) (W,n') = (w,n)
(W,n')iwst < (w,n) (W,n') < (w,n):ws1

(%,716) = (W07n0) (“/7”/) < (W7 n)

(Wo,np) (W, n')mws) < (wo,no):(w,n):wsy

Height H. As we said, the stack height H represents the maximal depth of nested loops. For any given program C, we can determine the
stack height using a function height defined below.

height(skip) = 1
height(return £) £ 1
height(c) &

height((C)) = 1

height(C1;C2) £ max{height(C1), height(C2)}

height(if (B) C1 else C2) =  max{height(C1), height(C2)}
height(while (B){C}) = height(C)+1

Initial code size. In Definition@ the judgment semantics initially takes the static code size |C| defined below as the second dimension of
ws and WS.
def

|skip| 0
return E| £ 1
el = 1
e =1
|Cy; Ca| 5_ [C1|+|C2+1
lif (B) Crelse Co| & max{|C1],|C2|} + 1
|while (B){C} £ 1

Example of ws. Below we use a simple example to show how we assign a proper ws to each state during an execution. In the code below,
we assign different labels to different layers of a nested while loop. The initial code is while(i > 0) i--;. The loop is labeled with 1 and
its body code is labeled with 2. After the loop is unfolded, we use the syntax while to be distinguished from the original while which has not
been unfolded.
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In the ws below, the first dimension specifies the number of iterations left to unfold, and the second dimension specifies the “code size” at
each layer.

C o ws
1 whilel'(i > 0) i--2; i=2  (0,1)
2 — i--2; while! (i > 0) i--2; i=2 (0,0)::(1,2)
3 — skip?; while! (i > 0) i--2; i=1 (0,0)::(1,1)
4 — while! (i > 0) i--2; i=1 (0,0):(1,0)
5 — i--2; while! (i > 0) i--2; i=1 (0,0)::(0,2)
6 — skip?; while! (i > 0) i--2; i=0 (0,0)::(0,1)
7 — while! (i > 0) i--2; i=0 (0,0)::(0,0)
8 — skipl; i=0 (0,0)

Initially, ws is (0, 1): the first dimension is 0 because we have not started to unfold the loop, and the second dimension is 1 because the
code size of the whole loop is 1. After one step of the loop, ws becomes (0, 0):: (1, 2). Since we have unfolded the loop, the ws stack contains
two pairs now. In the second pair, the first dimension is 1 because the loop needs only one more iteration to finish (i.e., we only need to unfold
it one more time). Its second dimension is 2 because the size of the loop body code is 2. After the next step, this dimension decreases. At the
step of line 5, we unfold the loop again. So the first dimension of the second pair decreases to 0, saying that we do not need to unfold the loop
anymore. Finally, at the step of line 8, the loop finishes, thus we pop out the second pair of the ws stack.
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B.2 Soundness of the Inference Rules
In this section, we prove Lemma[IT]by induction over the derivation.
Lemma 11 (@ in Fig.[T§). If D,R,G, I+ {P}I:T,then D, R,G = {P}I:T.

Proof. By induction over derivation. By Lemma[T2] we only need to prove the following:

If dom(11) = dom(T") and for all f € dom(II) such that II( f) = (z,C) and T'(f) = (y, C), we have
D,R,G = {P xown(z) xown(y) A (z = y) Aarem(C) A ¢(Ej, ..., E1)} C {P = own(x) *x own(y) A arem(skip)},
then D, R,G = {P}I: T

By co-induction.

Lemma 12. If

1. D,R,G, I+ {p}C{q}:
2. Enabled(D) = I,
3. for any t and t’ such that t # t’, we have G; = Ry;

then D, R, G = {p}C{q}.

In the following subsections, we prove Lemma[T2]by induction over the derivation.

B.2.1 The WHL Rule
Lemma 13 (WHL-Sound). If

.pAB=9p;pABAQxtrue = p’ * (0 Aemp);
. D,R,G  {p'}C{p}:
.p=(B=B)xJ;J=1;Sta(J,RVG);Q = I,
. J = (R,G: D'LQ): D < Dy wifAct(R, D');

. I>{R,G}; Sta(p, R = |d); Enabled(D) = I,

6. for any t and t’ such that t # t’, we have G; = Ry;

then D, R, G = {p}while (B){C}{p A —B}.

wn B W=

Proof. Let H = height(while (B){C}) = height(C) + 1. We know |while (B){C}| = 1. Let
ws = ((0,0),1) and ws = (0,1) and & = 0.

Below we prove: for any t, for any o, ¥, u, w and C,
if ((0,%), (u,w),C) = pt, then

D, R,G ¢ (while (B){C},0) < (C,%) o (u,ws, ws,w,H) J¢ pA—B.
By co-induction. Suppose o = (s, h). Since p = (B = B) I, we know
(0,%) | I * true, and either [B]s = true or [B]s = false .
Since p = J * true, we know
(0,X) = J x true..
We only need to prove the following (1)(2)(3)(4)(5)(6).

(1) Forany t' € £, we have (0, X) |= Enabled(Dy ) * true.
Proof: It is vacantly true.
(2) If while (B){C'} = skip, then ....
Proof: It is vacantly true.
(3) If while (B){C} = E[return E], then ....
Proof': It is vacantly true.
(4) For any o, (while (B){C},0 W o) —/> abort.
Proof': Tt holds because [B]s is not undefined.
(5) If (while (B){C},oc Wor) —»+ (C',0"), then there exist o/, C', ¥/, k, v/, ws', ws’, w’ and ¢’ such that
(a) 0’ =o' Wor, and
1) (C, X W Ep) —s7 (C/,% W Sp), and
(¢) D,R,G = (C',0") < (C', 2 o (v, w8, ws",w', H) Jgr p A —B, and
@) ((0,%),(0",%), k) E G * True, and
(e) either v’ <y u,
orv’ =wand k = 0and ws’ <% ws and w’ = w,
oru’ =uand k = 0and ws’' = wsand w’ = wand £ # () and £ C &’; and
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() if ((0, %), (0/, %)) = ([Dx]) = True, then ws’ <z ws.

Proof: We have two cases depending on whether [B]; is true or false.

(D If [ B]s = true, we know 0’’ = 0 W o and (while (B){C},oc Wor) —» (C;while (B){C},c Wor).
Also we know ((, %), (u,w),C) = pt AB.FrompAB = p’ and D, R, G |= {p'}C{p},letws: = ((0,0),|C|) and ws1 = (0, |C]),
we get:

D,R,G ¢ (C,0)<X(C,%) ¢ (u,Ws1, ws1, w, height(C)) g p .
Let
ws’ = (0,0):: (w,|C| + 1),
we know ws’ <3 ws. Let
ks = f(0,X) and & = {t" | (t" #t) A ((0,X) = Enabled(D;,) * true)} .
Since J = (R, G: D' Q), we have two cases:
e (0,%) = 3t' # t. Enabled(D},) * true.
Then we know & # ). By Lemma let
ws’ = ((0,0),0):: ((ks,w),0) .
we know
D, R, G [t (C;while (B){C},0)=<(C,%) o (u,ws', ws’,w,H) ey pA—B.
Also we know Ws' <3, Ws.

e (0,X) E Q: * true.
By Lemma[T4] let

ws’ = ((0,0),0):: ((ks,w),|C| + 1),
we know
D, R,G = (C;while (B){C},0)=(C,X) o (u,ws', ws’,w,H) ¢, pA B .
Also, ws’ <4 Ws holds.
(1) If [B]s = false, we know (while (B){C},c W or) —>+ (skip,o Wor).
By (SKIP) rule, let
ws’ = ((0,0),0) and ws" = (0,0),
we know
D, R,G k= (skip, o) X (C, ) o (u,ws’, ws',w,H) g pA—-B.
Also we know WS’ <4 Ws and ws’ <3 ws.
Since (o, X,4) = I * true, we know

((6,%),(0,%),0) = [I] * True.
Since I > G, we know

((0,%), (0,%),0) = Gt * True.

6) If ((0, %), (0',2'), k) |E R * Id, then there exist u’, ws’, ws’, w’, £ and £ such that
(@ D, R,G k= (while (B){C},0") < (C,Y) o (u',ws’, ws',w',H) & pA—B,and
O &a={t'|{t €& A{((6,%),(0", X)) E(Dv) xId)} and (k = 0 = £\&q C ¢') and v’ =~ u, and
(c) if k = 0, then either ws’ <2 Ws and w’ = w, or W’ = ws and w’ = w and &4 = 0; and
(d) if k = 0 and (0, X) |= Enabled(Dx) x true,
then ws’ <y ws.
Proof: Since Sta(p, R * Id), we know there exist ' and w’ such that
((e",2), (v, w'),C) =p: and v’ ~pu and k=0 = w' =w.
By the co-induction hypothesis, we get
D, R,G = (while (B){C},0') < (C,X) o (u,ws, ws,w’,H) ¢ pA—-B.

If k = 0, we know w’ = w and &4 = 0.

Thus we are done. O

We define:
wf [ ((n1,n2),n3) ifws=((n1,n2),n3)
head(ws) = { ((n1,m2),n3) ifws = ((n1,n2),n3)::ws’
. def ((n1 +k1,n2+k2),n3+k3) ifws = ((n1,n2),n3)
inchead(ws, ((k1, k2), k3)) = { ((n1 + k1,n2 + k2),n3 + k3)=ws’  ifws = ((n1,n2),n3) = ws’
Lemma 14. If
I.pAB=p;pABAQxtrue = p' x (O Aemp);

2.D,R,G = {p'}C{p}:
3.p=(B=B)xJ;J=1,Sta(J,RVG);Q =1,
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J = (R,G: D'=Q); D' < D;wffAct(R,D’);

. I>{R,G}; Sta(p, R = Id); Enabled(D) = I,

. for any t and t’ such that t # t’, we have G = Ry/;

.D,R,G E (C1,0) X (C, ) o (u,ws1, ws1, w1, H) e, p;

. (0,%) = J = true; height(C) = H; head(wsy) = ((n1,n2),n3); f(0,%,1) = ke; w1 < w;
o ={t'| (t #t) A ((0,%) = Enabled(D;,) * true)}; £ = & U &1,

. ws = (0,0)::inchead(ws1, (w1, 1));

. one of the following holds:

o & # B;ws = ((0,0),0)::inchead(wsy, ((ks,w1), —n3));

e (0,%) E Q¢ * true; ws = ((0,0),0)::inchead(ws1, ((ks,w1),1));

then D, R, G =t (C1;while (B){C},0) =< (C, %) o (u,ws, ws,w,H + 1) J¢ p A -B.

— OO ® WL A

—_ =

Proof. By co-induction. We only need to prove the following (1)(2)(3)(4)(5).

(1) Forany t' € &, we have (0, X) |= Enabled(Dy ) * true.
Proof: From

D7R7G ':t (Cl>a)j ((C7E)<> (u7W517 wshwbH) ll&l p,

we know for any t' € &, we have (0,%) | Enabled(Dy) * true. Since D' < D, we know for any t' € &, we have
(0,%) = Enabled(Dy ) * true. Thus we are done.

(2) If (Cy; while (B){C}) = skip, then ...
Proof: It is vacantly true.

(3) For any o, (C1;while (B){C}, 0 W or) —/>abort.
Proof: From

D,R,G ¢ (C1,0)=(C,Z) o (u,Ws1, ws1, w1, H) Yey P

we know (C’17 oo p) —/++ abort. By the operational semantics, we are done.
4) If (Cy; while (B){C},0 W or) —» (C’,0"), then there exist o', C', X', k, v, ws', ws’, w’ and £’ such that
(a) 0" =o' Wop, and
() (C, S p) —7 (C', T & Tp), and
(© D,R,G = (C,0")<(C', ) o (v, ws',w',H+ 1) §g pA —B, and
@ ((0,%), (¢', %), k) = Gy x True, and
(e) either v’ <y u,
oru' =uand k = 0and ws’ <341 Wsand w’ = w,
oru’' =uand k = 0andws' =wsand w’ = wand £ # () and £ C ¢’; and
) if ((o, %), (', 2") = {[Dy]) * True, then ws' <341 ws.
Proof: We have two cases depending on whether C'; is sKip or not.
(D If (C1;while (B){C},0 Wor) —»+ (C1;while (B){C},0”), then (C1,0 Wor) —>(Ci,0"). From D, R, G [ (C1,0) =X
(C,2) o (u,ws1, ws1,wr, H) Je; p, we know there exist o/, C', ¥/, k, v/, ws], ws], w] and &7 such that
(A) 0" =o' Wop,and
B) (C,XWIp) —; (C',%' WXF), and
(© D,R,G [ (C1,0") 2 (C,X) o (v, wsy, ws, wi, H) ¢ p,and
D) ((0,%),(¢",X"), k) = Gt * True, and
(B) either v’ <y u,
oru' =wand k = 0 and WS} <y Ws; and w] = wi,
oru’ = wand k = 0 and ws} = ws; and w} = wi and &1 # (and & C ¢'; and
F) if ((0,%), (¢',2")) = ([Dt]) * True, then ws] <x ws1.
Since ((0, %), (0',2)) E Gt x True, (0,%) = J xtrue, J = I, I > G and Sta(J, G V R), we know
(o', 2") | J * true.
Suppose ki, = f(o’,%'). Since J = (R, G: o LER @), we can prove
k=0 = ki, <ks.
Also we have
(0',%") E Q¢ x true V (3’ # t. Enabled(D;, ) * true) .
Let
&E={t'| ' Zt)A((0/,%') = Enabled(D;,) * true)} .
Since for any t’ such that t’ # t we have Gy = Ry, and since wffAct(R,D’), D’ < D and Enabled(D) = I, we can prove:
k=0= & C&-
Let
ws’ = (0,0)::inchead(ws’, (w1, 1)) .

25



We know: if ws} < wsy, then ws’ <3411 ws. If wi = wi, let w’ = w; otherwise let w’ = w}. Thus we know wj < w'.
Suppose head(ws) = ((nf,n5),nj).
o If &y # 0, let
ws’ = ((0,0), 0) ::inchead (ws, ((k%, w1), —n5)) and & =& U .
Then by the co-induction hypothesis, we know
D, R, G [ (C1;while (B){C},0") = (C, X)) o (u/,ws', ws',w',H+1) Jg pA—B.
Also, if ws] <3, Ws1, then WS’ <311 Ws. Thus, we know: either u’ <j u, oru’ = uand k = 0 and ws’ <311 WS and w’ = w.
For the case that v’ = w and k = 0 and ws’ = ws and w’ = w, we know
ws = ((0,0),0)::inchead(ws1, ((ks,w1), —n3)) and & # @ and € = & U &1,
thus & # 0.
e Suppose WS} <y WS1, since WS’ = ws, we know n3 < ng. Then, from the definition of <7, we know ws; = ((n1, n2), n3),
thus &1 = (). Thus & C £7.
e Suppose Ws; = ws;. Then we know &3 C &].
Thus ¢ C ¢'.
o If £, = 0, then we know (0/, ') = Q: * true. Since & C &), we know & = (. Thus we know (0,3) &= Q: * true and
ws = ((0,0),0)::inchead(ws1, ((ks,w1),1)). Also we have £ = & U &1 = &;. Let
ws’ = ((0,0),0)::inchead(ws], ((k,w1),1)) and & =& UE =¢&7 .
By the co-induction hypothesis, we know
D, R,G [ (C1;while (B){C},0") = (C, X)) o (u/,ws', ws’,w',H+1) Jg pA—B.
Also, if ws] <2, Ws1, then WS’ <311 Ws. Thus, we know: either u’ <j u, oru’ = wand k = 0 and ws’ <311 WSand w’ = w.
For the case that v’ = u and k = 0 and ws’ = ws and w’ = w, we know Ws] = wsy, thus £ # (). Since &1 C &1, we know & C &',
(1) If Cy = skip and (Cy; while (B){C},0 Wop) —»¢ (while (B){C},oc Wor),
from D, R,G = (C1,0) =X (C,X) o (u,ws1, ws1, w1, H) Ye; p, we know there exist C’' and X’ such that
(A) (C,XWXp) —{ (C', Y WXF), and
®B) ((0,%"), (u,w1),C") = pe, and
(C) wsy = ((0,0),0) and ws1 = (0,0) and & = 0, and
D) ((0,%),(0,%),0) = G + True.
Since (0, %) = J * true, J = I, I > G and Sta(J, G V R), we know
(0,%") = J * true.
Suppose k; = f(o,X'). Since J = (R, G p'L Q). we can prove
ke < ks
Also we have
(0,%") = Q: + true V (3t # t. Enabled(D},) x true) .
Let
o ={t'| (t #t)A((0,%X') | Enabled(D},) * true)} .
Since for any t’ such that t’ # t we have G; = Ry, and since wffAct(R,D’), D' < D and Enabled(D) = I, we can prove:
£ C& -
Let
ws’ = (0,0) ::inchead(ws1, (w1, 0)) .
Thus ws” <341 ws. Let
ws’ = ((0,0), 0) ::inchead (ws1, ((k%, w1),0)) .
Thus ws" <341 Ws. Also, if ws' = ws, then ws = ((0,0),0) ::inchead(ws1, ((ks,w1), —n3)) and & # 0 and £ = & U &1, thus
§#Dand € C &

Below we prove:
D, R,G = (while (B){C},0)=(C',Z") o (u,ws', ws",w,H + 1) ey pA-B. (B.2)

Proof: By co-induction. Suppose o = (s, h). Since p = (B = B) * I, we know
(0,%") = I # true, and either [B]s = true or [B]; = false .
‘We only need to prove the following (1)(2)(3)(4)(5).
(1) Forany t’' € &, we have (0,Y’) = Enabled(Dy ) * true.
Proof: Immediate from D’ < D.
(2) If while (B){C} = skip, then ...
Proof': It is vacantly true.
(3) For any o, (while (B){C},0 W op) —/>¢abort.
Proof: Tt holds because [B]s is not undefined.
(4) If (while (B){C},0 W op) —>+ (C’,0"), then there exist o', C”, =", k, u”, ws”, ws”, w" and &' such that
(@) 0’ =o' Wor, and
b) (T, X' WEp) —s7 (C”, 5" WEp), and
(© D,R,G = (C',0")<(C", &) o (v, ws", ws" ,w’',H+1) |} pA—B,and
@ ((0,%"),(c’,X"), k) E Gt * True, and
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(e) either u” < u,
oru” =wand k = 0and ws” <#.1 Ws’ and w”’ = w,
orv’ =wand k = 0and ws” = ws’ and w” = w and &, # @ and &, C ¢'; and
) if ((0, "), (', 2")) = ([Dt]) * True, then ws” <311 ws'.
Proof: We have two cases depending on whether [B] is true or false.
o If [B]s = true, we know (while (B){C},ocWor) —+ (C;while (B){C},ocWaor). Also we know ((o, %), (u,w1),C") |
pe N\ B.
o If & # (), we have two cases below:
e If (0, %') |= Enabled(D,) * true, we know
((6,%"), (uy,w1),C") = pr A B A Enabled(Dy) * true .
Since p A B A Enabled(Dy)  true = p’ * (wf(1) A emp), we know there exists w such that wj < ws and
((0,%), (u,w1),C") = pr .
From D, R, G = {p'}C{p} and height(C) = H, let ws} = (0,|C|) and ws| = ((0,0), |C]), we get:
D,R,G = (C,0) < (C,X) o (u,wsy, wsy,wy, H) dg p.
Let
ws” = ((0,0),0):: ((k%,w}),0) and ws” = (0,0):: (wi, |C|+ 1),
By the co-induction hypothesis, we know
D, R,G [ (C;while (B){C},0) < (C, ') o (u,ws”, ws",w, H+ 1) Jgy pA—B.
Also we have ws” <341 ws’ and ws” <441 ws'. Since (0, X) k= I * true, we can prove
((0,%"),(0,%),0) = Gy * True.
e Otherwise, from p A B = p’, we know
((07 El)? ('LL, w1)7 (C,) ': pé .
From D, R, G = {p'}C{p} and height(C) = H, letws; = ((0,0), |C|) and wsy = (0, |C]), we get:
D,R,G [t (C,0) =i (C',2") o (u,wsh, ws, w1, H) Yp p.
Let
ws” = ((0,0),0):: ((k%,w1),0) and ws" = (0,0):: (w1, |C|+ 1) .
By the co-induction hypothesis, we know
D, R,G [ (Cswhile (B){C},0) X (C, ') o (u,ws”, ws",w, H + 1) Jey pA-B.
Also we know ws” = ws’ and &y # 0. Since (0, X') = I * true, we can prove:
((0,%"),(0,%),0) = Gy * True .
o If £, = (), then we know (o, X’) |= Q: * true. Thus we know
((6,2"), (u,w1),C") = pe A B A Q% true.
Since p A B A @ * true = p’ * (0(1) A emp), we know there exists w] such that w} < w and
((0,%,4), (u,w1),C’) = pt .
From D, R, G = {p'}C{p} and height(C) = H, letws; = ((0,0),|C|), we get:
D,R,G [t (C,0) =i (C', %) o (u,wsy, wi, H) Jo p.

Let
ws” = ((0,0),0): (K., wl), [C] + 1) .
By the co-induction hypothesis, we know
D, R,G | (C;while (B){C},0) = (C',5) o (u,ws",w, H + 1) ey pA—B..
Also we have Ws” <11 Ws'. Since (0, ¥’) |= I * true, we can prove:
((6,%2"),(0,%"),0) E G * True.
o If [B]s = false, we know (while (B){C},0 Wor) —»¢ (skip, o W o). By (SKIP) rule, let
ws” = ((0,0),0) and ws” = (0,0),
we know
D, R,G = (skip,0) =X (C', X)) o (u,ws”, ws" ,w,H+1) g pA—B.
Also we have ws" <341 ws’ and ws” <341 ws’. Since (0, %) = I * true, we can prove
((6,%2),(0,%),0) = Gt * True.
5 It ((0,%"), (', 2"), k) |E Ry * Id, then there exist u’, ws”, ws”, w”, &4 and £’ such that
(@) D, R,G ¢ (while (B){C},0") X (C',5") o (v, ws"”, ws",w"”,H+ 1) ¢ pA—B,and
0 €4 = ('] ('€ €) A (0, ), (0", ) |= (Do) #1d)} and (k = 0 = £5\&a € €') and ' ~p 1, and
(c) if k = 0, then either ws” <3;+1 WS’ and w” = w, orws” = ws’ and w”’ = w and &4 = (); and
(d) if k = 0 and (0,%’) |= Enabled(D:) * true, then ws” <341 ws’.
Proof: Since Sta(p, R  Id), we know there exist ' and w] such that
((e', 2", (u',w1),C") Ep: and v ~p u and k=0 = w} = w; .
Also we know
(¢',2") = J = true.
Suppose ki = f(o’,X"). Since J = (R, G: L @), we can prove
kY < kL.
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Let

A
Since Enabled(D)

£) A (o, =) |= Enabled(Dl,,) = true)} and €4 = {t' | (' € €)) A (0, 5), (', £")) |= (Dy) * Id)}.
= I, D' < D and wffAct(R, D), we can prove:
E=0= &\& C& -
If w} = w1, let w”’ = w; otherwise let w” = w/. Thus we know w] < w”. Let
ws” = ((0,0),0)::inchead(ws1, ((k7,w1),0)) .
By the co-induction hypothesis, we know
D, R,G = (while (B){C},0") 2 (C',2") o (u,ws”, ws',w"”, H + 1) bey pA =B
Also we know: if k£ = 0, then ws”" <3;11 ws’ and w” = w.
If k = 0 and &4 # 0, then there exists t’ such that t’ € £ and ((0, %), (¢/,%")) £ (Dv) * Id. Since D’ < D, we can prove
(0,2, (", 2")) E(Dy) *1d .
Since J = (R, G: D' =Q),weknow forany t’ # t, o’ and X", if ((0, %), (¢’, £"),0) = ({D;/) ARy)*d, then f(o’, ") < kL.
Thus we can prove:
kl < K.
Thus Ws” <211 Ws’ holds.
Thus we have proved (B22).
(5) If ((o, %), (', X)), k) |E Ry x Id, then there exist u’, ws’, ws’, w’, £; and £ such that
(@ D, R,G = (Cr;while (B){C},0")<(C,Z') o (v, ws', ws’,w',H + 1) ¢ p A —B, and
b) &a={t'| (' €A ((( ¥),(0",%)) E (D) *1d)} and (k = 0 == €\&q C €') and v’ =~ u, and
(c) if k = 0, then either ws’ <7;4+1 Ws and w’ = w, or ws’ = ws and w’ = w and &4 = (); and
(d) if k = 0 and (0,X) |= Enabled(D)  true, then ws’ <341 ws.
Proof: From D, R, G = (C1,0) X (C, X) o (u, Ws1, ws1, w1, H) {e, p, we know there exist u’, wsy, ws], wi, £; and £] such that
(A) D,R,G = (C1,0") 2 (C, %) o (u,wsy, wsy, wi, H) ey p, and
B) €4 = {t' | (Y € &) A (0, ), (07, 5) [= (Do) #1d)} and (5 = 0 = £1\& € &) and u’ = , and
(C) if k = 0, then either ws] <3, Ws; and w} = w1, or Ws] = ws; and w] = w; and &; = 0; and
(D) if k = 0 and (0, Y) |= Enabled(Dy) * true, then ws] <3 ws1.
Since (0, X) = J * true and Sta(J, G V R), we know

(¢/,2) = J = true.

Suppose k;, = f(o’,%'). Since J = (R, G: 2N Q), we can prove
K< ke .
Also we have
(0',2') = Qr * true V (3t’ # t. Enabled(D;, ) * true) .

Let
&S ={t"] " #t)A((¢/,%") = Enabled(D},/) * true)},
éd ={t'| (' € A (((0,%), (0",X")) |= (Dy) x1d)} and

={t' | (' € &) A (((0, %), (0", X)) = (Dy) *1d)}.
Since Enabled(D) = I, D' < D and waAct(R, D'), we can prove:

k=0 = &\& C& -
Then, since &1\&; C &1, we have:
k=0 = (&U&)\(&aU&) C (U&).

Since £ = & U &1, we know &g = 5 U EJ.
If &/ # (), then there exists t’ such that t’ € & and ((0, %), (67, %)) &= (Dy) * Id. Since D’ < D, we can prove

((0,%), (o', X)) = (D) * Id

Since J = (R, G: 'Y @), we know forany t' # t, o’ and ¥, if ((0, %), (6/,%'),0) = ((D};} A R:) 1, then f(o’,¥’) < ks. Then
we have

kL < ks.
Let
= (0,0)::inchead(ws, (w1,1)) .

We know: if ws} < wsy, then ws’ <411 ws. If w] = w1, let w’ = w; otherwise let w’ = w}. Thus we know wj < w'.
Suppose head(ws!) = ((nf,n5),nj).
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o If &y # 0, let
ws’ = ((0,0), 0) ::inchead (ws7, ((k%, w1), —n5)) and & =& U] .
Then by the co-induction hypothesis, we know
D, R,G [t (Cr;while (B){C},0') =2 (C, %) o (u,ws', ws',w',H +1) § pA-B.
If k = 0, we know £\&q C &', ws’ <341 wWsand w’ = w.
For the case k = 0 and &4 # 0, we know & # 0 or & # 0. If £ # (), we know WS’ <2,41 Ws. If £, # (), we know &1 # () and
ws] < WS1. Thus |ws1| > 1. From the definition of <, we can prove: ws' <11 WS.
o If £, = 0, then we know (0,3 4) = Q: * true. Let
ws’ = ((0,0),0)::inchead(ws], ((ks,w1),1)) and & =& UE =¢&] .
By the co-induction hypothesis, we know
D, R, G [ (Cr;while (B){C},0') =i (C,2) o (u,ws',w',H+ 1) Jg pA—B.
If k = 0, we know £\&q C ¢, w' = w and ws| <3,41 Wsy.
o If &, # 0 and ws = ((0,0),0) ::inchead(ws1, ((ks,w1), —ns)), since &\ C &, we can prove
di#0.
Then we know k. < ks. Thus, if £ = 0, then ws’ <411 WS.
o If (0,%,4) = Q¢ * true and ws = ((0,0), 0) :: inchead(ws1, ((ks, w1),1)), we know: if & = 0, ws' <341 Ws. If &5 # 0, then
& A Por &l # 0, thus ws' <2,41 WS.

Thus we are done. O

B.2.2 The ATOM rule
Lemma 15 (ATOM-Sound). If

L s [pCld]:

2.4 =3k

3. (Ipll %& llgll) = G * True;
4. pV q= I *true;

5. Locality(C);

then D, [1], G = {p}(C){q}-
Proof. Let H = height((C)) = 1. We know |(C')| = 1. Let
ws = ((0,0),1) and ws = (0,1) and & = 0.
Below we prove: for any t, for any o, &, u, w and C, if ((0, %), (u, w),C) = pt, then
D11, G =+ ((C),0) = (€, ) o (u,ws, ws, w, H) e q.

By co-induction. Since p = I * true, we know (o, X) |= I * true. From the premises, we can prove:

(C,0) —»{ abort and (C,0) —/¢ -.
We only need to prove the following (1)(2)(3)(4)(5)(6).

(1) Forany t’ € £, we have (0, ) |= Enabled(Dy ) * true.
Proof: It is vacantly true.
(2) I (C) = skip, then ....
Proof: It is vacantly true.
(3) If (C) = E[return E], then ....
Proof': It is vacantly true.
(4) For any o, ((C),0 W or) —/>¢abort.
Proof': By the operational semantics and Locality(C').
(5) Forany C’, 0", o and X, if ((C),0 Wop) —> (C’, "), then there exist o', C', &', k, v', ws’, ws’, w" and £’ such that
(a) 0" =o' Wop, and
(b) (C, pIC] EF) — 7 (Cl, DT EF), and
(©) D,[I],G = (C, ") (T, 2 o (v, ws', ws", w', H) ¢ ¢, and
@ ((0,%),(¢',2), k) E Gt * True, and
(e) either v’ <y u,
oru' =wand k = 0and ws’ <% ws and w’ = w,
oru’' =uand k = 0andws' =wsand w’ = wand £ # Q) and £ C ¢’; and
) if ((o, %), (', 2"), k) = ([Dr]) * True, then ws’ <% ws.
Proof': By the operational semantics, we know C’ must be skip and

(C,owWor) —»{ (skip,o”) .

By Locality(C), we know there exists ¢’ such that 6’ = ¢’ W o and

29



(Cv J) _‘>1):k (Skip7 U/) .
From =, [p]C|q’], we know

((0,%), (u,w),C) = g -
From ¢’ =, q, we know: there exist u’, w’, C" and ¥’ such that
A) (C,XWXF) —{ (C', Y WXF), and
B) ((¢',%), (v, w"),C") = g, and
(C) either v’ <3 u,ork =0and v’ = uwand w’ = w.
Thus we know

((0,%), (", 5), k) = (lpl) < lall) -
Since (||p|| X |l¢l]) = G * True, we know
((0,%), (0", 2", k) E Gt * True.
By (SKIP) rule, let

ws' = ((0,0),0) and ws' = (0,0),

we know

D, [I],G k= (skip,o’) X (C',2) o (v, ws', ws’, w', H) o ¢
Also we know ws’ <3, ws and ws’ <3 ws.
6) If ((0,%), (6/, %), k") = [I] * Id, then there exist u’, Ws', ws’, w’, €4 and &’ such that
(@ D,R,G = ((C),d") < (C, X)) o (v, ws', ws',w', H) J¢ p A B, and
O &={t'|{t ed)A((6,%2),(,2)) E(Dv)*Id)} and (k' =0 = £\&q C ¢’) and v’ & u, and
(c) if k' = 0, then either ws’ <3, Ws and w’ = w, or ws’ = ws and w’ = w and &4 = (); and
(d) if ¥ = 0 and (0, X) |= Enabled(D;) * true, then ws’ <3, ws.
Proof: Weknow 0’ = o and ¥’ = ¥ and k' = 0.
By the co-induction hypothesis, we get

D,[1],G = ((C),0")=(C, %) o (u,ws, ws, w,H) Je q.
Thus we are done.
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B.3 Common Simulation and Instantiations

We introduce a state-updating function A to describe the high-level state updates which may delay other threads. That is, at any state A¢(2),
another thread t’ is possible to make stuttering steps.

A € ThrdID x Mem — Mem

Definition 16 (Common Simulation for Object). IT =<p II’ iff there exists A, D, R and G such that D, R, G = {P}IT < II' holds.
D,R,G E* {P}I = IU iff, for any f € dom(I), for any o and %, for any t, if II(f) = (x,C), II'(f) = (y,C) and
(0,%) | P. xown(z) *x own(y) A (z = y), there exist two well-founded metrics M and M and a set £ € Z?(ThrdID) such that

D,R,G |:tA (C,o) 2 (C,2) o (M, M) {¢ (P *own(z) x own(y)).

Here D, R, G =8 (C,0) X (C, %) o (M, M) {¢ Q is co-inductively defined as follows.
Whenever D, R, G =2 (C,0) 3 (C, %) o (M, M) |l Q holds, then the following hold:
(1) Suppose o = (s, h). Then £ C s(TIDS) and t & &.
For any t' € &, we have (0, %) |= Enabled(Dy ) * true.
(2) If C = E[return E], then for any ¥ such that 3 1 ¥, there exist E and &’ such that
(@ (C,X W XF) —»{ (return E, ¥’ & X ), and
) (0,Y) E Q and [E]o.s = [E]s/ s, and
© ((0,%),(0,%),0) = Gt * True.
(3) Forany o, (C,0 W o) —/>abort.
(4) Forany C', 0", o and X, if (C,o0 Wor) —+ (C',0") and ¥ L X p, then there exist o', n, C', ¥, k, M, M’ and ¢’ such that
(a) 0’ =o' Wor, and
b) (C, S WSp) —2 (C, 5 & Xp); and
if k > 0, then there exist n1, n2 and C” such thatn = nq1 +n2 > 0and (C,Z W Xp) —» ! (C7, A(X) W ZF) and
(C" A(Z)WZF) —2 (C', X' WEF); and
(© D,R,G = (C,0") 3 (T, %) o (M, M) Il Q, and
) ((0,%), (', X),k) £ Gy x True, and
(e) eithern > 0,orM < M,orM = Mand £ # @ and € C ¢’; and
) if ((o, %), (', 2) | {[Dy]) * True, then M’ < M.
(5) Forany k, ¢’ and &', if ((0,2), (¢, X'), k) = Ry * Id, then there exist M’, M, £ and £’ such that
@ D,R,G = (C,0") 3 (C,2) o (M, M') Y Q, and
O &a={t' |t €& A{((6,%),(0", X)) E(Dv) *xId)} and (k = 0 = £\&q C ¢'), and
(c) if & > 0, then for any t’ # t and ¥ p LY we have (C, Ay (Z) W Ep) —+ (C, Av(Z) W Xp);
otherwise, M’ < M, or M’ = M and £; = (; and
(d) if k = 0 and (0,X) |= Enabled(D)  true, then M’ < M.

B.3.1 Instantiating the Common Simulation
Lemma 17 (D in Fig.[18). Suppose R = |R]o and G = |Go. 16 D, R, G |= {P}I1 : T, then D, R, G =" {P}I1 3 T.

Proof. For any f € dom(I1), for any o and X, for any t, if II( f) = (x,C), I'(f) = (y,C) and (0, %) |= P; * own(z) * own(y) A (z = y),
from D, R,G = {P}1: I', we know: there exist three well-founded metrics u, Ml and M and a set £ € & (ThrdID) such that

D,R,G ¢ (C,0) <X (C,X) o (u,M, M) ¢ (P *own(z) * own(y)).
We want to prove: there exist two well-founded metric M and M and a set { € & (ThrdID) such that
D,R,G =2 (C,0) 2 (C,2) o (M, M) }¢ (P % own(z) * own(y)).
We only need to prove the following:
IfD,R,G = (C,0) = (C, %) o (u,M, M) ¢ Q. then D, R, G ! (C,0) 3 (C, %) o ((u,M), M) le Q.
By co-induction.

(1) Suppose o = (s, h). Then &€ C s(TIDS) and t & £. For any t’ € &, we have (0, 3) |= Enabled(Dy) * true.
Proof: Immediate.
(2) If C = E[return E'], then for any ¥ such that 31 ¥, there exist n, E and ¥’ such that
(@ (C,XwWXFr) —¢ (return E, ¥’ & X F), and
®) (0,Y) E Q and [E]o.s = [E]s/ s, and
© ((0,%),(0,%),0) = Gt * True.
Proof: Immediate.
(3) Forany o, (C,0 W o) —/> abort.
Proof: Immediate.
(4) Forany C', 0", o and XF, if (C,o0 Wor) — (C’,0") and X L S F, then there exist o', n, C', X', M’, M’ and £’ such that
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(a) 0’ =0’ Wor, and

®) (C, S8 Sp) — (C',% W Xp); and

©) D,R,GEL(C',0") 2 (T, %) o (M, M) §¢ Q, and

(d) ((6,%),(c¢',2),0) = Gt * True, and

(e) either n > 0,or M’ < (u,M), or M’ = (u,M) and £ # @ and ¢ C ¢’; and
) if ((o, %), (', 2) | {[Dy]) * True, then M’ < M.

Proof: Smce D,R,G = (C,0)=<(C,2) o ((u,M), M) {¢ Q, we know there exist o', C', &/, k', v/, M, M’ and &’ such that
(A) 0" =0’ Wop, and

B) (C,XWIp) —; (C',%' WXF), and
(©) D,R,G = (C',0") = (C,2) o ((u',M'), M) g Q, and
D) ((0,%),(¢', %), k") = Gt * True, and
(B) either v’ < u,

orv/ =wand k' = 0and M’ < M,

oru' =uand k' =0and M’ =M and £ # @ and £ C £’; and
(F) if (0, %), (0", %)) k= ([Dd]) * True, then M’ < M.
From (C), by the co-induction hypothesis, we know

D,R,G ! (C',0") 3 (T, T) o (v, M), M) b Q.
From (E), by the dictionary order, we know
either (u',M’) < (u, M), or (v, M') = (u,M) and £ # P and £ C £’
From (D), since G = |G]o, we know
((0,%),(0',2),0) = Gt x True.

(5) Forany k, ¢’ and &', if ((0, %), (¢, X'), k) = Ry * Id, then there exist M’, M, £ and £’ such that
@ D, R,G ! (C,0') 3 (C, %) o (M, M') b Q,and
O &a={t' |t €& A((6,%),(0", X)) E(Dv) *xId)} and (k = 0 = £\&q C ¢'), and
(c) if k > 0, then for any t’ # t and X r L3 we have (C, Ay (Z) W Ep) —+ (C, Av(Z) W Ep);
otherwise, M’ < (u, M), or M' = (u, M) and &4 = (; and
(d) if k = 0 and (0, X) |= Enabled(Dy) * true, then M’ < M.
Proof: Since R = | R o, we know
((07 2)7 (U/7 21)70) ': Rixd.

Then, since D, R, G = (C,0) < (C, %) o (u, M, M) |}¢ Q, we know there exist u’, M', M’, £; and £’ such that
(A)D,R,G|:t(C,U)<(CZ)<>(u M', M") J¢ Q, and

(
(b) &4 = {t' | (' €&) A (((0,2), (0", %)) | (Dy) #1d)} and €\& C &' and u’ = u, and
(c) either M’ < M, or M’ = M and &4 = ; and
(d) if (0, %) |= Enabled(D)  true, then M’ < M.
From (A), by the co-induction hypothesis, we know

D,R,G E! (C,0") 3 (C,5) o (', M), M) I Q.
From (C), by the dictionary order, we know
either (u/',M’) < (u, M), or (u',M’) = (u, M) and &4 = )

Thus we are done.

Lemma 18 (® in Fig.[18). Suppose 1 ¢ fv(D, R, G, P,I1,T").
IfD,R,G = {P}I: r thenD Rx[1=0], G #[1=0] =2 {P*(1=0)}I = wr (D). Here

At y) Y{1~1t} ifX(1)=0
T | undefined ifl ¢ dom(X)or (1) #0
Proof. For any f € dom(Il), for any o and X, for any t, if II(f) = (z,C), I'(f) = (y,(C);returnE) and (0,%) = P
0) *x own(x) * own(y) A (z = y), we know there exists 31 such that ¥ = ¥; W {1 ~> 0} and
(0,%21) E P xown(x) * own(y) A (z = y)
From D, R,G |= {P}I1 : T', we know: there exist three well-founded metrics u, M and M and a set £ € & (ThrdID) such that
D,R,G =t (C,0) X ({C);return E, 1) © (u, M, M) J¢ (P * own(z) * own(y)).
We want to prove: there exist two well-founded metric M and M and a set § € & (ThrdID) such that
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def

wri((C)) =
while (ul >= 0 ) {

lock 1;
unlock 1;
ul := rand_lessthan(ul);
}
(C);
wri((€)) =
lock 1;
unlock 1;
ul := rand_lessthan(ul);
while (ul >= 0 ) {
lock 1;
unlock 1;
ul := rand_lessthan(ul);
}
(C);
wr/((€))
unlock 1;
ul := rand_lessthan(ul);
while (ul >= 0 ) {
lock 1;
unlock 1;
ul := rand_lessthan(ul);
}
(C);
wry’((C)) =
ul := rand_lessthan(ul);
while (ul >=0 ) {
lock 1;
unlock 1;
ul := rand_lessthan(ul);
}
(C);

wri(return E) =

while (u2 >=0 ) {

lock 1;

unlock 1;

u2 := rand_lessthan(u2);
}

return E;

wr (returnE) =

lock 1;
unlock 1;
u2 := rand_lessthan(u2);
while (u2 >= 0 ) {

lock 1;

unlock 1;

u2 := rand_lessthan(u2);
}

return E;

wr!/ (return E) &

unlock 1;
u2 := rand_lessthan(u2);
while (u2 >= 0 ) {

lock 1;

unlock 1;

u2 := rand_lessthan(u2);
}
return EE;

wr!/ (return E) &
u2 := rand_lessthan(u2);
while (u2 >=0) {
lock 1;
unlock 1;
u2 := rand_lessthan(u2);
}

return E;

Figure 22. Useful notations for the abstract code wrapper.

D,R*[1=0],Gx*[1=0] ™ (C,0) 3 (wri((C); return E), ) o (M, M) e (P (1 =0)*own(z) * own(y)).

Fig. @ gives some useful notations for the abstract code wrapper. We only need to prove the following:

I.IfD,R,G =t (C,0) X ((C);return E, 1) o (u, M, M) Je Q

and X =31 W{l~ 0,ul ~ uj,u2~ uz}and 0 < u < uy and 0 < u < uo,
then D, R * [1 = 0], G * [1 = 0] =2 (C,0) Zi (wrh((C)); wri (return E), 2) o (M, M) {¢ (Q * (1 = 0)).

2.IfD,R,G = (C,o) X (return E, 1) ¢ (u, M, M) J¢ Q

and X =31 W {1~ 0,ul ~ ur,u2~ uz}and 0 < u < ug,

then D, R* [1 =0],G % [L = 0] =S (C,0) 2 (wri(return E), X) o (M, M) e (Q * (1 = 0)).

By co-induction. Below we use C for the abstract code in the above two goals.

(1) Suppose 0 = (s, h). Then £ C s(TIDS) andt & &.
For any t' € &, we have (o,i) |= Enabled(Dy/) * true.
Proof: Immediate.

(2) If C = E[return E], then for any ¥ such that 31 X, there exist E and &’ such that

(@ (C,XWXF) —{ (return E, ¥’ & X r), and
®) (0,2) E Qtx (1 =0) and [E]o.s = [E]sr s, and
©) ((0,%),(0,%),0) = Gy % [1 = 0] * True.
Proof: Immediate from the premise.
(3) For any o, (C,0 W op) —/>abort.
Proof: Immediate.

(4) Forany C', 0", o and XF, if (C,0 Wor) —>¢ (C’,0") and ¥ L ¥ F, then there exist o/, n, C', ', k, M, M’ and ¢’ such that

(@) 0’ =0’ Wor, and
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®) (C,LwEp) — (C, T WXp); and
if k > 0, then there exist n1, ny and C” such thatn = ny +ng > 0and (C, S W Xp) —s ! (C”, Ai(X) ¥ £r) and
(C", A(Z)WIF) —12 (C', Y WEF); and

(© D,R*[1=0],G*[1=0] =" (C',0") 3 (C,£) o (M, M') Y (Q* (1 =0)),and

(d) ((6,%),(c¢",2),k) E Gt * [1 = 0] * True, and

(e) eithern > 0,or M’ < M,or M’ = M and ¢ # () and £ C ¢’; and

@ if (0, %), (', X)) = ([D]) * True, then M’ < M.

Proof: For 1, from D, R, G = (C,0) < ((C);return E, 1) o (u, M, M) {¢ Q, we know there exist o', C’, 39, k, v, M, M and &'
such that

(Al) ¢ =0’ Wop, and
(B1) ({(C);return E, 21 W XF) i ( ’1,2’1Lﬂ2p),and
(C1) D,R,G = (C',0") = (C1,21) o (v, M, M) J¢ Q, and
(D) ((0,%1),(0',21), k) E Gt * True, and
(E1) either v’ <y, u,
oru' =wuand k= 0and M’ < M,
orw/ =uandk =0and M’ = Mand £ # () and £ C ¢'; and
(F1) if (0, %), (', 2)) | ([Dy]) * True, then M’ < M.
From (B1), by the operational semantics, we know

either C} = ((C); return E), or C} = (return E) .

(i) C} = ((C); return E): Let
C' = (wri({C));wri(return E)) and w) =u' and &' = X} W {1 ~ 0,ul ~ uf,u2 ~ us} .
From (E1), we know: v’ < u, thus u’ < us. Then, from (C1), by the co-induction hypothesis, we know
D, R+[1=0),Gx[1=0] £ (C,0') 3 (€, ) o (M, M') ber (Q * (1= 0).
From (D1), we know
((6,%), (0", %), k) E Ge* [L = 0] * True.
e If k > 0, from (E1), we know: u’ < w. Thus u} < u;. Let
C" = (wrf ({C)); wr1(return E)) .
Also we know
A(t,Y) =21 W {1~ t,ul ~ ug,u2~ uz}.
Thus we know
(wri({(C)); wri(return E), S & Xp) — (C”, A1(t,2) W XF) and
(C",AL(t, D) WER) —; (wri({C)); wry(return E), ¥’ W X F) .
e If k£ = 0, from (E1), we know: either M’ < Mlor M’ = M and ¢ # () and £ C £’ Also v’ = u. Thus v} < u;. Thus we know
(wri({C));wri(return E), S W X ) — ¢ (wri ({(C)); wri(returnE), &' W X ) .
(i) C| = (return E): Let
C'=wri(returnE) and w4 =’ and ' =] W {1~ 0,ul ~ u1,u2 ~ us}.
From (C1), by the second goal, we know
D,R+[1=0],G*[1=0] = (C',0') 3 (C, %) o (M, M') §e (Q* (1=0)).
From (D1), we know
((0,%), (0", Z"),k) E G [1 = 0] * True.
From (E1), we know v’ < u, thus u5 < us. From (B1), we know
(wri ((C));wri(return E), X W X ) —» (wri(return E), X' & 2p) .
Ifk > 0,let
C" = (wr ({C)); wri(return E)) .
Also we know
A1(t,X) =21 W{l~ t,ul ~ u,u2~ uz} .
From (B1), we know
(wri({C));wri(return E), X & X ) — (C”, A1(t,2) W Br) and
(C", A1, 2) W SF) —¢ (wri(return E), X' W ) .
For 2, from D, R, G = (C,0) = (return E, 31) o (u, M, M) {¢ Q, we know there exist o', C', 7, k, v', M, M’ and £’ such that
(A2) ¢ =o' Wop, and
(B2) (returnE, ¥ W Xp) —; (C}, 3] WX F), and
(C2) D,R,G = (C',0") = (C,2)) o (u/,M', M") e @, and
(D2) ((0,%1), (o', %1), k) = Gt * True, and
(E2) either v’ <}, u,
orv' =uwand k =0and M’ < M,
orvw/ =uandk =0and M’ = Mand £ # () and £ C ¢'; and
(F2) if (0, %), (', 2) | ([Dy]) * True, then M’ < M.
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From (B2), by the operational semantics, we know C} = (return E). Let
C' =wri(returnE) and w5 =’ and ' =] W {1~ 0,ul ~ w1, u2 ~ us} .
From (C2), by the co-induction hypothesis, we know
D,Rx[1=0],G*[1=0] = (C',0') 3 (C,T) o (M, M) b (Q*(1=0)).
From (D2), we know
((0,%), (6", %), k) E G [1 = 0] x True .
o If £ > 0, from (E2), we know: v’ < u. Thus ub < us. Let
C" = wry (return E) .
Also we know
A]_(t7 Z) =31 {1 ~ t,ul ~ up,u2 ~ U,Q} .
Thus we know
(wri(returnE), X W Xp) — (C”, A1(t,2) W r) and (C”, A1 (t, X)W Xp) —>; (wri(returnE), ¥ & Xp) .
o If k = 0, from (E2), we know: either M’ < Mlor M’ = M and € # () and £ C £’. Also ' = u. Thus u% < uz. Thus we know
(wri(return E), X W X p) —»{ (wry(return E), ¥’ W XF) .
(5) Forany k, o’ and 3, if ((0, X), (¢’, %), k) |E Re * [L = 0] * Id, then there exist M’, M, £; and £’ such that

@ D, R*[1=0],G*[1=0] 5" (C,0) 3 (C.5) o (M, M) §¢ (Q* (1 =0)).and
O &a={t' |t €A {((6,%),(c", X)) E(Dv) *xId)} and (k = 0 = £\&q C ¢'), and
(c) if k > 0, then forany t’ # t and £ 5 LY. we have (C, Ay (Z) W IFp) —+ (C, Av (Z) W TF);

otherwise, M’ < M, or M’ = M and &4 = (; and
(d) if k = 0 and (0, X) |= Enabled(D;)  true, then M’ < M.
Proof: Since {1,u1,u2} N fy(R) = (), we know there exists X7 such that

((6,%1), (0/,21),k) E Rex1d and X' = &) W {1~ 0,ul ~» ug,u2 ~> ua} .
Also we know
AU, 8) =S W{l~tul ~ up,u2 ~ us ).
Thus we know
(wri({C)); wri(return E), A; (t', X)) W X p) —=¢ (wry ({C)); wri(return E), Ay (', X)W F) ,
and
(wri(return E), Ay (t', Z) W XF) —¢ (wri(return E), A; (t', ) W Xp) .

By the co-induction hypothesis, we can prove the goals.

Thus we are done.
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B.4 Core Proofs: From Common Simulation to Contextual Refinement
Lemma 19 (Gray Box in Fig.[T8). If

1. D,R,G E* {PYI I 1T,
2. Vt,t'. t #t' = Gi = Ry, wffAct(R, D), P = —Enabled(D), P V Enabled(D) = I, I > {R, G},

then II Cp IT'.
Proof. From D, R, G =2 {P}I X 1T, by Lemma we get: for any C, for any t,
D,R,G L {P}ILC) 3 (IV,O){P}.
(See Sec. mfor their definitions.) By Lemma@ we know: for any n, C1, ..., Cy,
{A\P}letIIinCy||...||Cn) 2 (letIl'inCy ... ||Cy) .

(Here the simulation 3 for the whole programs is defined in Definition ) By the following Lemma 25| we know

{A\,P}(letIlinCy ||...||Cr)C(letII'in C1 ||. .. || Cy) .
(Here the fair refinement C is defined in Definition ) Thus we get: IT Cp IT'. O

B.4.1 Lifting to Simulation for Client Threads

Definition 20 (Simulation for Thread). D, R, G = {P}(II,C) 3 (IT', C){Q} iff, for any o, o and ¥, if (o, %) = P, there exist two
well-founded metrics M and M and a set £ € & (ThrdID) such that

D,R,G £ (1,C, (0c,0,0)) = (I, C, (0c, 2, 0)) o (M, M) Je Q.

Here D, R, G =2 (IL, C, (0¢, 0, k)) = (I, C, (2, 2, K)) © (M, M) J¢ @ is co-inductively defined as follows.
Whenever D, R, G =2 (11, C, (0¢, 0, k) 3 (I, C, (X, 2, K)) o (M, M) {¢ Q holds, then the following hold:

(1) oc = X¢; and (C # skip) = (C # skip).
(2) Suppose o = (s, h). Then £ C s(TIDS) and t & &. For any t’ € £, we have (0, %) |= Enabled(Dy/) * true.
(3) If C = skip, then C = skip and (0, X) = Qx.
@) If (C, (0c,0 WoF, k) — ¢ mabortand 1Y, then
e = (t, clt, abort) and there exists T such that e = get_obsv(T) and (C, (X., X W Xr, K)) iﬁ,n abort.
5 If (C, (oe, 0 Wor, k) —en (C/, (0L,0”, k")) and ©LE p, then there exist o/, n, T, C', &', k', k, M', M’ and ¢’ such that
(@ o’ =o' Wor;
®) (C,(Se, ZWEF,K)) — Iy (T, (04, X' W S5, K')); and
if k£ > 0, then there exist ni, no, T1, T2 and C” such thatn = n1 +n2 > 0and T = Ty :: To and
(C, (B, W Sp, K)) =51 (€7, (Se, A(E) & S, K)) and (C7, (Ze, Ae(T) W Sp,K)) =272, (C', (01, %' & Sp,K));
and
(c) get_obsv(e) = get_obsv(T) and (e = (t, term)) = (e = last(T)), and
@) D,R,G = (IL,C', (oh,0', k') 2 (I, C, (00, %', K)o (M, M) |} Q, and
© ((0,%),(c', %), k) = Gy x True, and
() eithern > 0,or M < M,orM =Mand £ # () and £ C ¢'; and
() if ((0,%), (¢, 2") = ([D:]) * True, then M' < M.
(6) For any k, o¢, o’ and X', if ((0, %), (¢/,X'), k) = Ry = Id, then there exist M’, M’, £5 and £ such that
@ D,R,G ¢ (1L,C, (o0, 0',K)) 3 (IU,C, (00, 5, K)) o (M, M) J¢ Q, and
B &a={t' |t €A ((6,%),(c", X)) E(Dv) *xId)} and (k = 0 = £\&q C ¢'), and
(c) if k > 0, then for any t’ # t, X p L3 and X, there exists T such that (C, (X.., Ay (Z) W ZF, k)) lh,n/ (C, (2L, Av (Z) WEk, k));
otherwise, M’ < M, or M’ = M and £; = (; and
(d) if k = 0 and (0, %) |= Enabled(D)  true, then M’ < M.

Lemma 21 (Lifting). If dom(II) = dom(IT') and D, R, G =2 {P}I < IT', then
for any t and C, we have D, R, G =58 {P}(I1,C) = (II', C){P}.

Proof. By structural induction over C' and by co-induction. O
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B.4.2 Parallel Compositionality

Lemma 22 (Parallel Compositionality).
If there exists R, G, D, P and A such that the following hold for any t € [1..n]:

() D,R,G = {PYI1,C) 3 (I, Co){ P},
() Vt,t'. t #t' = Gi = Ry, wffAct(R, D), P = —Enabled(D), PV Enabled(D) = I, I>{R, G},
then { A\, P.}(let ITin C1 ||...[|Cy) = (let T in Cy ||... || Cy).

Proof. For any o, o and %, if (0, %) |= (A, P;), from the premises and by sequential compositionality, we can prove: there exist M1, ...,
My, M1, ..., My, &1, ..., & such that the following holds for any t € [1..n]:

D,R,G =2 (11, (Cy;end), (0., 0,0)) X (I, (C; end), (o, 3, 0)) o (My, M) {e, P
We want to show that there exist .# and ¢ such that
((let ITin (C1;end) || .. || (Cn;end)), (o¢,0,@)) X ((let I in (Cy;end) || ... | (Cr; end)), (o¢, 5, @) © (A, C).
We generalize the result and prove the following (B23):
If (0, %) |= I and the following holds for any t € [1..n]:
D,R,G = (1L Cy, (0c, 0 Wor, ki) 3 (IT, C, (00, S W Be, ke)) © (M, My) e, P,
then
(et I in C1 .| C), (00, & (18, 00), K)) = (et T in Cy .. [|Cn), (00 1 (), 1), K)) © (A, C).

Here for any t € [1..n], K(t) = & and K(t) = K¢, and the functions .# and ¢ are defined as follows.
o dom( M) = dom({) = activeThrds(let ITin C1 ||...||Crn) = {t | (C; # skip)}.
e Forany t € dom(.#), we have A (t) = (My, {t' ~ My | t' € &}) and ((t) = &:.
The order (M', M’) < (M, M) is defined as a dictionary order:
(M, M) < (MM) iff (M <M) vV (M =M)A (M < M)
M < MUE T (MC(£) < M(D) A (% € dom(M)\{t}. M'() < M(¥)
M < M iff Vt € dom(M). M'(t) < M(t)

Clearly .’ (t) < . (t) is a well-founded order.

(B.3)
By co-induction. Let W = (let ITin C1 ||... || Cy), W = (let I in C, || ... || Cp), S = (0c, oW (H, 1), K) and S = (o, T8 (), ), K).
Suppose o = (s, h). Then s(TIDS) = [1..n].
(1) dom(A) = dom(¢) = activeThrds(W') = activeThrds(W), and Vt € dom(¢). ¢(t) C (dom({)\{t}).
Proof: For any t € [1..n], from the premise, we know: (C; # skip) < (C. # skip). Thus activeThrds(let IIin C, || ... || Crn) =

activeThrds(let TI' in Cy || ... || Cy,).
Also, ¢(t) C s(TIDS) = [1..n]. And for any t’ € ((t), we have t’ # t and (0, X) = Enabled(Dy ) * true. Then we only need to prove
(Cy # skip). Suppose (Cy = skip), then we have (0, %) = Py. Since P, = I, we know (0, %) |= I. Since Enabled(Dy) = I and
Precise(|1]), we know (o, X) |= Enabled(Dy ). Since P,s A Enabled(Dy) = false, we get (0, X) |= false, which is impossible. Thus
(Ct’ 75 Skip)

) If (W, S) — (skip, S’), then there exist T and S’ such that get_obsv(T) = € and (W, S) — * (skip,S’).
Proof: By the operational semantics we know: for any t € [1..n], we have C; = skip. By D, R, G =2 (IL, Ct, (0¢, 0 W 0y, Kt)) =
(IT', Cy, (0c, 2 W S, ki) © (Mg, My) g, P, we have C; = skip. Thus we have (W, S) — (skip, S).

(3) If (W, S) = abort, then there exist t and T such that e = (t, clt, abort), ¢ = get_obsv(T) and (W, S) 5+ abort.
Proof': By the operational semantics we know: there exists t € [1..n] such that

(Ct, (Jc, od (Lﬂt O't)7 K;t)) i}n]’l abort.

ByD,R,G ':tA (I1, C, (0c, 0 Wor, k) 3 (I, Cy, (06, T W g, ki) © (M, M) e, P, we know e = (t, clt, abort) and there exists T
such that e = get_obsv(T) and

(Ce, (06, 2 (18, Bt), ke)) — 1,y abort.
Thus (W, S) — * abort.

@) If (W, (oc,0 W (4, 0v),K)) = (W', (o%,0”,K')), then there exist t, T, W', S', .#" and ¢’ such that all the following hold:

@) (W, (0c, S0 (ig, £), K)) = (W, S);
(b) t = tid(e), get_obsv(e) = get_obsv(T), (e = (t,term)) = (e = last(T));
© (W', (oc, 0", KN) (W', 8") o (A", ()
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(d) either t € tidset(T),
or ' (t) < (),
or . Z'(t) = . (t) and {(t) # 0 and (t) C ¢'(t);
(e) for any t' € dom(.#)\{t}, we have:
either t’ € tidset(T),
or.A'(t') < M),
or ' (t')=.#(t')and t € ¢(t') and ¢(t') C ¢'(Y).

Proof: By the operational semantics, we know there exist t, C; and &; such that

W =(letllinCy||...C{...||Cn), t=tid(e),
(Ct, (0c,0 W (I, 0v), k) e (CL, (0h, 0" KY))) and K' = K{t~ i} .

By D, R,G £ (IL Ct, (0¢, 0 Wor, k1)) S (IT, C, (06, B W T, ke )) © (My, M) Je, P, we know
(A) Forany t’ € &, we have t’ # tand (o W oy, ¥ W 3;) = Enabled(Dy) * true.
And there exist ¢’”/, n, T, C;, ¥, ki, k, M{, M{ and &/ such that

B) 0" = 0" W (W ov), and

©) (Cr, (06,2 (I8, T0), ko) —= L (T, (02, £ 8 (184, Tv), KD)): and
if k > 0, then there exist C, Ty, T2, n1 and np such that T = Ty :: T2 and n = ny + no > 0 and
(Ctv (Ucv T (Lﬂt Et)v kt)) £>211'[/ ( (/a (Jca At(z) W (L+Jt Zt)7 kt)) and
(Célv (‘767 At(x) W (tt't Et)? kt)) E)ZQH’ ((Cév (‘71/:7 2"y (ttlt’;tt Et/)v k{));
and
(D) get_obsv(e) = get_obsv(T) and (e = (t, term)) = (e = last(T)), and
(B) D,R,G = (ILCY, (00,0 k1)) 3 (I, €L, (00, 27, K1) o (Mi, M{) e P, and
F) ((cWo, W), (6", %"), k) | Gy * True, and
(G) eithern > 0, or M < My, or M; = M, and &; # () and & C &{; and
H) if ((0,%), (', Z") | ([Dr]) * True, then M{ < M.
Since (0,%) = I and I > {R, G}, we know there exist o', o7, ¥’ and ¥ such that

o =d'wo{, T =X"wX, (¢/.,T)ET and ((0,%),(c,Y), k) E Gt
For any t’ # t, since Gy = Ry, we have ((0,X), (¢/,X'), k) = Ry. Thus
(cWou,XWXy), (0’ Wou, X WEy), k) E Ry *1d.

By D,R,G ¢ (II,Cy, (0c, 0 Wow, ky)) 3 (IT,Cy, (00, 2 W Sy, Ker)) © (My, My) Le, P, we know

(I) Forany t” € &, wehavet” #t' and (0 W oy, X WX ) = Enabled(Dy) * true.

And there exist My, M,, &4 and &, such that

() D,R,G =2 (I, Cy, (04,0’ Yoy, k) 3 (I, Cy, (00,5 W Sy, ke ) © (M, M{)) Jer, P, and

(K) &4 = {t// ‘ (t” e&)N(((cWoy, X W3y), (O’l Wowy, X' W ) E (D) x1ld)}and (k=0 = &/ \&a C &/), and
(L) if & > 0, then there exists T’ such that (Cy/, (oc, At(2) W (), Zt), ke')) Ltlynl (Cy, (oc, Ac(X) W (1), ), ke')),

otherwise, M;, < My, or M;, = My and &, = (); and

M) ifk =0and (0 Woy,X WX) = Enabled(Dy ) * true, then M{, < M.

From (C), we know

(Ce, (06, B8 (14, D) Ke)) — s (CL (04, X W S8 (14, Do), kD)) -

LetW = (let II'in Cy [|... Ct...[|Cp) and §" = (00, X' & 5t W (4 X ), K{t ~ ki}). With (L), we know there exist T and n such
that

(W, (06, 20 (I, Zt), K)) " (W', S') .

Also, for any t’ # t, we have: either t’ € tidset(T), or M;, < My, or M;, = My and & = 0.
From (G), we know: either t € tidset(T), or M{ < M, or M{ = M; and & # @ and & C &{.
Besides, we have

k>0 = (t € tidset(T)) A (t’ € tidset(T)) .

Define the functions .#’ and ¢’ as follows.
o dom(M") = dom(¢") = activeThrds(W').
e Forany t € dom(.#"), we have A" (t) = (Mi, {t' ~ M/, | t' € &}) and ¢'(t) = &{.
Then by the co-induction hypothesis, we know
(W', (o0, 0", K)) (W', SYo (',().

For the thread t, suppose t ¢ tidset(T), then k = 0. Then,
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o If M{ < M, then .7’ (t) < . (t).
o If M{ =M and & # () and & C &/, we know ((t) # 0 and ¢(t) C ¢'(t). We only need to show the following (B.4):
{t' ~ M) |t ety < {t'~ My |t €&} (B.4)
From (A), since Vt'. Enabled(Dy ) = I and Precise(I), we know: for any t’ € &,
t' #t and (0,%) = Enabled(Dy) .
Thus (o & oy, X W 3y ) = Enabled(Dy ) * true. From (M), we have M, < M, . Thus (B.4) holds.
For any t' € dom(.#)\{t}, suppose t’ & tidset(T), then k = 0. Then,
o If M/, < My, then .Z'(t') < . (t').
o IfM, =My, & = 0andt & &, from (K), we know & C &/,. Thust & ¢(t') and {(t') C ¢’(t'). We only need to show the following
(B.5):
{t"~ M |t €&} < {t" ~ My |t €&} (B.5)
From (I), we know: for any t” € &,
t” #t'" and (0,X) = Enabled(Dy) .
Thus (0 W o, X W X)) = Enabled(Dy/) * true. From (M), we have M;,, < M. Thus (B.5) holds.
o If My, =My, &q = Dand t € &, since wifAct(R, D) and k = 0, we know
((0,%), (0", X)) = ([Dr]) -

M! < M;.

From (H), we know

We only need to show the following (B.6):
{t"~ M|t €&} < {t~ My |t €&} (B.6)
For any t” € &\ {t}, from (I), we know:
t” #t'" and (0,X) |= Enabled(Dy) .
Thus (0 W o, X W X)) = Enabled(Dy/) * true. From (M), we have M;,, < M. Thus (B.6) holds.

Thus we are done. O

B.4.3 Simulation for Whole Programs and Fair Refinement
Definition 23 (Fair refinement). {P}W CW iff
Voe,0,3. (0,%) E P = Op[W, (0¢,0,0))] € Op[W, (0c, %, @)] -

Definition 24 (Simulation for the whole program). {P}W =< W iff, for any o., o and 3, if (¢, ) | P, there exist .# € ThrdID — Metric
and ¢ € ThrdID — 2 (ThrdID) such that

(W], (0¢,0,©)) 2(IW], (0¢, 5, ®)) © (A, ().

Here (W, S) <X(W,S) o (4, C) is co-inductively defined as follows.
Whenever (W, S) <X (W, S) o (#, ¢) holds, then the following hold:

(1) dom( ) = dom(¢) = activeThrds(W') = activeThrds(W), and Vt € dom((). ¢(t) C (dom({)\{t}).
(2) If (W, S) — (skip, S’), then
there exist T and S’ such that get_obsv(T) = € and (W, S) — * (skip, S').
(3) If (W, S) = abort, then
there exist t and T such that e = (t, clt, abort), e = get_obsv(T) and (W, S) 5+ abort.
@) If (W,8) = (W', S’), then
there exist t, T, W', S’, .’ and ¢’ such that all the following hold:
(@) (W,S) —* (W, S');
(b) t = tid(e), get_obsv(e) = get_obsv(T), (e = (t, term)) = (e = last(T));
() (W,8)X(W,S)o (', (),
(d) either t € tidset(T),
or ' (t) < (%),
or A" (t) = /(1) and C(t) # D and C(t) C C'(t);
(e) for any t' € dom(.#)\{t}, we have:
either t’ € tidset(T),
or./'(t') < M(t),
or ' (t') = (t')and t € ¢(t') and ¢(t') C ¢'(Y).
Lemma 25 (Simulation for whole program ensures fair refinement).
If {P}W =5 W and |W| = |W|, then {P}W CW.

To prove Lemma 23] we introduce the notion of scheduler ¥, which is similar to the event trace 7" but contains more information such that
it can uniquely determine an execution. That is, each step is deterministic given the code, the state, and the scheduler. Note that the event trace

T is not sufficient to determine a unique execution if we allow non-deterministic instructions such as x := rand().
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(let Tin C1 || .. L)k €
activeThrds(W) ¥ {t|3C. (W|. = C) A (C # skip)}

. def 0 ifT =€
tidset(T') = { {tid(e)} U tidset(T") if T =ex=T’

Figure 23. Auxiliary definitions.

(SchEvt) o+ == (t,f,n) | (t,ret,n) | (t,obj,info) | (t,obj,abort)
| (t,out,n, mfo) | (t,clt,info) | (t,clt,abort)
| (t, term) | (spawn,n)
(Sched) % == €| 1% (co-inductive)
Here info denotes the additional information that can uniquely determine a step. For instance, it could be the value written to x for the
non-deterministic instruction x := rand(). We can even record the initial and final states of the step if necessary.

We strengthen the labelled transition system (W, S) —— (W', S’) in Fig. to (W,S) = (W', S"). The definition of the strengthened
transition system is similar to the original one and omitted here. Then (W, S) oy (W', 8') represents a zero or multi-step execution of

(W, S) that leads to (W', S’) under the scheduler . (W, S) G represents an infinite execution with the infinite scheduler T. We use
e = [¢] to remove the additional information in ¢, and 7" = | ¥| to remove the additional information in each event in . We also overload all
the predicates over 7" to be defined over ¥. For instance, get_obsv(%) gives us an observable “scheduler” ¥,, which is the subsequence of ¥
consisting of externally observable events only.

To facilitate the proofs, we give alternative definitions of Oy,,. Fig. [24] shows the alternative co-inductive definitions for generating
observable event traces of complete fair executions. We prove they are equivalent to the original definitions, as shown in the following lemmas.
Their proofs are given later.

Lemma 26. (T, € O, [W,S]) <= (3, %,. (T = OR(IW],S,%,)) A (%] = Tb)).
Lemma27. (3. T = O (W,S8,%,)) <— O (W,S,%,).
Lemma 28. If M |= OF,(W,S,%,), then OF, (W, S, %,).
We also define a simulation between whole programs under an explicit scheduler ¥ at the low level, T = (W, S) < (W,S) o M, as a
bridge that relates the simulation (W, S) < (W, S) o (., ¢) in Definition[24]to the fair refinement.

Definition 29 (Simulation for the whole program with fixed scheduling at the low level).
TE=E(W,S)=X(W,S) ¢ M is co-inductively defined as follows. Here M € ThrdID — Metric.
Whenever T = (W, S) < (W, S) ¢ M holds, then the following hold:
(1) dom(M) = activeThrds(W) = activeThrds(W).
(2) If (W, S) — (skip, S’) and T = ¢, then
there exist T and S’ such that get_obsv(T) = € and (W, S) — * (skip, S').
(3) If (W, S) = abort and T = ¢::¢, then
there exist t and T such that |¢] = (t, clt, abort), || = get_obsv(T) and (W, S) 5+ abort.
@) If (W, S8) s (W’,S") and T = 1::F’, then
there exist t, T, W', S" and M’ such that all the following hold:
(a) (W,S) = (W',§");
(b) t = tid([¢]), get_obsv(|¢]) = get_obsv(T), (|| = (t,term)) = (|¢| = last(T));
© T EW,S)X(W,S) oM,
(d) for any t' € dom(M), either t’ € tidset(T), or M’ (t") < M(t').
Lemma 30. Forany T, W, S, %,, W, S, # and £, if T |= OF, (W, S,%,) and (W, S) X (W, S) o (A, (), then there exists M such that
TEW,S)=2(W,S) oM.
Lemma 31. If T |= O (W, S,%,) and T = (W, S) X(W,S) o M, then M = OF,(W, S, %,).
The proofs of the above lemmas are given later. With the auxiliary simulation with an explicit scheduler and these useful lemmas, we can
finish the proof of Lemma[23]

40



(W,S) —>+abort  get_obsv(T) = T, (W, S) —>+ (skip,.)  get_obsv(T) = T,

(W,8) v+ (W/,8")  getobsv(T)=¢ T |=OP(W,8 €  activeThrds(W) C tidset(T)
TuT | OR(W,S,¢)

(W, S) st (W', 8")  getobsv(%) =1:%, T EOR W, S, T,) activeThrds(W) C tidset(%)

TuT | O (W, S, T T)

(a) with an explicit scheduler

(W, S) =5+ abort get_obsv(T) = T, (W, S) Vst (skip, ) get_obsv(%) = T,
O (W, 5, %) 0% (W, 5.%,)

(W,8) ¥+ (W/,8")  getobsv(T)=c  OL(W',S',¢)  activeThrds(W) C tidset(T)
O (W, 5,0

w,S) Wyt w’, 8" get_obsv(%) = 1::%, oW, s, %) activeThrds(WW) C tidset(%)
O (W, S, e:TouT,)

(b) the scheduler is implicit

(W,S8) 5+ abort get_obsv(%) =%, (W,S8) st (skip, -) get_obsv(%) = %,
M OF, (W, 8, %o) M= OF (W, S,%,)

(W,8) v 5% (W, 8')  getobsv(T) =¢ M’ | OF, (W', &', ¢)
dom(M) = activeThrds(W) # 0 Yt € dom(M)\tidset(T). M'(t) < M(t)

M OF, (W, S, ¢)

(W,8) v+ (W', 8")  getobsv(T) =1:T, M OF (W, 8, T)
dom(M) = activeThrds(W) vt € dom(M)\tidset(T). M’ (t) < M(t)

M EOR(W,S,enTo:T,)

(c) with the metric mapping M € ThrdID — Metric

Figure 24. Co-inductive definitions for generating observable event traces of complete fair executions.
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Proof of Lemma[23] By Lemmas and we only need to show: for any oc, o, ¥, 4, ¥ and T, if (0,%,i) = P and T |
OCS(LWJ7 (JC7 g, ©)7 ‘3’-0)’ then OCEJ(I_WJ? (UCa Ev ©)v ‘3’-0)'
From {P}W 3 W, we know there exists .# and ¢ such that

(W1, (0c,0,@)) 2 (W], (0¢, 5, @)) o (A, Q).
By Lemma[30} we know there exists M such that
TE (W], (0e,0,@)) (W], (0¢, %, @)) o M.

Then by Lemma[31] we know
M OF(IW], (0c, 5, @), To).
By Lemma[28] we get
OR(IW], (0¢, %, @), To).
Thus we are done. O
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Proof of Lemma[28] T, € Oy,[W, S] can be unfolded as follows.

T, € O [W,S] iff  3T. (([W),S) ——+ abort) A (T, = get_obsv(T))
V (LW, 8) ¥+ (skip, 1)) A (T, = get_obsv(T))
vV ((IW],S) WLy A (To = get_obsv(T))
A (Vt € activeThrds(|[W]). |(T']t)] = w V last(T|¢) = (t, term))

We define (T,, ) € O, [W, S] as follows.

(T, T) € O, [W,S]  iff (W, S) —+ abort) A (T, = get_obsv(T))
V (W, S) —+ (skip, ) A (T, = get_obsv(T))
Vv (W,S) Py w YA (T = get_obsv(T))
A (Vt € activeThrds(W). |(Z]t)| = w V last(Z]:) = (t, term))
Then (T, € O, [W, S]) <= (3%, F. ((%0,%) € Op[(I1W]),S]) A (IF6] = To)). Below we prove
(TEORW,S,%)) <= ((T,%) € Op[W, S]) (B.7)
e —>: We have two cases:
o |T]| £ w:
Proof: By induction over |

, and then by inversion over T = OF (W, S, T,).
e |T| = w: We prove (W, S) F L T, = get_obsv(¥) and Vt € activeThrds(W). |(Z|¢)| = w V last(T[¢) = (t, term).
e We prove (W, S) e by co-induction.
e We prove ¥, = get_obsv(¥) by co-induction.
o Let termThrds(%) = {t | last(%|;) = (t,term)}. For any t € activeThrds(W)\termThrds(T), we prove |(Z|:)| = w by
co-induction.

e <——: By co-induction.

Proof of Lemmal[27} By co-induction.
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Proof of Lemma[28] We want to prove the following:

YW, S, %,.
(IM. (M |z OF,(W,5,%,))) = O W, S, %)

By co-induction.
Co-induction Principle: Vz. (3S.S C F(S)Az € S) = xz€gfp F

Figuredefines F and gfp F' (i.e., OF; at the middle part of the figure). Let

S = {(W,8,%.) | IM. (M £ OL(W, S, %,))}.
So from the co-induction principle, we only need to prove:
S CF(S), ie, YW,S8,%,. (W,S8,%,) € S = (W,S,%,) € F(S).

By unfolding S and by inversion over OF,,, we have the following cases.

1. (W,S) T abort and get _obsv(%) = T,:
From the def1n1t10n of F (at the middle part in Figure 24), we know (W, S, T,,) € F(S).
2. (W, S) * (skip, ) and get_obsv(T) = T,:
From the definition of F" (at the middle part in Figure 24), we know (W, S, T,,) € F(S).
3T, = 6 (W,8) =57 (W, S,), get-obsv(T,) = €, (M, = OF,(Wy, Sy, €)),
dom(M) = activeThrds(W) # () and Vt € dom(M)\tidset(Tz). My (t) < M(t):
We want to prove (T, W, S, ¢) € F'(S). We have two cases:
(a) activeThrds(W) C tidset(%,):
Since activeThrds(W) # (), we know (W, S) oy (Wy,Sy). From (M, = OF, (W, Sy, €)), we know (W, Sy, €) € S. From
the definition of I (at the middle part in Figure 24), we know (W, S, €) € F(5).
(b) dom(M)\tidset(T,) # 0
By transfinite induction over the metric (dom(M)\tidset(%;), My).
Transfinite Induction Principle: (VM. (VM'.M' < M = P(M')) = P(M)) = VM.P(M)
The order over the metrics, (&2, M2) < (&1, M1), is defined as follows.
(&2, M2) < (&, Mq) iff (&2 C &) V (2 =& #0) A (Yt € L. Ma(t) < Ma(t))
It is clear that (§2, M2) < (&1, M) is a well-founded order.
We view our goal as VM, T, M,.P(M, T, M), which is reformulated as follows.
VM, Ty, My
YWy, Sy.
(W) =" (W, 8) A (get-obsv(<) = )
N (My |= OF,(Wy, Sy, €)) A (Vt € dom(M)\tidset(T). M, (t) < M(t))
_—
(W,S,¢) € F(S5)
By the transfinite induction principle, we only need to prove
VM, Ty, My,
(VM T, My, (dom(M')\tidset(Z7,), M) < (dom(M)\tidset(T,), My) = P(M’, T}, My))
= P(M, %, M)
The proof is by inversion over (M, |= OF, (W, Sy, €)). We only have two possible cases:

i. (W,,S,) — v+ (skip, _) and get_obsv(%,) = €

We get (W, S) ety + (skip, -) and get_obsv (T, :: T, ) = e. By the definition of F (at the middle part in Figure , we know
(W, S,¢) € (S)

ii. (Wy, Sy ) * (W, Sy), get_obsv(Ty,) =€, (M, = OF,(W,,S,,€)),

dom(M,) = actlveThrds(Wy) # P and Vt € dom(M)\tidset(T,). My, (t) < M, (t):
We first show

(dom(M,y)\tidset(T, :T,,), M) < (dom(M)\tidset(T,), M) . (B.8)
By the operational semantics, we know

dom(My) = activeThrds(W,) C activeThrds(W) = dom(M).

Since tidset(T,) C tidset(T, :: T,), we know dom(M,)\tidset(T, :: T,) C dom(M)\tidset(T,). If dom(M,,)\tidset(T
%) = dom(M)\tidset(Z,), for any t € dom(My)\tidset(T, :: T,), we know t € dom(My)\tidset(T,). Thus M (t) <
My (t). Thus we have proved (B.§).
By the transfinite induction hypothesis, we have
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YW, S

(W,8) ZiTey (W}, Sy)

) A (get-obsv(T, %)) =€)
A (M), | OF (W), S}, ) A

Vt € dom(My)\tidset(Ty :: T). My, (t) < My(t))

—
(W, S,¢) € F(S)
Thus we get (W, S, e) € F(S).
4. T =1:%4 %, (W, S) —> RIS (Wy,Sy), getobsv(Ty) = 1:Ta, (My | OF,(Wy, Sy, ),
dom(M) = activeThrds(W) and Vt € dom(M)\tidset(T;). M, (t) < M(t):
We want to prove (W, S, €) € F(S). We have two cases:
(a) activeThrds(W) C tidset(%,):
From (M, = OF,(W,, Sy, %)), we know (W, Sy, Tp) € S. From the definition of F (at the middle part in Figure, we know
(W,S8,%,) € F(S).
(b) dom(M)\tidset(T,) # 0:
By transfinite induction over the metric (dom(M)\tidset(%;), My).
Transfinite Induction Principle: (VM. (VM'.M' < M = P(M')) = P(M)) = VM.P(M)
The order over the metrics, (£2, M2) < (&1, M1), is defined as follows.
(§2, Ma) < (&, Mu) iff (&2 C &) V (&2 =& #0) A (Vt € Lo. Ma(t) < M(t))
It is clear that (2, M2) < (&1, M1) is a well-founded order.
We view our goal as VM, T, My.P(M, T, M), which is reformulated as follows.
VM, Ty My,
YWy, Sy, t, Ta, Tp.
(z = 11T, 0T A (W, S) =51 (W, 8,)) A (get_obsv(T, ) =y za)
(My = O (Wy, Sy, To)) A (Yt € dom(M)\tidset (T ). My (t) < M(t))
(W, S,%,) € F(5)
By the transfinite induction principle, we only need to prove
VM, Ty, My,
(VM T, My, (dom(M')\tidset(T7,), M) < (dom(M)\tidset(T,), My) = P(M’, T}, My))
= P(M, %, My)
The proof is by inversion over (M, = OF, (W, Sy, Tp)). We have four cases:

i. (Wy,Sy) % + abort and get obsv(T,) = Ty
We get (W, S) S50, + abort and get_obsv(T,, ::T,) = T,. By the definition of F (at the middle part in Figure , we know
(W, S,%,) € F(S).

it. (Wy,Sy) v+ (skip, -) and get_obsv(%,) = Tp:
We get (W, S) ety + (skip, ) and get_obsv (%, :: T,) = T,. By the definition of F (at the middle part in Figure , we know

(W,S8,%,) € F(S).

i, Ty = e, (W, 8,) 5" (W1, S)). get_obsv(T,) = e, (M), = O (W}, S, 6)).
dom(M,) = activeThrds(W,) # 0 and Vt € dom(M,)\tidset(T,). My (t) < M,y (t):
With (B:8), by the transfinite induction hypothesis, we have

YW, St Ta, Ty

(To = 02T :Tp) A (W, 8) 225+ (W7, 51)) A (get_obsv(Ty :T,) = 1:Ts)
A (M = O (W1, 8), %)) A (vt € dom(My \tidset(T, = T) ). M (1) < My (2)

=
(W, S8,%,) € F(5)
Thus we can get (W, S,%,) € F(95).
iv. Ty =0/ =T, Ty, (W, Sy) —> Loyt (Wy, S,), get_obsv(T,) = 1/ =T, (M}, |= OF,(W,, S, %})).
dom(M,) = activeThrds(W,) and Vt € dom(M,)\tidset(T,). My, (t) < M, (t):
With (B8}, by the transfinite induction hypothesis, we have
VW, Sy, Ta,t, T, T
(To = 150t =T, a T A (W, S) 2+ (WL, SL))
A (get-obsv(T5:T,) = 1uTat/ %)
A (M), = O (W1 S, T4)) A (Pt € dom(My)\tidset(T, =T, ). M) (t) < My (1))

=
(W, 8,%,) € F(9)
Thus we can get (W, S,%,) € F(95).

Then we are done. O
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Proof of Lemma[30} First we define
roundsub(T, &, %) iff (| #wW)A(Te=%) V IT.(T=T, =T ) A (|T| #w) A (€ C tidset(T))

. e [ minPos(%, &) if& =10
minPos(T, &1, &) = { minPos(T,ﬁ?) ifﬁi +0

) 1 ifT=ce
minPos(T,£) = 1 ifT=0u%,|%] #wandtid(e) € £
14+ minPos(T',€) if T =::%"|T| #Awand tid(e) € &

We prove the following by inversion over T |= O3 (W, S, %,).

If ¥ = O (W,S,%,), then there exists T, such that roundsub(T, activeThrds(W), T,,).
(B.9)

Also, by inversion over (W, S) <X (W, S) o (#, (), we know
dom(A) = dom(¢) = activeThrds(W) = activeThrds(W).
Choose T such that roundsub(%, activeThrds(W), T, ). Next we choose M to be a function such that the following hold:

(1) dom(M) = activeThrds(W).
(2) For any t € dom(M), we have M(t) = (A (t), ({(t),dom(¢)\{t}), minPos(%., {(t), {t})).

We define the order M’ (t) < M(t) as a dictionary order:

(M',(¢',€p),K') < (M, (§,¢p), k) iff
(M'< M)V (M =M)A((£,€p) < (&¢€p)) vV (M= M)A ((€,€p) = (§,€p)) A (K < k)

(€',€p) < (&,6p) iff

(E'DENE CED)N(ECED)A(ED CED)
(€', €p) = (& &p) iff

(' =N(E CEp)N(ECEp)N(ED CED)

ell-founded order.
, T0, W, S, A, €, M and T, if

Clearly that M'(t) < ./\/l(t) isa
Next we prove: for any

(D) TEORW,S,%o);
2) (W,8)2(W,S) o (A, 0);
(3) roundsub(¥, activeThrds(W), T,);
dom(M) = activeThrds(W); and
for any t € dom(M), we have M(t) = (A (t), ({(t),dom(¢)\{t}), minPos(%T., {(t), {t})),

then T = (W, S) X (W, S) o M.
By co-induction. We need to prove the following.

X
=2
o £

(1) dom(M) = activeThrds(W) = activeThrds(W).
Proof: From (W, S) X (W, S) o (A, (), we know dom(.#) = dom({) = activeThrds(W) = activeThrds(W).
(2) It (W, S) — (skip, S’) and T = ¢, then
there exist T and S’ such that get_obsv(T) = € and (W, S) — * (skip, S').
Proof: From (W, S) < (W, S) o (., ¢), we know there exist T and S’ such that get_obsv(T) = ¢ and (W, S) — * (skip, S').
(3) If (W, S) = abort and T = ¢::¢, then
there exist t and T such that [¢] = (t, clt, abort), |¢| = get_obsv(T) and (W, S) ++ abort.
Proof: From (W,S) = (W,S) o (#,(), we know there exist t and T such that [¢] = (t,clt,abort), || = get_obsv(T) and
(W,S) — * abort.
@) If (W,S) = (W',S") and T = ¢::F’, then
there exist t, T, W, S" and M’ such that all the following hold:
(@) (W,S) " (W', 8);
(b) t =tid(|¢]), get_obsv(|¢]) = get_obsv(T), (|¢] = (t,term)) = (|| = last(T));
© T EW,S)(W,S) oM,
(d) for any t' € dom(M), either t' € tidset(T), or M'(t") < M(t').
Proof: From (W, 8) <X (W, S) o (A, (), we know there exist t, T, W', S’, .#" and ¢’ such that all the following hold:
(A) (W,8) = (W',5');
(B) t = tid([¢]), get_obsv(|¢]) = get_obsv(T), (|¢] = (t, term)) = (|¢] = last(T));
©) (W', S (W',S)o ('),
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(D) either t € tidset(T),
or ' (t) < (%),
or /' (t) = . (t) and ¢(t) # 0 and (t) C ¢'(1);
(BE) forany t' € dom(.#)\{t}, we have:
either t’ € tidset(T
or ' (t') < MY ),
or /' (t')=.#(t')andt & ((t') and ((t') C ' (t').
Since T | O%(W,S,%,), by Lemmas [32[ and we know there exists T, such that T, = (get_obsv(¢)) :: T, and ¥’
oL (W/ S’ 3/)
By (B.9), we know there exists T/, such that roundsub(‘I’ activeThrds(W'), %,,).
Choose M’ such that dom(M'") = activeThrds(W') and for any t € dom(M’), we have
M (t) = (A" (1), (¢ (t), dom(¢")\{t}), m'“POS(T;, ¢(),{t})).
By the co-induction hypothesis, we know T' = (W', S") < (W', S") o M.
Below we prove: either t € tidset(T), or M'(t) < M( ). From (D), we know either t € tidset(T), or .’ (t) < .#(t),or A" (t) = A (t)
and C(t) # 0 and C(t) C C'(1)
o If ' (t) < A (t), then M'(t) < M(t).
o If ///’() = /// t) and (Z) C ¢(t) C ¢'(t), we prove M'(t) < M(t) as follows. From (W,S) <X (W,S) ¢ (#,¢) and
(W', 8= (W',S" Yo (', (), we know
dom(¢") = actlveThrds(W’), dom(() = activeThrds(W),
¢'(t) € (dom(¢")\{t}), ((t) C (dom(Q)\{t}).

By the operational semantics, we know activeThrds(W’) C activeThrds(W). Thus we have

(¢ (1), dom(C)\{t}) < (C(t), dom(O)\{t}).
Thus M/ (t) < M(t).

o If /'(t) A(t) and O C ((t) = ('(t), we prove M'(t) < M(t) as follows. First we have ({'(t),dom(¢")\{t}) =
(¢ (1), dom(C)\{t}).

Below we prove minPos(T,,, ' (t )

{t}) < minPos(%,, (), {t}). We know
minPos(%, ¢’ (1), {t
)

}) = minPos(%,, ¢(t)) and minPos(% 4, {(t), {t}) = minPos(%, {(t)).
, we know there exists T such that ¥ = ¥, ::T.. Since ¥ # € and activeThrds(W) # 0,
now there exists ¥, such that ¥, = ¢::F, and ‘I Ty T;. Since t & ¢(t) and t = tid(|¢]),

Since roundsub(%, activeThrds(W
we know T, # ¢. Since T = 1:: T,
we know
minPos(T,, ¢(t)) < minPos(T;, {(t)).
Next we prove roundsub(T’, ¢(t), T, ). From roundsub(%, activeThrds(W), T, ), we have two cases:
o If T Awand T, = T, then T, = e. Thus |T'| Awand T, = T'.
o If |T,| # w and activeThrds(W') C tidset(¥,), then |T,| 76 w and {(t) C tidset(%;). Since T, = ¢:: Ty and t = tid([¢]), we
know tidset(T;) = {t} U tidset(¥,). Since t & ¢(t), we know ((t) C tidset(T,).
Thus roundsub(%’, {(t), T, ). On the other hand, since roundsub(%’, activeThrds(W'), T,) and {(t) = ¢’(t) C activeThrds(W’),
we know roundsub (%', ((t ) %7.). Then by Lemma. we know
minPos(%,, ¢(t)) = minPos(%,, {(t)).
Thus M’ (t) < M(t).
Next we prove: for any t' € dom(M)\{t}, either t’ € tidset(T), or M’(t') < M(t'). From (E), we know either t’ € tidset(T), or
M) < M), or ' (t) = (t')and t € ¢(t') and ((t) C ¢'(t').
o If /' (t )<///( N, then./\/l/

(t') < ( ok
o If /// (t’) A (t') and ((t') C ('(t'), we prove M'(t') < M(t') as follows. From (W,S) < (W,S) ¢ (#,¢) and
(W', 8N =2 (W /)<>( '),we know

dom(¢') = activeThrds(W'), dom(¢) = activeThrds(W),
¢'(t') C (dom(C\{t'}), C(t') C (dom(O)\{t'}).

By the operational semantics, we know activeThrds(W’) C activeThrds(W). Thus we have
(¢ ('), dom(C)\{t'}) < (C(t'), dom(O\{t'}).
Thus M’ (t") < M(t').

o If ///’( Y= #({t')and 0 = ((t') = ¢'(t), we prove M'(t') < M(t') as follows. First we have (¢'(t'), dom(¢')\{t'}) =
(C(t"), dom(O)\{t'}).

Below we prove minPos(%/,, ¢’ (t

minPos(%7,, ¢’ (t
Since roundsub (¥, activeThrds(W
we know T, # €. Since T = 1: T,
we know

) {t'}) < minPos(%,, ((t'), {t'}). We know

", {t }) = minPos(%,,, {t'}) and minPos(%, {(t'), {t'}) = minPos(T,, {t'}).

), %), we know there exists T such that T = T, ::T.. Since T # € and actlveThrds( ) # 0,
we know there exists T, such that T, = ¢:: %, and ¥ = T, :T,. Since t # t" and t = tid(|¢]),

minPos(Ty, {t'}) < minPos(%,, {t'}).
Next we prove roundsub (%', {t'}, T, ). From roundsub(%, activeThrds(W), ¥, ), we have two cases:
o If|T| #wand T, = T, then T, = €. Thus |T'| #wand T, = T'.
o If |T,| # w and activeThrds(W) C tidset(T,), then |Ty| # w and {t'} C tidset(%,). Since T, = ¢:: T, and t = tid(|¢]), we
know tidset(%,) = {t} U tidset(T,). Since t # t’, we know {t'} C tidset(T,).
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Proof.

Proof.

o T #Awand T, =T
We know there exists T;, such that T = T, :: T} Thus T, = <. Then we have T, = T, and we are done.

o there exists T, such that T = T, :: T, and £ C tidset(T,):
We know there exists T, such that £ = T, :: T},. Thus there exists T such that T, = T, ::T; and T;, = T, =T}, Since £ # (), we know
tidset(%,) # (. Thus there exist e and T such that T, = e::%o. Thus T, = e:: T :: T.. By induction over |To].

Thus roundsub(%’, {t'}, T,). On the other hand, since roundsub(¥’, activeThrds(W'), %.,) and {t'} C activeThrds(W"), we know
roundsub (', {t'}, ¥/,). Then by Lemma[34] we know
minPos(Ty, {t'}) = minPos(%,,, {t'}).

Thus M’ (t) < M(t).
2" (t')=#{),0CCt)=¢(t')andt & ¢(t'), we prove M'(t') < M(t') as follows. First we have (¢’ (t"), dom(¢")\{t'}) =
(), dom(O\ED).
Below we prove minPos(%.,, ¢'(t'), {t'}) < minPos(T,¢ (), {t'}). We know

minPos(%,, ¢'(t'), {t'}) = minPos(T,, ((t')) and minPos(T,, ((t), {t'}) = minPos(T,, {(t")).
Since roundsub(%¥, activeThrds(WW), ¥, ), we know there exists T. such that T = T, ::T.. Since T # € and activeThrds(W) £ 0,
we know T, # e. Since T = ¢ :: ¥, we know there exists Ty, such that T, = ¢ Ty and T = T, = T,. Since t & (') and
t = tid([¢]), we know

/

minPos(Ty, ((t")) < minPos(T, ().
Next we prove roundsub (%', {(t'), ;). From roundsub(%, activeThrds(W), T, ), we have two cases:
o If|T| #wand T, = T, then T, = €. Thus |T'| #wand T, = T'.
o If |T,| # w and activeThrds(W) C tidset(T,), then |Ty| # w and {(t') C tidset(T,). Since T = 1:: Ty and t = tid([¢]), we
know tidset(T,) = {t} U tidset(T,). Since t & {(t'), we know ((t') C tidset(T).
Thus roundsub(%’, ¢(t"), T, ). On the other hand, since roundsub(¥’, activeThrds(W'), .,) and {(t") = ¢’(t") C activeThrds(W"),
we know roundsub(¥’, ((t"), T,). Then by Lemma we know
minPos(Ty, ((t")) = minPos(T,, ¢(t)).
Thus M/ (t) < M(t).

Thus we are done. O
Lemma 32. If (+::T,) = OF, (W, S, T,), then there exists Ty, such that T, = (get_obsv(t)):: Tp.
Lemma 33. If (1:T,) = O (W, S, Ta), (W,S) — (We,S.) and T, = (get_obsv(¢)):: Ty, then Ty = O (Wa, Sz, To).

By co-induction, and then by inversion three times over (e:: ;) | O% (W, S, %a). O

Lemma 34. If £ # (0, roundsub(%, &, T,) and roundsub(%, £, T, ), then minPos(T;, £) = minPos(%,, §).

From the premises, we know || # w and |¥,| # w. Suppose |T,| < |T,|. We have two cases:

O
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Proof of Lemma([31} By co-induction.
Co-induction Principle: Vz. (3S.SC F(S)Az € S) = ze€gpF

Figuredefines F and gfp F' (i.e., OF, at the bottom part of the figure).

EA{M,W,8,%0) | 3T, W, 8. (T | O (W, 8, %)) A (T | (W, 8) (W, S) o M)}.
So from the co-induction principle, we only need to prove:

S C F(S), ie, VM,W,S,%,. (M, W,S,%,) eSS = (M,W,S,%,) € F(S5).
By unfolding S and by inversion over O}, we have the following cases.
TEW,8)=(W,S)oM),n>0,(W,S) 5™ abort and get _obsv(¥) = ‘IO

(TE( =
(TE (W,S)=(W,S)oM),n >0, (W,S) —" (skip, ) and get_obsv(T) =
< (W

S
(Tl:(WS) (W,S)oM),n>0,T =To::T,, To =c, (W,S) =5" (W,,S
get obsv(T,) = ¢, (T, = Of, (Wy, Sy, €)), activeThrds(W) C tidset(%.):
To prove (M, W, S, €) € F(S), we want to prove: there exist To, W,,, S, and M, such that

1
2. S
3. o

(W,S) —2* (W,,S,), getobsv(T.) =€, (M,,W,,S,,¢) €S,
dom(M) = activeThrds(W) # 0, Vt € dom(M)\tidset(T). M, (t) < M(t) .

Since (T, = OF(Wy, Sy, €)), we only need to prove:

vn, T, W, S, W,S, M, %, %y, Wy, Sy, To.
>N (TEW,S)X(W,S)o M)A (T=%F0:%y)
A (W, 8) =57 (W, S,)) A (get_obsv(T,) = To)
=
IT,, W,,S,, M,. (B.10)
((w.$) = =" (Wy,Sy)) A (get_obsv(T,) = T,)
A (Zy = (Wy, 8y) 2(Wy,Sy) 0 My)
A (dom(M) = activeThrds(W) #£ 0) A (Vt € dom(M)\tidset(Ts). M, (t) < M(t))
By induction over n.
® Base case: n = 1. Suppose T, = e :: €. Since T | (W,S) 2 (W,S) o M, we know dom(M) = activeThrds(W) =
activeThrds(WW) # (. Also there exist t, T, W', S" and M’ such that all the following hold:
(A) (W,S) - (W, S');
(B) t = tid(e), get_obsv(e) = get_obsv(T), (e = (t, term)) = (e = last(T));
©) Ty B (W,,8) (W, S") o M';
(D) for any t' € dom(M), either t’ € tidset(T), or M'(t") < M(t').
From (D), we have: Vt € dom(M)\tidset(T). M’(t) < M(t).
o Inductive step:m = k + 1 and k > 0. Suppose T, = e:: T, and

(W, S) = (W,,Ss) and (Wa, S, ) kW, Sy) .

Since T = (W, S) < (W, S) o M, we know dom(M) = activeThrds(W) = actweThrds(W) # . Also there exist t, T, W', S’ and
M such that all the following hold:
(A) (W,8) " (W',S");
(B) t = tid(e), get_obsv(e) = get_obsv(T), (e = (t, term)) = (e = last(T));
©) (T,:%,) E (Wa, Sa) < (W,S') o M';
(D) for any t’ € dom(M), either t’ € tidset(T), or M'(t') < M(t).
From (D), we have: Vt € dom(M)\tidset(T). M’ (t) < M(t).
From the induction hypothesis, we have:

AT, W,, Sy, M,

((W’ S’) = LN (Wy,Sy)) A (get-obsv(T,) = get_obsv(%7))

ATy | (Wy,Sy) (W, Sy) o My)
A (dom(M’) = activeThrds(W') # 0) A (Vt € dom(M")\tidset(T,). My (t) < M'(t))

Thus we have (W,S) RELENE (W,,S,) and get_obsv(T :: T,) = getobsv(e :: T,) = getobsv(%,). Also, for any t €

dom(M)\tidset(T :: T,), we know t € dom(M)\tidset(T,). Thus M'(t) < M(t). Also, we know t € dom(M")\tidset(T,).
Thus M, (t) < M’(t). By the transitivity of the well-founded order, we have M, (t) < M(t).

4. (TEW,S)2(W,S)oM),n>0,T=T,:F,,To = ea:Ta Ty, (W, 8) =5 (W, S,),
get_obsv(Ty) = €4 ::%a, (T = OF, (W, Sy, Tp)), activeThrds(W) C tidset(T,):
To prove (M, W, S, %,) € F(S), we want to prove: there exist Ty, W,,, S, and M, such that
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(W,S) —2* (W,,S,), get-obsv(Ts) = eq::Ta, (My, W,,S,,T,) € S,
dom(M) = activeThrds(W) # 0, Vt € dom(M)\tidset(Ty). My(t) < M(t) .

Since (T, = OF (Wy, Sy, Tp)), we are done by (B.10).
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B.5 Equivalence between Contextual Refinement and Starvation-Freedom/Deadlock-Freedom

Below we first define starvation-freedom starvation-free p (II) and deadlock-freedom deadlock-freep (I). They are defined over complete
execution traces. )

Then we give the full formal definition of linearizability, IT <" I, and present a contextual refinement which observes finite event traces
only, IT Q}" I". Following earlier work [8| 21} 22]], we prove II j'};” I" is equivalent to II E‘}" I". This equivalence result (Theorem is the
basis of our new results that relate II Cp I to starvation-freedom and deadlock-freedom of linearizable objects.

Finally, we show the new equivalence results (Theorems [A3]and [44) between linearizability, starvation-freedom, deadlock-freedom and the
contextual refinement under fair scheduling.

Formalizing starvation-freedom and deadlock-freedom. Following the earlier work [14}22]], we define starvation-freedom and deadlock-
freedom over execution traces. We first introduce some auxiliary definitions in Fig. We use 7., [W, S] to represent the set of whole event

traces generated by executions starting from (| W |, S). Here (|[W ], S) AN (W', 8'") represents a zero or multi-step execution of (|[W |, S)

that leads to (W', S") with the sequence T of events generated; (| ], S) L5 . then represents an infinite execution with the whole event
trace 7", which must be infinite too. We also insert a (spawn, n) event at the head of each event trace to record the number of threads in the
program. The lifting | W | appends an end command at the end of each thread, which generates a (t, term) event to mark the termination of
this thread t.

Besides, we say T is fair, i.e., fair(T), if T is finite or every non-terminating thread t has infinite steps on the trace. Here T'|; is the
subsequence of 7" consisting of events from thread t only.

Also in Fig. 25] we define prog-t(T’) to say that every method call in T eventually finishes. Here pend_inv(7'(1..)) gets the set of pending
invocation events in the sub-trace T'(1), ..., T(¢) of T, and match(e, T'()) says that 7'(j) is a return event which matches with the invocation
e, so the corresponding method call finishes. prog-s(T") requires that some pending method call finishes. Different from prog-t(7"), the return
event T'(j) in prog-s(T") does not have to be a matching return of the pending invocation e. We also write abt(7T’) to say that T' ends with a
fault event.

Starvation-freedom and deadlock-freedom require prog-t and prog-s, respectively, in every fair execution. They are defined below.

Definition 35 (Starvation-free objects). starvation-freep (II) iff
Vn,Ch,...,Cn, 00,00, T.T € To[(let ILin C1 ||...||Cr), (0¢,00,®)] A ((00, -) = P) Afair(T)
= prog-t(T) V abt(T).

Here ©® = {t1 ~ o,...,tp, ~> o}

Definition 36 (Deadlock-free objects). deadlock-freep (II) iff

Vn,Ch,...,Cn,0c,00, T.T € To,[(let ILin C1 || ... || Cr), (0¢, 00, ®)] A ((00, -) E P) Afair(T)
= prog-s(T) V abt(T).

Formalizing linearizability. Linearizability describes atomic behaviors of object implementations. Following its standard definition [[15]],
we define linearizability using histories, which are finite event traces 1" consisting of only method invocations, returns, and object faults. As
defined in Fig. we say a return ez matches an invocation e1, denoted as match(eq, e2), iff they have the same thread ID. An invocation is
pending in T if no matching return follows it. We use pend_inv(T") to get the set of pending invocations in 7. We complete a history 7" by
appending zero or more return events, and dropping the remaining pending invocations. The result is denoted by completions(T"). It is a set of
histories, and for each history in it, every invocation has a matching return event.

Definition 37 (Linearizable histories). 7' <"" 7" iff both the following hold.
LYt T)e=T.
2. There exists a bijection 7 : {1,...,|T|} — {1,...,|T"|} such that Vi. T'(i) = T"(n(i)) and
Vi, 5.1 < g Nis_res(T'(3)) Aiscinv(T'(j)) = w(i) < w(j) .

That is, T is linearizable with respect to 7" 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 each of its concurrent histories after completions is
linearizable with respect to some legal sequential history. As defined in Fig. weuse I' > (2, 7") to mean that T’ is a legal sequential
history generated by any client using the specification I" with an abstract initial state 3.

Definition 38 (Extensions of a history). extensions(7’) is a set of well-formed histories where we extend 7" by appending return events. It is
inductively defined as follows.

well_formed(T") T' € extensions(T") is_ret(e) well_formed(1"::€)
T € extensions(T') T'::e € extensions(T)

Definition 39 (Completions of a history). truncate(7) is the maximal complete sub-history of T'. It is inductively defined by dropping the
pending invocations in 7'

truncate(e) = €

3 def e::truncate(T") if is_res(e) or 3i. match(e, T'(7))
truncate(e::T) = { truncate(T) otherwise

Then completions(T') = {truncate(T") | T' € extensions(T)} .
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def

To[W,S] =
{(spawn, [W|) =T | (([W],S) .

V(IW],8) —5* (skip,.) V ([W],S) —= * abort}
letITinCq ||...||Cr] & Jet T in (Cr;end)||.. .|| (Cn;end)
fletIIinCy || ... || Cul € n tnum((spawn,n)::T) & n

fair(T) iff |T|=w = Vt € [L.tnum(T)]. |(T|t)| = w V last(T|t) = (t, term)
match(er,ez) 2 is.inv(er) Ais_res(ez) A (tid(e1) = tid(e2))

pend_inv(T) & {e|3i.e =T(i) Ais.inv(e) A ~3j. (j > i A match(e, T(5)))}
prog-t(T) iff Vi,e.e € pend_inv(T'(1..¢)) = 3j.j > i A match(e, T'(j))
prog-s(T') iff Vi,e. e € pend_inv(T'(1..7)) = 3j.j > i Ais_ret(T(j))

abt(T) iff Ji.is.abt(T(i))

01 IW, 8] £ {getobsv(T) | T € To,[W,S] A fair(T)}

def

Ou[W,S8] = {getobsv(T) | T € To,[W,S]}
TIW,8] & {7 | IW’, 8. (W,S) -+ (W', S') V (W,S) — * abort}
HIW,S] & {get_hist(T) | T € T[W,S]}
O[W,S8] £ {getobsv(T) | T € T[W,S]}

is_inv(e) match(e1, e2) seq(T) Vt. seq(T|t)
seq(e) seq(e :: €) seq(er iteg 2 T) well_formed(T")
> (%,7) iff 3n,C1,...,Cn,0e. T € H[(letT'inC1||...||Crn), (0¢, 2, ®@)] Aseq(T)

Figure 25. Event traces.

Definition 40 (Linearizability of objects). The object implementation II is linearizable with respect to I", written as IT < T, iff

Vn,Ch,...,Cn,0e,0, %, T.T € H[(let Iin C1 ||... || Cn), (0c, 0, @)] A (0, 5) = P)
= 37.,T'. T. € completions(T) AT > (X, T") AT. <" T’

Equivalence results.
Definition 41 (Basic contextual refinement). II Ef};’.‘ I iff
vn,Ch,...,Ch,0c,0,%. ((0,X) EP) =
Ol(letITin Cy ||...||Cn), (0¢,0,@)] € Of(let I in Cy ||... .|| Cr), (0c, %, @)] .
Theorem 42 (Basic equivalence for linearizability). II j'};‘ I' <= 11 Ef}é‘ I.
Theorem 43 (D in Fig.. T <0 T' A starvation-freep(IT) <= T Cp T
Theorem 44 (Q) in Fig.. IT <% T' A deadlock-freep (IT) <= II Ty, (py wri(T).

In the following subsections, we give the proofs of the above equivalence theorems.

B.5.1 Most general client

The key in our proofs is the use of the Most General Client (MGC). Informally, an MGC is a special client which itself can produce all the
possible behaviors produced by any clients. We can define the MGC versions of linearizability, progress properties, and observable refinements,
and prove their relationships to the original definitions, which universally quantify over arbitrary client programs. Then we reduce the problems
of proving the equivalence between original definitions to proving some relationships between the MGC versions. Since an MGC is a specific
client, the latter task is usually much simpler.

In fact, we define three MGCs, which produce different “general” behaviors. We assume dom(II) = {f1, ..., fm}, and introduce two
instructions to get a random (nondeterministic) value. 2 := rand(m) assigns x a random integer 7 € [1..m], and  := rand() computes an
arbitrarily large random integer. Then, for any n, we define MGC,, as follows.

MGT: ¥ while (true){
x¢ := rand(); y: := rand(m);
2t 1= fy, (wt);

MGCy, = ”te[lnn] MGT:
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Here x4, y: and z; are all local variables for thread t. Each thread in MGC,, keeps calling a random method with a random argument. We also
define MGCp,,, which print out the arguments and return values for method calls.

MGTp, = while (true){
2t := rand(); y; := rand(m); print(y, zt);
2zt 1= fy,(z¢); print(z);

def

MGCp,, = ||te[1..n]MGTpt

The third MGC MGCp1,, is useful to observe the progress of objects. Each thread non-deterministically decides whether to continue calling
the methods or to end itself. Also it always prints out O before a method call and prints out 1 when the method call finishes.

def

MGTpl, = while (rand() > 0){
z¢ := rand(); y; := rand(m); print(0);
2zt 1= fy, (wt); print(1);
print(2);
MGCpl,, £ “tE[lun] MGTp1,
The client memory for the above MGCs should contain the local variables for each thread.

OMGC(n) Z {zi~ Ly~ oo | 1<t <0}

B.5.2 Basic equivalence for linearizability
Follow earlier work [22]], we first define the MGC versions of “linearizability” and “refinement”.
Definition 45. IT <°C I iff

vn, OMGC(n)> s 5T . Te Hﬂ(let ITin MGC”)’ (UMGC(n):U: @)]] A ((‘77 E) ): P)
= 3T, T". T. € completions(T) A T >n (omac(n)s 5, T7) A Te 3 T

where

def

L' >y (omecn), 5, T) = T € H(letT in MGCy,), (0mgc(n), 2 ©)] A seq(T) .

Definition 46. 11 Cp T iff

vn, omec(n) 05 2- ((0, %) = P)

= H[(letITin MGCy), (omac(n), o, ©)] € H[(let T in MGCy), (omac(n), 2, @)] -

To prove Theorem {2} we prove the following lemmas.

Lemmad7. II <" I «— 11 <M.
Lemmad48. ICT I «— MM CpI.
Lemma49. I1 CpI' «— II <M°CT.

Proof of Lemma We can see IT <MSC I is simply defined by fixing the arbitrarily quantified client programs in IT <" T (Definition
as MGC,,. Intuitively, the key to prove this lemma is to show that any history generated by an arbitrary client program can also be generated by
MGC, as shown in the following lemma.

Lemma 50 (MGC is the most general). For any n, C1, ..., Cx, 0c, Omac(n) and o, we have
H(etIIin Cy ||...||Crn), (0c,00,®)] € H[(let ITin MGC,,), (omcc(n); 0o, @)].

Proof. We construct a simulation Spec between the client program and the MGC. We need the simulation relation to satisfy the following
(B.11).
For any Wy, 81, Wa, Ss and ey, if (Wl, 51) ,SMGC (WQ, 82), then
(1) if (W1, S1) + abort and is_obj_abt(e1 ), then
there exists T» such that (Wa, S2) 2, * abort and
e1 = get_hist(72);
() if (W1,81) 2 (W1, S1), then
there exist T», W3 and S such that (W, S2) 2y (W3, 83),
get_hist(e1) = get_hist(T2) and (W7, S1) Smec (W3, Ss).
(B.11)

The simulation relation is constructed as shown in Fig. @a). That is, for each client thread t, if the left side is in some normal client code,
it corresponds to MGT, at the right side; otherwise, if the left side is inside a method call, its code is the same as the right side. Informally, the
following hold for each thread t.

(1) Each normal client step of the left corresponds to zero step of MGTx.
(2) Each method invocation corresponds to the steps executing MGT to the same method body, with the same argument.
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(3) Each step inside the method body at the left corresponds to the same step at the right.
(4) Each return step at the left corresponds to the same return step (plus a few client steps) executing the right side code to MGTy.

Then with (B.11)), we can prove the following by induction over the number of steps generating the event trace of H[W1, S1].
If (W1, 81) Smec (Wa, S2), then H[W1, S1]] C H[Wa, S2].
Also we have
(letITin C1 |... || Cyn, (0¢,00,®)) Smac (let ITin MGC,,, (0mcc(n)s 00, ©))
thus we are done. O
Then Lemma47)is immediate by unfolding the definitions of IT <%¢¢ I" and II < T, and applying Lemma
Proof of Lemma
.OChT —= mCpT:

To prove this direction, we show that any history generated by MGC,, is “equivalent” to an observable trace generated by MGCp,,, i.e., the
following lemma holds.

Lemma 51. For any n, 0, and omgc(n), both the following holds.

(a) Forany T, if Th € H[(let ITin MGC,.), (omcc(n); 00, @)], then
there exists 75 such that 7> € O[(let Il in MGCp,, ), (0mcc(n), o, @)] and Ty & To.

(b) For any T3, if T> € O[(let IL in MGCp,,), (omcc(n), Tas @)], then
there exists 7 such that 71 € H[(let Il in MGC,,), (omcc(n), 0a, ®)] and Th = To.

Here T =~ T% is inductively defined as follows.

e1 X ey T1 zTg

ER € e1:T1 ~eg::Ty

(t, fi,n) = (t, out, (i,n)) (t,ret,n) =~ (t, out,n)

(t, obj, abort) == (t, obj, abort)
Proof. By constructing simulations between MGC,, and MGCp,,. O
2.0CpI = TICirr:
Proof. For any n, C1, ..., Cy, 0c, Omcc(n) and oo, by Lemmalg_UI, we know
H[(let ILin C1||...||Cr), (0c,00,®)] C H[(let I1in MGC,,), (omcc(n); Tos @)] -
Since IT S p T, we know for any o, such that (¢,,0,) = P, we have
H[(et ILin MGC,,), (omec(n), 0o, ©)] € H[(let T in MGC,,), (omec(n), a, @)] -
Thus, for any 7" such that
T e T[(etIlin Cy||...||Cn), (0c,00,®)],
there exists Tmcc such that get_hist(7T") = get_hist(Tmcc) and
Tumec € T[(letT in MGC,.), (0mcc(n)s Ta; @)] -
Intuitively, we can then replace the object events in 7" with those in Ticc and keep other events (and the order between them) unchanged.
Thus the resulting trace T” satisfies get_obsv(T”) = get_obsv(T'). We prove T” can be produced by the corresponding abstract client
program, that is
T € T[(MetTinCy||...||Cn),(0c,04,@)] .

Then we are done.

Alternatively, we can actually construct a “simulation” relation < (see Fig. b)) between the three programs: the concrete client program,
the abstract MGC and the corresponding abstract client program, and prove it satisfies the following

For any Wl, 81, Wz, 82, W3, 83 and er,
if (W1,81) < (Wa, S2; W3, S3), then
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(letIIin Cy ||...||Cn, (0c,00, {1 ~ Ki1,...,n~> nn}))
fSMGC (let ITin C{ II te ” C;w (JMGC(n)v 0o, {1 ~ Hl? sy ’%n}))
where Vi. (Ci, k:) Styce (ChK5)

(C,0) Sec (MGTr,0)  (C, (a1,2,C")) Sygc (C (01, 2, (skip; MGT4)))

(a) the program is simulated by MGC

(letIIin C1 ||...||Cn, (0c, 00, {1 ~ Ki1,...,m~> Kn}))

s(letrlnci ”"'||C’£L7(JMGC(W>7U;7{1M’{37" n’\”“{'ln});
letFinC{’”...||Cn,(oc,ao,{1«»n’l’,.. n«»ﬁ” )

where Vi. (Cs, k) S (CL, k% C L KY)

and H[let ITin Cy ||...||Cn, (0c, 00, {1 ~ K1,...,nn~ kn})]

CH[letTinCY||...1|C}, (Gmec(n), Tos {1~ K5 ooy~ k3]

(Cv o) S (Clv o; C, O) (Cy (O‘l,x,cc)) S (Clv (Ul/vxlvcé)§clv (O'ZI,SC,CC))

(b) the concrete program is “simulated” by the abstract MGC and the abstract program

Figure 26. Simulations between programs and MGC.

(1) if (W1, 81) 2 abort, then there exists 75 such that
(W3, S3) +2, * abort and e; = get_obsv(T3);
(2) if (W1,81) v (W1, S1) and is_clt(e1), then
there exist W3 and S} such that (Ws, S3) —= (W34, S%) and (W1, S1) < (Wa, So; W5, S5).
(3) if (W1,81) (Wl,Sl) and is_obj(e1 ), then
there exist Tg, Wy, S5, Tz, W4 and 83 such that
(W2,52) * (W3, 8s), (Ws,S3) —=" (W3,83),
get .| hlst(el) = get_hist(7%), get._ Ob_j(TQ) T5 and
(W1>81) (W27821W37S )
(B.12)

That is, the executions of the abstract program W3 follow the concrete program W for client steps and the abstract MGC W5 for object
steps. Here we use get_obj(7T") to get the sub-trace of T" consisting of object events only. We can prove the following from (B.12).

(W1,S1) (WQ,Sz, W3783) then O[[W1781ﬂ - O[[W:g,SgH

Initially,
(letILin C1 || .. .|| Cn, (¢, 00,®))
< (let T in MGC,,, (omac(n)s 0a, ©); let T'in C1 ||. . .|| Cn, (0c, 04, ®))
holds, and we are done. O
Proof of Lemma

1.IICpI = I <MCC T

The premise IT Cp I tells us that every history generated by using the concrete object IT can also be generated with the abstract object I'.
Thus, to prove the concrete object I1 is linearizable, we only need to show the abstract object I' (whose methods are atomic) is linearizable
with respect to itself.

Lemma 52 (T is linearizable).
For any n, omec(n), 0o and T, if T' € H[(let I in MGCy,), (omac(n), Ta, @)], then there exist Tt and T such that T.. € completions(T),
T. <" T', seq(T’) and T’ € H[(let T in MGC,,), (0mcc(n)s Tas @)]-

Proof. From the execution that generates 7', we construct another execution as follows. We postpone every invocation step and advance
the latter return step to the single step of the atomic method body in between. We prove the resulting execution generates a history 7"
satisfying all the requirements. O

2.M<PCTr — IICpI:

The key is to prove that every linearizable history can be generated by the MGC with the abstract object T'.

Lemma 53 (Rearrangement). _
For any n, omec(n)s 0o, T and T", if T <" T’ seq(T") and T" € H[(let T in MGC,,), (omec(n)s Ta, @)], then
T e H[(let I'in MGCn), (UMGC(n)7 Oa, @)H
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Proof. We construct the execution generating ', where the order to execute the atomic method body for concurrent method calls simply
follows the order of the pairs of invocation and subsequent return events in 7”. The detailed proof is by induction over the length of 7. [
B.5.3 Equivalence for starvation-freedom
By Theorem |2} the goal is reduced to the following:
ocirra starvation-freep(Il) <= IICpI.
We first define the MGC version of starvation-freedom.
Definition 54. SF-MGCp (II), iff

Vn, oo, T. T € T,[(let ITin MGCpl,,), (omcc(n); 0o, @)] A fair(T) A ((00,-) = P)
= prog-t(T) Vv abt(T) .

We only need to prove the following lemmas.
Lemma55. [ICp I = IICW T,
Lemma56. [ICp I' = SF-MGCp(II).
Lemma 57. SF-MGCp(II) = starvation-freep (II).
Lemma 58. IT C" T' A starvation-freep(IT) = I Cp T'.
ProofofLemma@ For any n, C1, ..., Cy, 0c, 0, and 0, such that (0, 0,) |= P, for any T, if

T eO[(etIinCy||...||Cn), (0c,00,d)],
we know there exists 74 such that 7" = get_obsv(71) and
Ty € T[(etIlin Cy ||...||Cr), (0c,00,@)] .
We can prove: there exists 7} and T4’ such that
T/ = (spawn,n) =Ty =T , fair(Ty') and Ty € To[(letILin Cy ||...||Ch), (0¢, 00, ®)].
Since IT Cp T, we know there exists 75 such that
Ty € To[(letTin Cy ||...||Chr), (0c,0a,®)] , fair(Ty') and get-obsv(Ty') = get_obsv(T]") = T::get_obsv(T}).
Thus there exists 75 such that
To e T[(letTin C1||...||Chr), (0c,04,@)] and get_obsv(Tz) =T.
Thus T € Of(letT'in C4 || .. .|| Cn), (0c, 04, ®)] and we are done.

Proof of Lemma @ For any n, 0,, 0, and T such that T' € 7., [(let IIin MGCpl,,), (mec(n)s 70, @)], fair(T) and (0o, 04) = P,
suppose

—abt(7T) ,
then by the operational semantics, we only need to prove:
for any ¢ and e, if e € pend_inv(T'(1..7)), then there exists 7 > ¢ such that match(e, T'(5)) .
Suppose it does not hold. Then we know there exists to such that
.V 5 >i= (T)) () = (to,0bj).
Thus we have
|(get-obsv(T")|t,)| < ¢ and last(get_obsv(T')|t,) = (to, out,0) .
Since IT Cp I', we know:
O, [(let ILin MGCpl,,), (omec(n), o, @)] € Op,[(let T'in MGCpl,,), (omac(n)s Ta, ©@)] -
Thus there exists 7" such that
T" € T,[(let T in MGCpl,,), (omcc(n)s 0a, @)], fair(T’) and get_obsv(T") = get-obsv(T).

Thus last(get_obsv(T")|:,) = (to, out, 0). But this is impossible from the operational semantics, fair(T") and the fact that I is atomic and
total. Thus we are done.

Proof of Lemma[57]  Similar to the proof of Lemma[7] we first prove the following two lemmas (Lemma[59]and Lemma [60). Then, from
SF-MGCp(II), we know: if 7" € T, [(let IT in MGCp1,,), (0mac(n), 00, @)], (00, -) = P and fair(T"), then either prog-t(T") or abt(T").
By the definition of MGCp1,, and the operational semantics, we know either prog-t(T") or obj_abt(7"). From Lemmas and we know:
if T € To[(letIlin Cy || ... || Cn), (0c, 00, ®)], (00, -) = P and fair(T), then either clt_abt(T’), or prog-t(T"), or obj_abt(7"). Thus we
have starvation-freep (II).

Lemma 59 (MGC is the most general). For any n, C4, ..., Cy, 0., 0, and T, if
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T e T,[(etITin Cy||...||Cr), (0c, 00, ®)] and fair(T),
then one of the following holds:

(1) clt_abt(T'); or
(2) there exists 7" such that

(T" € To[(let ITin MGCpl,,), (omcc(n), 00, @)]) A (get_obj(T) = get_obj(T")) A fair(T").

Here get_obj(7T') gets the sub-trace consisting of only object events (i.e., method invocation, return, object fault and normal object events).

Proof. We construct a simulation relation between the arbitrary client program and the MGC, under the fixed scheduling 7" for the client at the
left side. -

Lemma 60. For any T and 7", if get_obj(T") = get_obj(T") and prog-t(T"), then prog-t(T).
Proof. By unfolding the definitions. O

Proof of Lemma The key is to show the following (B-13).
For any n, C1, ..., Cn, 0c, 0, and o, such that (0,,04) = P,

if ([letIlin Cy ||...||Ch], (0c, 00,®)) +—+ . and fair(T"), then there exists T}, such that
(et Tin Cy ||... || Cnl, (0c, 0a, ®)) 2% -, get_obsv(T) = get_obsv(T,) and fair(T}).

(B.13)

Its proof is similar to the proof of IT £ pI" = II Cfi! I". We can replace the object events in the concrete infinite trace T’ with those generated
by MGC using I. The resulting trace T, satisfies get_obsv(7T,) = get_obsv(T’). From starvation-freep (II), we can show T, must be infinite
and fair.

In detail, we construct a “simulation” relation < (see Fig. .b)) between the three programs: the concrete client program, the abstract
MGC and the corresponding abstract client program, and prove it satisfies the following (B:T4). (It is derived from (B:I12).) Here we use
T\ (-, obj) for a sub-trace resulting from removing all the events of the form (_, obj) in 7T".

For any Wl, 81, Wz, 82, W3, 83 and e1,

if (W1,81) < (W2,827W3,33) and (W1, 81) — (W1, S1),

then there exist 7%, Wa, S5, Ts, W4 and S4 such that

(Wa, S2) —25% (W3, 84), (W3, Ss) s, )
T3\(*v Ob-]) - 61\( ObJ) and (W17Sl) (W27527 W3783)
(B.14)

With (B:T4), we can prove the following (B-I3)) by induction over the length of 7.

For any Wl, 81, Wz, 82, W3, 83 and T1,

if (W1, 81) S (W, S5 Wi, Sa). (W1, 1) VLT (W, S)) and last(T}) # (-, obj),
then there ex1st Ty, W4, S5, Tz, W4 and S5 such that

<W2,sz> (W2,82> (Wa, S3) 2 L S)).
\( Ob-]) \( ObJ) and (W1781) (W27827W3783)
(B.15)

Then we prove the following by co-induction.
For any n, C1, ..., Cn, 0c, 00, W1, S1, Wa, Sa2, W3, Sz, Tp and T1,
if ([let ILin Cy ||... || Cn, (0c, 00, ®)) —%* (W1, S1),
(W1, 81) < (Wa, Sa; W, Ss), (Wi, S1) —5“ - and prog-t(Th :: Th),

then there exists 73 such that (W3, S3) 2 and T1\(-, obj) = T5\(, obj).
(B.16)

Also we can prove: for any n, C1, ..., Cn, 0¢, 0o and o, if (60, 04) = P, then
(letITin C4 ||...[|Cr], (6c,00,®))
< (let T in MGGy, (omac(n): 0a, ®); letTin C1||...||Crn], (0¢, 04, ®)) .

If ([let ITin C1 ||...||Cr], (0¢,00,®)) 5« . and fair(T'), by starvation-freep (IT), we know prog-t(T"). Then from (B.16) we get: there
exists Tg such that

(et Tin Cy ||... || Cnl, (0, 0a, ®)) =2 -, and T\(_, obj) = T, \(_, obj).

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

either |(T']¢)| = w, orlast(T|¢) = (t, term).
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(a) last(T|t) = (t,term):

Since T'\(_, obj) = T\ (-, obj) and by the operational semantics, we know last(7,|¢) = (t, term).
) [(T])| = w:

Since T\ (-, obj) = T\ (-, obj), we know

(T1O\(t, 0bj) = (Tale)\(t, obj).
Suppose |(T4|t)| # w. Then we know | ((T.|¢)\(t, obj)) | # w. Thus
VGG >0 = (TI)() = (t obj).
By the operational semantics, we know there exists ¢ such that
tid(T'(4)) =t, is_inv(T'(¢)), and Vj.j >i = -match(T(2),T(j)).
This contradicts the premise prog-t(7"). Thus we know |(T,¢)| = w.

Thus fair(75) holds and we are done.

B.5.4 Equivalence for deadlock-freedom
We first define the following contextual refinement € which assumes fair scheduling at the concrete side only.
Definition 61. I €, T"iff

vn,Ch,...,Cn,0c,0,%8. ((0,2) E P) =
Op[(letILin C1 || .. .|| Chn), (0¢,0,®)] C Ou[(letTin C1||...||Chn), (0¢, 2, ®)] -

We also define the assertion id for the identity relation between the lower-level and the higher-level states:
(0,X) Fid iff 0 =X
Then wri (id) adds the shared variable 1 to the higher-level states, and wr; ! (id) removes 1 which should be 0:

(0,%) = wri(id) iff YT=ocwW{l~ 0}
(0,Z) Ewrt(id) iff o=Xuw{1l~ 0}

To prove Theorem [#4], we prove the following:

I1 C I' A deadlock-freep (1) <= MM E, T (B.17)
I Cyypywn(l) = HCpT (B.18)
I1 C¥ T A deadlock-freep (IT) == II C,,, (p) wri(T) (B.19)

Proofs of (BI7). We first define the MGC version of deadlock-freedom.
Definition 62. deadlock-free3°<(11), iff

Vn, o0, T. T € To,[(let ITin MGCpl,,), (omec(n)s 0o, @)] A fair(T) A ((00, -) = P)
= prog-s(T") V abt(T) .

We only need to prove the following lemmas.
Lemma63. T, — NOCWr.
Lemma64. 1 C, I' = deadlock-free}i®(I1).
Lemma 65. deadlock-free3°¢(I1) = deadlock-freep(II).

Lemma 66. II Cfif T' A deadlock-freep(I1) = I Cp .
Proof of Lemmal[63] Similar to the proof of Lemma 53} O

Proof of Lemma[64) Similar to the proof of Lemma[56} For any n, 0, o, and T such that T' € 7, [(let Il in MGCp1,,), (omac(n)> 0o, @)1,
fair(T') and (0o, 04) = P, suppose

—abt(T) ,
then by the operational semantics, we only need to prove:
for any ¢ and e, if e € pend_inv(7T'(1..7)), then there exists j > 4 such that is_ret(7(5)) holds.

Suppose it does not hold. Then we know:
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3.4, j > i = T(j) = (_,obj).
Since fair(7T'), we have
Vto € [1..n]. last(get_obsv(T')|t,) = (to, out, 0) V last(get_obsv(T')|s,) = (to, out, 2) .
Since 11 EP I', we know:
O [(let ITin MGCp1,,), (0mcc(n)» o, @)] € Ou[(let T in MGCpl,,), (omcc(n), Ta, ®)] -
Thus there exists 7" such that
T' € 7,[(let T in MGCpl,,), (0mcc(n)s 0a; @)] and get_obsv(T") = get_obsv(T').

Thus Vto € [1..n]. last(get_obsv(T")|s,) = (to,out,0) V last(get_obsv(T”)|¢,) = (to, out, 2). But this is impossible from the operational
semantics and the fact that I" is atomic and total. Thus we are done. O

Proof of Lemma[63] Similar to the proofofLemma From deadlock-free}i°(IT), we get: if 7" € Tc,[(let IT in MGCpl,,), (0mcc(n)s To, ®)],
(00,-) E P and fair(T"), then either prog-s(7”) or abt(7”). By the definition of MGCp1,, and the operational semantics, we know either
prog-s(T") or obj_abt(T"). From Lemma we can prove: if T € T, [(let ITin C1 || ... || Ch), (0¢, 00, ®)], (00, -) = P and fair(T), then
either clt_abt(7T'), or prog-s(T'), or obj_abt(T"). Thus we have deadlock-freep (IT). O

Proofs of Lemmal[66] Similar to the proof of Lemma[58] The key is to show the following (B-20).

For any n, C1, ..., Cn, 0c, 0, and 0, such that (0,,0.) E P,

if ([letILin Cy ||.. .|| Cn), (0c, 00, ®)) —* - and fair(T'), then there exists T}, such that
(letTin Cy||...||Cnl, (0¢, 0a,®)) oy and get_obsv(T) = get_obsv(T,).

(B.20)

As in the proofs for , we construct a “simulation” relation < (see Fig. b)) between the three programs: the concrete client program,
the abstract MGC and the corresponding abstract client program, and prove it satisfies the following (B-21).

For any n, C1, ..., Cn, 0c, 00, W1, 81, Wa, S, W3, S3, Ty and T1,

if ([1et TTin C1 ||... || Cnl, (0c, 0o, ®)) —%* (W1, S1),

(W1,81) S (Wa, S2; W3, S3), (W1, S1) e and prog-s(Tp ::T1),

then there exists 73 such that (W3, S3) 5 and T1\(-, obj) = T5\(, obj).

(B.21)
Also we can prove: for any n, C1, ..., Cp, 0¢, 0, and o, if (6,,04) = P, then
([let ITin Cy ||...||Cnl, (0c,00,®))
S (let T in MGGy, (omac(n)s 0a, ©); letTin Cy ||...||Crn], (0c, 04, ®))
If (|let ITin C1 || ... || Crl, (0¢,00,®)) ¢ . and fair(T'), by deadlock-freep (IT), we know prog-s(7). Then from |i we get: there
exists Ty such that
(et Tin Cy ||... || Cnl, (0e; 0ay ®)) =2 -, and T\ (-, obj) = T, \ (_, obj).
Thus we know get_obsv(7T') = get_obsv(7,) and we are done. O
Proofs of (BI8). 'We only need to prove the following:
er(F) Ewrl_l(id) r
By (B-17), we only need to show:
wn(D) Ciy gy T (B.22)
1
deadlock-free, —1,, (wr () (B.23)
1

Proof of ([B-22). We want to show: for any n, C1, ..., Cn, o and o,

Of(tet wry (D) in Cy || | Cn), (0o, 7a & {1 ~> O})]
CO[1etTinCy||...[|Cn), (0e, 7a)] -

We construct a simulation relation < as follows.
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(et wry (D) in Cy ||... || CY, (0c, 00, {1~ Ky, ... ,n~ KL )
5(letFinCl||...||Cn,(0c,0a7{1“/>517-- nMH"}))
ifVi. (C1, 00, k}) Si (Ch, 0as ki)

as’ ™

C,oa W {1~ _},0) <t (C,04,0)

e (
wr1 ((C)); wri(return E); noret, oo W {1 ~ _}, k') <¢ ((C); return E; noret, 0, &)
wr1(< )); wri(return E); noret, o, W {1~ _}, k') <t ((C); return E;noret, o4, k)
wry ({(C)); wry (return E); noret, o, W {1 ~ t}, k') <¢ ((C); return E; noret, oq, k)
’”(( )); wri(return E); noret, oq W {1 ~ _}, k') <t ((C); return E; noret, o4, k)

(
(
(
(
(
({(C); wri(return E); noret, o, W {1 ~ _}, k') <¢ ((C); return E; noret, o4, k)
(
(
(wr
(
(

E

wri (return E); noret, o W {1 ~ _}, k') <t (return E; noret, o4, k)
wr] (return E); noret, o, W {1 ~ _}, k') <t (return E; noret, o4, k)
wr?/ (return E); noret, o, W {1 ~ t}, ") <t (return E; noret, oq, k)
wry (return E); noret, o, W {1 ~ _}, k') <t (return E; noret, o4, k)
return E; noret, oo W {1 ~ _}, k') < (return E;noret, o, k)
where k' = (s; W {ul ~ _u2~ },z,C"), ifx = (s,2,C")

By case analysis and operational semantics, we can prove the following property of the simulation.

If (Wg,SB) < (WA7 Sa4), then the following hold.
(1) If (Wg,Sg) —25 abort, then

there exists TA such that (Wa,Sa) 4, * abort and e = get_obsv(T4).
2) If (WB,SB) (WB7SB) then

there exist T, W) and S such that (Wa, SA) *(W4,8%), get_obsv(ep) = get_obsv(T4) and (Wg,S5) S (W4, S%).
(B.24)

With (B.24), we can prove the following by induction over the number of steps generating the event trace of O[Ws, Sg].

If (Wg,S8) S (Wa,S84)and T € O[Wp,Sg], thenT € O[Wa,S4]. ’s
(B.25)

Since
(let wri(T)in C1||...||Cn, (0c,0a W {1~ 0},0)) < (let Tin C1 || ... || Ch, (0c, 04, ®)),
from (B:23)), we are done.

Proof of (B-23). We want to show: for any n, C1, ..., Cn, 0. and o4,

VI.T € To[(let wry(T) in C1||...||Cr), (0, 0a)] A (0a(1) = 0)
—> deadlock-free(T) .

It is reduced to the following.

VI.T € To[(letwry(T) in C1||... || Cn), (0c, 0a)] A (0a(1) = 0) A fair(T') A —abt(T)
= prog-s(T).

o If |T'| # w, we know prog-s(T") must hold.

o If |T'| = w, suppose prog-s(1") does not hold. Then there exist ¢ and e such that e € pend_inv(7'(1..7)) and Vj. j > i = —is_ret(T'(j)).

Suppose the execution generating such 7" is:

T T(3
(Wo, S0) 5 (W1, 81) =2 (Wa, S2) 2
Here we write Wy for let wri(I') in C1 || .. .|| C\ and Sp for (oc, 04, ®).
Suppose tid(e) = t and e = T'(ig). We know —3j. (j > io A match(e, T'(j))).
Since fair(T"), we know |(T'|t)] = w. From the operational semantics, we know there exist i1, i2, ... (an infinite number) such that
to <i1<i2<...,T(i1) =T(i2) = ... = (t,obj), and the code of thread t in W;, 1, W;,, W;,_1, Wi,, ...is all the same, which is

either wry ({C)); wri(return E); noret or wr} (return E); noret.

Suppose the lock 1 has the values t1, ta, . . . in the states S, , Si,, - ... We know t; # 0, t2 # 0, .... Since there are only n threads, we
know there exist j, j1, jo, . . . (an infinite number) such that t; = t;, = t;, = .. .. In other words, thread t; holds the lock infinitely often

in the execution.
Since fair(T), we know [(T'|s; )| = w. By the operational semantics, we know t; must return infinitely often.
So we get a contradiction. Thus prog-s(7°) holds.

Thus we are done.
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Proofs of (B19). The key is to show the following (B.26).

For any n, C1, ..., Cn, 0c, 00, 01 and o, such that (c,,01) |E P and 04 = 01 W {1~ 0},
if (letIlin C1||...||Chn], (0c,00,®)) ¢ and fair(T), then there exists T} such that
([let wry (D) in Cy || .. || Cnl, (0e, 0a, ®)) 25 -, fair(T}) and get_obsv(T') = get_obsv(T}).
(B.26)
Following the proof of (B:20), we get:
For any n, C1, ..., Cy, 0¢, 0, and o1 such that (o,,01) = P,
if ([let TLin Cy ||.. .|| Cn), (0c, 00, ®)) ——* - and fair(T), then there exists T}, such that
(letTin Cy ||...||Cnl, (0e, 01,®)) 5 - and T\ (_, obj) = Ts\(_, obj).
(B.27)
Since fair(T'), we can prove that T, satisfies the following cltfair in Definition[67] Since 7'\ (-, obj) = T4\ (-, obj), from prog-s(T"), we know
prog-s(T,) holds. By the following Lemma 68| we can construct the execution of let wry (I') in C || . . .|| Cr, generating the trace T} such
that fair(Ty) and T, \ (-, obj) = T3\ (-, obj) hold. Thus we are done.
Definition 67. cltfair(75) iff
|To] = w = Vt e [1l.tnum(TL)]. |(Tult)] = w V last(Tyt) = (t, term)
Vlast(T,|t) = (t,obj) V 3f, n. last(T]:) = (t, f,n)
Lemma 68. If ([let Tin C4 ||...|| C], (0c, 0a, ®)) —2%“ -, cltfair(T,) and prog-s(T%). then
there exists 7} such that ([let wry(I') in C1 || .. .|| Crn], (0¢, 00 W {l ~ 0}, ®)) N fair(Ty) and T, \ (-, obj) = T3\ (-, obj).
Proof. We construct a simulation relation < that satisfies the following property.
T = (Wa,Sa) S (Wh,Sp) and (Wa, Sa) =2 (W, SL), then
there exist Ty, W, and S;, such that (W, Sp) Loy + (W, 8p),
T::ea ': (Wévst,l) 5 (W;;Sé), ea\(*’ Obj) = Tb\(*? Obj) and
if is_ret(eq ) holds, then Ve. e € pend_inv(T) = Fi. tid(e) = tid(T5(2)).
(B.28)
The simulation is established as follows.
T (etTinCil...||Cn, (0o, 00, {1~ #1,...,n~ kn}))
S (letwn (D) in Cp |- || O, (¢, 00, {1~ Ky ym o K })
if Vi. (Ci, 04, ki) Si (Cf, 00, K})

(C,04,0) St (Cyoq W {l~ 0},0)
((C); return E;noret, oq, k) <t (wr1((C)); wri(return E); noret, o, & {1 ~» 0}, k')
(return E; noret, 04, k) St (wri(return E); noret, o W {1 ~> 0}, /)

where k' = (s; W{ul ~ _ju2~ _},z,C"), ifk = (s1,2,C")

We can prove (B-28) by case analysis and operational semantics. The idea is to execute the lock instructions of the threads which are pending
just after the lock instruction of the thread that returns. Then if is_ret(eq) holds, the pending threads in 7" must have been executed in the
execution of (Wy, Sp).

With 1) we can prove the following by co-induction over the event trace T, generated in (Ws, Sa) NS

Ife = (Wa,Sa) < (We,Sb), (Wa, Sa) =2 - and prog-s(T.), then

there exists 7} such that (W, Sy) by T.\(-, 0bj) = T3\ (-, obj) and
Ve. e € pend_inv(T}) = Yi.3j > i. tid(Th(j)) = tid(e).
(B.29)

Since
el=(letTin Ciff... || Cnl, (0c,00,@)) S (let wrn () in Cy | || Crl, (0c; 00 W {1~ 0}, @),
from (B.29), we know there exists T} such that

(et wr (D) in Cy || .|| Cn |, (e, 0a & {1 ~ 0}, ®)) —2¢ .,

T.\(_, 0bj) = Ty\(_, obj) and Ve. e € pend_inv(T}) = Vi. 3j > i. tid(Ty(5)) = tid(e).
Since ([let T'in C1 || .. .|| Chn], (0c, 0a, ®)) 2 . and cltfair(7,), we know fair(73) holds. Thus we are done. O



C. Starvation-free examples
C.1 Counter with ticket lock

Our logic LiLi can be applied to verify simple objects using a single lock to protect all the object data. As examples, we verify the counter
object using a ticket lock (see below), or a queue lock (see Secs. [C3]and[C4), or a test-and-set lock (see Sec. [D.T).

Fig.[27|shows the concrete implementation of the counter sfInc with a ticket lock, where we write the auxiliary code in red. We implicitly
assume every instruction that accesses the shared state is in an atomic block.

As we explained in Sec. 2] sfInc in Fig.[T[c) is linearizable with respect to the abstract atomic operation INC because sfInc ensures
mutually exclusive access to x. When a thread acquires the lock, the shared resource x at both the concrete and the abstract sides is transferred
to the thread’s local state. sf Inc ensures starvation-freedom because the threads which are currently requesting the lock constitute a queue.

We introduce some auxiliary structures to facilitate the proof. As shown in Fig. we introduce the explicit tickets ticketg, ticket,
.... Each ticket; records the ID of the unique thread which gets the ticket number i. We use cid to record the current thread ID. The explicit
connection from the ticket numbers to the thread IDs gives us the knowledge about the queue of the threads requesting the lock.

Besides, each ticket ¢ is accompanied with a waiting bit wait; to indicate whether the thread ticket; is requesting the lock or has entered
its critical section. It helps describe the ownership transfer over the resource x. Initially wait; is false. It is set to true when the thread gets its
ticket at line 2. After the loop, wait; is reset (line 7) to transfer the shared resource x to the thread so that the thread can freely access x in the
critical section (line 8).

Fig. [28] defines the precise invariant I which determines the boundaries of shared states. A shared state contains the lock (with owner = n4
and next = no), the wait bits (waits) and the protected resource if waitoumer holds. Here resource requires x to be the same at the concrete
and the abstract sides. lock(#/, n1, n2) contains the auxiliary tickets in addition to owner and next, where 7/ (hidden in the definition of I)
is the list of the threads ticketouer, - - . , ticketnext—1. We also use locked(#l, n1, n2) for the case when ¢/ is not empty. That is, the lock is
acquired by the first thread in #/, while the other threads in # are waiting for the lock in order. Besides, we use locklrr.(l, n1, n2) short for
lock(#l,n1,n2) A (t € tl). That is, the thread t is irrelevant to the lock: it does not acquire or request the lock. The precondition P is stronger
than I. For thread t, P; requires the lock to satisfy Jsl. locklrr (¢, n1, n2).

The guarantee condition G in Fig. 28]defines the atomic actions of a thread t. ReqLock, adds the thread t at the end of # of the threads
requesting the lock and increments next. It corresponds to line 2 of Fig. AcqResource, transfers the resource to the thread t when it has
acquired the lock, corresponding to line 7 of Fig. RelLock; releases the lock and transfers the resource back to the shared state. The thread
t which currently holds the lock is dequeued from the list #/ and owner is incremented. It corresponds to line 9 of Fig. The rely condition
R include all the atomic actions made by the environment threads.

Next we define the definite action D in Fig.[28] As we explained in Sec. [2] the thread t’s definite action D; requires that whenever t holds a
lock with owner = n1 (specified by dp:(n1)), it should eventually release the lock by incrementing owner to n1 + 1 (specified by dg:(n1)).
Note that dp.(n1) allows the resource to be either in the shared state or in the thread t’s local state. The former case means that the thread t has
not executed line 7 but its loop at lines 4-6 must terminate. Besides, dp:(n1) is stable under the environment which may enqueue more threads
into the list #/ of waiting threads. We can prove the side conditions about well-formedness of specifications in the 0BJ rule in Fig.[9]holds.

Fig. [29) shows the proof outline. To verify the loop at lines 4-6, we first define J and @ in Fig. 28] Both J and @ are stronger than
I. For thread t, J; says t is requesting the lock. Here tlockedy, 4, (n1, X, n2) says (1) t takes the ticket number X, which satisfies
n1 = owner < X < next = no, and (2) the threads requesting the lock before and after t constitute the lists #/1 and /5 respectively. Then,
the first thread of the whole concatenated list #/; ::t::tl holds the lock. Q: specifies the case when #/; is empty (thus X = owner). The loop

terminates when @ holds. We also strengthen the guarantee of the loop to G’ £ [I], the identity transitions. We have Sta J,Q},G' VR).
g g P y

Next we define f and prove J = (R, G": pL, Q). The metric function f maps each shared state & to the value of (X — owner) at that
state. Here X is a logical variable recording the ticket number of the current thread (i.e., X = i holds). Since J ensures owner < X, we can

use the usual order on natural numbers as the associated well-founded order. The condition J = (R, G': pL, Q) holds due to the following
reasons:

(1) Each action in R or G’ either increases owner or keeps owner unchanged.

(2) Either @ holds, or owner < X and some environment thread t’ acquires the lock. In the latter case, the value of (X — owner) decreases
when t’ releases the lock. That is, the metric decreases after a definite action made by the environment.

Finally we conclude the full correctness of sfInc with respect to the atomic INC under fair scheduling. By Theorem 2] (Soundness), we get
linearizability and starvation-freedom of sfInc.
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initialize(){ owner := 0; next := 0; 1}

sfInc(O){
local i, o, r;
<i := getAndInc(mext); ticket; := cid; wait; := true>;
0 := owner;
while (i !'= o) {
0 := owner;
}
<wait; := false>;
r :=x; X :=1r + 1;
owner := i + 1;

O 00N O WN -

Figure 27. Counter sfInc with a ticket lock (auxiliary code in red).

=€ | tud

list2set(e) & @

def

list2set(t::1l) = {t} U list2set(l)

def . . .
I = 3ng,no. lock(ni,ng) * (waity, * resource V —waity, ) * waits(ni, n2)

resource & (x=2X) Ires & x=2)
waits(ni, n2) gt (®o<i<nivizny ((Waity)) * (®n, <i<cn,wait;)

lock(n1,n2) & 3. lock(t, n1,n2)

lock(tl,n1,n2) &ef ((owner = n1) * (next = n2) A (n1 < na)) * tickets(0, n1) * tickets(#l, n1, n2) * tickets_new(n2)

tickets(n1,n2) = 3. tickets(rl, n1,n2)

. def
tickets(#l,n1,n2) =

(=€) A (n1=n2)ANemp V 3t,d'. (tl = t:dl') A (t & list2set(dl')) A (tickety, = t) x tickets(s/,n1 + 1,n2)

tickets_new(n2) &t (®i>nyticket; = —1)

def . . . .
P = 3nq,na. lockirre(ny, na) * (waity, * resource V —waity,, ) * waits(ni, nz)

lock_irre(n1,n2) &3, lock.irre(t, n1,n2) lock_irr¢(tl, n1,n2) &) lock(tl,n1,n2) A (t & list2set(tl))

Re £ \/y4 Gy

def

Gt = (Reqlock, vV AcqResource, V RelLock: V Id)  Id A (I x I)

def

Reqlock, =
3tl, n1,na. (lock.irr(tl, n1,n2) * (-waitnp,)) X (lock(d::t,n1,no + 1) * waitn,)

AcqResource, o
3tl, n1,no. (lock(t::tl, n1,n2) * waity,, * resource) x (lock(t::fl,n1,n2) * (—waitn,))
def

RellLocky =
Jil,m1,n2. (lock(t::rl,n1,n2)) x (lock_irre(il,n1 + 1, n2) * resource)

Dy = Vni.dpi(ni) ~ dgi(n1)

dpt(n1) 34, . lock(t::tl,n1,m2) * true A I

dgi(n1) &ef Ino. lock.irre(n1 + 1,n2) * true A T

Figure 28. Invariant, precondition, rely/guarantee and definite action of counter with ticket lock.
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def
tlockedy, t .1, (n1,Mn,n2) =

(list2set(zl1) N list2set(t::7la) = @) A ((owner = n1) * (next = n2) A (n1 < n < n2))
* tickets(0, n1) * tickets(#l1, n1,n) * tickets(t::tl2, n, no) * tickets_new(nz)
Py(ni,n,n2) & 3ty Po(tli,n1,m, ng) 1:’3(711,71,7 ng) & 3t/ . Po(t/ ctl,n,n, ng)

def . .
ni,n2) = 3. lock(t::tl,n1,n2) * waity, * resource * waits(ni,n2)

(
Py(tl,n1,n,n2) & 1, tlockedy, 1, (1,1, n2) * (Waity, * resource V (—waity) A (n1 < n)) * waits(ni, na)
Pi(

(

Py (ni,n2) 3. lock(t::tl,n1,n2) * (~waity, ) * waits(ni, n2)

inc():

1 1local i, o, r;
{P Aarem(INC) }

2 < i := getAndInc(next); ticket; := cid; wait; := true; >
{3n1,n,n2. Py(n1,n,m2) A (i = n) A arem(INC) }
{3n1,n2. Po(n1,n,n2) A (i = n) A arem(INC) }

3 o0 := owner;
{3n1,n2. Poy(n1,n,n2) A (i =n) A (o < n1) A arem(INC) }
{3n1,n2. Poy(n1,n,n2) A (i =n) A (o < n1) Aarem(INC) A O(n —o) }

4 while (i !'= o) {
5 O := owner;
6 }
{3n1,n2. Pi(n1,n2) A (i = n1) A arem(INC) }
7 <wait; := false>;
{ resource * (In1,n2. P2(n1,n2)) A (i = n1) A arem(INC) }
8 r :=%x; X :=r + 1;
{(x=X+41) % (In1,n2. Pa(n1,n2)) A (i =n1) A arem(INC) }
9 owner :=1i + 1;

{ P A arem(skip) }

Here the loop at lines 4-6 is verified as follows. Let

P ¥ 3ng,ng. (Pr(n,n2) AO(n— (o +1)) V Ps(n1,n,n2) AO(n —0)) A (o <np <n=1i)A (o 1) Aarem(INC)

def
J = 3ni,ne. Py(n1,n,n2)

def

@ = Enabled(D)
G ¥
f(6) =k iff & = (n — owner = k)

(In1,n2. Po(ni,n,n2) A(i=n)A (o <ni1)A(i#o)Aarem(INC) A O(n — o) A Q * true)
= (In2. Pi(n,n2) A (i =n) A (o < n)Aarem(INC) A O(n — (o + 1))) * (O(1) A emp)

/

{r'}

{3n1,n2. (P1(n,n2) AO(n — (0 + 1)) V Ps(n1,m,n2) AO(n—0)) Ao <ni <n=1i)A(o7#4i)Aarem(INC) }
5 <o := owner>;
{3n1,n2. Po(n1,n,n2) A (i =n) A (o < n1) Aarem(INC) A O(n — o) }

{r}

‘We can prove:

() J=1;Q = I,;Sta(J,G’' V R).

2) J=(R,G: Di> Q) (where picking D’ in the WHL rule as D).

Figure 29. Proof outline. We prove: D, R, G, I - {P A arem(INC)}C{P A arem(skip)}.
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initialize(){ tail := 0; flag[0] := true; flag[1l..TNUM-1] := false; }

incO{
1 1local i, b, r;
<i := getAndInc(tail) % TNUM; queue[i] := cid; wait[i] := true>;
b := flagli];
while (!b) {
b := flag[il;
}
<wait[i] := false>;
r :=x; x :=r +1;
flag[i] := false;
<flag[(i + 1) % TNUM] := true; queuel[i] := -1>;

O W0 N O WN

“ o

Figure 30. Counter with Anderson array-based lock.

C.2 Counter with Anderson array-based queue lock

In this section, we verify the counter implementation with the Anderson array-based queue lock is linearizable with respect to the atomic
operation INC and is starvation-free. Fig. [30|shows the concrete implementation with auxiliary code (in red). Suppose the maximum total
number of threads is TNUM. Anderson array-based lock algorithm [13]] uses a boolean f£1ag array which contains TNUM slots and a tail pointer
which points to the next available slot in the array. To acquire the lock, each thread reads the current value of tail and atomically increments
tail (line 2). Then the thread spins until the flag at its slot becomes true (lines 3-6). If flag[i] is true, then the thread with slot i has the
permission to acquire the lock. To release the lock, the thread sets the flag at its slot to false (line 9) and then sets the flag at the next slot to
true (line 10) to let the next thread acquire the lock.

To verify the code, we introduce an auxiliary array queue which contains TNUM slots (just like the flag array in the original code). The
queue array records the thread ID t if the corresponding slot at the £1ag array is held by the thread t. For an available slot ¢ (i.e., which is not
held by any thread), queue[i] is —1. Thus we can know from the queue array the list of threads requesting the lock. Similarly to the previous
example of the counter with ticket lock, we also give each slot 7 a waiting bit wait[¢] to indicate whether the thread queue/[i] is requesting the
lock or has entered the critical section.

Fig. [BT]shows the full definitions of the precise invariant, the precondition, the rely and guarantee conditions and the definite action. The
definitions are similar the the corresponding ones for the counter with ticket lock. The most interesting predicate in the definition of the
invariant I is queue(#/, n1,n2, sz), which gives the queue # of the threads requesting the lock, and the start and the end slots 71 and n2 in the
arrays. The definition of queue(#l, n1,n2, sz) contains two cases: the first case says the queue of the threads does not step over the boundary
of the arrays (thus n1 < n2), while the second case is the opposite. When n; = na, the first case means the queue is empty (no threads are
requesting the lock), while the second case means the queue is full (all the TNUM threads are requesting the lock).

Note that as shown in the definition of the guaranteed actions SetFlag and RelLock, we view line 10 as the action of releasing the lock
and giving up the slot of the current thread. Line 9 is to reset the slot of the current thread, which is viewed as an action happened when the
thread is holding the lock.

Fig.|32|shows the proof outline. The proofs are similar to the proofs of the counter with ticket lock.
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il = €| tud

list2set(c) & ¢

list2set(t:: 1) £ {t} U list2set(sl)

I ¥ 352,01, no. (TNUM = sz) * lock(n1,n2, sz) * (wait[ni] * resource V —wait[ni]) * waits(ni, nz, sz)
resource & (x=2X) Ires & (x=".)
lock(ni,n2, sz) o 3il, b. lock(il,n1,n2, sz, b) lock_irre(ni, na, sz) o i, b. lock_irre(il, n1, n2, sz, b)

lock(l, n1,n2, sz, b) ) queue(tl,n1, ng, sz) * (tail%sz = no) * fflags(ni, sz) * (flagni] = b) A (bV (=b) A (n1 < n2))

lock_irr¢(tl, n1,n2, sz, b) = lock(tl, n1,n2,sz,b) A (t & list2set(tl))

fflags(n1,sz) & (®o<i<nyAng<i<sz(—flag[i]))

def
queue(tl,n1,ng, sz) =

(0 <np < ng < sz) Afree(0,n1) = thrds(tl, n1, no) * free(na, s2)

V(0 <ng <ni < sz) A3y, tla. (1l = tly ::tl2) A thrds(tlz, 0, n2) * free(na, ny) * thrds(rli, n1, sz)
thrds(il,n,n’) &

(H=e)A(n=n")Aemp Vv It tl'. (tl = t::tl') A (t & list2set(1l')) A (queue[n] = t) * thrds(e//,n + 1,n’)
free(n,n’) &t (®n§i<n/queue[i} =-1)
waits(n1,ng, sz) &

(0<n <n2< Sz) A (®0§i<n1\/n2§i<sz(ﬁwait[i])) * (®n1<i<n2wait[ﬂ)
V(0 <ng <np < 82) A(@o<icn, Waitfi]) * (Bpy<icn, (Twait[i])) * (®n, <i<s-wait[i])

P, = 3Jsz,n1,n2. (TNUM = sz) * lock_irre(n1, ne, sz) * (wait[n1] * resource V —wait[ni]) * waits(n1,n2,s2) A (1 <t < sz)
R = Vt’;&t Gt’

dsz. (Reqlock,(sz) V AcqResource,(sz) V SetFlag,(sz) V RelLock:(sz) V Id)
* [(TNUM = s2) A (1 <t < sz)]*xIldA (I xT)
Reqlock,(sz) o
Jil, n1, na2, b. ((lock_irre(tl, n1, n2, sz, b) x (-wait[nza])) x (lock(i::t,n1, (n2 + 1)%sz, sz, b) * wait[nz]))

AcqResource(sz) o

Jil, n1, na. (lock(t::1l, n1, na, sz, true) « wait[ni] = resource) x (lock(t::#l,n1,n2, sz, true) x (-wait[ni]))
SetFlag(sz) o

Jil, n1, na. lock(t:: 1, n1, na, sz, true) x lock(t::#l,n1,na, sz, false)
RelLock(sz)

Jil, n1, na. lock(t::1, ni, na, sz, false) x (lock_irre(il, (n1 + 1)%sz, na, sz, true) * resource)
Dy ¥ vn,. dpe(n1) ~ dge(n1)

dpe(n1) & Jil, na, sz, b. lock(t::t,n1,n2, sz,b) * true A I

dgt(n1) &f 3tl, na, sz. lock_irre (i, (n1 4+ 1)%sz, na, sz, true) * true A I

Figure 31. Invariant, precondition, rely/guarantee and definite action of counter with Anderson array-based lock.
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def
tlockedy(tl1, tl2, n1,m,n2,82,b) =

tqueue (11, tla, n1,n, ng, sz) * (tail%sz = na) * fflags(n, sz) * (flag[ni] = b)
A (list2set(rl1) N list2set(t:: ) = 0) A (bV (=b) A (n1 < n))

def
tqueue, (tl1, 112, n1,m, N2, 82) =

(0 <mni <n<ng < sz)Afree(0,n1) * thrds(il, n1,n) * thrds(t::tla, n, n2) * free(na, sz)
Vv (0 <ng <ni<n< SZ) A 3ty , tlas. (tlz = tly1 :22‘[22)

A thrds(il22, 0, ng) * free(ng, n1) = thrds(tli, n1,n) = thrds(t::fl21, n, sz)
V(0<n<ny <ny <sz) A3, the. (th =t ::th2)

A thrds(il12, 0, n) * thrds(t:: tl2, n, na) * free(na, n1) * thrds(r11, n1, sz)

Py(n1,m,na,b) o 3ty . Py(tl1,n1,n,n2,b) P3(ni1,n,n2,b) &f I, iy Po(t' ::tli,m1,n,n2,b)

def
Po(tly,n1,m,n2,b) =

Jila, sz. (TNUM = sz) « tlocked: (11, tl2, n1,n, N2, $2,b)

* (wait[n1] * resource V (—wait[ni]) A (n1 # n)) * waits(ni,n2,s2) A (1 <t < sz)
Pi(n1,n2,b) & 35z, 10, (TNUM = sz) * lock(t::fl, n1,n2, sz,b) * wait[ni] * resource * waits(ni,n2, sz) A (1 <t < sz)
Py(ni,n2,b) & Jsz, . (INUM = sz) = lock(t:: 4, n1, na, sz, b) * (~wait[n1]) * waits(n1, ng, s2) A (1 < t < sz)

bef(b) £ 0if b = true bef(b) & 1if b = false

inc():
1 1local i, b, r;
{ P Aarem(INC) }
2 < i := getAndInc(tail) % TNUM; queuel[i] := cid; wait[i] := true; >
{3n1,n,n2,b. Po(n1,n,n2,b) A (i =n) A arem(INC) }
3 b := flaglil;
{3n1,n,n2,b. Py(n1,n,n2,b) A (i =n)A(bA(b=>b)A(n1 =n)V (=b))Aarem(INC) }
{3n1,n2,b. Py(n1,n,n2,b) A(i =n) A(bA (b=0b) A (n1 =n)V (—b)) Aarem(INC) A {(bef(b)) }

4 while ('b) {
5 b := flagl[il;
6

{3n1,na. Pi(n1,n2,true) A (i = n1) A arem(INC) }
7 <wait[i] := false>;

{resource * (3In1,na. Pa(n1,n2,true) A (i = n1)) A arem(INC) }
8 r :=%x; X :=r +1;
{(x =X+1) % (In1,n2. Pa(n1,n2,true) A (i =n1)) A arem(INC) }
flag[i] := false;
{(x =X+1) % (3n1,n2. P2(n1,n2,false) A (i = n1)) A arem(INC) }
10 <flagl[(i + 1) % TNUM] := true; queuel[i] := -1>;

{ P A arem(skip) }

©

Here the loop at lines 4-6 is verified in Figure[33]

Figure 32. Proof outline.
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' ¥ 3ng,no,b. (P1(n,n2,true) A O(0) V P3(ni,n,n2,b) A O(bef(b))) A (i = n) A (—b) A arem(INC)
def

J = 3ni,n2,b. Po(ni,n,n2,b)
Q ¥ Enabled(D)

G ¥
F(&) =k iff 3rly,n1,n2,b. (& | Po(th,n1,n,n2,b)) A (k = len(tl1))
len(e) =) len(t::1l) o 1+ len(tl)

(3n1,m2,b. Po(n1,m,n2, b) A (3
= (Inz. P1(n,na,true) A (i =

{r'}

{3n1,n2,b. (P1(n,na,true) A O(0) V P3(ni,n,nz,b) A O(bef(b))) A (i =n) A (—b) A arem(INC) }
5 b := flagl[il;

{Hnl,ng,b. Po(nl,n, ng,b) AN (i =

{r}

We can prove:

=mn) A (=b) A arem(INC) A O(bef(b)) A Q * true)
n) A (=b) A arem(INC) A $(0)) * (O(1) A emp)

n)A(bA(b=0)A(n1 =n)V (—b)) Aarem(INC) A {(bef(b)) }

(1) J=I1,Q = I;Sta(J,G' V R).

2 J=(R,G": DL Q) (where picking D’ used in the WHL rule as D).

Figure 33. Proof outline — the loop at lines 4-6.
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initialize(){
tail := new Node(false, 0);

tq := €; acquired := false;

}

thread_initialize(){ // mynode: each thread’s local variable (pointing to a shared node)
mynode := new Node(false, cid); // fields: succwait, tid

}

incO{

1 1local p, b, r;

2 mynode.succwait := true;

3 <p := getAndSet(&tail, mynode); tq := tq::cid>;

4 b := p.succwait;

5 while (b) {

6 b := p.succwait;

7}

8 <acquired := true>;

9 r :=Xx; X :=r + 1;

10 <mynode.succwait := false; tq := getTail(tq); acquired := false;

p-tid := cid; mynode.tid := 0>;
11 mynode := p;
}

Figure 34. Counter with CLH lock.

C.3 Counter with CLH list-based queue lock

In this section, we verify the counter implementation with the CLH list-based queue lock is linearizable with respect to the atomic operation
INC and is starvation-free. Fig.[34] shows the concrete implementation with auxiliary code (in red). The CLH lock algorithm uses a virtual
linked list, with the tail pointer pointing to the end of the list. Each list node contains a field succwait. If the field is true, then the
corresponding thread has either acquired the lock, or is waiting for the lock (thus its successor thread must be waiting for the lock). If the field
is false, then the thread has released the lock (i.e., its successor thread acquires the lock and is no longer waiting). We say the list is “virtual”
because there is no explicit “next” pointer in each node pointing to the successor node, and each thread refers to its predecessor through a
thread-local pointer p in the code.

Initially the list contains only the tail node, and each thread has its own node mynode (here mynode is a thread-local pointer, but the node
is shared, since the successor thread may keep a reference to the node). To acquire the lock, the thread first sets its succwait field to true to
indicate that the thread is requesting the lock (line 2). Next it makes its own node the tail of the list, simultaneously getting a reference p to its
predecessor, i.e., the original tail node (line 3). Then the thread spins on the predecessor’s succwait field until the predecessor releases the
lock (lines 4-7). To release the lock, the thread sets its succwait field to false (line 10). It reuses its predecessor’s node p as its new own
node for future lock accesses (line 11).

To verify the code, we give each list node an auxiliary field tid to record the thread which owns the node. If no thread owns the node, the
auxiliary tid field is 0. We also introduce an auxiliary variable tq which is a mathematical list with “::” for concatenation. tq plays a similar
role as the auxiliary array queue in the previous proofs of Anderson array-based lock. It records the queue of the threads requesting the lock.
The auxiliary variable acquired plays a similar role as the auxiliary array wait in the previous proofs of Anderson array-based lock, but
acquired is not a per-thread flag. It is set to true when the lock is acquired by some thread and reset to false when the lock is released.

In the code, we append the current thread ID cid at the end of the thread queue tq at the same time when the thread makes its own node the
tail of the list (line 3). The auxiliary variable acquired is set to true after the spinning loop (line 8). We view line 10 as the time of releasing
the lock, so we remove the head thread in tq and reset acquired at the same time. Simultaneously we set the predecessor node p’s tid field
to cid and the currently-owned node’s tid field to 0. That is, when releasing the lock, the current thread will reuse the predecessor’s node and
its original node is no longer owned by any thread. Line 11 physically sets the thread-local pointer mynode, but actually at line 10 of releasing
the lock, the thread already switches to own the predecessor node.

Fig. [B5]shows the full definitions of the precise invariant, the precondition, the rely and guarantee conditions and the definite action. The
definitions are similar the the corresponding ones for Anderson array-based lock. Since the list is virtual, we introduce two mappings fa and tb
to record the address and the boolean succwait field of each thread’s node. Then as shown in the definition of queue(#/, x, ta, tb) (which is
the key to define the invariant I), the thread queue is recorded in tq and the nodes of these threads constitute a virtual list seg(l, x, z, ta, tb).
We also have an additional node node(z, false, 0) as the predecessor of the virtual list. If the virtual list is empty, then tail points to this
additional node x; otherwise tail points to the end node of the virtual list. The first thread t at the virtual list acquires the lock. Its succwait
field must be true, indicating that its successor thread must be waiting now. Its predecessor x’s succwait field is false, saying that t is no
longer waiting and has acquired the lock.

Fig. [B6]shows the proof outline, which is similar to the previous proofs of Anderson array-based lock.
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tl = €| tud ta € ThrdID — Nat th € ThrdID — Bool

list2set(e) & @

def

list2set(t::l) = {t} U list2set(sl)

I ¥ 3s2, 1, 20, ta, th. (TNUM = sz) * lock(#, zo, ta, tb, sz) = ((—acquired) * resource V acquired A (f # €))

resource = (x = X) Ires & (x =)

def
lock(l, zo, ta, th, s2) =

(dom(ta) = dom(tb) = {1,...,sz})

A queue(tl, zo, ta, th) * nodeset({t | (1 <t < sz) A (t & list2set(4))}, ta, tb)
lock_irre (i1, zo, ta, th, sz) = (t & list2set(il)) A lock(l, zo, ta, th, sz)
queue(t, z, ta, tb) &g, (tq = 1l) * node(z, false, 0) * seg(tl, z, z, ta, th) * (tail = z)

def

seg(tl, x, z, ta, tb)
(=€) Nemp A (z = 2)
VAt y. (tl=ttl) A (t € list2set(il')) A (ta(t) = y) A (tb(t) = true) A node(y, true, t) * seg(il',y, 2, ta, tb)
def

nodeset(S, ta, th) = (®¢cgnode(ta(t), tb(t),t))

node(z, b, s) £ (z.succwait = b) * (z.tid = s)

P &f P;(mynode, false)

def

Pt (Z, b) =
xo, ta, th, sz, tl. (TNUM = sz) * lock_irr¢ (¢, o, ta W {t ~ z},tb ¥ {t ~ b}, sz)
* ((—acquired) * resource V acquired A (il # ¢)) A (1 <t < sz)

Re £ Vo Gy

def

Gy =
dsz. (SetSuccwait:(sz) V Reqlock,(sz) V AcqResource,(sz) V RelLock(sz) V Id)
* [(TNUM = sz) A (1 <t <sz)]xIdA (I xI)

SetSuccwait(sz) £
3, o, ta, tb. lock_irre (tl, zo, ta, tb W {t ~ false}, sz) x lock.irr¢(t, zo, ta, tb W {t ~ true}, sz)

ef

d
Reqlock(sz) =
Jtl, xo, ta, th. lock_irre (2, zo, ta, th, sz) X lock(tl::t, xo, ta, tb, sz)

AcqResource,(sz) o

3tl, o, ta, tb. (lock(t:: 1, o, ta, tb, sz) * (macquired) * resource) X (lock(t::#,xo,ta,tb, sz) * acquired)

def

RelLocki(sz) =
3, o, ta, tb. (lock(t:: 1, o, ta, tb, sz) * acquired)
X (lock-irre (1, ta(t), ta{t ~ w0}, th{t ~ false}, sz) * (macquired) * resource)

Dy & Vao,1a. dpt(z0, ta) ~ dgt(wo, ta)

def

dpt(zo,ta) = i, th, sz. lock(t::1l, zo, ta, th, sz) * true A I

def

dgi(zo,ta) = T, b, sz. lock_irre(tl, ta(t), ta{t ~ xo}, tb{t ~ false}, sz) * true A I

Figure 35. Invariant, precondition, rely/guarantee and definite action.
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tlockeds (1l1, tl2, zo, p, 1a, b, s2) =

(dom(ta) = dom(tb) = {1,...,sz}) A (list2set(el1) N list2set(t:: tlz) = ()

A tqueue, (tl1, tl2, xo, p, ta, tb) * nodeset({t’ | (1 < t' < s2) A (' & list2set(rly ::t::1l2))}, ta, th)
tqueue (1ly, tl2, xo, p, ta, tb) &
Jz. (tq = tly ::t::1l2) * node(wo, false, 0) * seg(tl1, xo, p, ta, tb) * seg(t::il2, p, 2, ta, tb) * (tail = z)

Po(0,p,,b) & 3y, Po(il1, z0, p, z, b) Ps(z0,p,x,b) & 3t/ tly. Po(t ::1l1, 0, p, z,b)

def

PO(IIl,IO,]?,J?,b) =
Tila, sz, ta, tb. (TNUM = sz) * tlocked (1, tl2, 20, p, ta W {t ~ x},tb W {t ~ b}, s2)
* ((—acquired) * resource V acquired A (tl1 # €)) A (1 <t < sz)

def

Pi(p,z,b) =
sz, 1, ta, th. (TNUM = sz) * lock(t::#l, p,ta W {t ~ z},1b W {t ~» b}, sz) * (—acquired) x resource A (1 <t < s2)
P2 (p7 T, b) dé{
sz, 1, ta, th. (TNUM = sz) * lock(t::#l, p,ta W {t ~ z},1b W {t ~ b}, sz) * acquired A (1 <t < sz)
bet(b) & 1if b = true bet(b) & 0if b = false
incO:

1 1local p, b, r;
{P Aarem(INC) }
2 mynode.succwait := true;
{ P(mynode, true) A arem(INC) }
3 < p := getAndSet(&tail, mynode); tq := tq::cid>;
{on. Py(zo, p, mynode, true) A arem(INC) }
4 b := p.succwait;
{3z0. Po(z0,p, mynode, true) A ((—b) A (p = zo) V b) A arem(INC) }
{3zo. (p = p) A (mynode = x) A Po(x0,p,z,true) A ((=b) A (p = x0) V b) A arem(INC) A {(bet(b)) }
5 while (b) {

6 b := p.succwait;
7}
{ P1(p,mynode, true) A arem(INC) }
8 <acquired := true>;
{ resource * P (p, mynode, true) A arem(INC) }
9 r :=x; X :=r +1;
{(x = X+ 1) % P2(p,mynode, true) A arem(INC) }
10 < mynode.succwait := false; tq := getTail(tq); acquired := false;

p.tid := cid; mynode.tid := 0>;
{ (mynode = _) A P(p,false) A arem(skip) }
11 mynode := p;
{ P A arem(skip) }

Here the loop at lines -7 is verified in Figure 37}

Figure 36. Proof outline.
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p & 3z. (P1(p, z,true) A O(0) V P3(zo, p, x, true) A O(bet(b))) A (p = p) A (mynode = z) A b A arem(INC)
J ¥ 3z, Py(zo, p, x, true)

def

@ = Enabled(D)

G ¥
f(8) =k iff 3y, z0. (& = Po(il1, xo0,p, z,true)) A (k = len(tl1))
len(e) =) len(t::1l) ] + len(1l)

(3zo. (p = p) A (mynode = x) A Py(xo, p, z,true) Ab A arem(INC) A O(bet(b)) A Q * true)
= ((p = p) A (mynode = z) A Pi(p, z,true) Ab A arem(INC) A $(0)) * (O(1) A emp)

{r'}

{3zo. (P1(p, z, true) A O(0) V Ps(zo, p, z,true) A O(bet(b))) A (p = p) A (mynode = z) A b A arem(INC) }
6 b := p.succwait;

{3z0. Po(z0,p,z,true) A ((=b) A (p = o) Vb) A (p = p) A (mynode = z) A arem(INC) A O (bet(b)) }
We can prove:

(1) J=I1,Q = I;Sta(J,G' V R).

?2) J=(R,G": DL Q) (where picking D’ needed in the WHL rule as D).

Figure 37. Proof outline — the loop at lines 5-7.
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initialize () {
tail := null; tq := €; acquired := false;

}

thread_initialize(){ // mynode: each thread’s local variable (pointing to a shared node)
mynode := new Node(false, null, cid); // fields: locked, next, tid
}

incO{

1 1local p, s, b, nos, r;

2 <p := getAndSet(&tail, mynode); tq := tq::cid>;
3 if (p !'= null) {

4 mynode.locked := true;

5 p.next := mynode;

6 b := mynode.locked;

7 while (b) {

8 b := mynode.locked;

9 }

10 }

11 <acquired := true>;
12 r :=x; x :=1r + 1;
13 s := mynode.next;

14 if (s = null) {
15 <nos := cas(&tail, mynode, null); if(nos) { tq := getTail(tq); acquired := false; } >;
16 if (!'nos) {

17 s := mynode.next;
18 while (s = null) {
19 s := mynode.next;
20 }

21 }

22 }

23 if (s !'= null) {

24 <s.locked := false; tq := getTail(tq); acquired := false>;
25 mynode.next := null;

26}

}

Figure 38. Counter with MCS lock.

C.4 Counter with MCS list-based queue lock

In this section, we verify the counter implementation with the MCS list-based queue lock is linearizable with respect to the atomic operation
INC and is starvation-free. Fig. [38]shows the concrete implementation with auxiliary code (in red). Unlike the CLH lock algorithm, the MCS
lock algorithm uses an explicit linked list, with tail pointing to the end of the list. Each list node contains a 1ocked field, indicating whether
the corresponding thread is waiting for the lock, and a next field, pointing to the next node in the list.

Initially the list is empty and tail points to null. Each thread owns a node mynode. To acquire the lock, a thread appends its own node at
the tail of the list (line 2). If the queue is not empty originally, then the thread sets its predecessor node’s next field to refer to its own node
(line 5). The thread then spins on the locked field of its own node, waiting until its predecessor sets this field to false (lines 6-9).

To release the lock, the thread checks whether it has a successor (lines 13-22). It first checks if its node’s next field is null (line 14). If
so, then either no other thread is requesting the lock, or there is another thread but it is slow. To distinguish the two cases, the current thread
checks if its own node is at the tail of the list, and set tail to null if it is the case (line 15). Otherwise, its own node is not at the tail, thus
we know some successor thread is requesting the lock. Then the current thread spins until the successor thread links its node as the next node
of the current thread (lines 17-20). When the successor node appears, the current thread sets its successor’s locked field to false (line 24),
indicating that the successor has gets the lock and does not need to wait anymore.

To verify the code, we introduce several auxiliary structures following the proofs of the CLH lock. we give each list node an auxiliary field
tid to record the thread which owns the node. Unlike the CLH lock algorithm, here a thread does not change its own node, thus this tid
field is set at the beginning and no longer modified during the executions. We also introduce the auxiliary variable tq to record the list of the
threads requesting the lock. The auxiliary variable acquired indicates whether the lock has been acquired by some thread.

In the code, we append the current thread ID cid at the end of the thread queue tq at the same time when the thread makes its own node at
the tail of the list (line 2). The auxiliary variable acquired is set to true after the spinning loop (line 11). When we are sure that there is
no successor thread (i.e., the cas succeeds at line 15), the current thread releases the lock by removing the head thread in tq and resetting
acquired at the same time. If there exists some successor thread, the lock is released at line 24.

Fig.[39]defines the precise invariant and the precondition. The lock satisfies either unlocked or locked. For the case of locked, we know the
threads requesting the lock constitute the queue tq. The head thread in tq acquires the lock. Its 1ocked bit must be false since it does not
need to wait for the lock. Each remaining thread in tq is waiting, so either its 1ocked bit is true and the thread has set its predecessor node’s
next field to refer to its own node, or we record the corresponding thread in a set .S (the thread is slow and has not linked its node as the next
of its predecessor), as defined in the predicate lls. For all the other threads which do not request the lock, we use nodeset for their nodes in
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t =€ | tudd ta € ThrdID — Nat tb € ThrdID — Bool

list2set(e) & ¢ list2set(t::el) & {t} U list2set(zl)

I ¥ sz, 4, 1a,1h, S. (TNUM = sz) * lock(l, ta, th, sz, S) * ((macquired) * resource V acquired A (t # ¢))
resource & (x = X) Ires & (x = )
lock(tl, ta, th, sz, S) o Jy. lock(1l, ta, th, y, sz, S)

lock(l, ta, th, y, sz, S) &
(dom(ta) = dom(tb) = {1,...,sz})
A (unlocked(#l) A (S = 0) V locked(dl, ta, th, y, S)) * nodeset({t | (1 <t < sz) A (t & list2set(1l))}, ta, th)
lock_irr (1l ta, th, y, sz, S) o
Jz. (t & list2set(d)) A (dom(ta) = dom(tb) = {1,...,sz}) A (ta(t) = z) A (tb(t) = false)
A (unlocked(#l) V locked(tl, ta, th, S)) * nodet(x, false, y) * nodeset({t' | (1 <t/ < sz) A (t' #t) A (t' & list2set(rl))}, ta, th)

def def

unlocked(#l) = (tq =1l) * (tail = null) A (tl = ¢) locked(1l, ta,tb, S) = Jy. locked(tl, ta,tb,y, S)

def

locked(t, ta, tb,y, S) =
Jt, iz, 2. (= tutl) A (t & list2set(il)) A (ta(t) = z) A (tb(t) = false)
A (tq = tl) * nodet(z, false, y) * ls(t’, z, y, z,null, ta, th, S) * (tail = z)

def
ls(tl, p, , z,n, ta, th, S) =

(H=e)Ap=2)AN(x=n)A(S=0)
V3t 2’ b, S . (il =tutl') A (t & list2set(tl)) A (ta(t) = z') A (tb(t) = b)
A nodet(z’,b,y) x lIs(tl',z',y, z,n, ta, th, ') A (x = x') A (b=true) A (S =S")V (z =null) A (S = {t} W S))

nodeset (.S, ta, tb) o (®res(nodeg(ta(t), false, -) A (tb(t) = false)))

nodes(z,b,y) £ (z.locked = b) * (x.next = y) * (z.tid = s)

pYp (mynode,null)

Pt(x} y) déf
Jta, th, sz,tl, S. (TNUM = sz) x lock_irr(il, ta W {t ~ z},1b,y, sz, 5)
* ((—acquired)  resource V acquired A (1 # €)) A (1 <t < s2)

Figure 39. Invariant and precondition.

the shared state. Their locked bits are all false. As in the proof of CLH lock, we use two mappings fa and #b to record the address and the
boolean locked field of each thread’s node.

Fig.[A0] defines the rely and guarantee conditions and the definite actions. We have several actions since the code is very fine-grained. The
action ReqglLock is for line 2, where the thread makes its node the tail of the list. If it has a predecessor, then SetLocked sets its locked
bit (line 4), and SetPred sets its predecessor node’s next to its own node (line 5). The head thread in tq does AcgResource (line 11) to
set acquired and transfer the shared resource. To release the lock, we distinguish the case when there is no successor thread (RelLockl1,
corresponding to line 15) and the opposite case (RelLock2, corresponding to line 24). Finally, the thread does ResetNext to set the next field
of its own node to null.

Note here we have two definite actions. dpl ~» dq1 corresponds to the action RelLock2, which says the thread holding the lock will finally
release the lock by setting the successor thread’s 1ocked bit to false. The other definite action dp2 ~» dq2 corresponds to SetPred, saying
that the current slow thread which has requested the lock will finally link its node in the list by setting its predecessor node’s next field to
refer to its own node.

Fig. 1] and Fig. [3]show the proof outline. The proofs are similar to the previous proofs of Anderson array-based lock. Note that the two
loops in the code makes use of the two definite actions respectively.
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Ry d:ef Vt/;ét Gt’
Gy =
Jdsz. (Reqlock,(sz) V SetLocked:(sz) V SetPred:(sz) V AcqResource,(sz)
V RelLockli(sz) V RelLock2:(sz) V ResetNexti(sz) V Id)
* [(TNUM = sz) A (1 <t <sz)]xIdA (I xI)
ReqlLock,(sz) o
3, ta, 1b, S. lock_irr (4, ta, th,null, sz, S) X lock(il::t,ta,tb, sz, S W {t})

SetLocked:(sz) £
3y, tla, ta,tb, S. ((tl # €) Alock(tly :t::tla, ta, tb W {t ~ false}, sz, S)) x lock(ily ::t::tla, ta, tb W {t ~ true}, sz, S)

SetPred;(sz) &

3y, 12, ta, tb, S. lock(ly ::t::tla, ta, tb W {t ~ true}, sz, S W {t}) x lock(ily ::t::1la, ta, tb W {t ~ true}, sz, S)
AcqResource,(sz) e

3, ta, 1b, S. (lock(t::1l, ta, tb, sz, S) * (macquired) * resource) x (lock(t:: 1, ta,tb,sz,S) * acquired)
RellLockl(sz) &

Jta, th. (lock(t, fa, tb, sz, 0) * acquired) x (lock-irr(e, ta, tb,null, sz, D) * (macquired)  resource)
RellLock2:(sz) &

3t/ i, ta,th, S. (lock(t::t'::1l, ta, th, sz, S) * acquired A (t' & S))

x (lock_irre(t' :: 2, ta, th{t’ ~ false}, ra(t’), sz, S) * (—acquired) * resource)
ResetNext(sz) &

il ta, tb, S. lock_irre(tl, ta, tb, _, sz, S) x lock.irre(tl, ta, tb,null, sz, S)

D (Vt', ta, tl. dple(t/, ta, tl) ~ dqle(t, ta, 1)) A (Vi1 ta, to. dp2¢(tl, ta, tla) ~ dq2¢(th , ta, tl2))

def

dpli(t', ta,tl) = 3’ th, sz, S. lock(t::t/ stl::tl ta, th, sz, S) xtrue A (' &€ S) AT

def

(
dqle(t' ta,tl) = 3l th, sz, S. lock_irre (t/ ::tl:: | ta, th{t’ ~ false}, ta(t’), sz, S) * true A I
dp2:(tly , ta, tl2) o il th, sz, S. lock(tly :tutle tlh ta, th W {t ~ _}, sz, S W {t}) x true A I
(

dq2¢(1ly, ta, 1l2) o el th, sz, S. lock(tly :t:tly 21l ta, tb W {t ~ true}, sz, S) = true A I

Figure 40. Rely/guarantee and definite action.
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tlocked: (tl1, tl2, p, z, ta, tb, sz, S1, S2) o

(dom(ta) = dom(tb) = {1,...,sz}) A (list2set(tl1) N list2set(t:: tlz) = ()
A twaite (tl1, tl2, p, x, ta, th, S1, S2) * nodeset({t’ | (1 <t/ < s2) A (t' ¢ list2set(tl1 ::t::1l2))}, ta, th)

twaite (1l tl2, p, z, ta, tb, S1, S2) =

a2y 2 (=t ) A (Y list2set(d)) A (ta(t’) = 2') A (1b(t') = false)
A (tq = tly it tla) * nodey (', false, y') * lls(tl' 2’ ,y', p, @, ta, th, S1) * lls(t::tlo, p, x, z,null, ta, th, So) * (tail = 2)

Po(p,x,2',b) & 3ily,tl2, 51, S2. Po(tly, tl2, p,x, 2, b, S1, S2) Py(z,b) £ 3i,y. Pa(tl,z,b,y)

def

Po(tly, tl2, p,x, 2, b, S1,52) =
sz, ta, tb. (TNUM = sz) * tlocked: (#1, fl2, p, z,ta W {t ~ '}, b W {t ~ b}, sz, 51, S2)
* ((—acquired) * resource V acquired) A (1 <t < sz)

def

Py (CC7 b) =
dsz, 1, ta, th, S. (TNUM = sz) * lock(t::fl,ta W {t ~ x},1b W {t ~ b}, sz, S) * (macquired) * resource A (1 < t < sz)

def

PQ(tla T, b7 y) -
sz, ta, tb, S. (TNUM = sz) * lock(t::tl,ta W {t ~ z}, tb W {t ~ b},y, sz, 5) *x acquired A (1 <t < sz)
bet(b) E1if b= true bet(b) £ 0if b = false
pez(s) £ 1if s = null pez(s) £ 0if s # null
inc():

1 1local p, s, b, nos, r;
{ P Aarem(INC) }
2 < p := getAndSet(&tail, mynode); tq := tq::cid>;
{(Po(p,null, mynode, false) V (p = null) A Pi(mynode, false)) A arem(INC) }
3 if (p !'= null) {
{ Py(p,null, mynode, false) A arem(INC) }

4 mynode.locked := true;
{ Py(p,null, mynode, true) A arem(INC) }
5 p.next := mynode;

{ (Po(p, mynode, mynode, true) VV P; (mynode, false)) A arem(INC) }
6 b := mynode.locked;
{ (Po(p, mynode, mynode, true) A b V P (mynode, false)) A arem(INC) }
{(p =p) A (mynode = z) A (Py(p, z,z,true) AbV Pi(z, false)) A arem(INC) A O(bet(b)) }
7  while (b) {
8 b := mynode.locked;
9 }
10 }
{ P1(mynode, false) A arem(INC) }
11 <acquired := true>;
{ resource * P (mynode, false) A arem(INC) }
12 ...

Here the loop at lines 7-9 is verified in Figure[f2]

Figure 41. Proof outline.
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p & (P (z, false) A O(0) V Po(p, z, z, true) A O(bet(b))) A (p = p) A (mynode = z) A b A arem(INC)

DL E (V' 1a,d. dple(t’, ta, tl::t0) ~ dqle(t', ta, il::t0)) A (Vil1, ta, tla. dp2e(tly, ta, tls :: to) ~> dq24(il1, ta, tla :: to))
Ji = (Po(p, z, z,true) V Py (x,false)) A (to = t) , where tg is a logical variable

Qt = Enabled(Dx)

G ¥
f(8) =k iff
3y, tla, S1,S2. (6 '= Po(tll,tlg,p,:c,x,true, S1, SQ)) N (k = Ien(tll) + |Sl‘)
V (6 = Pi(z,false)) A (k= 0)
len(e) € 0 len(t::tl) £ 14 len(s) 9] £ o ISwi{z} & |S|+1

(p = p) A (mynode = z) A (Po(p, z, z, true) V Pi(z, false)) A b A arem(INC) A O(bet(b)) A Q * true
= ((p =p) A (mynode = z) A Pi(z,false) Ab A arem(INC) A {(0)) * (O(1) A emp)

p/
(Py(z, false) A $(0) V Po(p, z, z, true) A {(bet(b))) A (p = p) A (mynode = x) A b A arem(INC) }
b := mynode.locked;

(Po(p, x, z, true) AbV Py (x,false)) A (p = p) A (mynode = x) A arem(INC) A O(bet(b)) }

=~

{
{
{

We can prove:

(1) J=1I1,;Q = I;Sta(J,G' V R).

2) J=(R,G: Di> Q) (where picking D’ needed in the WHL rule as above).

Figure 42. Proof outline — the loop at lines 7-9.

11 ...

{ resource * P (mynode, false) A arem(INC) }
12 r :=x; x :=r + 1;

{(x =X+ 1) x P2(mynode, false) A arem(INC) }
13 s := mynode.next;

{3tl,y. (x =X + 1) * P2(il,mynode, false, y) A ((s = null) V (s = y)) A arem(INC) }
14 if (s = null) {
{(x =X+ 1) * Px(mynode, false) A (s = null) A arem(INC) }
15 <nos := cas(&tail, mynode, null); if(nos) { tq := getTail(tq); acquired := false; } >;
{(nos A P A (s = null) A arem(skip)) V ((—mos) A 3rl, y. (il # €) A (x = X + 1) * Pa(il,mynode, false, ) A arem(INC)) }
16 if (lnos) {
{3l,y. (il # €) A (x = X4 1) x Pa(tl, mynode, false, y) A arem(INC) }
17 s := mynode.next;
{3l,y. (il # €) A (x = X+ 1) * Pa(tl,mynode, false, y) A ((s = null) V (s = y)) A arem(INC) }
{Htl,y. (tl # €) A (mynode = z) A (x = X+ 1) x Pa(il, z, false, y) A ((s = null) V (s = y)) A arem(INC) A O(pez(s)) }
18 while (s = null) {
19 s := mynode.next;
20 }
21 }
22 }
{(P A (s =null) A arem(skip)) vV (il (1l # €) A (x = X + 1) * Po(il,mynode, false, s) A (s # null) A arem(INC)) }
23 if (s != null) {
{31. (tl # €) A (x = X + 1) % Po(1l,mynode, false, s) A (s # null) A arem(INC) }
24 <s.locked := false; tq := getTail(tq); acquired := false>;
{ P(mynode, ) A arem(skip) }
25 mynode.next := null;

}
{ P A arem(skip) }

Here the loop at lines 18-20 is verified in Figure[d4]

Figure 43. Proof outline (continued).
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p" & 3l y. (1 # €) A (mynode = ) A (x = X + 1) * Py(tl, z, false, y) A (s = null) A arem(INC)
A (y # null A O(0) V y = null A O(pez(s)))

DI & (Vi ta, tly. dp2:(th 1 to, ta, tla) ~ dq2¢(tly 1 to, ta, tl2))

def

J = 3, y. (t # €) N\ Pa(il, z, false, y) A (to = t), where ¢ is a logical variable
Q. ¥ Enabled(Dy)
G/ def [I]

F(&) =k iff 3, y. (il # €) A (S = Pa(l, z, false, y)) A (k = pez(y))

(3l y. (1l # €) A (mynode = z) A (x = X + 1) * Pa(rl, z, false, y) A (s = null) A arem(INC) A O(pez(s)) A Q x true)
= (3, y. (t # €) A (mynode = x) A (x = X+ 1) x Pa(tl, z, false, y) A (y # null) A (s = null) A arem(INC) A $(0))
* (O(1) A emp)

{ /7
l (tl # €) A (mynode = x) A (x = X+ 1) % Pa(tl, z, false, y) A (s = null) A arem(INC)
y 7é null A O(0) V y = null A O(pez(s)))
19 := mynode.next;

{Htl7 y. (tl # €) A (mynode = z) A (x = X+ 1) x Pa(il, z, false, y) A ((s = null) V (s = y)) A arem(INC) A (pez(s)) }
We can prove:

) J'=1I1,Q = I;Sta(J/,G’' VR).

’
2 J = (R,G: pl, Q') (where picking D’ needed in the WHL rule as above D’’).

Figure 44. Proof outline (continued) — the loop at lines 18-20.
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struct Node {
int data;
Abstract operations: } struct Node *next;
struct Lock {
ENQ(V) { < Q:=Q:: V5 >} int lowner, lnext;
DEQO { int[] ticket; //initially all -1
local V; y
<if Q=0 { struct Queue {
struct Node *Head;
V := EMPTY; .
} else { struct Node *Tail;
V := head(Q); Q := tail(Q); N struct Lock *Hlock, Tlock;
}
> s
return V: initialize(){
} ’ Head := cons(0, null);
Tail := Head;
Hlock.lowner := Hlock.lnext := Tlock.lowner := Tlock.lnext := 0;
}
int deq() {
1 local h, s, v, i, o;
2 <i := getAndInc(Hlock.lnext); Hlock.ticket; := cid>;
3 <o := Hlock.lowner>;
enq(v) { 4 while (i <> o) {
1 1local x, i, o; 5 <o := Hlock.lowner>;
2 x := cons(v, null); 6 }
3 <i := getAndInc(Tlock.lnext); Tlock.ticket; := cid>; 7 h := Head;
4 <o := Tlock.lowner>; 8 s := h.next;
5 while (i <> o) { 9 if (s = null) {
6 <o := Tlock.lowner>; 10 <Hlock.lowner++>;
7 } 11 v := EMPTY;
8 Tail.next := x; 12} else {
9 Tail := x; 13 v := s.data;
10 <Tlock.lowner++>; 14 Head := s;
¥ 15 <Hlock.lowner++>;
16 dispose(h);
17 '}
18 return v;
}

Figure 45. Two-lock queue implementation.

C.5 Two-lock queue with ticket lock

In Figure[d3] we show the abstract code of the queue algorithm and the concrete implementation of the two-lock queue with auxiliary code
(in red). In the concrete implementation, the two locks are implemented using ticket lock. In the algorithm, the queue is implemented as a
singly-linked list with the Head and Tail pointers and a sentinel node pointed to by Head. The enq method inserts a new node at the tail of
the queue. The deq method replaces the sentinel node by its next node and returns the value in the new sentinel. The Tail and Head pointers
are protected by two locks Tlock and Hlock respectively. At any time at most one enq thread and one deq thread can access the queue. But
an enq thread and a deq thread do not need to wait for each other.

Since the locks are implemented using the ticket lock algorithm, we introduce the auxiliary tickets to verify the code (as in the proof for
the counter with ticket lock). Note here we do not need the auxiliary wait bits as in the proof for the counter with ticket lock, because now we
do not have ownership transfers of resource when the lock is acquired/released.

Fig. 6] defines the precise invariant and the precondition. Fig.[47]defines the rely and guarantee conditions and the definite action. The

definite action for the whole object is defined as the conjunction of the definite actions on the two locks: D & 4T A dH, where dT (or dH) says

that the thread must eventually release the lock if it has acquired Tlock (or Hlock).

Fig.[48]and Fig.[50]show the proof outlines. The proof of the algorithm in our logic combines its linearizability proof [21]] and the proofs
on the progress properties of the ticket lock implementation, which are similar to the above proofs for the counter object with ticket lock. It
also relies on the fact that if a thread is holding a lock, it will not request the other lock. Note that the proofs for the loops of acquiring the
locks follow the proofs for the counter with ticket lock (see Sec.[C.I).
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tl = €| tud

list2set(e) & ¢ list2set(t::2l) & {t} U list2set(r])

TY 3z dp. (Head = h) * (Tail = z) * queue(tlr, h, z) * lock(Hlock) * lock(t/T, Tlock)

queue(tlr, h, z) o

Fug, A. (Q = A) x (unlag(h, z,vq:: A) V (lag(h, z, -, vq:: A) A (tp # €)) V (cross(h,vg:: A) A (tlp # €)))
unlag(h, z, A) &3y, AL (A= A"::v) Als(h, A’, z) * N(z, v,null)
lag(h, z, x, A) & 3,07, AL (A= A"zvuv) Als(h, A7, 2) *x N2(2, v, z,v’,null)
def

cross(h, A) = Fv. (A =wv:e) AN(h,v,null)
Is(z, A, y) o (zr=yNA=¢)V(x#yAIz,v,A. A=v: A" AN(z,v,2) xIs(z, A", y))

N(p,v,y) = (p.data=v)* (pnext = y) N2(p,v,y,v",2) = N(p,v,y) * N(y, v, 2)
lock() £ 311, lock(t, 1) lock(#,1) £ 3ny, no. lock(tl, 1, n1, n2)
lock(fl,1,n1,n2) &
((I.1owner = nq) * (I.lnext = na) A (n1 < ng)) * tickets(l, 0, n1) * tickets(z/,l, n1,na) * tickets_new(l, n2)

tickets(l,n1,m2) & 3. tickets(#l, I, n1, n2)

tickets(#,l,n1,n2) &
(H=€)A(n1=n2)Aemp V 3t,l'. (1 =t::d') A (t & list2set(d')) A (I.ticketyn, = t) x tickets(#/,l,n1 + 1,n2)

tickets_new (I, ng) & (®i>nyl-ticket; = —1)

P. & 3h, 2, . (Head = h) * (Tail = z) * queue(lT, h, z) = lock_irre(Hlock) * lock_irr;(tl1, TLock)
lock_irre (1) £ 3. lock_irre (1, 1) lock_irre (1,1) £ 3ny, no. lockirr (i1, n1, n2)

lock.irre(tl,1,m1,m2) E Jock(t, 1, n1, na) A (t & list2set(tl))

Figure 46. Invariant and precondition of the two-lock queue.

80



def

Ry = \/t’#t Gt’
G & (Eng, V Swing, V Deq, V ReqlLockH, Vv UnlockH; V ReqLockT,V UnlockT: V Id) * Id A (I x I)

Eng, =
Jtl, z,y, A, v, 0. [lock(t::#], Tlock) * (Tail = z)]
* ((N(z,v,null) * (Q = A)) x (N2(z,v,y,v’,null) * (Q = A:v'))

Swing, &
3tl, z, v. [lock(t::#l, Tlock) * N(z,v,null)] * ((Tail = _) x (Tail = z))

def

Deq, =
3, z,y, z,v,v’, A. [lock(t::#l, Hlock)]
* (((Head = z) * N2(z,v,y,v’,2) * (A =v":: A)) x ((Head = y) * N(y,v’,2) * (Q = A)))

ReqlockH, o
3rl, m1, mo. [lock-irre(Tlock)] * (lock-irre (¢, Hlock, n1,n2) X lock(#::t,Hlock, ni,na + 1))

def

UnlockHy =
3rl, ma, mo. [lock-irre(Tlock)] * (lock(t::#,Hlock, n1,n2) X lock_irr¢(1l, Hlock, n1 + 1,n2))

def

ReqlockT, =
i, m1, mo. [lock-irre(Hlock)] * (lock-irre (¢, Tlock, n1,n2) X lock(#l::t, Tlock, ni,na + 1))

UnlockTy &f
3z, v,t,n1,na. [lock_irr (Hlock) * (Tail = z) * N(z, v,null)]
* (lock(t::1l, Tlock, n1,n2) X lock_irre(tl, Tlock,n1 + 1,n2))

Dy & (Vni. dpHi(n1) ~ dgHi(n1)) A (Vni. dpTi(n1) ~ dqTi(n1))

dpH(n1) &ef il, o lock(t:: 1], Hlock, n1, no) * true A I

dgqHi(n1) &ef 3tl, na. lock_irre (i, Hlock, n1 + 1,ng) *x true A T

dpTi(ny) o Jtl, na. lock(t::1l, Tlock, n1, n2) * true A I

dqTi(n1) &f Jil, no. lock_irre (7, TLock, n1 + 1,n2) * true A I

Figure 47. Rely, guarantee and definite actions of the two-lock queue.
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def
tlockedy, 1, (I, n1,n,n2) =

(list2set(rl1) N list2set(t::tl2) = 0) A ((I.Lowner = n1) * (l.1lnext = n2) A (n1 < n < n2))
 tickets(l, 0, m1) * tickets(sl1, 1, n1, n) * tickets(t:: tl2, I, n, n2) * tickets_new(l, n2)

Po(n1,n,n2) £ 3. Po(il1,n1,n,n2) Ps(n1,n,n2) & 3t/ dy. Po(t' ::l1,m1,m,n2)

Po(tl,n1,n,n2) &

3h, z,tl2. (Head = h) * (Tail = z) * queue(tl1, h, z) * lock_irr¢(Hlock) * tlockedy;, 4, (Tlock, n1,n,n2)

Pi(n1,n2) &
3h, z,v4, A, tl. (Head = h) * (Tail = z) * (Q = A) x unlag(h, z,v4:: A) * lock_irr¢ (Hlock) * lock(t::#/, TLock, n1, n2)

Py(w,m1,m0) <
3h, z,vq, A, fl. (Head = h) * (Tail = 2) * (Q = A) * (lag(h, z, z,vq:: A) V (cross(h, vg:: A) A (h = z)))
* lock_irre (Hlock) * lock(t::#l, Tlock, n1,n2)

eng(v) {
1 local x, i, o;
{P ANarem(ENQ) A (v=1V)}

2 x := cons(v, null);

{ P+ N(x,v,null) A arem(ENQ) A (v = V) }
3 <i := getAndInc(Tlock.lnext); Tlock.ticket; := cid>;

{3n1,n,n2. Py(n1,n,m2) * N(x,v,null) A (i = n) A arem(ENQ) A (v =V) }
4 <o := Tlock.lowner>;

{3n1,n,n2. Py(n1,n,m2) * N(x,v,null) A (i =n) A (o < n1) Aarem(ENQ) A (v =V) }
{3n1,n2. Po(n1,n,n2) * N(x,v,null) A (i =n) A (o < n1) Aarem(ENQ) A (v =V) A O(n — o) }
while (i <> o) {

<o := Tlock.lowner>;

o o,

7}
{3n1,n2. Pi(n1,n2) * N(x,v,null) A (i = n1) Aarem(ENQ) A (v =1V) }
8 Tail.next := x;
{3n1,na. P2(x,n1,n2) A arem(skip) }
9 Tail := x;
{3n1,na. P1(n1,n2) A arem(skip) }
<Tlock.lowner++>;
{ P A arem(skip) }

1

o

Here the loop at lines 5-7 is verified in Figure[f9]

Figure 48. Proof outline for enq.

P ¥ 3Ing,no. (Pr(n,n2) AO(n — (o+ 1))V P3(n1,n,n2) A O(n — o)) * N(x, v,null)
AN(o<ni <n=1)A (o # i) Aarem(ENQ) A (v=1)

s def

D{ = (Vni1. dpTi(n1) ~ dgTi(n1))

def
J = 3ni,n2. Po(n1,n,n2)
def

@ = Enabled(D)
G ¥
f(8) =k iff & = (n — Tlock.lowner = k)

(In1,n2. Py(n1,n,n2) * N(x,v,null) A (i =n) A (o <ni)A(i#o)Aarem(ENQ) A (v =V) A O(n — o) A Q * true)
= (Inz. Pi(n,n2) * N(x,v,null) A (i =n) A (o < n) Aarem(ENQ) A (v =V) AO(n — (o +1))) = (O(1) A emp)

{r'}
Ini,na. (P1(n,n2) AO(n — (o + 1)) V P3(n1,n,n2) A O(n — o)) * N(x, v,null)
A(0o<ni <n=1)A (o # i) Aarem(ENQ) A (v =1V)
6 <o := Tlock.lowner>;
{3n1,n2. Po(n1,n,n2) * N(x,v,null) A (i =n) A (o < n1) Aarem(ENQ) A (v =V) AO(n —o) }

We can prove:

(1) J=I1,Q = I,Sta(J,G’' V R).

2) J=(R,G: DL Q) (where picking D’ needed in the WHL rule as above).

Figure 49. Proof outline for enq — the loop at lines 5-7.
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Pj(n1,n,n2) &f 3ty . Py(tly,n1,n,n2)

Py(tly,n1,n,n2) &

I%(n1,n nz) ﬂﬂ tl. fﬂ(/ i, i, n,ng)

3h, z,tla, tl7. (Head = h) * (Tail = z) * queue(tlr, h, z) * tlocked;;, 4, (HLock, n1,n, n2) * lock_irr(tlr, Tlock)

def

Pl(h) ¥ 3ny,na. P(h,n1,n2) P4(h,s) £ 3v. P(h,s,v)

def

P/(h,n1,n2) =

Jz,tl,tlp. (Head = h) * (Tail = z) * queue(flr, h, z) * lock(t:: 1], Hlock, n1, na) * lock_irr(rlT, Tlock)

def

Pi(h,s) =

3z, A, il flp. (Head = h) * (Tail = z) = (Q = A) * N(h, _, s) = (unlag(s, z, A) V lag(s, z, -, A) A (tT # €))

* lock(t::1l, Hlock) * lock_irr¢(tl7, TLock)

def

Pi(h,s,v) =
i, tlp. (Head = h) * (Tail = h) x (Q =

def

Pj(h,s,v) =
3z, z,v, A, tl, tlp. (Head = h) * (Tail = z) *

vie) * N2(h, -, s,v,null) * lock(t:: 7], Hlock) x lock_irr(tl, Tlock) A (tlp # €)

(Q=wv::A) *N2(h,_, s,v,x) * lock(t:: 7], HLlock) * lock_irr¢(slT, TLock)

* ((s = 2z) A (x = null) A (A =€) V unlag(z, z, A)
V(s =2) AN(z,v',null) A (A =v":€) A (tlr # €) Vlag(z, 2z, -, A) A (T # ¢€))

int deq() {
1 1local h, s, v, i, o;

{ P A arem(DEQ) }

2 <i := getAndInc(Hlock.lnext); Hlock.ticket; := cid>;
{3n1,n,ny. Pj(n1,n,n2) A (i = n) A arem(DEQ) }

3 <o := Hlock.lowner>;

{3n1,n,n2. Pj(n1,n,n2) A (i = n) A (o < n1) A arem(DEQ) }

{Elnl,ng.Pé(nhn,ng)/\(i:n)/\(oSnl)
4 while (i <> o) {

5 <o := Hlock.lowner>;
6 }

{Elh P{(h) A arem(DEQ) }
7 := Head;

{Pl( )/\arem(DEQ)}
8 s := h.next;

A arem(DEQ) A O(n —o) }

{((s =null) A P{(h) A arem(skip) A (V = EMPTY)) V (Pj(h,s) V Pj(h,s)) A arem(DEQ) }

9 if (s = null) {

{ P{(n) A arem(skip) A (V = EMPTY) }
10 <Hlock.lowner++>;

{ P A arem(skip) A (v = EMPTY) }
11 v := EMPTY;

12} else {
{(Pj(h,s) V Pj(h,s)) A arem(DEQ) }
13 v := s.data;

{(P;(h,s,v) V Pj(h,s,v)) A arem(DEQ) }
14 Head := s;

{P{(s) *N(h, _, s) Aarem(skip) A (v =V) }
15 <Hlock.lowner++>;

{P *N(h,_s)Aarem(skip) A (v="V) }
16 dispose(h);
17}

{ P A arem(skip) A (v =V) }

18 return v;
}
Here the loop at lines 4-6 is verified in Figure 5T}

Figure 50. Proof outline for deq.
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p"’ &ef 3h,n1,n2. (P{(h,n,n2) AO(n — (o + 1))V Pi(n1,n,n2) AO(n — o))
A(o<ni <n=1i)A (i # o) Aarem(DEQ)
def

D = (Vni.dpHi(n1) ~ dgHi(n1))

J ¢ ni,ne. Pi(n1,n,n2)

Q' ¥ Enabled(D)

G =1

/(&) =k iff & = (n — Hlock.lowner = k)

(3ni,n2. Pj(n1,n,n2) A (1 =
= (3h,n2. P{(h,n,n2) A (i

{r"}
{Hh, ni,n2. (P](h,n,n2) AO(n — (o + 1))V Pi(n1,n,n2) AO(n — o))}
A(o<ni <n=1i)A (i # o) Aarem(DEQ)
5 <o := Hlock.lowner>;
{3n1,n2. Pi(n1,n,m2) A (i =n) A (o < n1) Aarem(DEQ) A O(n — o) }

n) A (o <mni)A(i#o)Aarem(DEQ) A O(n — o) A Q' * true)
=n) A (o <n)Aarem(DEQ) A O(n — (0 + 1))) * (O(1) A emp)

We can prove:

) J'=1I1,Q = I;Sta(J',G’' VR).

’
2) J' = (R,G": pL, Q') (where picking D’ needed in the WHL rule as above D"’).

Figure 51. Proof outline for deq — the loop at lines 4-6.
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C.6 Lock-coupling list with ticket lock

In Figure[52] we show the abstract code of the set algorithm and the concrete implementation of the lock-coupling list with auxiliary code (in
red and purple). In the concrete implementation, the node locks are all implemented using ticket lock. The algorithm implements an abstract
set with add and rmv operations. The concrete list is an ordered singly-linked list with the Head pointer and two sentinel nodes at the two
ends of the list containing the smallest and the biggest values respectively. Each list node is associated with a lock. Traversing the list uses
hand-over-hand locking: the lock on one node is not released until its successor is locked. add (e) inserts a new node with value e in the
appropriate position while holding the lock of its predecessor. rmv (e) redirects the predecessor’s pointer when both the node to be removed
and its predecessor are locked.

To verify the code, we need some auxiliary structures. Since the locks are implemented using the ticket lock algorithm, we introduce the
auxiliary tickets for the lock of each node (as in the previous proof for the two-lock queue with ticket locks). Also, we introduce the auxiliary
toadd bit for each thread to indicate whether the thread attempts to do the add operation. toadd is true if the thread t is calling add but has
not really inserted the new node into the list. It is false if the thread t is not calling add or it has already inserted the new node. The auxiliary
tickets and toadd bits are all shared. In addition, we introduce an auxiliary local variable aux to encode the metric for the loop of list
traversal. Fig.[53|shows the auxiliary code, metric(p), to compute the metric for the loop of list traversal. Here p points to the “predecessor”
node during the list traversal Informally, metric(p) is the sum of the current maximal length of the remaining nodes to traverse (i.e., the
number of the nodes from p to the end of the list) and the number of the environment threads accessing the remaining nodes which attempt to
do add (i.e., these threads is going to add nodes, increasing the maximal length of the nodes remained for the current thread to traverse).

Fig.[54] defines the precise invariant and the precondition. The shared state contains the toadd bit for each thread and the list. Each list
node contains a ticket lock. The predicate ss requires the concrete list should be sorted and its elements should constitute the abstract set.

Fig.[55]defines the rely and guarantee conditions and the definite action. In addition to the actions add and rmv which successfully inserts
and removes a node, the thread may do the ToAdd action to set its toadd bit to true when it just starts its add operation. If the add fails (i.e.,
for the case when the value it attempts to insert has already in the list), the thread does the FailedAdd action that simply resets its toadd bit to
false. The ReqLockH action requests the lock of the head node in the list. At that time, the thread must just starts its operation, thus it has
not requested the lock of a list node. The ReqLock2 action requests the lock of a node when the thread has already acquired the lock of the
predecessor node. The Unlock action releases the lock of the predecessor node.

The difficulty of verifying the lock-coupling list algorithm lies in defining the definite action D. Unlike the counter objects and the two-lock
queues, in lock-coupling lists, the thread t holding a lock does not guarantee to release the lock because t may first try to acquire the lock of
the successor node. In fact, the progress of t relies on the progress of the environment threads which start their list traversals earlier than the
thread t. The nodes being visited by these environment threads might be visited by t in the future. Therefore we define the definite action D to
describe the progress of the thread which is the first to start the list traversal, i.e., the thread accessing the node closest to the tail of the list.
Informally, D says that t eventually releases the lock of the node x, if t holds the lock and all the nodes remained to visit (the nodes from the
successor of x to the end of the list) are either unlocked or locked by t itself.

The whole proof follows the basic linearizability proof of lock-coupling list (e.g., see [21]). Now we also verify the starvation-freedom of
the object.

We first define the general well-founded order and the metrics for the loops in Fig.[56] We show the proof for the add operation in Fig.
and the proof for the rmv operation in Fig. [6I} Note we define the @) needed for verifying the loops similarly as the case when D is enabled.
Actually the outer loop of list traversal always terminates no matter whether D is enabled or not, because the number of the nodes remained to
traverse (including the nodes possibly added in the future by the environment threads) must be decreasing, i.e., the metric function metric(p)
defined in Fig. [53]must be decreasing at each loop iteration. For the inner loop of requesting the lock of a node c, if D is enabled, we know
there is no thread accessing the node c, then the current thread must succeeds in acquiring the lock and the loop could terminate.

Below we explain how we define f needed for verifying the loops. As shown in Fig.[56} for any state during the execution of a loop,
the metric contains two parts: toadd, the toadd bits of all the threads, and L, the list of the environment threads ahead of the current thread
(including the threads which are ahead of the current thread and are requesting the lock of the same node). The well-founded order defined at
the top of Fig. [56]says, the metric decreases if (1) the number of the environment threads in L decreases; or (2) the number of the environment
threads which attempt to do add and are ahead of the current thread decreases; or (3) some environment thread ahead of the current thread
gets closer to the end of the list. Thus the metric must decrease when a relevant environment thread progresses, and the key requirements

J= (R,G: ER Q) for verifying loops hold.
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ADD(E) {
local R;
<if (E € 8) {
R := false;
} else {
S :=S U {E}; R := true;
}
>

return R;

}

RMV(E) {
local R;
<if (E € S) {
R := false;
} else {
S := S \ {E}; R := true;
}
>
return R;

}

(a) Abstract operations.

bool[] toadd; //initially all false

struct Node {
int lowner;
int lnext;
int[] ticket; //initially all -1

struct List {
struct Node *Head;

}

initialize(){

int data: Head := cons(0, 0, MIN, null);
struct Node *next; Head.next := cons(0, O, MAX, null);
3 }
rmv(e) {
1 local p, ¢, n, pi, po, ci, co, u, r, aux;
2 p := Head;
<pi := . H .ti s = id>;
add(e) { 3 <pi = getAndInch lnext); p.tickety, cid>;
1 1local p, ¢, x, pi, po, ci, co, u, r, aux; g <§?l.— p:lgzner>,
2 <p := Head; toaddcig := true>; while Fgl po) {.
3 <pi := getAndInc(p.lnext); p.ticket; := cid>; s <po := p.lowner>;
4 <po := p.lowner>; 8 ¢ := p.next;
. N = p. H
2 Whilz le 10532r§' 9 <u := c.data; aux := metric(p)>;
7 pe :=p. ; 10 while (u < &) {
11 <ci := getAndInc(c.lnext); c.tickete; := cid>;
8 ¢ := p.next; _
. 12 <co := c.lowner>;
9 <u := c.data; aux := metric(p)>; . .
. 13 while (ci <> co) {
10 while (u < e) { 14 <co := c.lowner>;
11 <ci := getAndInc(c.lnext); c.ticketc; := cid>; 15 3 ) : ’
12 <co := c.lowner>; 16 <. lowner+is:
13 while (ci <> co) { e P ;
14 <co := c.lowner>; p: ’
15 } 18 C := p.next;
19 <u := c.data; aux := metric(p)>;
16 <p.lowner++>; 20 }
ropime 21 if (u=e) {
18 € = p.next; 22 <ci := getAndInc(c.lnext); c.tickete; := cid>;
19 <u := c.data; aux := metric(p)>; =8 . (. e - ’
20 3} 23 <co := c.lowner>;
. 24 while (ci <> co) {
21 if (u!=-e) {
25 <co := c.lowner>;
22 x := cons(0, 0, e, c); 2% 3
23 <p.next := x; toaddciq := false>;
27 n := c.next;
24 r := true;
28 p.next := n;
25} else { 29 <p.lowner++>;
26 <r := false; toadd.iq := false>; P' ’
27 3} 30 dispose(c);
28 <p.lowner++>; 31 T := true;
29 return r; 32 } else {
3 ’ 33 <p.lowner++>;
34 r := false;
35 }
36 return r;
¥

(b) Concrete implementations.

Figure 52. Lock-coupling list.
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int metric(p){
1 localn, 1, s, o, t;

2 n :=p.next; 1 :=0; s := 0;

3 while (n <> null) {

4 1++;

5 o := n.lowner;

6 while (o < n.lnext) {

7 t := n.tickety;

8 if (toaddy = true) s := sU{t};
9 }

10 n := n.next;

11}

12 1 :=1+ |sl;
13 return 1;

o = o
ISU{z} = |S|+1

len(e) Y

len(v::A) = len(A)+1

toaddThrds(S) = {t | (t € S) A (toadd; = true)}

Figure 53. Auxiliary code to compute the metric for the list traversal.
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Aun=¢€|v:A t =€ | tud L = ¢ | t4L B € ThrdID — Bool
I ¥ 34,L toadds * Isy (Head, A,null) % ss(A)

def

P, = JA, L. toadd(false)  Is_irr¢ 1 (Head, A, null) * ss(A)

toadds & 3B. toadds(B) toadds(B) £ (®ttoadd: = B(t))
toadde(b) & IB. toadd(b, B) toadd(b, B) £ (toadd: = b) * (®y 4 toaddy = B(t'))
ISL(‘T:A7 y) déf

(zx=yNA=e¢ANL=¢cAemp)

Vz#£yANIz,v, A, A=vi: A" AL =t4L' ANy(z,v,2) xIsps (2, A, y))
Is_irre 1 (x, A, y) o

(x=yNA=ec¢ANL=¢ecANemp)

V(e #yAIz, v, A d, L' A=vi: A ANL=t4L ANirr g(z,v, 2) * Is_ireg 1/ (2, A, y))

def

Is_unlocked(z, A,y) =
(zr=yANA=enemp) V (x AyATz,v,A’. A=v: A" ANU(z,v, 2) * Is_unlocked(z, A’, y))

N (p, v, y) o locky(p) * (p.data = v) * (p.next = y)

Nirre o (p,v,y) £ 3n. Noiree g (p, v, ) La(p,v,9) = 3n. Ly (p,0,9)
Nirre in (D, v, y) o lock_irre ;1.n (p) * (p.data = v) * (p.next = y)

Liyn, (0, v,9) o lockedy;n, (p) * (p.data = v) * (p.next = y)

U(p,v,y) ) unlocked(p) * (p.data = v) * (p.next = y)

locks(p) £ 3n. locky. (p) lock:n (p) & locked;.n, (p) V (il = € A unlockedy, (p))
lock_irre 1(p) = lock_irre ;1. () lock_irre 4. () & locky,n (p) A (t € 1)
locked,(p) & In. lockedy;, (p) unlocked(p) & 3n. unlocked,, (p)

def
lockedy;p,, (p) =

3t el ne. (tl=ttl') A (t € t') A ((p-lowner = n1) * (p.lnext = n2) A (n1 < n2))
* tickets(p, 0, m1) * tickets;(p, n1,n2) * tickets_new(p, n2)

unlocked, (p) & (p.lowner = n) x (p.1next = n) « tickets(p, 0, n) * tickets_new(p, n)

tickets(p, n1, n2) &gy ticketsy (p, n1, n2)
(n1 =n2) Aemp iftl =€
(p.ticketyn, =t) x ticketsy (p,n1 + 1,ne) iftl =t
(®i>n,p-ticket; = —1)

I1&

tickets (p, ni, TLQ)

I1&

tickets_new(p, n2)

s(A) & 347 (A = MIN:: A’ ::MAX) A sorted(A)
ss(A) & JA’. (A = MIN:: A’ ::MAX) A sorted(A) A (S = A)

def true ifA=eVA=uv:e
sorted(4) = { (v1 < v2) Asorted(va: A’)  if A=wviuvg A

tediff W, (=t =td)AN(t=t Vted)

Figure 54. Invariant and precondition of the lock-coupling list.
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def
Ry = vt’;ﬁt Gt’
act

Gt = (ToAdd: V Add: V FailedAdd; vV Rmv: V ReqLockH, V Reqlock2, v Unlock: V Id) = Id A (I x I)

ToAdd; £ 3A,L. [Is-irr 1 (Head, A,null)] * ((toadd; = false) x (toadd; = true))

def

Addy =
Iz, y, z,n,v,w,u, tl, tl',ny, S.
((Le:sstsng (2, v, 2) * (toaddy = true) * (S = 5)) X (Leuuyn, (2,0, y) * U(y, w, 2) * (toadd: = false) * (8 = S U {w})))
* [Niirrg g (z,u,m) A (v < w < u)]

FailedAdd; % (toadd; = true) x (toadd; = false)

def
Rmvy =

Az, y, z,v,u, 1, n1, S. (Letn, (T,0,9) * Ley (Y, u, 2) % (8 = S W {u}) A (u <MAX)) X (Leugyn, (z,0,2) * (S = 9))

def

ReqlockH, =
Jx, A, tl,L,ny. (N_irre 4, (Head, MIN, ) X Ly..t;n, (Head, MIN, z))
* [Is_irre 1 (2, A, null)]
def

Reqlock2, =
Jz,y,2, A, v,u, A Lt i’ )L’ nq. [Is_irry  (Head, A, z) * Ly..q(z, v, y)]
* (N*irrt,tl’;nl (y7 u, Z) X Ltl’::t;nl (yv u, Z)) * [(u < MAX) A Isfirrt,L’ (Z, Alvnull)]

Unlock: &
Jx,y, A, v, L, tl,ny. [Isiirrg L (Head, A, )] * (Lyayn, (2, 0,y) % Noirrg ging 41 (2,0, 9))

Dr o Va,ni. dpi(x,n1) ~ dgi(z,n1)

dpt(z,n1) o
Jy, z, A,v,u, A’ tl, 1l L. toadds * Is_irry ; (Head, A, x) * Ly.ypin, (T,v,y)
* (U(y,u, 2) V Le.r (Y, u, 2)) * Is_unlocked(z, A’,null) x ss(A:viu: A')
dge(z,m1) «
Jy, z, A, v,u, A’ il, ', L. toadds * Is_irry 1 (Head, A, ) * N_irry y.nq +1(2, v, y)
* (U(y,u, 2) V Le..r (Y, u, 2)) * Is_unlocked(z, A’,null) x ss(A::viu A')

Figure 55. Rely, guarantee and definite actions of the lock-coupling list.
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(toadd, L) < (toadd’, L") iff one of the following holds:
(1) tidset(L) C tidset(L') , or
(2) 3S. (tidset(L) = tidset(L') = S) A
(toaddThrds (S, roadd) C toaddThrds(S, toadd")) , or

(3) 3S. (tidset(L) = tidset(L') = S) A
(Vt € S. (foadd(t) = toadd' (t))) A
(>"teg backpos(t, L) < 37, g backpos(t, L))
(toadd, L) < (toadd', L") iff
3S. (tidset(L) = tidset(L’) = S) A
(Vt € S. (toadd(t) = toadd' (t))) A
(3"t g backpos(t,L) = 3=, g backpos(t, L’))

tidset(c) & tidset(tl4-L) & list2set(sl) U tidset(L)
list2set(c) & @ list2set(t::el) & {t} U list2set (1)

def

toaddThrds(S, toadd) = {t | (t € S) A (toadd(t) = true)}

e g | L if t tl
backpos(t, ) &£ 0 backpos(t, fi+L) < { tf:c(k;zos(t,L) ;ftétl

def

len(e) ¥ 0 len(i+L) £ 1+ len(L)

f1(6) = (toadd, L) iff & |= Jy(toadd, L)

def

Ji(toadd, L) = 3z, At il \L'. (L = tl+L")
A toadds(toadd) * L..ciq:.q' (Head, MIN, z) * Is_irrciq 17 (2, A, null) * ss(MIN:: A)

def

J1 = HB,L().Jl(B,L())
Q1

o

ef

Enabled(Dciq)

f2(6) = (toadd, L) iff & |= Ja(toadd, L)

Ja(toadd, L) & 3y ez, A1, v, u, Ao, Ly, tly, d, 1l Ly. (L =1tl4Ls)

A toadds(roadd) * Is_irrciq 1, (Head, A1, p) * Leia:u, (P, v, €)

% Lypciarar (6, u, 2) * Is_irresq 1, (2, A2, null) s ss(Aq v iu:: Ag)
Jo € 3B, Lo. J2(B, Lo)

Q2 & Enabled(Desa)

f3(6) = (toadd, L) iff & = Js(toadd, L)

Js(toadd, L) £ 3p, ¢,z A1, v,u, Ao, L1, th, 1| Ly. (L = tl4Ls)

A toadds(roadd)  Is_irrciq 1, (Head, A1, p) * Leig., (P, v, €)

* (Nfirrcid,tl(cv u, Z) Vv Ltl::cid::tl’ (Cv u, Z)) * IS*irrCid7L2 (Z7 A27 nu:l'l) * SS(A1 sUnus Az)
Js = 3B, Lo. J2(B, Lo)

Qs ¥ Enabled(Deia)

Gs & (Reqlock2, ;4 V Unlock2¢ia V Id) % Id A (I & I)

Unlock2; &
Jz,y, 2, A, v,u, L, tl, ' ,ny. [Is_irry  (Head, A, x)]
* (Lt::tl;nl ("Ev v, y) X N,il’rt’,[;n1+1(27, v, y)) * [Lt::tl/ (y9u7 Z) A (u < MAX)]

We can prove:

J1 = (Resa, [1]: Desal Q1)
J2 = (Reia, [{]: Dcidf—2> Q2)
J3 = (Reia, G3: Dcidf‘s> Q3)

Figure 56. The well-founded order and the metrics for the loops.
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def

tluy tilasng,n (P, v, y) = tlockedy, ¢ ipiny,n(P) * (p.data = v) * (p.next = y)

def
tlockedu, t,i:ny,n(P) =
Ino. (t €1l1) A (t € tl2) A ((p.lowner = nq) * (p.lnext = n2) A (n1 < n < n2))
* tickets(p, 0, n1) * ticketsy, (p, n1,n) * tickets..q, (p, n, n2) * tickets_new(p, n2)

def

P
3z, At L,n1,n. toaddcia(true) * tly cig :n, n (Head, MIN, 2) * Is_irrciq (2, A, null) * ss(MIN:: A)
A (MIN < e < MAX) A (p = Head) A (po < n1) A (pi =n)

Pl € 32 P(2)
P{(z) &
3A, 1, L. toaddcig(true) * Leig..n(Head, MIN, z) * Is_irrciq (2, A, null) = ss(MIN:: A)
A (MIN < e < MAX) A (p = Head)

P def
3z, A, 1l,ny. toaddciqa(true) * Leia:.n, (Head, MIN, ) * Is_unlocked(z, A, null) * ss(MIN:: A)
A (MIN < e < MAX) A (p = Head) A (po < n1) A (pi =n1)

I oef (P1 A O(pi —po) V P’ AO(pi — (po+1))) A (pi # po) A arem(ADD) A (e = E)

add(e) {
1 1local p, ¢, x, pi, po, ci, co, u, r, aux;
{P A (MIN < e < MAX) A arem(ADD) A (e =E) }
2 <p := Head; toaddciq := true>;
3z, A, tl, L. toaddcia(true) = N_irreiq g(Head, MIN, 2) * Is_irreia,7.(2, A, null) % ss(MIN:: A)
{ A (p = Head) A (MIN < e < MAX) A arem(ADD) A (e = E) }
3 <pi := getAndInc(p.lnext); p.ticket, := cid>;
{ 3z, A, 1l L, n1,n. toaddcia(true) * tly cig i .n, »n(Head, MIN, 2) * Is_irrciq (2, A, null) * ss(MIN:: A) }
A (MIN < e < MAX) A (p = Head) A (pi = n) A arem(ADD) A (e = E)
4 <po := p.lowner>;
{P1 Aarem(ADD) A (e =E) }
{P1 Aarem(ADD) A (e =E) A O(pi —po) }

5 while (pi <> po) {
{r}
6 <po := p.lowner>;

{P1 A arem(ADD) A (e =E) A O(pi —po) }

}
{P{ Aarem(ADD) A (e =E) }
8 c := p.next;
{ P{(c) A arem(ADD) A (e =E) }

Figure 57. Proof outline for add (1).
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def
p2 =
3z, A1,v, A, Ly, 1,1, Lo, n1,n. toaddciq(true) * Is_irrcia 1, (Head, A1, p) * Leiq:a(p, v, ) * ss(A1 v us Ag)
#thy cid esnq,n (G0, 2) * Is_irfeia 1, (2, A2,null) A (1 + len(Asz) + [toadd Thrds(tidset (s’ 4-L2))| < aux)
A Q(aux — 1) A (co < n1) A (ci =n) A (u < e < MAX) A arem(ADD) A (e = E)
vy <
32, A1, v, Ag, L, 1, L. toaddesa(true) % Is ifresa 1, (Head, A1, p) % Lesar(p, v, ¢) % 55(Ay v Ap)
s Leia(c,u, 2) * Is_itreiq 1, (2, A2,null) A (1 + len(A2) + |toadd Thrds(tidset(Lz))| < aux)
A Q(aux — 1) A (u < e < MAX) A arem(ADD) A (e =E)

def

P
Az, A1, v, Ao, Ly, tl, 1l L. toaddciq(true) * Is_irrcia,r, (Head, A1, p) * Leign(p, v, €)
* Nirresq o (c,u, 2) * Is_irreiq 1, (2, A2,null) * ss(A1 viu Ag) A (v < e < MAX)
A (1 + len(Az2) + |toaddThrds(tidset(s’ 4+L2))| < aux)
def
p3(c,2) =
3A1, A, Ly, 11, Ly. toaddcig(true) * Is_irrciq 1, (Head, A1, ¢) * Leia:u(c,u, 2) x ss(Aq iui Ag) * Is_irreiq 1, (2, A2, null)
A (1 + len(A2) + [toadd Thrds(tidset(L2))| < aux) A ¢(aux — 1) A (u < e < MAX) A arem(ADD) A (e = E)
8

{ P{(c) A arem(ADD) A (e =E) }
9 <u := c.data; aux := metric(p)>;
{P3 Aarem(ADD) A (e =E) }
{ P3 Aarem(ADD) A (e = E) A {(aux) }
10 while (u < e) {
{P3AO(aux — 1) A (u < e) Aarem(ADD) A (e =E) }
11 <ci := getAndInc(c.lnext); c.ticketc; := cid>;
3z, A1, v, Ao, L1, 1, tl',La, n1,n. toaddciq (true) * Is_irrcia 1, (Head, A1, p) * Leianu(p, v, ) x ss(A1 vius Ag)
*thyr cigeny n (€0, 2) % Isiirreia 1, (2, A2, mull) A (1 + len(Az) + [toadd Thrds(tidset (/' 4-L2))| < aux)
AQ(aux — 1) A (ci =n) A (u < e < MAX) A arem(ADD) A (e =E)
12 <co := c.lowner>;

{p2}

13 while (ci <> co) {

14 <co := c.lowner>;
15 }
{r:}
16 <p.lowner++>;
{Hz. ph(c, z)}
17 p :=c;
18 Cc := p.next;
{p(p.c)}
19 <u := c.data; aux := metric(p)>;

{ P3 A arem(ADD) A (e = E) A {(aux) }
20
{P3 A (e <u)Aarem(ADD) A (e =E) }

21 ...

Figure 58. Proof outline for add (2).
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Py

77 def
Py =

13

14

15

def

3z, A1,v, Aa, Ly, 1,1, La, n1,n. toaddeiq(true) * Is_irrcia 1, (Head, A1, p) * Leig:u(p, v, ©)
*thyr ciq egng n (G0, 2) ¥ Isirreia 1, (2, A2, null) * ss(Aq viu Ag) A (u < e < MAX)

A (co <m1) A (ci=n)A(1+len(A2) + [toaddThrds(tidset(s/’ +L2))| < aux)

def

3z, A1,v, Ao, L1, 1l, Ly. toaddcig(true) * Is_irrciq 1, (Head, A1, p) * Leiq:a(p, v, ©)
s Lesa(c,u, 2) * Is_irreiq 1, (2, A2,null) * ss(Aq :vu Ag) A (u < e < MAX)
A (1 +len(A2) + |toaddThrds(tidset(L2))| < aux)

def

3z, A1,v, Ag, Ly, tl,ny. toaddcig(true) * Is_irrciq 1, (Head, A1, p) * Leia:u(p, v, c)
* Leiazng (€51, 2) * Is_unlocked(z, A2, null) # ss(Aq v ui Ag) A (u < e < MAX)
A(co <ni)A(ci=mn1)A(1l+len(A2) < aux)

{p2}
{ P2 A arem(ADD) A (e = E) A {(ci — co) }
while (ci <> co) {
{ (P2 AO(ci—co) VPY Ad(ci — (co+1))) A(ci # co) Aarem(ADD) A (e =E) }
<co := c.lowner>;
{ P2 A arem(ADD) A (e =E) A {(ci —co) }
}
{ P} A arem(ADD) A (e =E) }

{ry}

21

22

23

24
25
26
27

28

Figure 59. Proof outline for add (2) — the loop at lines 13-15.

{P3 A (e <u)Aarem(ADD) A (e =E) }
3z, A1,v, Aa, L1, 1l,tl', Ly. toaddciq(true) * Is_irrcia 1, (Head, A1, p) * Leianu(p, v, ©)
* Nirresq g (c,, 2) * Isiirreiq 1, (2, A2,null) # ss(Ag viu Ag) A (v < e <u) A (e < MAX) A arem(ADD) A (e = E)

if (u '=e) {
{ 3z, A1, v, Az, L1, 1l, 1l Ly. toaddciq(true) * Is_irrcia 1, (Head, A1, p) * Leiqru(p, v, ©)

* NLirrgsq o (c,u, 2) * Istirreia r, (2, A2, null) * ss(Ap:vu A2) A (v < e <u) Aarem(ADD) A (e =E)

x := cons(0, 0, e, c);

Iz, A1, v, A, Ly, tl, 1l L. toaddciq(true) * Is_irrcia,z, (Head, A1, p) * Leiara(p, v, c) ¥ U(x, e, ¢)
* Nlirresq o (c,u, 2) * Isirreiq 1, (2, A2, null) # ss(Aq vu Ag) A (v < e < u) Aarem(ADD) A (e = E)

<p.next := x; toaddciq := false>;
{ 3z, A1, v, Ao, L1, 1,1l 1" | Ly. toaddciq(false) * Is_irrgiq,z, (Head, A1, p) * Leig:n(p, v, x)

j
}

}

* Nirresq o (%, €, ¢) % Nirrgsq g (c,u, 2) * Isirreia 1, (2, A2,null) * ss(Aq iveru: Ag) A arem(skip) A (R = true)

r := true;
} else {
<r := false; toaddciq := false>;

{ 3z, A1,v, Ao, Ly, 1l, L. toaddciq(false) * Is_irreiq 1, (Head, A1, p) * Leia:n(p, v, 2) }

* Is_irreia 1, (2, A2, null) * ss(Ay ::v:: A2) A arem(skip) A (r =R)

<p.lowner++>;

{3A, L. toaddciq(false) * Is_irrciq,; (Head, A,null) * ss(A) A arem(skip) A (r =R) }
{ P A arem(skip) A (r =R) }

return r;

}

Figure 60. Proof outline for add (3).

93



rmv(e) {

1 1local p, ¢, n, pi, po, ci, co, u, r, aux;
{P A (MIN < e < MAX) A arem(RMV) A (e =E) }

2 p := Head;

9 <u := c.data; aux := metric(p)>;
10 while (u < e) {
11 <ci := getAndInc(c.lnext); c.ticketc; := cid>;
19 <u := c.data; aux := metric(p)>;
20 }
{ 3z, A1, v, Az, Ly, 1l, 1l Ly. toaddciq(false) * Is_irrcia 1, (Head, A1, p) * Leig:u(p, v, ©) }
* Niirresq o (c,u, 2) * Isirreia 1, (2, A2, null) # ss(Arvzus A2) A (v < e <u) A (e < MAX) A arem(RMV) A (e = E)
21 if (u = e) {
{ 3z, A1,v, Az, Ly, 1l, 1l Ly. toaddciq(false)  Is_irrcia 1, (Head, A1, p) * Leig:u(p, v, ©) }
* Nlirresq o (c, e, 2) * Islirreiq 1, (2, A2,null) * ss(Ag :v:e:: Ag) A (e < MAX) A arem(RMV) A (e = E)
22 <ci := getAndInc(c.lnext); c.ticketc; := cid>;
3z, A1, v, Aa, L1, 1,1, La, n1,n. toaddciq (false)  Is_irrciq,z, (Head, A1, p) * Leig:u(p, v, €)
*thy ciq,eny n(Cs e, 2) *Istirreia 1, (2, A2, null) * ss(Aq ive: A2) A (e < MAX) A (ci = n) A arem(RMV) A (e = E)

23 <co := c.lowner>;
{ P4 Aarem(RMV) A (e =E) }
24 while (ci <> co) {

25 <co := c.lowner>;
26 }
{P; Aarem(RMV) A (e =E) }
27 n := c.next;
JA1,v, Aa, L1, Lo. toaddciq(false) * Is_irrciq 1, (Head, A1, p) * Leia:n(p, v, c)
s Leia(c, e,n) * Is_irreiq o (n, A2, null) *ss(Aq::v:ie:: Ag) A (e < MAX) A arem(RMV) A (e = E)
28 p.next := n;
3A1,v, A2, L1, 1, Lo. toaddciq(false) * Is_irreiq,r, (Head, A1, p) * Leia:n(p, v,n)
* Leia(c, e,n) * Is_irreiq 1, (n, A2,null) * ss(Aq ::v:: Ag) A arem(skip) A (R = true)
29 <p.lowner++>;

{3A, L. toaddcia(false) * Is_irrciq 1 (Head, A, null) * Leia(c, e, n) * ss(A) A arem(skip) A (R = true) }
30 dispose(c);
{3A, L. toaddcia(false) * Is_irrc;a 1 (Head, A, null) « ss(A) A arem(skip) A (R = true) }
31 r := true;
32 } else {
{ 3z, A1, v, Ag, L1, 11, Lo. toaddciq(false) x Is_irreia 1, (Head, A1, p) * Leiaa(p, v, 2) }
# Is_irrcia 1, (2, A2,null) x ss(Ay ::v:: Ag) A arem(skip) A (R = false)
33 <p.lowner++>;
{3A, L. toaddcia(false) * Is_irrciq, 1 (Head, A,null) * ss(A) A arem(skip) A (R = false) }
34 r := false;
35 }
{3A, L. toaddciq(false) * Is_irrciq, (Head, A,null) * ss(A) A arem(skip) A (r =R) }
{ P A arem(skip) A (r =R) }
36 return r;

Figure 61. Proof outline for rmv.
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Py = 3z, A1,v, Ao, Ly, tl,tl', L2, n1,n. toaddciq(false) * Is_irrcia,r, (Head, A1, p) * Leig:u(p, v, ©)

*thyr ciq,eny n(Cs e, 2) ¥ Istirreiq 1, (2, A2, null) * ss(Ag ive: A2) A (e <MAX) A (co <ny) A(ci=n)
3z, Aq1,v, A, L1, 1, Ly. toaddciq(false) * Is_irreiq,z, (Head, A1, p) * Leia:a(p, v, ©)
* Leia(c, e, 2) * Is_ifreia r, (2, A2, null) * ss(Aq v:e:: Ag) A (e < MAX)

P = 3z, A1,v, Aa,L1,1l,n1. toaddcia(false) x Is_irrciq 1, (Head, A1, p) * Leia:a(p, v, €)

* Leidgng (€, €, 2) * Is_unlocked(z, Az, null) * ss(Aj::v:ie:: Az) A (e < MAX) A (co < ni) A (ci=np)

(Ps N arem(RMV) A (e = E) A O(ci — co) A (ci # co) A Q2 * true)
= (P}’ A (ci # co) Aarem(RMV) A (e = E) A O(ci — (co + 1))) * (O(1) A emp)

Also remember Jy = (Rcia, [1]: Dcidf_% Q2)

{ P4 Narem(RMV) A (e =E) }
{ Py Narem(RMV) A (e =E) A O(ci —co) }
24 while (ci <> co) {
{ (P4 AQ(ci—co) VP Ad(ci— (co+1))) A(ci # co) Aarem(RMV) A (e =E) }
25 <co := c.lowner>;

{ Py A arem(RMV) A (e = E) A O(ci — co) }
26

}
{P; Narem(RMV) A (e =E) }

Figure 62. Proof outline for rmv — the loop at lines 24-26.
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D. Deadlock-free examples

In this section, we apply LiLi to verify objects implemented with test-and-set (TAS) locks.

D.1 Counter with TAS lock

The implementation df Inc is given in Fig.[T[b). Below we prove that it is linearizable with respect to the atomic operation INC and is also

starvation-free.

At the left of Fig.[63] we give the specification of the code; and at the right of the figure we show the proof outline. The proofs are similar
to the proof of the TAS lock in Sec. [£.3.2] though now we also take into account the resource of the counters x and X being protected.

def
I = unlocked * resource V locked

resource & (x = X)

unlocked & (L = 0)

def

locked = 3t. locked(t)

locked(t) & (L =t) A (t € TIDS)

def

envLocked(t) = 3t’. locked(t') A (t' # t)

Peiq &' inlocked * resource V envlLocked(cid)
Geta & (Lockesa V Unlockeia V Id) x 1d A (I x T)
Lockcigq &ef (unlocked * resource) x1 locked(cid)

Unlockeia & locked(cid) xo (unlocked  resource)

Deia = locked(cid) ~» (unlocked x resource)

& (locked(cid) * resource Ab) V (P A (=b) A #(1) A O(1))

def

= (unlocked = resource A (1) A ¢(0)) V (envLocked(cid) A 4(1) A O(1))

def

p
o
QY locked(cid) V unlocked * resource
J = locked(cid) V P

inc():
1 1local b, r;
{ P A (1) A arem(INC) }
2 b := false;
{p A arem(1NC) }
3 while (!b) {
{p' A arem(INC) }
4 b := cas(&L, 0, cid);
{p A arem(1INC) }

{locked(cid) * resource A arem(INC) }
6 r :=x; X :=r + 1;
{locked(cid) * (x = X + 1) A arem(INC) }
L := 0;
{ P A arem(skip) }

~

Figure 63. Proof outline of the counter with TAS lock.
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D.2 Two-lock queue with TAS lock

Below we prove that the two-lock queue implemented with TAS locks is deadlock-free. The implementation is shown in Fig.

The proofs are similar to the proofs in Sec. [C.5| where the locks are implemented using ticket locks. Fig.[63]defines the precise invariant,
the precondition, the rely and guarantee conditions and the definite action. Fig.[66]and Fig. [67]show the proof outlines. Note that the proofs for
the loops of acquiring the locks follow the proofs for the counter with TAS locks (see Sec. [D.T).

int deq() {
1 1local h, s, v, b;
2 b := false;
3 while (!'b) {
enq(v) { 4 b := cas(&Hlock, 0, cid);
1 1local x, b; 5 }
2 x := cons(v, null); 6 h := Head;
3 b := false; 7 s := h.next;
4 while ('b) { 8 if (s = null) {
5 b := cas(&Tlock, 0, cid); 9 Hlock := 0;
6 } 10 v := EMPTY;
7 Tail.next := x; 11 } else {
8 Tail := x; 12 v := s.data;
9 Tlock := 0; 13 Head := s;
} 14 Hlock := 0;
15 dispose(h);
16
17 return v;
}

Figure 64. Two-lock queue implementation with TAS lock.
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T ¥ 3h,z,s. (Head = h) * (Tail = z) * queue(s, h, z) * lock(Hlock) * locks(Tlock)

queue(s, h, z) = Jug, A. (Q = A) * (unlag(h, z,v4:: A) V (lag(h, z, , vg:: A) A (s # 0)) V (cross(h, vg:: A) A (s # 0)))
unlag(h,z, A) & Ju, A’. (A = A’ ::v) Als(h, A', 2) % N(z, v, null)

def

lag(h, z,z,A) = Fu,v', A’ (A= A’ :v:v') Als(h, A, 2) * N2(z, v, z, v, null)
def

cross(h, A) = Jv. (A =v::e) AN(h,v,null)
Is(z, A, y) o (z=yNA=¢€)V(x#yAIz,v,A. A=v: A AN(z,v,2) xIs(z, A’ ,y))

N(p,v,y) = (p.data=v)* (pnext =y) N2(p,v,,v",2) = N(p,v,y) * N(y, v, 2)
lock(l) £ 3s. locks (1) locks (1) & (1=s) lock_irre(1) £ Js. lock_irre (1) lock_irre s (1) & locks(1) A (s # 1)
unlocked(l) £ locko (1) locked(l) £ 3t. locked: (1) locked: (1) £ locke(l) A (t € TIDS)

P; = 3h,z,s. (Head = h) * (Tail = z) * queue(s, h, z) * lock_irr;(Hlock) * lock_irr¢ s (Tlock)

Ry = vt’;ﬁt Gt’
G E (Eng, V Swing, \V Deq, V LockH; V UnlockH; V LockT: v/ UnlockT: V Id) x Id A (I x I)

Eng, &

z,y, A, v,v . [locked;(Tlock) * (Tail = z)] * ((N(z,v,null) * (Q = A)) xo (N2(z,v,y,v’,null) * (Q = A::0"))

Swing, &
3z, v. [lockedt(Tlock) * N(z,v,null)] * ((Tail = ) x¢ (Tail = z))

Degq, &f

3z, y,z,v,v’, A. [locked;(Hlock)] * (((Head = x) * N2(z,v,y,v’,2) * (Q =v':: A)) xo ((Head = y) * N(y,v’, 2z) = (Q = A)))

def

LockH; =
[lock_irr¢(Tlock)] * (unlocked(Hlock) x; locked;(Hlock))

def

UnlockH: =
[lock_irr¢(Tlock)]  (lockedt(Hlock) x¢ unlocked(Hlock))

def

LockT: =
[lock_irr¢(Hlock)] * (unlocked(Tlock) x; locked:(Tlock))

def

UnlockT: =
3z, v. [lock_irr¢(Hlock) * (Tail = z) * N(z,v,null)] * (lockedt(Tlock) X unlocked(Tlock))

Dy & (dpHi ~ dqHz) A (dpTi ~ dqTt)

dpH;: % locked:(Hlock) x true A T dgH: & unlocked(Hlock) * true A T

dpTy & locked: (T1lock) * true A T dgTy & unlocked(Tlock) * true A T

Figure 65. Invariant, precondition, rely/guarantee and definite actions of the two-lock queue with TAS locks.
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P =

Py(z) =

def
3h, z,v4, A. (Head = h) * (Tail = z) * (Q = A) * unlag(h, z,v4:: A) * lock_irr¢(Hlock) * locked:(T1lock)
def

3h, z,v4, A. (Head = h) * (Tail = 2) * (Q = A) * (lag(h, z,z,v4:: A) V (cross(h,vq:: A) A (h = x))) * lock_irr¢(Hlock) * locked: (Tlock)

enq(v) {

1

2

IS

(¢4}

~

e

©

local x, b;
{PAarem(ENQ) A (v=V) A &(1) }
x := cons(v, null);
{ P+ N(x,v,null) A arem(ENQ) A (v = V) A #(1) }
b := false;
{((-bAPA®1)AO())V (b A P1))*N(x,v,null) A arem(ENQ) A (v = V) }
while (!b) {
b := cas(&Tlock, 0, cid);

}

{P1 % N(x,v,null) A arem(ENQ) A (v = V) }
Tail.next := x;

{ P5(x) A arem(skip) }

Tail := X;

{ P1 A arem(skip) }

Tlock := 0;

{ P A arem(skip) }

P
Py(h,z) &
Pj(h,,v) £

Pj(h,z,v) =

1(h) =

Figure 66. Proof outline for eng.

def

3z, s. (Head = h) * (Tail = z) * queue(s, h, z) * locked;(Hlock) * lock_irrt, s (TLock)

f

3z, A,s. (Head = h) * (Tail = z) * (Q = A) * N(h, ., x) * (unlag(z, z, A) V lag(z, z, -, A) A (s # 0)) * locked;(Hlock)  lock_irr¢ s (Tlock)
def

Jds. (Head = h) * (Tail = h) * (Q = v::€) * N2(h, _, z, v,null) * locked;(Hlock)  lock_irr s (Tlock) A (s # 0)

def

Jy, z,v, A, s. (Head = h) x (Tail = 2) * (Q = v:: A) * N2(h, _, x, v, y) * locked: (Hlock) * lock_irre, s (Tlock)
* ((x =2) A(y =null) A (A=¢€) Vunlag(y,z,A) V (z =2) AN(y,v",null) A (A =v"€) A (s £ 0) Vlag(y, z, -, A) A (s # 0))

int deq() {

1

2

3

4

5

6

7

8

9

10
11

12

local h, s, v, b;
{ P Aarem(DEQ) A (1) }
b := false;
{((-bAPA®1)AO(1))V (3h.bA P{(h))) A arem(DEQ) }
while (!'b) {
b := cas(&Hlock, 0, cid);
}
{3h. P{(h) A arem(DEQ) }
h := Head;
{P ( )/\arem(DEQ)}
s := h.next;
{ ((s =null) A Pj(h) A arem(skip) A (V = EMPTY)) V (P4(h,s) V Pi(h,s,)) A arem(DEQ) }
if (s = null) {
{ P{(h) A arem(skip) A (V = EMPTY) }
Hlock := 0;
{ P A arem(skip) A (V = EMPTY) }
v := EMPTY;
} else {
{(Pj(n,s)V Pj(h,s,)) A arem(DEQ) }
v := s.data;
{(P;(h,s,v) V Pj(h,s,v)) A arem(DEQ) }
Head := s;
{P{(s) * N(h, ,s) A arem(skip) A (v =V) }
Hlock := 0;
{P*N(h,_,s) Aarem(skip) A (v =V) }
dispose(h);
}
{ P Aarem(skip) A (v="1)}

return v;

Figure 67. Proof outline for deq.
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D.3 Lock-coupling list with TAS lock

Fig.[68]shows the code of the lock-coupling list implemented with TAS locks (where the auxiliary code for computing the metric of the list
traversal is shown in Fig.[69). We prove its deadlock-freedom.

Fig.[70]defines the precise invariant and the precondition. Fig.[71]defines the rely/guarantee conditions and the definite actions. These
definitions are similar to the ones for verifying the lock-coupling list with ticket locks (Appendix [C.6). Other figures in this section give the
proof outlines.

In the proofs, the only delaying action of a thread t is that t acquires the lock of the head node in the list. Thus each method is given one
4-token only. After acquiring the lock of the head node, the threads doing the operations stand in line. As a result, the list implementation will
become starvation-free so long as the lock of the head node is implemented using a ticket lock or a queue lock (even if the locks of other nodes
are implemented using TAS locks).

struct List {
struct Node *Head;

}

bool[] toadd; //initially all false

struct Node {
int lock;
int data;
struct Node *next;

initialize(){
Head := cons(0, MIN, null);
Head.next := cons(0, MAX, null);

¥ }
rmv(e) {
1 1local p, ¢, n, b, u, r, aux;
2 p := Head;
add(e) { 3 b := false;
1 1local p, ¢, x, b, u, r, aux; 4 while ('b) {
2 <p := Head; toaddciq := true>; 5 b := cas(p.lock, 0, cid);
3 b := false; 6 }
4 while (!b) { 7 ¢ := p.next;
5 b := cas(p.lock, 0, cid); 8 <u := c.data; aux := metricTAS(p)>;
6 1} 9 while (u < e) {
7 c := p.next; 10 b := false;
8 <u := c.data; aux := metricTAS(p)>; 11 while (!'b) {
9 while (u < e) { 12 b := cas(c.lock, 0, cid);
10 b := false; 13 3
11 while (!'b) { 14 p.lock := 0;
12 b := cas(c.lock, 0, cid); 15 p := c;
13 } 16 c := p.next;
14 p.lock := 0; 17 <u := c.data; aux := metricTAS(p)>;
15 p :=c; 18 }
16 Cc := p.next; 19 if (u=-¢e) {
17 <u := c.data; aux := metricTAS(p)>; 20 b := false;
18 } 21 while (!b) {
19 if (u '=e) { 22 b := cas(c.lock, 0, cid);
20 x := cons(0, e, c); 23 }
21 <p.next := x; toaddciq := false>; 24 n := c.next;
22 r := true; 25 p.next := n;
23 } else { 26 p-lock := 0;
24 <r := false; toadd.iq := false>; 27 dispose(c);
25 } 28 r := true;
26 p.lock := 0; 29 } else {
27 return r; 30 p.lock := 0;
} 31 r := false;
32 }
33 return r;
¥

Figure 68. Lock-coupling list with TAS lock.

100



int metricTAS(p){

1 local n, 1, ts, o, t;

2 n :=p.next; 1 := 0; ts := (;

3 while (n <> null) {

4 1++;

5 t := n.lock;

6 if (¢ '=0) {

7 if (toadd: = true) ts := tsU{t};
8 }

9 n := n.next;

10 }

11 1 :=1 + |tsl;
12 return 1;

}
o] < o ISUfz} = |S]+1
len(e) =) len(v:: A) o len(A) +1

def

toaddThrds(S) = {t | (t € S) A (toadd: = true)}

Figure 69. Auxiliary code to compute the metric for the list traversal.

A u=c¢€|v:A s =0t L :=c¢| s:L B € ThrdID — Bool

I ¥ 34, L. toadds = Is;(Head, A, null) * ss(A)

Peia ¥ 3A, L. toaddciq(false) x Is_irrciq ; (Head, A, null) * ss(A)

toadds & 3B. toadds(B) toadds(B) £ (@itoadd; = B(t))
toadd:(b) & 3IB. toadd: (b, B) toadde (b, B) £ (toadd: = b) * (®y 4 toaddy = B(t'))
ISL($7A7 y) g

(x=yNA=e¢ANL=¢cANemp)
Vz#£yANTz,v, A s,L'. A=v: A NL=s:L' ANNs(z,v,2) *ls;/ (2, A, y))

Is_irre 1 (z, A, y) o

(x=yANA=€eANL=c¢€ANemp)
V(z#yAIz,v, A s,/ A=v: AP ANL=s:L" ANLirr s(x, 0, 2) * Isirr 17 (2, A y))

def

Is_unlocked(z, A,y) =
(z=yANA=eNnemp) V (z£AyATz,v,A. A=v: A" ANU(z,v, 2) * Is_unlocked(z, A’, y))

Ns(p, v, y) ' locks (p) * (p.data = v) * (p.next = y)
N.irre, s (p, v, y) o lock_irre, s (p) * (p.data = v) * (p.next = y)
Ls(p,v,y) o lockeds(p) * (p.data = v) * (p.next = y)

def

Lirres(p,v,y) = (s # 1) ALs(p,v,0)
U(p,v,y) & unlocked(p) * (p.data = v) * (p.next = y)
locks(p) £ lockeds(p) V (s = 0 A unlocked(p)) lock_irre, s (p) £ Jocks (p) A (t # s)

locked:(p) & (p.lock = t) A (t € TIDS) unlocked(p) & (p.lock = 0)

s(A) & 347 (A = MIN:: A’ ::MAX) A sorted(A)

def

ss(A) = JA’. (A =MIN:: A’ ::MAX) A sorted(A) A (S = A)

td(A)dif true ifA=eVA=wv:e
sorte - (v1 < v2) Asorted(va:: A)  if A=wviuvg A

Figure 70. Invariant and precondition of the lock-coupling list with TAS lock.
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def

Gcid = (TOAddcid \ Addcid \2 FailedAddcid \ Rmvcid Vv LOCkHcid Vv LOCk2cid \2 Unlockcid Vv |d) * Id A (I X I)

ToAdd:; & 34,L. (Is_irr¢  (Head, A,null)] * ((toadd; = false) x (toadd; = true))

def

Add; =
3z, y, z,n,v,w,u,s,S.
((Le(z, v, 2) * (toadds = true) * (S = 95)) X (Le(z,v,y) * U(y,w, 2) x (toadd; = false) x (S = S U {w})))
* [NZirre s (z,u,n) A (v < w < u)]

FailedAdd, £ (toadd: = true) x (toadd: = false)

def
Rm Vi =

Jz,y, z,v,u, S. (Li(z,v,y) * Le(y, u, 2) * (S = SW{u}) A (u < MAX)) X (Li(z,v,2) * (S=15))

def

LockH:y =
3z, A, L. (U(Head, MIN, ) X1 L¢(Head,MIN,z)) * [Is_irr¢ (z, A, null)]

def

Lock2y =
3x7 Y, z, A7 v, U, AlyLz L. [Isfirrt,L(Headw Aa x) * Lt(x’ v, y)] * (U(y’ u, Z) X Lt(y7 u, Z))
* [(u < MAX) Alsirry 1/ (z, A’,null)]

def

Unlocky =
Jz,y, A, v, L. [Is_irry [ (Head, A, z)] * (Li(z,v,y) x U(z,v,y))

Deta 2 Va. dpcia(z) ~ dgeia(x)
dpt(x) o

Jy,z, A, v,u, A’, L. toadds x Is_irr¢ ; (Head, A, z) * L¢(z, v, y)

x (U(y,u, 2) V Lt (y,u, 2)) * Is_unlocked(z, A’,null) x ss(A:vu A')
dae(z) =

Jy,z, A,v,u, A’, L. toadds x Is_irry ; (Head, A, z) * U(z, v, y)

x (U(y,u, 2) V Le(y,u, 2)) * Is_unlocked(z, A’,null) x ss(A:vzu A')

Figure 71. Rely, guarantee and definite actions of the lock-coupling list with TAS lock.

(toadd, L) < (toadd’,L") iff one of the following holds:
(1) tidset(L) C tidset(L') , or
(2) 3S. (tidset(L) = tidset(L') = S) A
(toaddThrds(S, toadd) C toaddThrds(S, toadd")) , or
(3) 3S. (tidset(L) = tidset(L') = S) A
(Vt € S. (foadd(t) = toadd' (t))) A
(3"t g backpos(t,L) < 3, g backpos(t, L’))

(toadd, L) < (toadd', L") iff
3S. (tidset(L) = tidset(L') = S) A
(Vt € S. (toadd(t) = toadd’ (t))) A
(>"teg backpos(t, L) = 3, . g backpos(t, L))

tidset(e) & ¢

tidset(t::L) & {t} U tidset(L)
def

tidset((0)::L) = tidset(L)

def

toaddThrds(S, roadd) = {t | (t € S) A (toadd(t) = true)}

backpos(t, €) “o

oy det [ len(L) ift=s
backpos(t, s::L) = { backpos(t,L) ift#s

def

len(e) = 0

def

len(s::L) = 1+ len(L)

Figure 72. The well-founded order.
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f1(6) = (toadd, L) iff & = Jy(toadd,L)

Ji(toadd, L) & 32, A, s,L'. (L =s:L")
A toadds(toadd) * Ns(Head, MIN, z) * Is_irrc;q 1/ (2, A,null) * ss(MIN:: A)
def

J1 = 3B,Lo. J1(B, Ly)

Q1 ¥ 32, A. toadds * (Lcia(Head, MIN, 2) V U(Head, MIN, 2)) * Is_unlocked(z, A, null) * ss(MIN:: A)
f2(6) = (toadd, L) iff & = Ja(toadd,L)

Ja(toadd, L) Y 3 e, 2, A1, v,u, Ao, L1, s, Lo. (L=s:Lo)
A toadds(roadd) * Is_irrciq 1, (Head, A1, p) * Leia(p, v, ¢)
* Ns(c,u, 2) * Is_irreiq 1, (2, A2, null) * ss(Ag v iu:: Ag)

Jo = 3B, Lo. Ja(B, Lo)

def .
Q2 = 3p,c,z,A1,v,u, Az, Ly. toadds  Is_irreiq 1, (Head, A1, p) * Leia(p, v, ¢)
* (U(e,u, 2) V Leia(e, u, 2)) * Is_unlocked(z, A2, null) x ss(Aq :viu:: Ag)

def

G3 & (Lock2eia V Unlock2csa v Id) % Id A (I x I)

lef

Unlock2: uf
Jz,y, 2, A,v,u, L. [Is_irre [ (Head, A, )] * (Li(z,v,y) x U(z,v,9)) * [Le(y, u, 2) A (u < MAX)]

We can prove:

Ji = (Resa, [1]: Desa s Q1)
J2 = (Resa, [1]: Desa s Qa)
J2 = (Reia, G3: Dcidf—2> Q2)

Figure 73. The metrics.

p1 = 3z, A, L. toaddciq(true) * U(Head, MIN, z) * Is_irrciq (2, A,null) % ss(MIN:: A) A (p = Head)
p] = 3z, A, s, L. toaddcia(true) * L_irrcia,s (Head, MIN, 2) * Is_irrcia (2, A,null) * ss(MIN:: A) A (p = Head)
P P} (2)

Y (2) &f JA, s, L. toaddciq(true) * Leia(Head, MIN, 2) * Is_irrcig 1 (2, A, null) * ss(MIN:: A) A (p = Head)

1!
51

add(e) {
1 1local p, ¢, x, b, u, r, aux;
{P A (1) Aarem(ADD) A (MIN < e < MAX) A (e =E) }
2 <p := Head; toaddciq := true>;
{(p1Vp}) A #(1) Aarem(ADD) A (MIN < e < MAX) A (e =E)}
3 b := false;
{((pY AD)V (p1Vp))A—bA&()AO(1)) Aarem(ADD) A (MIN < e < MAX) A (e =E) }
while (!b) {
{((p1 A #(1) AO(0)) V (P} A 4(1) AO(1))) A arem(ADD) A (MIN < e < MAX) A (e =E) }
5 b := cas(p.lock, 0, cid);
{((P{ AB)V (p1 Vp|)A—bA&1)AO(L)) Aarem(ADD) A (MIN < e < MAX) A (e =E) }
¥

IS

{ P} Aarem(ADD) A (MIN < e < MAX) A (e =E) }
C := p.next;
{pY(c) Aarem(ADD) A (MIN < e < MAX) A (e =E)}

~

Figure 74. Proof outline for add (1).
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def
p2 =
3z, A1,v, A2, L1, s, La. toaddciq(true)  Is_irrciq 1, (Head, A1, p) * Leia(p, v, ¢) * Niirreia s (c,u, 2) * Is_irreia 1, (2, A2,null)
*ss(Ar mviuA2) A (14 len(Az2) + [toadd Thrds(tidset(s::L2))| < aux) A (v < e < MAX)
3z, A1,v, A, L1, La. toaddciq(true) * Is_irrciq 1, (Head, A1,p) * Leia(p, v, ¢) * Leia(c, u, 2) * Is_irrcia 1, (2, A2, null)
xss(Aqviui Ag) A (1 + len(Asz) + |toaddThrds(tidset(Lz))| < aux) A (u < e < MAX)

11/ def
p3 (Cz Z) =
JA1, A, L1, Lo. toaddciqa(true) * Is_irresq 1, (Head, A1, ¢) * Lesa(c, u, 2) * Isirreia 1, (2, A2, null)
xss(Aq1:uir Ag) A (1 + len(As2) + |toaddThrds(tidset(L2))| < aux) A (u < e < MAX)

T ...
{py(c) Aarem(ADD) A (MIN < e < MAX) A (e =E)}
<u := c.data; aux := metricTAS(p)>;
{p2 A O(aux) A arem(ADD) A (e =E) }
9 while (u < e) {
{p2 A O(aux — 1) A (u < e) Aarem(ADD) A (e =E) }
10 b := false;
{ (P4 AbVpaA(u<e)A-b)AO(aux — 1) A arem(ADD) A (e = E) }
11 while (!'b) {
12 b := cas(c.lock, 0, cid);
13

8

}
{p4’ A O(aux — 1) A arem(ADD) A (e =E) }
14 p-lock := 0;
{3z.p4'(c,z) A O(aux — 1) A arem(ADD) A (e =E) }
15 p :=¢;
16 Cc := p.next;
{p4'(p,c) A O(aux — 1) A arem(ADD) A (e =E) }

17 <u := c.data; aux := metricTAS(p)>;
{p2 A O(aux) A arem(ADD) A (e =E) }
18
{p2 A (e <u) Aarem(ADD) A (e =E) }
19 ...
Figure 75. Proof outline for add (2).
s def
Py =
3z, A1,v, A, Ly, Lo. toaddciq(true) * Is_irreiq 1, (Head, A1,p) * Leia(p, v, ¢) * U(c,u, 2) * Is_irrcig 1, (2, A2, null)
*ss(Ar mvnuiA2) A (14 len(Az) + |toaddThrds(tidset(s::L2))| < aux) A (u < e < MAX)
Py =

3z, A1,v, A2, L1, s, La. toaddciq(true) * Is_irrciq 1, (Head, A1,p) * Leia(p, v, ¢) * Liirrcia,s(c,u, 2) * Is_irrcia 1, (2, A2, null)
xss(Aqviui Ag) A (1 + len(Az) + |toaddThrds(tidset(s::L2))| < aux) A (u < e < MAX)

{ (Y AD)V (p2 A (u< e) A-b)}
{(PY AB)V (p2 A (u<e) A=bAG(L)}
11 while (!'b) {
{(y A 0(0) V (py A O(D)) }

12 b := cas(c.lock, 0, cid);
{4 AB)V (p2 A(u<e)A=bAQ(1))}
13 }
{pg/}

Figure 76. Proof outline for add (2) — the loop at lines 11-13.
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20

21

22
23
24
25

26

{p2 A (e <u) Aarem(ADD) A (e =E) }

3z, A1,v, Ao, Ly, s, L. toaddcig(true)  Is_irrcia 1, (Head, A1, p) * Leia(p, v, ©) * Niirreia,s(c,u, 2)
* Is_irreia i, (2, A2,null) x ss(Avu A2) A (v < e <u) A (e < MAX) A arem(ADD) A (e = E)

if (u !'=-e) {

3z, A1, v, Ag, L1, s, Lo. toaddeia(true) * Is_irrcia r, (Head, A1,p) * Lesa(p, v, ¢) * N.irreia,s(c, u, 2)
# Is_irrcia 1, (2, A2,null) * ss(Ayvu: Ag) A (v < e < u) Aarem(ADD) A (e =E)

x := cons(0, e, c);

3z, A1,v, A, L1, s, La. toaddciq(true) * Is_irrciq,r, (Head, A1, p) * Leia(p, v, ¢) * U(x, e, c) * Niirrcia, s(c,u, 2)
s ls_irrcia 1, (2, A2, null) x ss(Aq mvu Ag) A (v < e < u) Aarem(ADD) A (e =E)

<p.next := x; toaddciq

{Hz, Ai1,v,A2,Ly, s, L. toaddciq(false) * Is_irrcia 1, (Head, A1, p) * Leia(p, v, %) * U(x, e, ¢) * Niirrciq,s(c,u, 2)

:= false>;

*Isirrcia 1, (2, A2, null) * ss(Ay v:eu: Az) A arem(skip) A (R = true)

r := true;
} else {
<r := false; toaddciq

:= false>;

}
3z, A1,v, A2, L1, s, La. toaddciq(false) * Is_irreiq, 1, (Head, A1, p) * Leia(p, v, 2)
s« s_irrcia 1, (2, A2, null) x ss(Aq ::v:: Ag) A arem(skip) A (r =R)

p-lock := 0;

{3A, L. toaddcia(false) * Is_irrciq 1 (Head, A, null) * ss(A) A arem(skip) A (r =R) }

{ P Narem(skip) A (r =R) }

return r;

}

}

j
}

Figure 77. Proof outline for add (3).
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def
pa =
3z, A1,v, A2, L1, Lo. toaddciq(false) * Is_irrciq 1, (Head, A1, p) * Leia(p, v, ¢) * U(c, e, 2)
* Is_irrciq 1, (2, A2,null) x ss(A1 v:ie: Ag

, def
Py =
3z, A1,v, A2, L1, s, La. toaddciq(false) x Is_irrciq 1, (Head, A1,p) * Leia(p, v, ¢) * Liirrcia s(c, e, 2)
s Is_irrcia i, (2, A2,null) x ss(Aq mvie: Ao
def
Py =
3z, A1,v, Aa, L1, La. toaddcia(false) * Is_irrciq,r, (Head, A1, p) * Leia(p, v, €) * Leia(c, e, 2)
® Isirrcia 1, (2, A2,null) xss(Ayvie: Ag
rmv(e) {

1 1local p, ¢, n, pi, po, ci, co, u, r, aux;
{P A#(1)AMIN < e < MAX) A arem(RMV) A (e =E) }
2 p := Head;

8 <u := c.data; aux := metricTAS(p)>;
9 while (u < e) {
18 }
{EIZ7 Atr,v,A2,L1,s,Ls. toaddciq(false) * Is_irrciq 7, (Head, A1, p) * Leia(p, v, ¢) * Niirreia s (¢, u, 2) }
s« Is_irrcia 1, (2, A2,null) x ss(Ay mvus As) A (v < e <u) A (e < MAX) A arem(RMV) A (e =E)
19 if (u=-¢e) {
3z, A1,v, A2, L1, s, La. toaddciq(false)  Is_irrcia 1, (Head, A1,p) * Leia(p, v, ¢) * Niirreia,s(c, e, 2) }
w Is_irrcia 1, (2, A2,null) s ss(Ayvize:: Ag) A (e < MAX) A arem(RMV) A (e = E)
20 b := false;
{((p{ AD)V (paVply) A=bAO(1)) A (e < MAX) A arem(RMV) A (e = E) }
21 while (!'b) {
{((pa A O(0)) V (py A O(1))) A (e < MAX) A arem(RMV) A (e =E) }
22 b := cas(c.lock, 0, cid);
{((pf AB)V (paVpy) A=bAO(1)) A (e < MAX) A arem(RMV) A (e = E) }
23 }
{p{ A (e <MAX) A arem(RMV) A (e =E) }
n := c.next;
{ElAl, v, Az, L1, Ly. toaddciq(false) * Is_irrcia 1, (Head, A1,p) * Leia(p, v, ©) * Leia(c, e,n) }
* Is_irrcia 1, (n, A2, null) xss(Ay:vize:: Ag) A (e < MAX) A arem(RMV) A (e = E)
25 p.next := n;
{HAl, v, Ag, L1, Lo. toaddciq(false) * Is_irrciq,r, (Head, A1,p) * Leia(p, v,n) * Lesa(c, e,n) }
s ls_irrcia 1, (n, A2, null) * ss(Aq ::v:: Ag) A arem(skip) A (R = true)
26 p.lock := 0;
{3A, L. toaddcia(false) * Is_irrciq . (Head, A,null) * Leia(c, e, n) * ss(A) A arem(skip) A (R = true) }
27 dispose(c);
{3A, L. toaddcia(false) * Is_irrciq 1 (Head, A,null) * ss(A) A arem(skip) A (R = true) }
28 r := true;
29 } else {
{ 3z, A1,v, Aa, L1, Ly. toaddcia(false)  Is_irrciq r, (Head, A1, p) * Leia(p, v, 2) }
*Is_irrcia 1, (2, A2, null) x ss(Aq ::v:: Ag) A arem(skip) A (R = false)
30 p.lock := 0;
{3A, L. toaddciq(false) * Is_irrciq  (Head, A,null) * ss(A) A arem(skip) A (R = false) }
31 r := false;
32

24

}
{3A, L. toaddcia(false) * Is_irrciq 1 (Head, A, null) * ss(A) A arem(skip) A (r =R) }
{ P ANarem(skip) A (r =R) }

33 return r;

Figure 78. Proof outline for rmv.
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D.4 Optimistic list with TAS lock

Fig.[79]shows the code of the optimistic list implemented with TAS locks (where the auxiliary code is in red). In the optimistic list, a thread
traverses the list without taking any locks, and when finding the candidate nodes, it locks the nodes and validates that they are still in the list
and adjacent. If the validation fails, the nodes are unlocked and the operation is restarted. The code we show here is an optimized version of
the code we discussed in Sec.[/] In Fig. the thread locks only one node p before validation. It does not lock c until the thread is going to
remove c at line 35. We prove it is deadlock-free.

Fig.[80]defines the precise invariant and the precondition. Fig. [8T]defines the rely/guarantee conditions and the definite actions. Other
figures in this section give the proof outlines.

intSet gn; //initially empty Stzz;zcilzzdi *Hoad:

struct Node { ¥

int lock; initialize(){
int data;
struct Node *mext: Head := cons(0, MIN, null);
} ’ Head.next := cons(0, MAX, null);
}
rmv(e) {
1 local p, ¢, n, s, done, b, w, v, u, r;
add(e) { 2 do?e := false;
3 while (!done) {
1 1local p, ¢, x, s, done, b, w, v, u, r;
il 4 p := Head;
2 done := false; 5 c = next:
3 while (!'domne) { P :
4 .= Head: 6 u := c.data;
P ; 7  while (u < e) {
5 C := p.next; 8 = s
6 u := c.data; 9 E T c’next'
7 while (u < e) { ) : ?
10 u := c.data;
8 p :=c;
9 c := c.next; 1 ¥
10 u T c'zafat 12 b := false;
1 } ’ ) ’ 13 while (!b) {
12 b := false: 1: ) b := cas(p.lock, 0, cid);
13 while (!'b) { 16 v = p.data:
14 b := cas(p.lock, 0, cid); =P ’
17 s := Head;
15 }
16 - data: 18 w := s.data;
= b ; 19 while (w < v) {
17 s := Head;
20 S := s.next;
18 w := s.data; 21 @ := s.data:
19 while (w < v) { 29 } ’ ’ ’
20 8 = 8.next; 23 if (s = p & p.next = c) {
21 w := s.data;
24 done := true;
22 ¥ 25 } else {
23 if (s = p && p.next = c) {
26 p.lock := 0;
24 done := true;
27 }
25 } else {
26 lock := 0; 28}
P- = 29 if (u=e) {
27 }
28 } 30 b := false;
. 31 while (!b) {
29 if (u '=e) { .
32 b := cas(c.lock, 0, cid);
30 x := cons(0, e, c); 33 }
31 p.next := x;
39 T = true: 34 n := c.next;
) ’ 35 <p.next :=mn; gn := gn U {c}>;
33 } else {
36 c.lock := 0;
34 r := false;
37 r := true;
35 }
38 1} else {
36 p.lock := 0;
39 r := false;
37 return r;
3 40 }
41 p.lock := 0;
42 return r;
}

Figure 79. Optimistic list with TAS lock.
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An=c¢€|v:A s =0t L= €| s:L B € ThrdID — Bool

def def

0] < o0 |SU{z} £ [S|+1 len(e) £ 0 len(v::A) < len(A) + 1

def

I = 3A,L.Isp(Head, A,null) * ss(A) x garb

def

P, = 3A,L.Isirry ; (Head, A, null) * ss(A) * garb

garb £ @ucN (7, )

ISL($7Ayy) 2
(x=yANA=€eAL=€eAemp)
V(x#yAIz,v, Al s,L'. A=v:: A NL=s:L ANNg(z,v,2) *ls;/ (2, A, y))

Is_irre 1 (x, A, y) o

(r=yANA=eANL=¢cAemp)
V(z#yAIz,v, A s, L/ A=v: AP NL=s:L' ANLirre s(z, v, 2) * Is_irr 1/ (2, A, y))

Is_unlocked(z, A, y) &

(z=yANA=enemp) V (x £ZyATz,v,A". A=v: A’ AU(z,v, 2) * Is_unlocked(z, A’, y))

Ns(p,v,y) & locks(p) * (p.data = v) * (p.next = y)
N-irre,s (p, v, y) o lock_irry, s (p) * (p.data = v) * (p.next = y)
Ls(p,v,9) & locked,(p) * (p.data = v) * (p.next = y)

Liirre,s(p,v,y) = (s # 1) A Ls(p,v,9)

def

U(p,v,y) = unlocked(p) * (p.data = v) * (p.next = y)

locks(p) £ lockeds(p) V (s = 0 A unlocked(p)) lock_irre s (p) & locks(p) A (t  s)

lockedt(p) & (p.lock = t) A (t € TIDS) unlocked(p) & (p.lock = 0)

s(A) & 34’ (A = MIN:: A’ ::MAX) A sorted(A)

def

ss(A) = JA’. (A =MIN: A’ ::MAX) A sorted(A) A (S = A')

rted(A) def true ifA=eVA=wv:e
sorte - (v1 < wv2) Asorted(ve:: A’) If A=wviuveu A

Figure 80. Invariant and precondition of the optimistic list with TAS lock.

As for the lock-coupling list, the invariant I defined in Figure[80]requires the concrete list to be sorted and its elements to constitute the
abstract set S. Since the optimistic algorithm ignores the locks when traversing the list, it may access nodes that have been removed from the
list. Thus we cannot dispose removed nodes as in the lock-coupling list. Instead, we need to introduce a write-only auxiliary variable gn to
remember those removed nodes (see line 35 in Fig. [79). The precise invariant I should include those nodes (garb).

As shown in Figure@ the delaying actions of a thread t are stratified. The Add and Rmv actions which update the list are classified at
level 2. The lock acquirements Lock are at level 1. The Unlock actions are not delaying actions.

The definite actions D describe the various scenarios under which the lock release would definitely happen. Note that it also includes the
lock release actions on removed nodes.

The add method is given #(1, 1) initially, where the 2-level #-token is for doing Add and the 1-level ¢-token is for doing Lock. Fig.
and Fig. @ show the proof outlines. Note that when the environment threads perform Add or Rmv, the current thread could gain more 1-level
4-tokens (by the stability checking) so that it can rollback and re-do its Lock action. In the proofs, the assertions for inner loops are in cyan
color, to be distinguished from the assertions for the outer loop. As we mentioned, we apply the (HIDE-{) rule to reuse the proofs of the inner
loop at the outer loop, which allows us to discard the tokens of the inner loop. Following earlier work [23]], we also provide the (FR-CONJ) rule
to add back the original tokens of the outer loop.

The rmv method is given 4(1, 2) initially, where the 2-level #-token is for doing Rmv and the two 1-level #-tokens are for doing the two
Lock actions respectively. The proof in Fig.[84]is similar to the proof of the add method.
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Ry = th?ft Gt’
Gt = (Add: V Rmv V Lockt V Unlocky vV Id) x Id A (I x I)

def

Addy =
337,?{72,”,”,“’,“,5,5- ((Lt(:r,v7z) * (S = S)) X2 (Lt(m77~)7y) * U(y7w7z) * (S =Su {'Ll)})))
* [Niirre, s (z,u,m) A (v < w < u)]

def
Rmvy =

Jz,y,2,v,u,5,Sg. (Le(z,v,y) * (gn = Sg) * (8 = SW{u}))
X2 (Le(z,v,2) * (gn = Sg U {y}) * (8 =5)) = [Le(y,u, 2) A (u < MAX)]

def

Locky =
3z, y,v. U(z,v,y) x1 Le(z,v,9)

def

Unlocky =
393711:1* Lt(a:,v,y) X U($,’U,y)

def

Dcid = (VQ} dplcid(x) o dqlcid(x)) AN (V.’E dp2cid(w) > dq2cid(x))

def

dpli(z) =
Jy, 2, A,v,u, A', L. Is_irry ; (Head, A, x) * Le(z,v,y) * (U(y,u,2) V Le(y,u, 2)) * Is_unlocked(z, A’, null) * ss(A::v::u:: A’) * garb
def

dqli(z) =
Jy, A,v, A’, L. Is_irr 1 (Head, A, z) * U(z, v, y) * Is_unlocked(y, A’,null) « ss(A::v:: A’) x garb
def

dp2¢(z) =
JA,L, Sg. Isp(Head, A,null) * ss(A) * (gn = Sg W {z}) * (®yes,N_(y,-,-) * Le(z, -, -)

def

dq2i(z) =
JA,L, Sg. Isp(Head, A,null) * ss(A) * (gn = Sg W {z}) * (®yes,N_(y,-,-) * U(z, -, )

Figure 81. Rely, guarantee and definite actions of the optimistic list with TAS lock.
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findLocked(z, v, y,u) =

p1(v, A2,81) =

def

3z, A, A, s, L. Is_irrcig 1 (Head, A, x) * Lesa(z, v, y) * Niirrcia,s (Y, u, 2) * Is_irrcia (2, A’,null) * ss(A::vu A) * garb

def

3z, A1, L1, s,La. Isirreiq 1, (Head,

Py (v, Az, s1) &

3z, z,8,La. Ngy (p, v, z) * N_irrciq,

A1,p) * Ng; (p,v, ) * Niirreia,s(c,u, 2) * Is_irrciq 1, (2, A2, null) s ss(Aq ;v :iui: Ag) * garb

s(c,u, z) * Is_irrcia 1, (2, A2, null) * true

Ape€gnVcegnV I, AL Isirrgiq s (z,0" A, ) * true)

def

p2(v) = JAz. p2(v, A2) p2(v, A2) & Js1. P Ap1(v, Az, 51) A (s1 # cid) ps(v) & 3Ag. P/ Ap1(v, Ag, cid)
ph(v) def JAz. ph(v, A2) ph(v, A2) &f 3s1. P Ap) (v, A2, s1) A (s1 # cid) ph(v) &f JAz. P’ A p (v, Az, cid)
pa(A2) &

Az, A1,L1,s,La. Is., (Head, A1, s)

, def
py(A2) =
3z, 8, L. Niirrcia,s(s,w, z) * Is_irrcia 1, (2, A2, null) * true A (s € gn)

add(e) {

1

2

3

[¢]

11

12

13
14
15

16
17
18

19
20
21
22

23

24

25
26

local p, ¢, x, s, done, b, w,
{P A 4(1,1) A arem(ADD) A (MIN <
done := false;

* Ns(s,w,2) * Isp, (2, A2, null) x ss(Ap :w:: Ao) x garb

v, u, r;
e <MAX) A (e =E)}

{(—done A P A 4(1,1) A$(1) V Fu. done A findLocked(p, v, c,u) A 4(1,0) A (v < e < u)) Aarem(ADD) A (MIN < e < MAX) A (e =E) }

while (!done) {

{—done A P A #(1,1) A arem(ADD) A (MIN < e < MAX) A (e =E) }

p := Head;

C := p.next;

u := c.data;

{ —done A Jv, Ag (p2(v, Ag) X}
{ﬁdone/\ Fv, 4 (p2(v,A2) A &

while (u < e) {
{ﬁdone A Jv, Aa. (p2(v, Ag) A

P = c;
C := c.next;
u := c.data;

{—done A Jv, Aa. (p2(v, A2) A
}

(1,1) Vph(v, A2) A 4(1,2) AO(1)) A (v < e < MAX) A arem(ADD) A (e =E) }
(1,1) Vph(v, A2) A 4(1,2)) AO(L +len(A2)) A (v < e < MAX) A arem(ADD) A (e =E) }

¢(1,1) Vv phv, A2) A #(1,2)) A O(len(A2)) A (u < e < MAX) A arem(ADD) A (e =E) }

#(1,1) Vph(v, A2) A 4(1,2)) AO(1 +len(A2)) A (v < e < MAX) A arem(ADD) A (e =E) }

{ —done A Fv. (p2(v) A #(1,1) V ph(v) A #(1,2) AO(1)) A (v < e < u) Aarem(ADD) A (e =E) }

b := false;
{—\done/\Elv (b A (p3(v) A

)

4(1,0)
A (v < e <u)Aarem(ADD) A (e =
)

—done A Jv. (b A (p3(v) A 4(1,
A (v < e <u)Aarem(ADD) A (e
while (!b) {

b := cas(p.lock, 0, cid);
}

0 Vz;J 5(0) A (1, 1) AO(1) V=b A (p2(v) A #(1,1) V py(v) A 4(1,2) AO(1)))
E

0 V; ')/\0(1,l))\/ﬁb/\(7)2(1‘)/\0(1.1)\/]')fz(zr)/\O(l.Q))/\Q(l))}
E

{ —done A Jv. (p3(v) A #(1,0) V ps(v) A #(1,1) AO(1)) A (v < e < u) Aarem(ADD) A (e =E) }

v := p.data;
s := Head;
w := s.data;

{~done A 3A5. (pa(As) V ply(As
{ —done A 3A42. (pa(A2) V Py (A2
while (w < v) {

s := s.next;

w := s.data;

}

{—\done ATJAs. (pa(A2) V pl (A2

if (s = p && p.next = c) {
{—\done Ap3(v) A 4(1,0) A (v

)) A (p3(v) A 4(1,0) V p5(v) A #(1,1) AO(1)) A (v < e < u) Aarem(ADD) A (e =E) }
) AO(L+len(A2)) A (p3(v) A 4(1,0) V ph(v) A 4(1,1)) A (v < e <u) Aarem(ADD) A (e =E) }

) A (p3(v) A 4(1,0) V pi(v) A #(1,1) AO(1)) A (v <w) A (v <e<u)Aarem(ADD) A (e =E) }

<e <u) Aarem(ADD) A (e =E) }

{ done A findLocked(p, v, c,u) A 4(1,0)) A (v < e < u) Aarem(ADD) A (e =E) }

done := true;
} else {
p.lock := 0;

{—done A P A #(1,1) AO(1) A arem(ADD) A (MIN < e < MAX) A (e =E) }

}

}
{3v. findLocked(p, v, c,u) A 4(1,0) A

(v<e<u)Aarem(ADD) A (e =E) }

Figure 82. Proof outline for add (1).
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5 &t Ju, z, e. findLocked(p, v, z, €)

{Jv. findLocked(p, v, c,u) A #(1,0) A (v < e < u) Aarem(ADD) A (e =E) }
29 if (u !=-e) {
{3Jv. findLocked(p, v, c,u) A 4(1,0) A (v < e < u) Aarem(ADD) A (e =E) }

30 x := cons(0, e, c);
31 p.next := x;
32 r := true;
{ps A arem(skip) A (r =R) }
33 3} else {

{Jv. findLocked(p, v, c,u) A 4(1,0) A (e = u) A arem(ADD) A (e =E) }
34 r := false;
{ ps A arem(skip) A (r =R) }
35
{ps A arem(skip) A (r =R) }
36 p.lock := 0;
{ P A arem(skip) A (r =R) }
37 return r;

Figure 83. Proof outline for add (2).

adjLocked(z,v,y,u, 2) =

JA, A’ L. Is_irrciq 1 (Head, A, x) * Leia (2, v, y) * Leia(y, w, 2) * Is_irrciq (2, A’,null) x ss(A:viu A') x garb

rmv(e) {
1 1local p, ¢, n, s, done, b, v, u, r;
{P A &(1,2) Aarem(RMV) A (MIN < e <MAX) A (e =E)}
2 done := false;
3 while (!done) {
28 }
{Jv. findLocked(p, v, c,u) A #(1,1) A (v < e < u < MAX) A arem(RMV) A (e =E) }
29 if (u=-e) {
{findLocked(p, -, c,e) A #(1,1) A arem(RMV) A (e = E < MAX) }
30 b := false;
31 while (!b) {

32 b := cas(c.lock, 0, cid);
33 }

{3z. adjLocked(p, -, c, e, z) A #(1,0) A arem(RMV) A (e = E < MAX) }
34 n := c.next;

{adjLocked(p, , c,e,n) A 4(1,0) A arem(RMV) A (e = E < MAX) }
35 <p.next :=mn; gn := gn U {c}>;

{ps A arem(skip) A (R = true) }
36 c.lock := 0;

37 r := true;
{ps A arem(skip) A (r =R) }
38 } else {

{3v. findLocked(p, v, c,u) A #(1,1) A (v < e < u) Aarem(RMV) A (e =E) }
39 r := false;
{ps A arem(skip) A (r =R) }
40 }
{ps A arem(skip) A (r =R) }
41 p.lock := 0;
{ P Aarem(skip) A (r =R) }

42 return r;

Figure 84. Proof outline for rmv.
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D.5 Lazy list with TAS lock

Fig.|85|shows the code of the lazy list implemented with TAS locks (where the auxiliary code is in red). We prove it is deadlock-free.

Similar to the optimistic list, in lazy list, a thread traverses the list without taking any locks, and when finding the candidate nodes, it locks
the nodes and validates that they are still in the list and adjacent. But now every node in the concrete list has an additional mark field. The
rmv (e) method first logically removes the node by setting its mark field before the physical removal (unlinking it from the list). Since we
mainly focus on progress properties, here we only show the proofs for the add and rmv methods, which involve blocking operations (i.e.,
lock acquirements). The contain method of the lazy list does not acquire locks. It can be verified using earlier technique for linearizability
verification (e.g., [21}130]]), and we omit its proofs here.

Fig.[86defines the precise invariant and the precondition. Fig. [87] defines the rely/guarantee conditions and the definite actions. Other
figures in this section give the proof outlines.

As for the optimistic list, we introduce a write-only auxiliary variable gn to remember the removed nodes. We also introduce the auxiliary
variable tmark for each thread to indicate whether the thread has performed marking but has not perform the physical removal.

bool[] tmark; //initially all false

struct List {
intSet gn; //initially empty struct Node *Head;
}
struct Node {

int lock; initialize(){
int data; Head := cons(0, MIN, null, false);
struct Node *next; Head.next := cons(0, MAX, null, false);
bool mark; }
}
add(e) { rmv(e) {
1 local p, ¢, n, done, b, u, r;
1 local p, ¢, x, done, b, u, r;
2 done := false;
2 done := false; .
X 3 while (!'done) {
3 while (!'done) {
_ 4 p := Head;
4 p := Head; _
_ 5 Cc := p.next;
5 C := p.next; _
6 u := c.data;
6 u:=c.data; 7  while (u < e) {
7 while (u < e) { -
8 = e 8 p=c;
P ’ 9 c := c.next;
9 Cc := c.next;
10 u := c.data;
10 u := c.data;
11} o
12 b := false;
12 b := false; .
: 13 while (!b) {
13 while (!'b) { 14 b := cas(p.lock, 0, cid);
14 b := cas(p.lock, 0, cid); : p- > ’
15 } 15 }

16 b := false;

16 b := false; 17 while (!b) {

17 while (!b) {

18 b := cas(c.lock, 0, cid); 13 } b := cas(c.lock, 0, cid);
19 ¥
i 1 1 =
20 if (!p.mark && !'c.mark &% p.next = c) 20 if (‘p.mark && lc.mark && p.next = c)
21 done := true;
21 done := true;
22 else {
22 else {
23 p.lock := 0;
23 p.lock := 0;
24 c.lock := 0;
24 c.lock := 0;
25 }
25 }
26 }
26 T .
27 if (u =e) {
27 c.lock := 0;
. 28 <c.mark := true; tmarkciqg := true>;
28 if (u '=e) {
29 x := cons(0, e, c, false); 29 n i= C.next;
. IO > 30 <p.next := n; gn := gn U {c}; tmarkciqa := false>;
30 p.next := x;
31 r := true;
31 r := true;
32 } else {
32 } else {
33 r := false;
33 r := false; 34 3}
34 3}

35 p.lock := 0; 35 p.lock := 0;

36 return r; 36 c.lock := 0;
} 37 return r;

}

Figure 85. Lazy list with TAS lock.
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An=c€|v:A su=0]t L = c¢€|s:L M :=¢€|b:M B € ThrdID — Bool
def def

=) ISU{z}] £ |5]+1 len(e) = 0 len(v:: A) < len(A) + 1

I A, L. tmarks * Is; (Head, A,null) * ss(A) * garb

P. € Pi(false) Pi(b) & 34, L. tmarks:(b) * Is_irr ; (Head, A, null) x ss(A) * garb
tmarks & 3B. tmarks(B) tmarks(B) & (@¢tmark; = B(t))
tmarks¢(b) £ 3B. tmark(b, B) tmarks (b, B) & (tmarke = b) * (®y 4 tmarky = B(t))

garb = ®zegaN_(2, - - )

Is.(z, A,y) & IM. Is(z, A, y, M) Is_irre o (z, A, y) & IM. Is irrg (2, A, y, M)

def

ISL(1'7A7 Y, M) =
(xr=yNA=eAL=e¢ANM=c¢eAemp)
V(z#£yANIz,v, A s, L' ,b,M'. A= (v,b):AAANL=s:L' NANM =b:M' ANNg(z,v,2,b) * s/ (2, A, y, M"))

def

Is_irre 1 (z, Ay, M) =
(x=yNA=e¢ANL=ec¢ANM =eAemp)
V(x#yAIzv A s, L b,M' A= (v,b):: A’ NL=s:L' AM =b:: M’ ANLirre s (z,v, 2,b) % Is_irr 1/ (2, A’ y, M'))

Is_unlocked_unmarked(z, 4,y) ¥

(x=yANA=¢eANemp)
V(z#£yAIz,v, A A= (v,false) : A’ AU(z,v, z, false) * Is_unlocked_unmarked(z, A’, y))

Ns(p,v,y,b) ' Jocks (p) * (p.data = v) * (p.next = y) * (p.mark = b)
Nirre, s (p, v, y, b) o lock_irre, s (p) * (p.data = v) * (p.next = y) * (p.mark = b)

Ls(p,v,y,b) &) locked (p) * (p.data = v) * (p.next = y) * (p.mark = b)

def

Lirre s(p,v,y,0) = (s #t) ALs(p,v,9,b)

def

U(p,v,y,b) = unlocked(p) * (p.data = v) * (p.next = y) * (p.mark = b)

locks(p) £ lockeds(p) V (s = 0 A unlocked(p)) lock_irre, s (p) £ Jocks (p) A (t # s)
def

locked:(p) & (p.lock = t) A (t € TIDS) unlocked(p) = (p.lock = 0)

s(A) & 347 (A = (MIN, false):: A :: (MAX, false)) A sorted(A)

ss(A) £ A’ (A = (MIN, false) :: A’ :: (MAX, false)) A sorted(A) A (S = elems(A’))
a@f [ true ifA=eVA=(v,b):e

sorted(A) = { (v1 < v2) Asorted((va,b2):: A") if A= (v1,b1)::(v2,b2):: A’

) 0 ifA=ce
elems(A) ¥ {v}Uelems(A’) if A= (v,true):: A’
elems(A’) if A= (v,false):: A’

Figure 86. Invariant and precondition of the lazy list with TAS lock.

As shown in Figure[87} the delaying actions of a thread t are stratified. The Add, Rmv and Mark actions which update the list are classified
at level 2. The lock acquiring action Lock11 with certain constraints is at level 1. When a thread does Lock11, it must locks a node « which is
really on the list and other nodes behind z (i.e., the nodes which are closer to the tail of the list) must be neither locked nor marked. Lock21
acquires the lock of the successor node with similar constraints. It is also at level 1. Other lock acquirements LockI and Lock2 are at level O,
which we do not viewed as delaying actions.

The add method is given 4(1, 2) initially, where the 2-level #-token is for doing Add and the two 1-level ¢-tokens are for doing Lock11
and Lock21. Fig.[88]and Fig.[89] show the proof outlines. Note that the thread does not need to lose level-1 #-tokens when the node it attempts
to lock has been marked by an environment thread. It consumes level-1 ¢-tokens for only Lock11 and Lock21 actions. Thus for Lockl and
Lock2 actions, the thread still keeps the level-1 ¢-tokens so that it can roll back and do Lock11 and LockZ21 in the future. Similar to the
proofs for the optimistic list, the assertions for inner loops here are also in cyan color, to be distinguished from the assertions for the outer loop.
We apply the (HIDE-) rule to reuse the proofs of the inner loop at the outer loop, which allows us to discard the tokens of the inner loop.
Following earlier work [23]], we also provide the (FR-CONJ) rule to add back the original tokens of the outer loop.

The rmv method is given 4(2, 2) initially, where the two 2-level #-token are for doing Mark and Rmv. The proof in Fig. is similar to
the proof of the add method.
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Rt = vt’;ﬁt Gt/
G: = (Add; V Marky V Rmvy V Lock11: V Lock21+ V Lockl: V Lock2¢ V Unlocky V Id) x Id A (I x I)

def

Add; =
3z, y, z,n,v,w,u,s,S. ((Le(z,v, z,false) * (S = 5)) x2 (Li(z,v,y,false) * U(y, w, z, false) * (S = S U {w})))
* [NLirre s (2, u, n, false) A (v < w < w)]
def

Marky =
3z, vy, z,v,u, S. [Li(z, v, y, false)] * ((L¢(y,u, 2, false) * (tmark:; = false) x (S = S W {u}) A (u < MAX))
x2 (Lt(y, u, 2, true) * (tmark, = true) * (S = 5)))

def
Rmvy =

Iz, y,z,v,u,Sy. (Li(x, v, y, false) * (tmark; = true) x (gn = Sy))
X2 (Lt(z, v, z, false) * (tmark; = false) * (gn = Sqg U {y})) * [Li(y,u, 2, true) A (u < MAX)]
def

Locklly =
Jz,y, A1, v, Aa. [Is_irre 1, (Head, A1, x) A (v < MAX)] * (U(z, v, y, false) x1 Li(z,v,y, false))
* [Is_unlocked_unmarked(y, A2,null)]
def

Lockly =
31'7 Y, z, Z/’ v, A27 A/27 b7 bleQ» S»LIQ' (U(JC, v, Y, b) X Lt(xv v, Y, b))
* [Isirre 1, (y, A2, 2) % Niirre s (2, -, 2/, b') * Is.irry 17 (2/, AL, null) A (b = true V V' = true V s # 0)]

def

Lock21y =
Jz,y,z, A1,v,u, Az, L1, Lo, M. [Is_irry 1, (Head, A1, ) * L¢(z, v, y, false) A (v < MAX)] * (U(y,wu, 2, false) x1 Li(y,u, z, false))
* [Iscirre 1, (2, A2, null, M2) A (Vb € Ma. b = false)]

def

Lock2y =
Jdz, Y, ylv Z,0,u, A27 b1,b2, L2, Ma. [Lt(l’, v,Y, bl) A (U < MAX)} * (U(yli U, z, b2) X Lt(yli U, z, b2))
* [Is_irre 1, (2, A2, null, Ma) * true A (b1 = true V by = true V true € Mz V 3v', A’, L. Is_irrciq 1/ (y, (v/, ) A’ y') * true)]

def
Unlocky =
3z, y, v, b. [tmarkst(false)] * (L¢(z,v,y,b) x U(z,v,y,b))

Desa & (Va. dpesa(@) ~ dgesa(@)) A (Y. dplyy(2) ~ dalyg(2)) A (Vo dpliy(@) ~ daiy(2))

cid
dpi(z) =
Jy,z, A,v,u, A’, L. tmarks(false) x Is_irr; 1 (Head, A, z) * L¢(z, v, y, false) * (U(y, u, 2, false) V Lt(y, u, z, false))

* Is_unlocked _unmarked(z, A’,null) * ss(A:: (v, false) :: (u, false) :: A”) * garb

dgi(z) o
Jy, z, A, v, u, A’, L. tmarks (false) * Is_irry 1 (Head, A, z) * U(z, v, y, false) * (U(y, u, z, false) V Lt(y, u, z, false))
* Is_unlocked_unmarked(z, A’,null) * ss(A:: (v, false) :: (u, false) :: A”) * garb

def

dpi(z) =

JA, L, Sg. tmarks(false) x Is_irry 1 (Head, A, null) * ss(A) * (gn = Sy W {2}) * (®acs,N_(a, -, -, ) * Le(z, -, )
daf(x) =

JA, L, Sg. tmarks(false) « Is_irr 1 (Head, A, null) * ss(A) * (gn = Sy W {z}) * (®acs,N_(a, -, -, -)) * U(z, -, -, -)
dp{! () =

Jy,z, A,v,u, A’, L. tmarks(true) * Is_irry 1 (Head, A, z) * L¢(z, v, y, false) x L¢(y, u, z, true)
* Is_unlocked_unmarked(z, A’,null) * ss(A:: (v, false) :: (u, true) :: A’) * garb

dgf'(z) =
Jy, z, A,v,u, A’, L. tmarks (true) * Is_irry 1 (Head, A, z) * L¢(z, v, y, false)
* Is_unlocked _unmarked(y, A’,null) * ss(A:: (v, false) :: A’) x garb

Figure 87. Rely, guarantee and definite actions of the lazy list with TAS lock.
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adjLocked(z, v, y, u, b, b, byy) &
3z, A, A, L. tmarks(bm ) * Is_irrcia  (Head, A, @) * Leia(, v, 9, b) * Leia(y, u, 2, b) * Isirreiq 1 (2, A, null) * ss(A:: (v, b):: (u, b'):: A”) * garb
def

po(bm) = JA,L, M. tmarksi(by,) * Is_irr 1 (Head, A, null, M) * ss(A) * garb A (Vb € M. b = false)

def

py(bm) = FA,L, M. tmarksy (b, ) * Is_irr ; (Head, A, null, M) * ss(A) * garb A (true € Mo)

p1(v, Ag, s1,50) &
3z, A1, L1, La, Ma. tmarksy(false) * Is_irrcia,r, (Head, A1, p) * Ng, (p, v, ¢, false) * N, (¢, u, z, false) * Is_irreia 7, (2, A2,null, Ma) * true
A (Vb € Ms. b = false)

p’l('Uv A27 S1, 52) g
3z, z,La, b1, ba, Ma. tmarkst(false) * Ny, (p, v, x,b1) * Ng, (¢, u, z,b2) * Is_irrciq 1, (2, A2, null, Ma) x true
A (by =trueV by =true Vtrue € Ma vV 3v', A’ L Is_irreiq g/ (, (v', ) A, ¢) * true)

p2(v) ¥ 345, pa(v, A2) pa(v, A2) & sy, s0. P Ap1(v, Az, 51,82) A (s1 # cid) A (s2 # cid)

L(v) £ 3As. pl(v, A2) Ph(v, A2) = Fs1,s2. P AP, (v, Aa, s1,52) A (81 # cid) A (s2 # cid)

TN~

def

(v)
3(v) & 34y, 80. P’ Ap1(v, Ag, cid, s2) A (sg # cid) ph(v) Y 34y, 59. P! Ap)(v, A2, cid, s2) A (s2 # cid)
(v) JAs. P" A pi(cid, cid) py(v) = JAz. P Apl(cid,cid)

def
v) =

3

4

add(e) {
1 1local p, c, x, done, b, u, r;
{P A #(1,2) Aarem(ADD) A (MIN < e < MAX) A (e =E) }
2 done := false;
{ (—done A P A 4(1,2) A O(1) V Ju. done A adjLocked(p, v, c, u, false, false, false) A ¢(1,0) Av < e < u) }
A arem(ADD) A (MIN < e < MAX) A (e =E)
while (!done) {
{—done A (po(false) V pj(false) A (1)) A #(1,2) A arem(ADD) A (MIN < e < MAX) A (e =E) }
Head;
p.next;
:= c.data;
{—done A Jv, Aa. (p2(v, A2) V ph(v, A2) A O(1)) A #(1,2) A (v < e < MAX) A arem(ADD) A (e =E) }
{ﬁdone A Jv, As. (p2(v, A2) V ph(v, A2)) A (1,2) A O(1 + len(Az2)) A (v < e < MAX) A arem(ADD) A (e = E)}
while (u < e) {
P c;
[ c.next;
u c.data;
}
{—done A Fv. (p2(v) V ph(v) AO(1)) A #(1,2) A (v < e < u) Aarem(ADD) A (e =E) }
12 b := false;
{—vdone AFv. (bA (p3(v) A (1, 1) Vph(v) Ae(1,2) AO(L)) V—bA (p2(v) A #(1,2) Vph(v) Ae(1,2) AO(L)))
A (v < e <u) Aarem(ADD) A (e =E)
{ﬁdone AFv. (bA (p3(v) A (L, 1) Vph(v) Ae(1,2))V—bA (p2(v) A #(1,2) Vph(v) A#(1,2)) A Q(l))}
A (v < e <u)Aarem(ADD) A (e = E)
13 while (!b) {
14 b := cas(p.lock, 0, cid);
15 +
{—done A Jv. (p3(v) A #(1,1) V ps(v) A #(1,2) AO(1)) A (v < e < u) Aarem(ADD) A (e =E) }
16 b := false;
{—\done AFv. (b A (pa(v) A 4(1,0) Vpi(v) Ae(1,2) AO(L)) V —bA (p3(v) A (L, 1) Vphv) Ae(1,2) AO(L)))
A (v < e <u) Aarem(ADD) A (e =E)
—done A Ju. (b A (pa(v) A 4(1,0) V ply(v) A 4(1,2)) V=b A (p3(v) A 4(1,1) V p5(v) A 4(1,2)) A Q(l))}
A (v < e <u)Aarem(ADD) A (e = E)
17 while (!b) {
18 b := cas(c.lock, 0, cid);
19 +
{ —done A Fv. (pa(v) A #(1,0) V py(v) A #(1,2) AO(1)) A (v < e < u) Aarem(ADD) A (e =E) }
20 if (!'p.mark && !'c.mark && p.next = c) {
21 done := true;
{ done A Jv. adjLocked(p, v, ¢, u, false, false, false) A #(1,0) A (v < e < u) A arem(ADD) A (e =E) }
22 } else {

w

(¢4}
e 0o'"

o

I
O w© oo~
T

{—done A Jv. (pa(v) V p}(v)) A #(1,2) AO(1) A (v < e < u) Aarem(ADD) A (e =E) }
23 p.lock := 0;
24 c.lock := 0;

{—done A Jv. (p2(v) V ph(v)) A 4(1,2) AO(1) A (v < e < u) Aarem(ADD) A (e =E) }
25 }
26

}
{3v. adjLocked(p, v, c, u, false, false, false) A 4(1,0) A (v < e < u) Aarem(ADD) A (e =E) }
27 ...

Figure 88. Proof outline for add (1).
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def
ps(v) =
3z, A, A, s, L. tmarks(false) * Is_irrciq,7 (Head, A, p) * Lcia(p, v, ¢, false) * N_irreiq,s(c, u, 2, false)
x Is_irrciq (2, A’,null) = ss(A:: (v, false) :: (u, false) :: A”) = garb
def
pe =
3z, A,v, A’, L. tmarks(false) x Is_irrciq 1 (Head, A, p) * Leia(p, v, 2, false)  Is_irrciq 1 (2, A’,null) = ss(A:: (v, false) ::: A”) * garb

{3v. adjLocked(p, v, ¢, u, false, false, false) A #(1,0) A (v < e < u) Aarem(ADD) A (e =E) }
27 c.lock := 0;
{Fv. p5(v) A #(1,0) A (v < e <u) Aarem(ADD) A (e =E) }
28 if (u '=e) {
{3v. ps(v) A #(1,0) A (v < e < u) Aarem(ADD) A (e =E) }

29 x := cons(0, e, c, false);
30 p.next := x;
31 r := true;

{pe N arem(skip) A (r =R) }
32 1} else {

{3v. p5(v) A #(1,0) A (e =u) A arem(ADD) A (e = E) }
33 r := false;

{ps A arem(skip) A (r =R) }
34 }
{ps A arem(skip) A (r =R) }
35 p.lock := 0O;

{ P A arem(skip) A (r =R) }

36 return r;

Figure 89. Proof outline for add (2).

rmv(e) {
1 1local p, ¢, n, done, b, u, r;
{P A 4(2,2) Aarem(RMV) A (MIN < e < MAX) A (e =E) }
2 done := false;
3 while (!done) {
26 }
{3v. adjLocked(p, v, ¢, u, false, false, false) A 4(2,0) A (v < e < u < MAX) A arem(RMV) A (e =E) }
27 if (u =e) {
{adjLocked(p, _, c, e, false, false, false) A #(2,0) A arem(RMV) A (e = E < MAX) }

28 <c.mark := true; tmarkcig := true>;
{adjLocked(p, _, ¢, e, false, true, true) A 4(1,0) A arem(skip) A (e < MAX) A (R = true) }
29 n := c.next;
30 <p.next :=n; gn := gn U {c}; tmarkciq := false>;
31 r := true;
{ps A arem(skip) A (r =R) }
32 } else {

{3v. adjLocked(p, v, c, u, false, false, true) A (2,0) A (v < e < u) A arem(RMV) A (e =E) }
33 r := false;

{ps A arem(skip) A (r =R) }
34 }
{ps A arem(skip) A (r =R) }
35 p.lock := 0;
36 c.lock := 0;

{ P Narem(skip) A (r =R) }

37 return r;

Figure 90. Proof outline for rmv.
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