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Abstract. Snapshot isolation (SI) is a standard transactional consis-
tency model used in databases, distributed systems and software trans-
actional memory (STM). Its semantics is formally defined both declara-
tively as an acyclicity axiom, and operationally as a concurrent algorithm
with memory bearing timestamps.

We develop two simpler equivalent operational definitions of SI as lock-
based reference implementations that do not use timestamps. Our first
locking implementation is prescient in that requires a priori knowledge
of the data accessed by a transaction and carries out transactional writes
eagerly (in-place). Our second implementation is non-prescient and per-
forms transactional writes lazily by recording them in a local log and
propagating them to memory at commit time. Whilst our first imple-
mentation is simpler and may be better suited for developing a program
logic for SI transactions, our second implementation is more practical due
to its non-prescience. We show that both implementations are sound and
complete against the declarative SI specification and thus yield equiva-
lent operational definitions for SI.

We further consider, for the first time formally, the use of SI in a context
with racy non-transactional accesses, as can arise in STM implementa-
tions of SI. We introduce robust snapshot isolation (RSI), an adaptation
of SI with similar semantics and guarantees in this mixed setting. We
present a declarative specification of RSI as an acyclicity axiom and
analogously develop two operational models as lock-based reference im-
plementations (one eager, one lazy). We show that these operational
models are both sound and complete against the declarative RSI model.

1 Introduction

Transactions are the de facto synchronisation mechanism in databases and geo-
replicated distributed systems, and are thus gaining adoption in the shared-
memory setting via software transactional memory (STM) [32,20]. In contrast
to other synchronisation mechanisms, transactions readily provide atomicity, iso-
lation, and consistency guarantees for sequences of operations, allowing program-
mers to focus on the high-level design of their systems.

However, providing these guarantees comes at a significant cost. As such, var-
ious transactional consistency models in the literature trade off consistency guar-
antees for better performance. At nearly the one end of the spectrum, we have
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serialisability [28], which requires transactions to appear to have been executed
in some total order consistent with the program order. Serialisability provides
strong guarantees, but is widely considered too expensive to implement. The
main problem is that two conflicting transactions (e.g. one reading from and one
updating the same datum) cannot both execute and commit in parallel.

Consequently, most major databases, both centralised (e.g. Oracle and MS
SQL Server) and distributed [15,31,29], have opted for a slightly weaker model
called snapshot isolation (SI) [7] as their default consistency model. SI has much
better performance than serialisability by allowing conflicting transactions to
execute concurrently and commit successfully as long as they do not have a
write-write conflict. This in effect allows reads of SI transactions to read from
an earlier memory snapshot than the one affected by their writes, and permits
the write skew anomaly [11] depicted in Fig. 1. Besides this anomaly, however,
ST is essentially the same as serialisability: Cerone et al. [11] provide a widely
applicable condition under which SI and serialisability coincide for a given set
of transactions. For these reasons, SI has also started gaining adoption in the
generic programming language setting via STM implementations [1,16,8,26,25]
that provide SI semantics for their transactions.

The formal study of SI, however, has so far not accounted for the more general
STM setting in which both transactions and uninstrumented non-transactional
code can access the same memory locations. While there exist two equivalent
definitions of SI—one declarative in terms of an acyclicity constraint [10,11]
and one operational in terms of an optimistic multi-version concurrency control
algorithm [7]—neither definition supports mized-mode (i.e. both transactional
and non-transactional) accesses to the same locations. Extending the definitions
to do so is difficult for two reasons: (1) the operational definition attaches a
timestamp to every memory location, which heavily relies on the absence of
non-transactional accesses; and (2) there are subtle interactions between the
transactional implementation and the weak memory model underlying the non-
transactional accesses.

In this article, we address these limitations of SI. We develop two simple
lock-based reference implementations for SI that do not use timestamps. Our first
implementation is prescient [19] in that it requires a priori knowledge of the data
accessed by a transaction, and performs transactional writes eagerly (in-place).
Our second implementation is non-prescient and carries out transactional writes
lazily by first recording them in a local log and subsequently propagating them to
memory at commit time. Our first implementation is simpler and may be better
suited for understanding and developing a program logic for SI transactions,
whilst our second implementation is more practical due to its non-prescience. We
show that both implementations are sound and complete against the declarative
SI specification and thus yield equivalent operational definitions for SI.

We then extend both our eager and lazy implementations to make them ro-
bust under uninstrumented non-transactional accesses, and characterise declar-
atively the semantics we obtain. We call this extended model robust snapshot



isolation (RSI) and show that it gives reasonable semantics with mixed-mode
accesses.

To provide SI semantics, instead of timestamps, our implementations use
multiple-readers-single-writer (MRSW) locks. They acquire locks in reader mode
to take a snapshot of the memory locations accessed by a transaction and then
promote the relevant locks to writer mode to enforce an ordering on transac-
tions with write-write conflicts. As we shall discuss, the equivalence of the RSI
implementation and its declarative characterisation depends heavily upon the
axiomatisation of MRSW locks: here, we opted for the weakest possible axioma-
tisation that does not order any concurrent reader lock operations and present
an MRSW lock implementation that achieves this.

Outline In §2 we present an overview of our contributions by describing our
reference implementations for both SI and RSI. In §3 we define the declarative
framework for specifying STM programs. In §4 we present the declarative SI
specification against which we demonstrate the soundness and completeness of
our SI implementations. In §5 we formulate a declarative specification for RSI
and demonstrate the soundness and completeness of our RSI implementations.
We discuss related and future work in §6.

2 Background and Main Ideas

As noted earlier, the key challenge in specifying STM transactions lies in ac-
counting for the interactions between mixed-mode accesses to the same data.
One simple approach is to treat each non-transactional access as a singleton
mini-transaction and to provide strong isolation [27,9], i.e. full isolation between
transactional and non-transactional code. This, however, requires instrument-
ing non-transactional accesses to adhere to same access policies as transactional
ones (e.g. acquiring the necessary locks), which incurs a substantial performance
penalty for non-transactional code. A more practical approach is to enforce iso-
lation only amongst transactional accesses, an approach known as weak isola-
tion [27,9], adopted by the relaxed transactions of C++ [2].

As our focus is on STMs with SI guarantees, instrumenting non-transactional
accesses is not feasible. In particular, as we expect many more non-transactional
accesses than transactional ones, we do not want to incur any performance degra-
dation on non-transactional code when executed in parallel with transactional
code. As such, we opt for an STM with SI guarantees under weak isolation. Un-
der weak isolation, however, transactions with explicit abort instructions are
problematic as their intermediate state may be observed by non-transactional
code. As such, weakly isolated STMs (e.g. C++ relaxed transactions [2]) often
forbid explicit aborts altogether. Throughout our development we thus make
two simplifying assumptions: (1) transactions are not nested; and (2) there are
no explicit abort instructions, following the example of weakly isolated relaxed
transactions of C++. As we describe later in §2.3, it is straightforward to lift
the latter restriction (2) for our lazy implementations.
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Fig.1: Litmus tests illustrating transaction anomalies and their admissibility
under SI and RSI. In all tests, initially, x = y = z = 0. The /v annotation next
to a read records the value read.

For non-transactional accesses, we naturally have to pick some consistency
model. For simplicity and uniformity, we pick the release/acquire (RA) subset
of the C++4 memory model [6,23], a well-behaved platform-independent memory
model, whose compilation to x86 requires no memory fences.

Snapshot Isolation (SI) The initial model of SIin [7] is described informally
in terms of a multi-version concurrent algorithm as follows. A transaction T
proceeds by taking a snapshot S of the shared objects. The execution of T is
then carried out locally: read operations query S and write operations update S.
Once T completes its execution, it attempts to commit its changes and succeeds
only if it is not write-conflicted. Transaction T is write-conflicted if another
committed transaction T’ has written to a location also written to by T, since
T recorded its snapshot. If T fails the conflict check it aborts and may restart;
otherwise, it commits its changes, and its changes become visible to all other
transactions that take a snapshot thereafter.

To realise this, the shared state is represented as a series of multi-versioned
objects: each object is associated with a history of several versions at differ-
ent timestamps. In order to obtain a snapshot, a transaction T chooses a start-
timestamp tg, and reads data from the committed state as of ¢y, ignoring up-
dates after ty. That is, updates committed after ¢ty are invisible to T. In order
to commit, T chooses a commit-timestamp t. larger than any existing start- or
commit-timestamp. Transaction T is deemed write-conflicted if another transac-
tion T' has written to a location also written to by T and the commit-timestamp
of T is in the execution interval of T ([to, tc]).

2.1 Towards an SI Reference Implementation without Timestamps

While the SI description above is suitable for understanding SI, it is not useful
for integrating the SI model in a language such as C/C++ or Java. From a pro-



1. for (x €RS) lock.r x . for (xERSUWS) Tock.r x

2. snapshot (RS) ;

1 .for (x €WS) lock.w x;
2 . for (x €RS\WS) lock.r x . snapshot (RS) ;
3. for (x €RS) unlock_r x | 3. snapshot (RS) ; .for (x€RSUWS) {
4
5

QU W N

1
2
3
. for (x €WS) lockw x . for (x €RS\WS) unlock r x| 4. if (x €WS) promote x
5. [T]; ITT; 5. else unlockr x; }
6. for (x €WS) unlock.w x | 6. for (x €WS) unlockw x |O.[T];

7. for (x €WS) unlock_w x

(a) (b) (c)
Sound: X Sound: v/ Sound: v/
allows (LU), (LU2) Complete: X Complete: X
disallows (WS) disallows (WS2)

Fig. 2: Candidate SI implementations of transaction T given read/write sets RS,WS

grammer’s perspective, in such languages the various threads directly access the
uninstrumented (single-versioned) shared memory; they do not access their own
instrumented snapshot at a particular timestamp, which is loosely related to the
snapshots of other threads. Ideally, what we would therefore like is an equivalent
description of SI in terms of accesses to uninstrumented shared memory and a
synchronisation mechanism such as locks.

In what follows, we present our first lock-based reference implementation for
SI that does not rely on timestamps. To do this, we assume that the locations ac-
cessed by a transaction can be statically determined. Specifically, we assume that
each transaction T is supplied with its read set, RS, and write set, WS, containing
those locations read and written by T, respectively (a static over-approximation
of these sets suffices for soundness.). As such, our first reference implementation
is prescient [19] in that it requires a priori knowledge of the locations accessed by
the transaction. Later in §2.3 we lift this assumption and develop an SI reference
implementation that is non-prescient and similarly does not rely on timestamps.

Conceptually, a candidate implementation of transaction T would (1) obtain
a snapshot of the locations read by T; (2) lock those locations written by T; (3)
execute T locally; and (4) unlock the locations written. The snapshot is obtained
via snapshot (RS) in Fig. 3 where the values of locations in RS are recorded in a
local array s. The local execution of T is carried out by executing [T] in Fig. 3,
which is obtained from T by (i) modifying read operations to read locally from
the snapshot in s, and (ii) updating the snapshot after each write operation. Note
that the snapshot must be obtained atomically to reflect the memory state at a
particular instance (¢f. start-timestamp). An obvious way to ensure the snapshot
atomicity is to lock the locations in the read set, obtain a snapshot, and unlock
the read set. However, as we must allow for two transactions reading from the
same location to execute in parallel, we opt for multiple-readers-single-writer
(MRSW) locks.

Let us now try to make this general pattern more precise. As a first attempt,
consider the implementation in Fig. 2a, which releases all the reader locks at the
end of the snapshot phase before acquiring any writer locks. This implementa-



tion is unsound as it admits the lost update (LU) anomaly in Fig. 1 disallowed
under ST [11]. To understand this, consider a scheduling where T2 runs between
lines 3 and 4 of T1 in Fig. 2a, which would result in T1 having read a stale
value. The problem is that the writer locks on WS are acquired too late, allowing
two conflicting transactions to run concurrently. To address this, writer locks
must be acquired early enough to pre-empt the concurrent execution of write-
write-conflicting transactions. Note that locks have to be acquired early even for
locations only written by a transaction to avoid exhibiting a variant of the lost
update anomaly (LU2).

As such, our second candidate implementation in Fig. 2b brings forward the
acquisition of writer locks. Whilst this implementation is sound (and disallows
lost update), it nevertheless disallows behaviours deemed valid under SI such
as the write skew anomaly (WS) in Fig. 1, and is thus incomplete. The prob-
lem is that such early acquisition of writer locks not only pre-empts concurrent
execution of write-write-conflicting transactions, but also those of read-write-
conflicting transactions (e.g. WS) due to the exclusivity of writer locks.

To remedy this, in our third candidate implementation in Fig. 2c we first
acquire weaker reader locks on all locations in RS or WS, and later promote the
reader locks on WS to exclusive writer ones, while releasing the reader locks on
RS. The promotion of a reader lock signals its intent for exclusive ownership and
awaits the release of the lock by other readers before claiming it exclusively as
a writer. To avoid deadlocks, we further assume that RSUWS is ordered so that
locks are promoted in the same order by all threads.

Although this implementation is “more complete” than the previous one, it
is still incomplete as it disallows certain behaviour admitted by SI. In particular,
consider a variant of the write skew anomaly (WS2) depicted in Fig. 1, which is
admitted under SI, but not admitted by this implementation.

To understand why this is admitted by SI, recall the operational SI model
using timestamps.Let the domain of timestamps be that of natural numbers N.
The behaviour of (WS2) can be achieved by assigning the following execution
intervals for T1: [tg' =2, t1=2]; T2: [ti*=1, t}2=4]; and T3: [t*=3, t%*=3]. To see
why the implementation in Fig. 2¢ does not admit the behaviour in (WS2), let
us assume without loss of generality that x is ordered before y. Upon executing
lines 3-5, a) T1 promotes y; b) T2 promotes x and then c¢) releases the reader
lock on y; and d) T3 releases the reader lock on x. To admit the behaviour in
(WS2), the release of y in (¢) must occur before the promotion of y in (a) since
otherwise T2 cannot read 0 for y. Similarly, the release of x in (d) must occur
before its promotion in (b). On the other hand, since T3 is executed by the
same thread after T1, we know that (a) occurs before (d). This however leads
to circular execution: (b)—(c)—(a)—(d)—(b), which cannot be realised.

To overcome this, in our final candidate execution in Fig. 3 (ignoring the
code in blue), after obtaining a snapshot, we first release the reader locks on
RS, and then promote the reader locks on WS, rather than simultaneously in one
pass. As we demonstrate in §4, the implementation in Fig. 3 is both sound and
complete against its declarative SI specification.



snapshot (RS) £ for (x €RS) sy:=x
0. LS:= 0; [a:=x] 2 a:=
1. for (x€RSUWS) lock.r x =X =a:=s5x
2. snapshot (RS); [x:=a] £x:=a; sy:=a
3. for (x €RS\WS) unlock.r x ’
4. for (xews) { [51552] £ [S1];[S2]
5. if (can-promote x) LS.add(x)
6. else { P [while(e) S] £ while(e) [S]
7. for (x €LS) unlock_w x ... and so on ...
8. for (x €WS \ LS) unlock.r x
9. goto line 0 } snapshotq; (RS) £
i(l) . start: for (x ERS) syx:=x
12. for7 (x €WS) unlock w x for (x€RS) {

if (sx!=x) goto start
}

Fig.3: SI implementation of transaction T given RS, WS; the code in blue en-
sures deadlock avoidance. The RSI implementation (§5) is obtained by replacing
snapshot on line 2 with snapshotyg;.

Avoiding Deadlocks As two distinct reader locks on x may simultaneously
attempt to promote their locks, promotion is done on a ‘first-come-first-served’
basis to avoid deadlocks. A call to can-promote x by reader r thus returns a
boolean denoting either (i) successful promotion (true); or (ii) failed promotion
as another reader 1’ is currently promoting a lock on x (false). In the latter case,
r must release its reader lock on x to ensure the successful promotion of x1 by
r’ and thus avoid deadlocks. To this end, our implementation in Fig. 3 includes
a deadlock avoidance mechanism (code in blue) as follows. We record a list LS of
those locks on the write set that have been successfully promoted so far. When
promoting a lock on x succeeds (line 5), the LS is extended with x. On the other
hand, when promoting x fails (line 6), all those locks promoted so far (i.e. in
LS) as well as those yet to be promoted (i.e. in WS \LS) are released and the
transaction is restarted.

Remark 1. Note that the deadlock avoidance code in blue does not influence
the correctness of the implementation in Fig. 3, and is merely included to make
the reference implementation more realistic. In particular, the implementation
without the deadlock avoidance code is both sound and complete against the
SI specification, provided that the conditional can-promote call on line 5 is
replaced by the blocking promote call.

Avoiding Over-Synchronisation due to MRSW Locks Consider the store
buffering program (SBT) shown in Fig. 1. If, for a moment, we ignore transac-
tional accesses, our underlying memory model (RA)—as well as all other weak
memory models—allows the annotated weak behaviour. Intuitively, placing the
two transactions that only read z in (SBT) should still allow the weak behaviour
since the two transactions do not need to synchronise in any way. Nevertheless,



most MRSW lock implementations forbid this outcome because they use a single
global counter to track the number of readers that have acquired the lock, which
inadvertently also synchronises the readers with one another. As a result, the
two read-only transactions act as memory fences forbidding the weak outcome of
(SBT). To avoid such synchronisation, in the technical appendix (Appendix A)
we provide a different MRSW implementation using a separate location for each
thread so that reader lock acquisitions do not synchronise.

To keep the presentation simple, we henceforth assume an abstract speci-
fication of a MRSW lock library providing operations for acquiring/releasing
reader /writer locks, as well as promoting reader locks to writer ones. We require
that (1) calls to writer locks (to acquire, release or promote) synchronise with
all other calls to the lock library; and (2) writer locks provide mutual exclusion
while held. We formalise these notions in §4. These requirements do not restrict
synchronisation between two read lock calls: two read lock calls may or may
not synchronise. Synchronisation between read lock calls is relevant only for the
completeness of our RSI implementation (handling mixed-mode code); for that
result, we further require that (3) read lock calls not synchronise.

2.2 Handling Racy Mixed-Mode Accesses

Let us consider what happens when data accessed by a transaction is modified
concurrently by an uninstrumented atomic non-transactional write. Since such
writes do not acquire any locks, the snapshots taken may include values written
by non-transactional accesses. The result of the snapshot then depends on the
order in which the variables are read. Consider the (MPT) example in Fig. 1.
In our implementation, if in the snapshot phase y is read before x, then the
annotated weak behaviour is not possible because the underlying model (RA)
disallows this weak “message passing” behaviour. If, however, x is read before y,
then the weak behaviour is possible. In essence, this means that the SI implemen-
tation described so far is of little use when there are races between transactional
and non-transactional code. Technically, our SI implementation violates mono-
tonicity with respect to wrapping code inside a transaction. The weak behaviour
of the (MPT) example is disallowed by RA if we remove the transaction block
T2, and yet it is exhibited by our SI implementation with the transaction block.

To get monotonicity under RA; it suffices for the snapshots to read the vari-
ables in the same order they are accessed by the transactions. Since a static
calculation of this order is not always possible, following [30], we achieve this by
reading each variable twice. In more detail, our snapshotyg; implementation in
Fig. 3 takes two snapshots of the locations read by the transaction, and checks
that they both return the same values for each location. This ensures that every
location is read both before and after every other location in the transaction,
and hence all the high-level happens-before orderings in executions of the trans-
actional program are also respected by its implementation. As we demonstrate
in §5, our RSI implementation is both sound and complete against our proposed
declarative semantics for RSI. There is however one caveat: since equality of
values is used to determine whether the two snapshots agree, we will miss cases



[a:=x] £ if (xZRSUWS) {

0. LS:=0;

. RS:=0; WS:=0; lock.r x; RS.add(x);
2. for (xELocs) slx]:=_1 slx]:=x;

3. [1); }

4. for (x €RS\WS) unlock.r x a:=s[x]:

5. for (xe€wWs) {
6. if (can-promote x) LS.add(x) [x:=a] £ if (x €RSUWS) lock.r x;

7. else { . .
8. for (x€LS) unlock.w x WS.add(x); slxl:=a;
9. for (x€WS\LS) unlock.r x S ST 278118

10. goto line 0 } 113521 = [S1]: %]

11. for (x€WS) x:=s[x] [while(e) S] £ while(e) [S]

12. for (x €WS) unlock.w x
.. and so on...

Fig. 4: Non-prescient SI implementation of transaction T with RS and WS com-
puted on the fly; the code in blue ensures deadlock avoidance.

where different non-transactional writes to a location write the same value. In our
formal development (see §5), we thus assume that if multiple non-transactional
writes write the same value to the same location, they cannot race with the same
transaction. Note that this assumption cannot be lifted without instrumenting
non-transactional writes, and thus impeding performance substantially. That is,
to lift this restriction we must instead replace every non-transactional write x:=v
with lockw x; x:=v; unlockw x.

2.3 Non-Prescient Reference Implementations without Timestamps

Recall that the SI and RSI implementations in §2.1 are prescient in that they re-
quire knowledge of the read and write sets of transactions beforehand. In what fol-
lows we present alternative SI and RSI implementations that are non-prescient.

Non-Prescient SI Reference Implementation In Fig. 4 we present a lazy
lock-based reference implementation for SI. This implementation is non-prescient
and does not require a priori knowledge of the read set RS and the write set WS.
Rather, the RS and WS are computed on the fly as the execution of the transaction
unfolds. As with the SI implementation in Fig. 3, this implementation does not
rely on timestamps and uses MRSW locks to synchronise concurrent accesses
to shared data. As before, the implementation consults a local snapshot at s
for read operations. However, unlike the eager implementation in Fig. 3 where
transactional writes are performed in-place, the implementation in Fig. 4 is lazy
in that it logs the writes in the local array s and propagates them to memory
at commit time, as we describe shortly.

Ignoring the code in blue, the implementation in Fig. 4 proceeds with initial-
ising RS and WS with () (line 1); it then populates the local snapshot array at s
with initial value L for each location x (line 2). It then executes [T] which is
obtained from T as follows. For each read operation a:=x in T, first the value of



s[x] is inspected to ensure it contains a snapshot of x. If this is not the case
(i.e. x € RS UWS), a reader lock on x is acquired, a snapshot of x is recorded
in s[x], and the read set RS is extended with x. The snapshot value in s[x] is
subsequently returned in a. Analogously, for each write operation x:=a, the WS
is extended with x, and the written value is lazily logged in s[x]. Recall from
our candidate executions in Fig. 2 that to ensure implementation correctness, for
each written location x, the implementation must first acquire a reader lock on x,
and subsequently promote it to a writer lock. As such, for each write operation
in T, the implementation first checks if a reader lock for x has been acquired (i.e.
x € RS UWS) and obtains one if this is not the case.

Once the execution of [T] is completed, the implementation proceeds to com-
mit the transaction. To this end, the reader locks on RS are released (line 4),
reader locks on WS are promoted to writer ones (line 6), the writes logged in
s are propagated to memory (line 11), and finally the writer locks on WS are
released (line 12). As we demonstrate later in §4, the implementation in Fig. 4
is both sound and complete against the declarative SI specification.

Note that the implementation in Fig. 4 is optimistic in that it logs the writes
performed by the transaction in the local array s and propagates them to memory
at commit time, rather than performing the writes in-place as with its pessimistic
counterpart in Fig. 3. As before, the code in blue ensures deadlock avoidance and
is identical to its counterpart in Fig. 3. As before, this deadlock avoidance code
does not influence the correctness of the implementation and is merely included
to make the reference implementation more practical.

Non-Prescient RSI Reference Implementation In Fig. 5 we present a lazy
lock-based reference implementation for RSI. As with its SI counterpart, this
implementation is non-prescient and computes the RS and WS on the fly. As be-
fore, the implementation does not rely on timestamps and uses MRSW locks
to synchronise concurrent accesses to shared data. Similarly, the implementa-
tion consults the local snapshot at s for read operations, whilst logging write
operations lazily in a write sequence at wseq, as we describe shortly.

Recall from the RSI implementation in §2.1 that to ensure snapshot validity,
each location is read twice to preclude intermediate non-transactional writes. As
such, when writing to a location x, the initial value read (recorded in s) must
not be overwritten by the transaction to allow for subsequent validation of the
snapshot. To this end, for each location x, the snapshot array s contains a pair
of values, (r,¢), where r denotes the snapshot value (initial value read), and ¢
denotes the current value which may have overwritten the snapshot value.

Recall that under weak isolation, the intermediate values written by a trans-
action may be observed by non-transactional reads. For instance, given the
T: [x =1x:=2 H a := x program, the non-transactional read a := z, may
read either 1 or 2 for z. As such, at commit time, it is not sufficient solely to
propagate the last written value (in program order) to each location (e.g. to
propagate only the x := 2 write in the example above). Rather, to ensure imple-
mentation completeness, one must propagate all written values to memory, in



0. LS:=0;

1. RS:=0; WS:=0; wseq:=[]; [a:=x] £ if (xZRSUWS) {

i- EO]]I‘ (x€Llocs) slx]:=(L,1) lock.r x; RS.add(x);
3. |TY; PR .= .
4. for (x€RS) {(zr,-):=slx]; ri=x; slx]:=(r,r);
5. if (x!'=r) { /read x again p(hed)i=slxl; ai=c;
({_’ ggio(xleix?es%w}s)} unlock.r x [x:=a] £ if (x¢RSUWS) lock.r x
8. for (x €RS\WS) unlock.r x WS.add (x) ;

9. for (xeWs) { (r,-):=slxl;slx]:=(r,a);
10.  if (can-promote x) LS.add(x) wseq:=wseq++[(x,a)];
11.  else {

12. for (x €LS) unlock.w x [S1;S2] 2 [S1];[S=]

13. for (x €WS\LS) unlockr x ) a L

14. goto line 0 } } [while(e) S = while(e) [S]

15. for ((x,v) Ewseq) x:=v

16. for (x€WS) unlockw x - and so on...

Fig. 5: Non-prescient RSI implementation of transaction T with RS and WS com-
puted on the fly; the code in blue ensures deadlock avoidance.

the order they appear in the transaction body. To this end, we track the values
written by the transaction as a (FIFO) write sequence at location wseq, contain-
ing items of the form (z, v), denoting the location written (x) and the associated
value (v).

Ignoring the code in blue, the implementation in Fig. 5 initialises RS and WS
with (), initialises wseq as an empty sequence [1 (line 1), and populates the local
snapshot array s with initial value (L, L) for each location x (line 2). It then
executes [T], obtained from T in an analogous manner to that in Fig. 4. For every
read a:=x in [T], the current value recorded for x in s (namely ¢ when s[x]
holds (-,c)) is returned in a. Dually, for every write x:=a in [T], the current
value recorded for x in s is updated to a, and the write is logged in the write
sequence wseq by appending (x,a) to it.

Upon completion of [T], the snapshot in s is wvalidated (lines 4-7). Each
location x in RS is thus read again and its value is compared against the snapshot
value in s[x]. If validation fails (line 5), the locks acquired are released (line 6)
and the transaction is restarted (line 7).

If validation succeeds, the transaction is committed: the reader locks on RS
are released (line 8), the reader locks on WS are promoted (line 10), the writes in
wseq are propagated to memory in FIFO order (line 15), and finally the writer
locks on WS are released (line 16).

As we show in §5, the implementation in Fig. 5 is both sound and complete
against our proposed declarative specification for RSI. As before, the code in blue
ensures deadlock avoidance; it does not influence the implementation correctness
and is merely included to make the implementation more practical.

Supporting Explicit Abort Instructions It is straightforward to extend
the lazy implementations in Fig. 4 and Fig. 5 to handle transactions containing
explicit abort instructions. More concretely, as the effects (writes) of a transac-



tion are logged locally and are not propagated to memory until commit time,
upon reaching an abort in [T] no roll-back is necessary, and one can simply
release the locks acquired so far and return. That is, one can extend [.] in Fig. 4
and Fig. 5, and define [abort] = for (x ERSUWS) unlock r x; return.

3 A Declarative Framework for STM

We present the notational conventions used in the remainder of this article, and
describe a general framework for declarative concurrency models. Later in this
article, we present SI, its extension with non-transactional accesses, and their
lock-based implementations as instances of this general definition.

Notation Given a relation r on a set A, we write r’, rt and r* for the re-
flexive, transitive and reflexive-transitive closure of r, respectively. We write
r=! for the inverse of r; r|4 for r N (A x A); [A] for the identity relation on A,
i.e. {(a,a) |a € A};irreflexive(r) for fia. (a,a) € r; and acyclic(r) for irreflexive(r™).
Given two relations r; and ro, we write ry; ro for their (left) relational composition,
i.e. {(a,b) | Je. (a,¢) € r1 A (¢, b) € ra}. Lastly, when r is a strict partial order, we
write rlimm for the immediate edges in r: {(a,b) € r|#c. (a,c) € r A (c,b) € r}.

Assume finite sets of locations Loc; values VAL; thread identifiers TIp, and
transaction identifiers TXIn. We use x, y, z to range over locations, v over values,
7 over thread identifiers, and £ over transaction identifiers.

Definition 1 (Events). An event is a tuple (n,7,,1), where n € N is an event
identifier, T € TIDW{0} is a thread identifier (0 is used for initialisation events),
& € TXIpW{0} is a transaction identifier (0 is used for non-transactional events),
and [ is an event label that takes one of the following forms:

— A memory access label: R(x,v) for reads; W(x,v) for writes; and U(x, vy, vy)
for updates.

— A lock label: RL(x) for reader lock acquisition; RU(z) for reader lock release;
WL(z) for writer lock acquisition; WU(z) for writer lock release; and PL(x)
for reader to writer lock promotion.

We typically use a, b, and e to range over events. The functions tid, tx, lab,
typ, loc, val, and val, respectively project the thread identifier, transaction
identifier, label, type (in {R,W,U7 RL,RU, WL, WU, PL}), location, and read/written
values of an event, where applicable. We assume only reads and writes are used
in transactions (tx(a) #0 = typ(a) € {R,W}).

Given a relation r on events, we write ry. for {(a,b) € r|loc(a) = loc(b)}.
Analogously, given a set A of events, we write A, for {a € A | loc(a)=x}.

Definition 2 (Execution graphs). An execution graph, G, is a tuple of the
form (E, po,rf, mo, lo), where:



— FE is a set of events, assumed to contain a set Ey of initialisation events,
consisting of a write event with label W(x,0) for every x € Loc. The sets
of read events in E is denoted by R £ {e € E|typ(e) € {R,U}}; write
events by W £ {e ek | typ(e) € {W,U}}; update events by U & R NW;
and lock events by £ £ {e eFE | typ(e) € {RL,RU, WL, WU, PL}}. The sets of
reader lock acquisition and release events, RL and RU, writer lock acquisi-
tion and release events, WL and WU, and lock promotion events PL are
defined analogously. The set of transactional events in E is denoted by T
(T = {e € E|tx(e) # 0}); and the set of mon-transactional events is de-
noted by NT (NT £ E\T).

— po C E X E denotes the ‘program-order’ relation, defined as a disjoint union
of strict total orders, each ordering the events of one thread, together with
Eox (E\ Ey) that places the initialisation events before any other event. We
assume that events belonging to the same transaction are ordered by po, and
that any other event po-between them also belongs to the same transaction.

— f CW X R denotes the ‘reads-from’ relation, defined as a relation between
write and read events of the same location with matching read and written
values; it is total and functional on reads, i.e. every read event is related to
exactly one write event.

- C W x W denotes the ‘modification-order’ relation, defined as a disjoint
union of strict total orders, each of which ordering the write events to one
location.

— lo € L x L denotes the ‘lock-order’ relation, defined as a disjoint union
of strict orders, each of which (partially) ordering the lock events to one
location.

In the context of an execution graph G=(E, po, rf, mo, lo)—we often use “G.”
as a prefix to make this explicit—the ‘same-transaction’ relation, st € T x T,
is the equivalence relation given by st £ {(a,b) € T x T | tx(a) = tx(b)}. We
write rt for lifting a relation r C E x E to transaction classes: rr = st; (r\ st); st.
Analogously, we write r; to restrict r to its intra-transactional edges (within a
transaction): ry £ rNst; and write rg to restrict r to its extra-transactional edges
(outside a transaction): re £ r\ st. Lastly, the ‘reads-before’ relation is defined
by rb £ (rf~1; mo) \ [E].

Execution graphs of a given program represent traces of shared memory
accesses generated by the program. The set of execution graphs associated with
a program can be straightforwardly defined by induction over the structure of
programs (see e.g. [34]). Each execution of a program P has a particular program
outcome, prescribing the final values of local variables in each thread. In this
initial stage, the execution outcomes are almost unrestricted as there are very
few constraints on the rf, and lo relations. Such restrictions and thus the
permitted outcomes of a program are determined by defining the set of consistent
executions, which is defined separately for each model we consider. Given a
program P and a model M, the set outcomesys(P) collects the outcomes of
every M-consistent execution of P.



4 Snapshot Isolation (SI)

We present a declarative specification of SI and demonstrate that the SI imple-
mentations presented in Fig. 3 and Fig. 4 are both sound and complete with
respect to the SI specification.

In [11] Cerone and Gotsman developed a declarative specification for SI using
dependency graphs [4,3]. Below we adapt their specification to the notation of
83. As with [11], throughout this section, we take SI execution graphs to be those
in which F =T C (RUW) \ U. That is, the SI model handles transactional
code only, consisting solely of read and write events (excluding updates).

Definition 3 (SI consistency [11]). An SI execution G = (E, po,rf, mo,lo) is
SI-consistent if the following conditions hold:

— rffUmor Urbr C po (INT)
— acyclic((pot U rfr U moT); rbt?) (EXT)

Informally, (INT) ensures the consistency of each transaction internally, while
(EXT) provides the synchronisation guarantees among transactions. In particu-
lar, we note that the two conditions together ensure that if two read events in
the same transaction read from the same location x, and no write to z is po-
between them, then they must read from the same write (known as ‘internal
read consistency’).

Next, we provide an alternative formulation of SI-consistency which will serve
as the basis of our extension with non-transactional accesses in §5. In the tech-
nical appendix we prove that the two formulations are equivalent.

Proposition 1. An SI execution G = (E, po, rf, mo,lo) is SI-consistent if and
only if INT holds and the ‘SI-happens-before’ relation si-hb = (pot U rf1 U mot U
si-rb)* is irreflerive, where si-rb = [Rg]; rb; [W)] and Re = {r | Jw. (w,r) € rfe}.

Proof. The full proof is given in the technical appendix (see Prop. 2 in Ap-
pendix B).

Intuitively, SI-happens-before orders events of different transactions due to
either the program order (poT), or synchronisation enforced by the implementa-
tion (rfrUmotUsi-rb). By contrast, events of the same transaction are unordered,
as the implementation may well execute them in a different order (in particular,
by taking a snapshot, it executes external reads before the writes).

In more detail, the rft corresponds to transactional synchronisation due to
causality, i.e. when one transaction To observes an effect of an earlier transaction
T1. The inclusion of rft ensures that To cannot read from T; without observing
its entire effect. This in turn ensures that transactions exhibit ‘all-or-nothing’
behaviour: they cannot mix-and-match the values they read. For instance, if Ty
writes to both x and y, transaction To may not read x from T; but read y from
an earlier (in ‘happens-before’ order) transaction Ty.

The T corresponds to transactional synchronisation due to write-write
conflicts. Its inclusion enforces write-conflict-freedom of SI transactions: if Tp



and T both write to x via events w; and wq such that (wq,ws2) € mo, then Ty
must commit before T, and thus its entire effect must be visible to Ts.

To understand si-rb, first note that Rg denotes the external transactional
reads (i.e. those reading a value written by another transaction). That is, the
Re are the read events that get their values from the transactional snapshot
phases. By contrast, internal reads (those reading a value written by the same
transaction) happen only after the snapshot is taken. Now let there be an rbr
edge between two transactions, T; and To. This means there exist a read event
r of Ty and a write event w of Tz such that (r,w) € rb; i.e. there exists w’ such
that (w’,7) € rf and (w’,w) € mo. If r reads internally (i.e. w’ is an event in Ty),
then T; and T, are conflicting transactions and as accounted by mot described
above, all events of Ty happen before those of To. Now, let us consider the case
when r reads externally (w’ is not in T;). From the timestamped model of SI,
there exists a start-timestamp t(TJl as of which the Ty snapshot (all its external
reads including r) is recorded. Similarly, there exists a commit-timestamp ¢2
as of which the updates of Ty (including w) are committed. Moreover, since
(r,w) € rb we know t3' < t22 (otherwise r must read the value written by w and
not w’). That is, we know all events in the snapshot of Ty (i.e. all external reads
in T;) happen before all writes of To.?

We use the declarative framework in §3 to formalise the semantics of our im-
plementation. Here, our programs include only non-transactional code, and thus
immplementation execution graphs are taken as those in which 7 = (). Furthermore,
we assume that locks in implementation programs are used in a well-formed man-
ner: the sequence of lock events for each location, in each thread (following po),
should match (a prefix of) the regular expression (RL-RU | WL - WU | RL - PL - WU)*.
For instance, a thread never releases a lock, without having acquired it earlier
in the program. As a consistency predicate on execution graphs, we use the C11
release/acquire consistency augmented with certain constraints on lock events.

Definition 4. An implementation execution graph G = (E, po, rf, mo,lo) is RA-
consistent if the following hold, where hb £ (po U rf U lo)* denotes the ‘RA-
happens-before’ relation:

— Va.Va € WL, UWU,UPL,,beE L. a=0bV(a,b) €loV(b,a) € lo (WSYNC

)
— WL UPL|; (lo\ po); [£L] C po; WU]; lo (WEX)
— [RL]; (lo\ po); WLUPL] C po; [RUUPL]; lo (RSHARE)
)
)

acyclic(hbj,. U U rb) (Acyc

The (WSYNC) states that write lock calls (to acquire, release or promote
synchronise with all other calls to the same lock.

The next two constraints ensure the ‘single-writer-multiple-readers’ paradigm.
In particular, (WEX) states that write locks provide mutual exclusion while held:
any lock event [ of thread 7 lo-after a write lock acquisition or promotion event
I’ of another thread 7/, is lo-after a subsequent write lock release event u of 7/

3 By taking rbr instead of si-rb in Prop. 1 one obtains a characterisation of serialis-
ability.



(i.e. (I',u) € po and (u,!) € lo). As such, the lock cannot be acquired (in read or
write mode) by another thread until it has been released by its current owner.

The (RSHARE) analogously states that once a thread acquires a lock in read
mode, the lock cannot be acquired in write mode by other threads until it has
either been released, or promoted to a writer lock (and subsequently released)
by its owner. Note that this does not preclude other threads from simultaneously
acquiring the lock in read mode. In the technical appendix we present two MRSW
lock implementations that satisfy the conditions outlined above.

The last constraint (Acyc) is that of C11 RA consistency [23], with the hb
relation extended with lo.

Remark 2. Our choice of implementing the SI STMs on top of the RA fragment is
purely for presentational convenience. Indeed, it is easy to observe that execution
graphs of [P] are data race free, and thus, Acyc could be replaced by any
condition that implies Vz. ([W;]; (po U lo)™; [W,]; (po U lo)™; [R.]) N rf = @ and
that is implied by acyclic(poUrf UloUmoUrb). In particular, the C11 non-atomic
accesses or sequentially consistent accesses may be used.

We next demonstrate that our SI implementations in Fig. 3 and Fig. 4 are
both sound and complete with respect to the declarative specification given
above. The proofs are non-trivial and the full proofs are given in the techni-
cal appendix.

Theorem 1 (Soundness and completeness). Let P be a transactional pro-
gram; let [P]s denote its eager implementation as giwen in Fig. 8 and [P],
denote its lazy tmplementation as given in Fig. 4. Then:

outcomesgy(P) = outcomesga ([P]ls) = outcomesga ([P]L)

Proof. The full proofs of both implementations is given in the technical appendix
(Appendix C and Appendix D, respectively).

Stronger MRSW Locks  As noted in §2, for both (prescient and non-
prescient) SI implementations our soundness and completeness proofs show that
the same result holds for a stronger lock specification, in which reader locks syn-
chronise as well. Formally, this specification is obtained by adding the constraint:

- Vz.Va,b e RL,URU,. a=DbV (a,b) € loV (b,a) € lo (RSYNC)

Soundness of this stronger specification (outcomesga ([P]x) C outcomesg;(P) for
X € {E,L}) follows immediately from Thm. 1. Completeness (outcomesgr(P) C
outcomesga ([P]x) for x € {E,L}), however, is more subtle, as we need to addi-
tionally satisfy (RSYNC) when constructing lo. While we can do so for SI, it is
essential for the completeness of our RSI implementations that reader locks not
synchronise, as shown by (SBT) in §2.

In the technical appendix we present two MRSW lock implementations (see
Appendix A). Both implementations are sound against the lo conditions in Def. 4.
Additionally, the first implementation is complete against the conditions of Def. 4
augmented with (RSYNC), whilst the second is complete against the conditions
of Def. 4 alone.
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Fig. 6: RSI-inconsistent executions due to (a) rsi-po; (b) [N'TT; rf;st; (¢) (mo;rf)t

5 Robust Snapshot Isolation (RSI)

We explore the semantics of SI STMs in the presence of non-transactional code
with weak isolation guarantees (see §2). We refer to this model as robust snapshot
isolation (RSI), due to its ability to provide SI guarantees between transactions
even in the presence of non-transactional code. We propose the first declarative
specification of RSI programs and develop two lock-based reference implementa-
tions that are both sound and complete against our proposed specification.

A Declarative Specification of RSI STMs  We formulate a declarative
specification of RSI semantics by adapting the SI semantics in Prop. 1 to ac-
count for non-transactional accesses. To specify the abstract behaviour of RSI
programs, RSI execution graphs are taken to be those in which £ = (). Moreover,
as with ST graphs, RST execution graphs are those in which 7 C (RUW)\U. That
is, RSI transactions comprise solely read and write events, excluding updates.

Definition 5 (RSI consistency). An execution G = (E, po, rf,mo,lo) is RSI-
consistent iff INT holds and acyclic(rsi-hbj,. U mo U rb), where rsi-hb = (rsi-po U
rsi-rf U moT U si-rb)t is the ‘RSI-happens-before’ relation, with rsi-po = (po \
por) U [W]; por; W] and rsi-rf £ (rf; [N'T]) U (N'T]; rf; st) U rfr U (mo; rf)T.

As with SI and RA, we characterise the set of executions admitted by RSI
as graphs that lack cycles of certain shapes. To account for non-transactional
accesses, similar to RA, we require rsi-hby,. U U rb to be acyclic (recall that
rsi-hbioe = {(a,b) € rsi-hb| loc(a) = loc(b)}). The RSI-happens-before relation
rsi-hb includes both the synchronisation edges enforced by the transactional im-
plementation (as in si-hb), and those due to non-transactional accesses (as in
hb of the RA consistency). The rsi-hb relation itself is rather similar to si-hb. In
particular, the mot and si-rb subparts can be justified as in si-hb; the difference
between the two lies in rsi-po and rsi-rf.

To justify rsi-po, recall from §4 that si-hb includes pot. The rsi-po is indeed
a strengthening of pot to account for non-transactional events: it additionally
includes (i) po to and from non-transactional events; and (ii) po between two
write events in a transaction. We believe (i) comes as no surprise to the reader;



for (ii), consider the execution graph in Fig. 6a, where transaction T is denoted by
the dashed box labelled T, comprising the write events w; and ws. Removing the
T block (with w; and ws as non-transactional writes), this execution is deemed
inconsistent, as this weak “message passing” behaviour is disallowed in the RA
model. We argue that the analogous transactional behaviour in Fig. 6a must
be similarly disallowed to maintain monotonicity with respect to wrapping non-
transactional code in a transaction (see Thm. 3). As in SI, we cannot include the
entire po in rsi-hb because the write-read order in transactions is not preserved
by the implementation.

Similarly, rsi-rf is a strengthening of rft to account for non-transactional
events: in the absence of non-transactional events rsi-rf reduces to rfr U (mo;rf)T
which is contained in si-hb. The rf; [A/T] part is required to preserve the ‘happens-
before’ relation for non-transactional code. That is, as rf is included in the hb
relation of underlying memory model (RA), it is also included in rsi-hb.

The |[NT];rf;st part asserts that in an execution where a read event r of
transaction T reads from a non-transactional write w, the snapshot of T reads
from w and so all events of T happen after w. Thus, in Fig. 6b, 7’ cannot read
from the overwritten initialisation write to y.

For the (mo;rf)t part, consider the execution graph in Fig. 6¢ where there is
a write event w of transaction T; and a read event r of transaction Ty such that
(w,r) € mo;rf. Then, transaction Ty must acquire the read lock of loc(w) after
T; releases the writer lock, which in turn means that every event of T; happens
before every event of Ts.

Remark 3. Recall that our choice of modelling SI and RSI STMs in the RA
fragment is purely for presentational convenience (see Remark 2). Had we chosen
a different model, the RSI consistency definition (Def. 5) would largely remain

unchanged, with the exception of rsi-rf £ (sw; [NT]) U (JN'T];sw;st) U rfr U
(mo;rf)t, where in the highlighted changes the rf relation is replaced with sw,

denoting the ‘synchronises-with’ relation. As in the RA model sw £ rf, we have
inlined this in Def. 5.

SI and RSI Consistency We next demonstrate that in the absence of
non-transactional code, the definitions of SI-comsistency (Prop. 1) and RSI-
consistency (Def. 5) coincide. That is, for all executions G, if GNT = (), then
G is Sl-consistent if and only if G is RSI-consistent. This is captured in the
following theorem with its full proof given in the technical appendix.

Theorem 2. For all executions G, if GNT =0, then:
G is Sl-consistent <= G is RSI-consistent

Proof. The full proof is given in the technical appendix (see Thm. 5 in Ap-
pendix B).

Note that the above theorem implies that for all transactional programs P, if
P contains no non-transactional accesses, then outcomesgr(P) = outcomesgg(P).



RSI Monotonicity = We next prove the monotonicity of RSI when wrap-
ping non-transactional events into a transaction. That is, wrapping a block of
non-transactional code inside a new transaction does not introduce additional be-
haviours. More concretely, given a program P, when a block of non-transactional
code in P is wrapped inside a new transaction to obtain a new program Pr, then
outcomesggy(Pr) C outcomesggr(P). This is captured in the theorem below, with
its full proof given in the technical appendix.

Theorem 3 (Monotonicity). Let Pr and P be RSI programs such that Pr
is obtained from P by wrapping a block of non-transactional code inside a new
transaction. Then:

outcomesggsi(Pr) C outcomesgs (P)

Proof. The full proof is given in the technical appendix (see Thm. 6 in Ap-
pendix B).

Lastly, we show that our RSI implementations in §2 (Fig. 3 and Fig. 5) are
sound and complete with respect to Def. 5. This is captured in the theorem
below. The soundness and completeness proofs are non-trivial; the full proofs
are given in the technical appendix.

Theorem 4 (Soundness and completeness). Let P be a program that pos-
sibly mizes transactional and non-transactional code. Let [P]y denote its eager
RST implementation as given in Fig. 3 and [P], denote its lazy RSI implemen-
tation as given in Fig. 5.

If for every location x and wvalue v, every RSI-consistent execution of P
contains either (i) at most one non-transactional write of v to x; or (i) all
non-transactional writes of v to x are happens-before-ordered with respect to all
transactions accessing x, then:

outcomesggsy(P) = outcomesga ([P]lx) = outcomesga ([P].)

Proof. The full proofs of both implementations is given in the technical appendix
(Appendix E and Appendix F, respectively).

6 Related and Future Work

Much work has been done in formalising the semantics of weakly consistent
database transactions [7,33,3,4,10,12,11,13,14,18], both operationally and declar-
atively. On the operational side, Berenson et al. [7] gave an operational model
of ST as a multi-version concurrent algorithm. Later, Sovran et al. [33] described
and operationally defined the parallel snapshot isolation model (PSI), as a close
relative of SI with weaker guarantees.

On the declarative side, Adya et al. [3,4] introduced dependency graphs (sim-
ilar to execution graphs of our framework in §3) for specifying transactional



semantics and formalised several ANSI isolation levels. Cerone et al. [10,12] in-
troduced abstract executions and formalised several isolation levels including SI
and PSI. Later in [11], they used dependency graphs of Adya to develop equiva-
lent SI and PSI semantics; recently in [13], they provided a set of algebraic laws
for connecting these two declarative styles.

To facilitate client-side reasoning about the behaviour of database transac-
tions, Gotsman et al. [18] developed a proof rule for proving invariants of client
applications under a number of consistency models.

Recently, Kaki et al. [21] developed a program logic to reason about transac-
tions under ANST SQL isolation levels (including ST). To do this, they formulated
an operational model of such programs (parametric in the isolation level). They
then proved the soundness of their logic with respect to their proposed opera-
tional model. However, the authors did not establish the soundness or complete-
ness of their operational model against existing formal semantics, e.g. [11]. The
lack of the completeness result means that their proposed operational model may
exclude behaviours deemed valid by the corresponding declarative models. This
is a particular limitation as possibly many valid behaviours cannot be shown
correct using the logic and is thus detrimental to its usability.

By contrast, the semantics of transactions in the STM setting with mixed-
mode (both transactional and non-transactional) accesses is under-explored on
both operational and declarative sides. Recently, Dongol at al. [17] applied exe-
cution graphs [5] to specify the behaviour of serialisable STM programs under
weak memory models. Raad et al. [30] formalised the semantics of PSI STMs
both declaratively (using execution graphs) and operationally (as lock-based ref-
erence implementations). Neither work, however, handles the semantics of SI
STMs under weaker isolation guarantees.

Finally, Khyzha et al. [22] formalise the sufficient conditions on STMs and
the programs running on them that together ensure strong isolation. That is,
non-transactional accesses can be viewed as singleton transactions (transactions
containing single instructions). However, their conditions require serialisability
for fully transactional programs, and as such, RSI transactions do not meet
their conditions. Nevertheless, we conjecture that a DRF guarantee for strong
atomicity, similar to the one in [22], may be established for RSI. That is, if all
executions of a given fully transactional program have no races between singleton
and non-singleton transactions, then it is safe to replace all singleton transactions
by non-transactional accesses.

In the future, we plan to build on the work presented here by developing
reasoning techniques that would allow us to verify properties of STM programs.
This can be achieved by either extending existing program logics for weak mem-
ory, or developing new ones for currently unsupported models. In particular, we
can reason about the SI models presented here by developing custom proof rules
in the existing program logics for RA such as [24,34].
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A MRSW Lock Implementations

We consider two different MRSW library implementations, both satisfying the
lock synchronisation guarantees required by Def. 4. As we demonstrate shortly,
our first implementation (Appendix A.1) offers additional synchronisation guar-
antees by ensuring that any two calls to the library (including those of read locks)
synchronise. That is, our first implementation satisfies the (RSYNC) axiom on
page 16. By contrast, the synchronisation guarantees of our second implementa-
tion (Appendix A.2) are exactly those required by Def. 4, where a library call
to a write lock synchronises with all other lock library calls. As we discussed
earlier in §2, whilst both library implementations can be used in our ST imple-
mentation, only the weaker (second) implementation can be used in our RST
implementation.

A.1 Fully Synchronising MRSW Lock Implementation

Our first MRSW lock library is implemented in the RA fragment of C11 [23], and
is given in Fig. 7. In this implementation, the lock associated with each location
x resides at location x+1, written x1. The state of a lock x1 is represented by
an integer value. A lock x1 may hold either:

i) value 0, denoting that the lock is free (not held in read or write mode); or
ii) value 1, denoting that the lock is held (exclusively) in write mode; or
iii) an even value 2n with n > 0, denoting that the lock is held in (shared) read
mode by n readers; or
iv) an odd value 2n+1 with n > 0, denoting that the lock is currently being
promoted, awaiting the release of n readers.

As such, the implementation of lock_w x simply spins until it can atomically
update (via CAS) the value of x1 from zero (free) to one (acquired in write mode).
The CAS(x1, v,v’) denotes the atomic ‘compare-and-set’ operation, where ei-
ther x1 currently holds value v in which case it is atomically updated to v’ and
true is returned; or x1 currently holds a value other than v in which case it is
left unchanged and false is returned. Dually, the implementation of unlock_w x
simply releases the write lock by atomically assigning x1 to zero.

The implementation of can-promote x is more involved. As multiple readers
may attempt to promote their reader locks simultaneously, promotion is granted
on a ‘first-come-first-served’ bases. As such, the implementation of can-promote
x first reads the value of x1. If x1 holds an odd value, then another reader is
currently promoting x1 and thus promotion of x1 fails by returning false. On the
other hand, if x1 holds an even value, then its value is atomically decremented
(to an odd value) to signal the intention to promote. The implementation then
proceeds by spinning until all other readers have released their locks on x (i.e. x1
== 1), at which point true is returned to denote the successful acquisition of x
in write mode. Note that once a reader has signalled its intention to promote x
(by decrementing x1 to an odd value), any other such attempt to promote the



JAN JAN
lockr x= can-promote X =

start: a:=x1; start: a:=x1;
if (is-odd a) goto start; if (is-odd a) return false;
if (1CAS(xl, a, a+2)) if (1CAS(x1, a, a-1))
goto start; goto start;
while (x1!=1) skip;
unlock.r x £ FAA(x1, -2); return true;
lock.w x 2 while (1CAS(x1,0,1)) skip; unlock.w x £ x1 :=0;

Fig. 7: Fully synchronising MRSW lock implementation in the RA fragment of
C11

lock on x, as well as calls to acquire it in read mode will fail thereafter until such
time that x is released by its current promoter.

The implementation of lock_r x is similar. It first checks whether x1 is odd
(held in write mode or being promoted). If so then the implementation spins until
x1 is even (free or held in read mode), at which point its value is incremented
by two (to increase the number of readers by one) using the atomic ‘fetch-and-
add’ (FAA) operation, and x is successfully acquired in read mode. Dually, the
implementation of unlock_r x atomically decrements the value of x1 by two to
decrease the reader count by one.

Synchronisation Guarantees In what follows we demonstrate that our imple-
mentation satisfies the (WSyNc), (WEX) and (RSHARE) conditions in Def. 4,
as well as the stronger (RSYNC) condition discussed on page 16.

Observe that a successful acquisition of a writer lock is done via an atomic
update operation (when the CAS succeeds). That is, a call to lock_w x returns
only when the CAS is successful, i.e. when no other thread holds a lock on x.
Similarly, a call to unlock_w x returns after an atomic write to x1 assigning it
to zero. Moreover, once x is acquired in write mode by a thread 7, no other thread
can acquire it (all other calls to lock_r x and lock_w x spin until x is released
by 7). As such, any RA-consistent execution graph of a program P containing
a call by thread 7 to lock_w x followed by its subsequent release via unlock_w
x includes a trace of the following form, where wl and wu are events of thread
7, wl denotes the update event associated with the successful CAS acquiring the
writer lock, and wu denotes the write event associated with its release:

r

L owl U(x1,0,1) Postlimm 1y - W(x1,0) (1)

Note that if the use of locks in P is well-formed (i.e. the sequence of lock events
in each thread following po matches (a prefix of) the regular expression (RL -
RU | WL-WU | RL - PL - WU)* — see page 15), no other write event on x1 can happen



between wl and wu. This is because i) well-formedness of lock traces ensures
that the lock is released by the acquiring thread 7 itself, and ii) the lock on x
cannot be acquired after wl and before wu: calls to lock_w x fail because x1 is
non-zero; and calls to can-promote x and lock_r x fail because x1 = 1 holds
an odd value. This in turn ensures the mutual exclusion property of writer locks,
as required by the (WEX) condition in Def. 4.

Similarly, a call to can-promote x returns after the CAS succeeds and sub-
sequently the condition of the while loop amounts to false and no other thread
owns a lock on x (in read or write mode). As such, any RA-consistent execution
graph of a program P containing a call by thread 7 to can-promote x followed
by its subsequent release via unlock_w x includes a trace of the following form,
where sp, pl and wu are events of thread 7, sp denotes the update event asso-
ciated with the successful CAS signalling promotion, pl denotes the atomic read
event in the final iteration of the while loop denoting successful promotion, and
wu denotes the write event associated with its release:

LS sp : U(x1, 2042, 2i+1) Sy S oy pl :R(x1,1) Postlimm W(x1,0)

(2)

for some i denoting the reader count on x, with by - - - by, € RUy, 7l poﬂ—lifnm ru.
In other words, once 7 has signalled its intention to promote x, no other lock on
x can be acquired — calls to lock_w x fail as the value of x1 is non-zero; calls
to lock_r x fail as x1 holds an odd value. However, existing reader locks must
be released before x can be successfully promoted. As with writer locks above, if
the use of locks in P is well-formed, no other event on x1 can happen between
pl and wu. This once again ensures the mutual exclusion property of promoted
locks, as required by the (WEX) condition in Def. 4.

Analogously, a call to lock_r x returns when the CAS succeeds; and a call to
unlock_r x returns after the atomic FAA operation. Moreover, once x is acquired
in reader mode by a thread 7, no other thread can acquire it in write mode (all
other calls to lock_w x spin) until it has been released by 7 (and potentially
other readers). As such, any RA-consistent execution graph of a program P
containing a call to lock.r x followed by its subsequent release via unlock.r x
includes a trace of the following form, where rl and ru are events of thread 7, rl
denotes the update event associated with the successful CAS acquiring the reader
lock, and ru denotes the update event associated with its release via FAA:

Aol U(x1, 24, 2i+2) A a1 BTN an A sp : U(x1, 2k+2, 2k+1) A b1 LN bm

Zero or more Zero or one zero or more

5w U1, 42, 5) 3)
for some 7, j, k > 0, where a; - - - an € RLx URUs, by - by € RU, 71 "™ 1y,
In other words, other threads may also acquire x in read mode (denoted by
events of a; - - - a;) and their calls may be interleaved between the read lock and
unlock of 7. Moreover, another thread may signal to promote its reader lock on
x (denoted by sp) in between the acquisition and release of the reader lock on x



by 7. Lastly, once the lock has been signalled for promotion, no other reader lock
on x can be acquired, though existing reader locks may be released (denoted by
b1 -+ bm). Note that if the use of locks in P is well-formed, no thread can acquire
x in write mode (as x holds a non-zero value) or successfully promote it before
x is released by 7 via ru. More concretely, threads may signal their intention
to promote (see sp above). However, they cannot successfully promote it before
7 has released it in ru as x1 holds a value greater than 1 (see pl in (2)). This
ensures the (RSHARE) condition in Def. 4.

Observe that given an RA-consistent execution graph involving calls to the
above MRSW lock library above, for each location x and its lock at x1, the trace
of events on x1 comprises po and rf edges, as demonstrated by the traces in (1),
(2) and (3). In other words, any two events on x1 are related by (po U rf)} |
i.e. (poUrf)} is total for each x1. Moreover, from the RA-consistency of our
execution we know that (po U rf); is acyclic. As such, since (po U rf)} s
transitively closed, we know that it is a strict total order. For each location x,
we thus define lo, as the strict total order given by lo, £ (poy U rfy)T. As
such, our implementation satisfies both the (WSYNC) condition in Def. 4 and
the stronger (RSYNC) condition discussed on page 16.

A.2 Write Synchronising MRSW Lock Implementation

Our second MRSW lock implementation is similarly implemented in the RA
fragment of C11 [23] and is given in Fig. 8. In this implementation, each lock x
is represented as an ordered map at location x+1, written x1. The map at x1
contains one entry per thread as follows. For each thread with identifier 7, the
x1[7] map entry records the current locking privileges of 7 on x. More concretely,
when x1[7] = 0, then 7 does not hold the x lock; when x1[7] = 2, then 7 holds
x in read mode; and when x1[7] = 1; then some thread (either T or another
thread) either holds x in write mode, or it is in the process of acquiring x in write
mode. The x lock is held in write mode only when all entries in x1 are mapped
to one. As we describe shortly, for thread 7 to acquire x in write mode, it must
inspect each entry in x1 (in order), wait for it be free (zero) and then set it to
one. As we discuss shortly, this in-order inspection of entries allows us to avoid
deadlocks. In our implementation, we assume that the thread identifier can be
obtained by calling getTID. We identify the top-most thread by 7 = 0; as such,
the entry of top-most thread in each map is ordered before all other threads.

We proceed with a more detailed explanation of our implementation after
introducing our map notation. We write 1 to denote a map where all entries
have value 1; similarly, we write O to denote a map where all entries have value
0. Lastly, we write S C x1, to denote that the values held in map x1 are a
superset of S. The lock map x1 associated with location x can be in one of the
following states:

— x1 = 0 when x is free;
— x1 =1 when x is held in write mode;
— {2} C x1 when x is held in read mode (by those threads 7 where x1[7] = 2).



JAN JAN
lockr x= can-promote X =

t:=getTID; t:=getTID;
while (!CAS(x1[t], 0, 2)) skip; if (t==0) x1[t]:=1;
else {
unlock.r x £ t:=getTID; x1[t]:=0 retry: a:=x1[0];
if (a==1) return false;
lockw x 2 if (1CAS(x1[0], 0, 1))
for (t €dom(x1)) goto retry;
while (!CAS(x1[t],0,1)) skip; b ox1[t]:=1;
for (i €dom(xl) && i¢{0,t})
unlock w x 2 while (!CAS(x1[i],0,1)) skip;
for (t Edom(x1)) x1[t]:=0; return true;

Fig. 8: Write synchronising MRSW lock implementation in the RA fragment of
C11

When thread 7 calls lock.r x, it simply spins until the lock is free (x1 =0
and thus x1[7] = 0), at which point it acquires it in read mode by setting x1 [7]
to two. Dually, when 7 calls unlock_r x it simply sets x1[7] to zero.

Analogously, when 7 calls lock_w x, it traverses the x1 map in order, spinning
on each entry until it is free (0) and subsequently acquiring it (by setting it to
1). Conversely, when 7 calls unlock w x, it releases x by traversing x1 in order
and setting each entry to one.

To understand the implementation of lock promotion, first consider the case
where can-promote x is called by 7 # 0, i.e. a thread other than the top-most
thread. The implementation of can-promote x then inspects the first entry in
the map (x1[0]), i.e. that of the top-most thread. If x1[0] = 1, then x is
currently being acquired by another thread; the promotion thus fails and false
is returned. If on the other hand x1[0] # 1 (i.e. x1[0] = 0 or x1[0] = 2), the
implementation spins until it is zero and atomically updates it to one, signalling
its intention to promote x. This pre-empts the promotion of x by other threads:
any such attempt would fail as now x1[0] = 1. The implementation then sets its
own entry (x1[7]) to one, traverses the map in order, and spins on each entry
until they too can be set to one. At this point the lock is successfully promoted
and true is returned. Note that it is safe for 7 to update its own entry x1[7] to
one: at this point in execution no thread holds the writer lock on x, no thread
can promote its lock on x, and those threads with a reader lock on x never access
the x1 [7] entry — the read lock calls of another thread 7’ solely accesses x1[7°].

Let us now consider the case when the top-most thread with 7 = 0 calls
can-promote x. Since prior to a can-promote x call 7 owns a reader lock on x,
i.e. x1[7] = 2, no other thread can promote its x lock. As such, 7 successfully
sets x1[7] to one, signalling its intention to promote x. In other words, the
promotion is skewed in favour of the top-most thread: if a thread races against



the top-most thread to promote x, the top-most thread always wins. With the
exception of the top-most thread, promotion is done on a ‘first-come-first-served’
basis. The rest of the implementation is then carried out as before: the map x1
is traversed in turn and each entry is set to one.

Synchronisation Guarantees In what follows we demonstrate that our imple-
mentation satisfies the (WSyNc), (WEX) and (RSHARE) conditions in Def. 4,
while it does not satisfy the stronger (RSYNC) condition discussed on page 16.

Observe that a successful acquisition of a writer lock is done via several
atomic update operations (via successful CAS operations in the for loop). That is,
a call to lock_w x returns only once the CAS on all x1 entries succeeds, i.e. when
no other thread holds a lock on x. Similarly, a call to unlock_w x returns after
atomic writes on each entry in x1, assigning them to zero. Moreover, once x
is acquired in write mode by a thread 7, no other thread can acquire it: all
other calls to lock_r x spin until the relevant x1 entry is set to zero by 7; all
calls to lock_w x spin until all entries in x1 are set to zero by 7). As such, any
RA-consistent execution graph of a program P containing a call by thread 7
to lock w x or can-promote x, followed by its subsequent release via unlock w
x includes a trace of the following form, where the domain of the x1 map is
0---n for some n, the wly, - - - wl,,, wug, - - - , wu, are events of thread 7, each wl;
denotes the update event associated with the successful CAS (in lock.w x) on
the x1[7] entry, and each wu; denotes the write event setting the x1[i] entry
to zero (in unlockw x):

5 wly : U(x1[0],0,1)
4 po

4 po
5wy, U(x1[n],0,1) 2 wug : W(x1[0],0) - 2 wu, : W(x1[0],0)

As before, note that if the use of locks in P is well-formed (see page 15), no other
write event on x1 [4] can happen between wl; and wu,;. This is because no thread
can acquire the write lock on x1 after wly and before wu,,; and thread 7; cannot
acquire the read lock on x1 after wl; and before wu;. This in turn ensures the
mutual exclusion property of writer locks, as required by the (WEX) condition
in Def. 4.

Analogously, a call to lock_r x returns when the CAS succeeds; and a call
to unlock r x returns after the atomic write operation setting x1[7] to zero.
As such, any RA-consistent execution graph of a program P containing a call to
lock._r x by thread 7, followed by its subsequent release via unlock_r x includes
a trace of the following form, where rl and ru are events of thread 7, rl denotes
the update event associated with the successful CAS acquiring the reader lock,
and ru denotes the write event associated with its release by assigning it to zero:

LR U(x1[7],0,2) 5 ru : W(x1[r],0) (5)



Note that each read lock call on x by thread 7, accesses x1[7] alone and no
other entry in x1. As such, two threads may simultaneously acquire the reader
lock on x, ensuring the (RSHARE) condition in Def. 4. Moreover, as read lock
calls by two distinct threads 7, 77 access disjoint memory locations (x1[7] and
x1[7’1), they never synchronise. That is, the MRSW lock implementation in
Fig. 8 does not satisfy the (RSYNC) axiom on page 16.

Lastly, we demonstrate that our implementation satisfies the (WSYNC) con-
dition in Def. 4, when accessed by an arbitrary (finite) number of threads n.
Observe that given an RA-consistent execution graph involving calls to the
MRSW lock library above, for each location x, its lock at x1, and each thread
7, the trace of events on x1[7] comprises po and rf edges, as demonstrated
by the traces in (4) and (5). In other words, any two event on x1[7] are re-
lated by (po U rf)} , ie. (poUrf)} is total for each x1[7]. We thus use this
total order to determine the lo (synchronisation order) between two lock events,
where at least one of them is a write lock event. Let us now pick two distinct
lock events, w,l € Ly, where at least one of them w is a write lock event,
ie. w € WL, UPL, UWU,. Either 1) w,l are events of the same thread; or 2)
w and [ are events of distinct threads 7, 7/, respectively. In the first case the
two events are related by po one way or another, and as po C hb, we know that
the two events synchronise. In the second case, there are two additional cases to
consider: either i) I € WL, UPL, UWUy; or I € RL; U RUy. In case (i), as we
discussed above we know that each call amounts to a trace akin to that in (4).

That is, we know the trace of 7 contains wl : U(x1[0],0,1) 3 wu : Ww(x1[0],0),
and the trace of 7 contains wil’ : U(x1[0],0,1) £ wu’ : W(x1[0],0). Moreover, as
we discussed above, we know that no other write event on x1[0] can happen

between wl and wu, and between wl’ and wu'. As (po U rf)}  is total for each
. po (pourf);f, , PO '
x1[7], we then know that we either have wl = wu =~ —" wl’ = wu’, or we

urf)F
have wl’ 25 wu/ (po—>)l”“ wl 25 wu. As such, in both cases we know that the two

events synchronise.

In case (ii), we know that the write call results in a trace akin to that in (4),
while the read call results in a trace similar to that in (5). That is, we know
the trace of 7 contains wl : U(x1[r'],0,1) 25 wu : W(x1['],0), and the trace
of 7/ contains 7l : U(x1[7'],0,2) 25 ru : W(x1[’],0). Moreover, as we discussed
above, we know that no other write event on x1[7'] can happen between wl
and wu. As (po U rf)} is total for x1[7'], we then know that we either have

loc
(pourf) (pourf) po

loc

o e} o oc :
wl 2wy =Tl B ru, or we have rl Boru =7 wl B wu. As such, in
both cases we know that the two events synchronise.



B Auxiliary Results

Proposition 2 (SI-consistency). An execution graph G is SI-consistent if
and only if INT holds and the ‘SI-happens-before’ relation si-hb £ (pot U rft U
T Usi-rb)t is irreflexive, where si-rb 2 [Rgl; rbr; W] and Re £ codom(rfg).

Proof. Pick an arbitrary execution graph G. We are then required to show:
acyclic((pot U rfr U mot); rbr’) <= irreflexive(si-hb)

The = direction

We proceed by contradiction. Assume that acyclic((pot U rfT U moT);rbt?) and
Sirreflexive(si-hb) both hold. We then know there exists e such that (e, e) € si-hb =
(porUrfrUmoTUsi-rb) ™. Note that si-rb; si-rb = () because ReNW = (). Hence, the
si-hb cycle cannot have adjacent si-rb edges, which means that we have a cycle in
((pot UrfrUmoT);si-rb?)*, which contradicts our first assumption as si-rb C rbr.

The < direction
We proceed by contradiction. Let us assume irreflexive(si-hb) and —acyclic((pot U
rfr U mot);rbt?). We then know there exists e such that (e,e) € ((por U rfr U
1);rbt?) T, d.e. there exists e such that (e,e) € (rbt”;(pot U rfr U mot))t.
There are now two cases to consider: either 1) (e,e) € (por UrfrUmor)™; or 2)
Ja,d. (e,a) € (rbt?; (porUrfrUmot))*, (a,d) € rbr; (porUrfrUmor) and (d,e) €
(rbt?; (pot U rfT U moT))*, d.e. 3a. (a,a) € rby; (por U rfr U mot); (rbt?; (pot U
rfr Umort))*. In case (1) from the definition of si-hb we then have (e, e) € si-hb,
contradicting the assumption that irreflexive(si-hb) holds.

In case (2) we then know there exists b,c such that [bl,, # [c], (a,b) € rbT,
(b,c) € porUrfrUmor and (c,a) € (rbt?; (porUrfrUmoT))*. From the definitions
of por, rft and mot we then have [b]_, x [c],, € porUrfrUmot and thus from the
definition of si-hb we have [b],, x [c],, C si-hb. As such, from Lemma 1 below we
have [b],, x [a],, C si-hb. On the other hand, from (a,b) € rbt we know there exist
r,w,w such that r € lal,, w € b, [al, # [b], (r,w) € rb, (w',7) € rf and
(w',w) € mo. There are now two cases to consider: i) w' € [a],; or ii) W' & [a],,.

In case (2.i) we then have [a],, x [b], € mot C si-hb. 5;15 such, we have
(a,b) € si-hb. Since we have also established [b],, x [a],, C si-hb, we have (b,a) €
si-hb. By transitivity, we have (a,a) € si-hb, contradicting the assumption that
irreflexive(si-hb) holds.

In case (2.i) we then know r € Rg. As such we have (r,w) € si-rb C si-hb.
Since we have also established [b],, x [a],, C si-hb, we have (w, ) € si-hb. By tran-
sitivity, we have (r,r) € si-hb, contradicting the assumption that irreflexive(si-hb)

holds.



Theorem 5. For all executions G, if GNT =0, then:
G is Sl-consistent <= G is RSI-consistent

Proof (the < direction). Pick an arbitrary G such that GNT =0 and G is RSI-
consistent. Let us proceed by contradiction and assume G is not SI-consistent.
That is, there exists a such that (a,a) € G.si-hb. From the definition of si-hb we
then have G.si-hb C G.rsi-hb. As such, we have (a,a) € G.rsi-hb, contradicting
the assumption that G is RSI-consistent.

Proof (the = direction). Pick an arbitrary G such that GNT =0 and G is SI-
consistent. As GNT =0, we then have G.rsi-hb = (pot U rft UmotUsi-rbU A)™
with A 2 G.(]W]; por; W)). That is, G.rsi-hb = (G.si-hb U A)*. In what follows

we demonstrate:
A;si-hb Csi-hb  and si-hb; A C si-hb (6)

As such, since si-hb is transitively closed, we have G.rsi-hb = G.si-hb U A.

Moreover, we have G. C G.mot U G.moy. As such, since from (INT) we
have G.moy C G.por, we have G.mor C A and thus G.mo C G.rsi-hbj,..

Let B £ G.rbNG.por. We also have G.rb C G.si-rbUG.rby. As such, since from
(INT) we have G.rby C G.por, we have G.rby C B and thus G.rb C G.rsi-hb;,.UB.
Consequently, we have G.(rsi-hbj,. Umo Urb) = G.(rsi-hb;,. U B) = G.(si-hbj,. U
Ajoe U B). Therefore, G.(rsi-hbj,. U mo U rb)T = G.(si-hbje U Ajpe U B)T.

Observe that A; B = 0. In what follows we demonstrate that:

B:ACB (7)
si-hb; B Csi-hb  and B;si-hb C si-hb (8)

Note that since G is SI-consistent we know that A is irreflexive. As such, to show
that G.(rsi-hbj,. U U rb)T = G.(si-hbye U Ajoe U B)T is irreflexive, from (6),
(7), (8), and since B is irreflexive, it suffices to show that G.si-hb is irreflezive,
which follows immediately from the SI-consistency of G.

TS. (6)

To show A;si-hb C si-hb, pick an arbitrary (a,b) € A;si-hb. We then know there
exists ¢ such that a,c € W, (a,c) € A and (c,b) € si-hb. From the definition of
si-hb and since ¢ € W, we know there exists d such that (¢,d) € por U rft UmoT
and (d,b) € si-hb*. As (a,c) € A C st, we thus know that (a,d) € por U rft U

T C si-hb. Consequently, since (d,b) € si-hb* and si-hb is transitively closed,
we have (a,b) € si-hb, as required.

To show si-hb; A C si-hb, pick an arbitrary (a,b) € si-hb; A. We then know
there exists ¢ such that b,c € W, (a,c) € si-hb and (¢,b) € A. From the def-
inition of si-hb, we know there exists d such that (a,d) € si-hb* and (d,c) €
pot Urfr UmoT Usi-rb. As (¢,b) € A C st and since b,c € W we thus know that
(d,b) € por Urfr Umot Usi-rb C si-hb. Consequently, since (a,d) € si-hb* and
si-hb is transitively closed, we have (a,b) € si-hb, as required.



TS. (7)

Pick an arbitrary a,b such that (a,b) € B; A. We then know there exists ¢ such
that b,c € W, (a,c) € B, (c,b) € A and tx(a) = tx(b) = tx(c). Asb,c € W, we
know either (b,c) € mor or (¢,b) € moy. However, as G is SI-consistent, from
(INT) we know that moy C poy and thus we have (¢,b) € moy N por. As such,
since (a,c) € rbNpoy, (¢,b) € moy N por and poy is transitively closed, from the
definition of rb we have (a,b) € rb N poy = B, as required.

TS. (8)

To show Bj;si-hb C si-hb, pick an arbitrary (a,b) € Bjsi-hb. We then know
there exists ¢ such that a € R, ¢ € W, (a,c) € B and (c,b) € si-hb. From the
definition of si-hb and since ¢ € W, we know there exists d such that (¢,d) €
pot U rfx U mot and (d,b) € si-hb*. As (a,c) € B C st, we thus know that
(a,d) € por Urft Umor C si-hb. Consequently, since (d,b) € si-hb* and si-hb is
transitively closed, we have (a,b) € si-hb, as required.

To show si-hb; B C si-hb, pick an arbitrary (a,b) € si-hb; B. We then know
there exists ¢ such that c € R, b € W, (a,c) € si-hb and (¢,b) € B. From the
definition of si-hb, and since ¢ € R, we know there exists d such that (a,d) €
si-hb* and (d,c) € pot U rfr Umor. As (¢,b) € B C st, we thus know that
(d,b) € por Urfr Umort C si-hb. Consequently, since (a,d) € si-hb* and si-hb is
transitively closed, we have (a,b) € si-hb, as required.



Theorem 6 (Monotonicity). Let Gr be an RSI execution graph obtained from
an RSI execution graph G by wrapping some non-transactional events inside a
new transaction. If G is RSI-consistent, then so is G.

Proof. First, we show that [W]; G.rsi-hb C Gr.po; U Gr.rsi-hb. Let A denote the
events of the new transactions in Gr. Let {(a,b) € [W]; G.rsi-hb, and consider a

(po \ por) U [W]J; por; W] U rf; INT]U [NT]; rf; st U rfr U (mo; rf )1 U moT Ussi-rb

path from a to b of minimal length (all relations are in G). Note that the only
possible edges on this path that do not appear in a corresponding relation in
Gr are [A]; rf; [A] and [A]; po; [A] \ W x W) edges. Suppose first that [A]; rf; [4]
is used on this path. Immediately before or after [A]; rf;[A], we can only have
po\ por, but then the two edges can be replaced by a shorter path that uses only
po \ por. Thus, in this case it follows that {(a,b) € [A];rf;[A] C Gr.por. Next,
suppose that [A]; po; [A] \ (W x W) is used on this path (the minimality ensures
such edge is used only once). First, if this edge is the first edge on the path,
then (again) it is the only edge on the path (immediately after [A]; po; [A4], we
can only have rf; [N"T \ A] or [N'T]; rf;st, but both start with a write). Hence, in
this case we have (a,b) € [A]; po;[A] C Gr.por. Second, consider the case that
the [A]; po; [4] edge is not the first on the path. Immediately before [A]; po; [4],
we can only have a [E \ A];rf edge. Then, in Gr, the two edges can be joined
into either [N'T]; Gr.rf; Gr.st or Gr.rft. Hence, we obtain (a,b) € Gr.rsi-hb.

Now, suppose that G is not RSI-consistent. If INT does not hold, then Gr is
also not RSI-consistent and we are done. Otherwise, G.rsi-hby,. U G.mo U G.rb
is cyclic. Since G.mo is total on writes to each location, it follows that (a,a) €
G.rsi-hb; (G.moU G.rb) for some a € G.W. Since G.mo = Gp.mo, G.rb = Gp.rb,
our claim above entails that (a,a) € (Gr.porU Gr.rsi-hb); (Gr.moU Gp.rb). Now,
(a,a) € Gr.por; (Gr.mo U Gr.rb) implies that INT does not hold for G, while
(a,a) € Gr.rsi-hb; (Gr.moU Gr.rb) implies that Gr.rsi-hb;,. U Gr.moU Gr.rb is
cyclic. In both cases, Gr is not RSI-consistent.



Lemma 1. For all a,b,c:
[a]st 7& [b]st/\[a]stx[b]st g Si_th(b’ C) € (I’bT?; (pOTUFfTU T))* = [a]stx[c]st g Si_hb

Proof. Note that (rb-r?; (pot U rfr Umor))* = UneN Sy, where Sy = id and for
all n € N we have Sp41 2 (rbr”; (pot U rfr U mot)); S,. We thus demonstrate
instead:

Va,b,c. Vn € N. [a], # [b] Alalg % [bl,, C si-hbA(b,c) € S, = [a],, x[c],, C si-hb

st

We proceed by induction on n.

Base case n =0
Follows immediately from the assumptions of the lemma and the definition of Sy.

Inductive case n = m+1

Va,b,c. Vi < m.
la],, # [bl,, A [a,, x [b]g, € si-hb A (b, ¢) € S; = [a],, % [c],, € si-hb (I.H.)

Pick arbitrary a,b,c such that [a]l, # [bl,, [al, x [bl, C si-hb, and (b,c) €
Sy. From the definition of S, we then know there exists d such that (b,d) €
rbt?; (por Urfr Umort) and (d,c) € S,,. There are now two cases to consider: 1)
(b, d) € porUrfr U T, Or 2) (b, d) € rbr; (pOT Urfru T)-

In case (1) from the definitions of por, rft and mot we have [b],, x [d],, C
pot UrfrUmor and thus from the definition of si-hb we have [b],, x [d],, C si-hb.
Since we also have [a],, % [b],, C si-hb and si-hb is transitively closed, we have
la],, x [d],, Csi-hb. As (d,c) € Sy, from (I.H.) we then have [a], X [c],, C si-hb,
as required.

In case (2) we then know there exists e such that (b,e) € rbt and (e,d) € potU
rfr U mot. From the definitions of pot, rfr and mot we then have [e],, x [d], C
potUrfrUmoT and thus from the definition of si-hb we have [e] , x[d],, C si-hb. On
the other hand, from (b,e) € rbr we know there exist r,w,w’ such that r € [b],,
w € [e]st7 [b]st 7& [e]sU [d]st 7& [e]sU (T7w) € I’b, (’LU/,T') € rf and (w’,w) €
There are now two cases to consider: i) w' € [blg; or ii) w' & [b],.

In case (2.1) we then have [b], x [e], € mot C si-hb. Since we also have
la],, % [b],, C si-hb and [e],, x [d],, C si-hb, from the transitivity of si-hb we have
la],, x [d],, Csi-hb. As (d,c) € Sy, from (I.H.) we then have [a], X [c],, C si-hb,
as required.

In case (2.i) we then know r € Rg. As such we have (r,w) € si-rb C si-hb.
As [alg, x [b],, € si-hb and r € [b],, we then have [a], x {w} C si-hb. Similarly, as
le]g x [d]g, € si-hb and w € [e],, we then have {w} x [d],, C si-hb. As such, from
the transitivity of si-hb we have [a],, x [d], C si-hb. As (d,c) € Sy,, from (1.H.)

we then have [a],, X [c],, C si-hb, as required.

Lemma 2 (Lock ordering). Given an RA-consistent execution graph G =
(E, po,rf,mo,lo) of the SI or RSI implementations in Fig. 3, for all wl,wl" €



WLy, pl,pl" € PLy, wu,wu’ € WUy, rl,rl' € RLy, and ru € RUy:

(wl, wu), (W', wu") € pog|imm= (wu, wl’) € loy V (wu',wl) € loy
(wl, wu), (rl, pl, wu’) € pog|imm= (wu,rl) € log V (wu',wl) € loy
(rl, plywu), (rl’, pl’, wu') € poglimm= (wu, rl’) € loy V (wu',rl) € log
(WWSyNC)

(wl, wu), (rl,ru) € poglimm= (wu,rl) € lox V (ru, wl) € loy

(rl, pl,wu), (rl’, ru) € pox|imm= (wu,rl") € lox V (ru,pl) € log (RWSYN)

where given a relation r we write (a,b,c) € r as a shorthand for (a,b), (b,c) € r.

Proof (Proof (WWSYNC)). Pick an arbitrary RA-consistent execution graph
G = (E,po,rf,mo,lo) of the SI or RSI implementations in Fig. 3, and pick
arbitrary wl, wl’ € WLy, pl,pl’ € PLy, wu,wu’ € WUy and rl,rl" € RL;. We
are then required to show:

(wl, wu), (wl’, wu') € pog|imm = (wu,wl’) € log V (wu',wl) € loy  (9)
(wl, wu), (rl, pl,wu’) € pogimm = (wu,rl) € lox V (wu',wl) € loy  (10)
(rl, pl,wu), (rl’, pl’, wu') € poy|imm = (wu,rl’) € loy V (wu',rl) € loy  (11)

RTS. (9)
We proceed by contradiction. Let (wl, wu), (wl',wu') € pog|imm and (wu,wl") ¢
lox A (wu', wl) & loy. Since loy is totally ordered w.r.t. write lock events, we then
have (wl’,wu) € loy and (wl,wu’) € lo.

From the mutual exclusion (WEX) afforded by lock events, and since (wl’, wu) €

. o lo
loy we know there exists wu” € WUy, such that wl’ 23 wu” and wu” - wu. More-

' POx|; po” . . .
over, since wl’ = =" wu' we have wu' — wu'. Once again, since lo is total w.r.t.

write lock events and agrees with po (otherwise we would have a cycle contra-
dicting the assumption that G is RA-consistent), we have wu' L wu”. We then
have wu' 'S wu” 3 wu and thus since lo is an order (i.e. is transitive), we have
w3 wu.

Following a similar argument symmetrically, we get wu 3 wu!. We then

| | - . , ,
have wu' = wu — wu’, contradicting the assumption that lo is a strict order.

RTS. (10)
We proceed by contradiction. Let (wl, wu), (rl, pl,wu’) € pox|imm and (wu,rl) &
lox A (wu', wl) & log. Since loy is totally ordered w.r.t. write lock events, we then
have (rl, wu) € loy and (wl,wu') € loy.

From (RSHARE) and since (rl,wu) € lox we know there exists | € Ry UP Ly

POx|imm

such that rl 231 and 1 3 wu. Moreover, since vl =" pl we have pl s 1. Once
again, since lo is total w.r.t. write lock events and agrees with po (otherwise we
would have a cycle contradicting the assumption that G is RA-consistent), we

have pl 0 1. We then have pl 1 13 wu and thus since lo is an order (i.e. is

transitive), we have pl 3w, Similarly, from the mutual exclusion (WEX) of



write locks and since pl LY wu, we know there exists wu” € WUy such that

po lo . POx | po*
pl = wu” and wu” — wu. Moreover, since pl =~ = wu' we have wu' — wu’.

Again, since lo is total w.r.t. write lock events and agrees with po (otherwise we
would have a cycle contradicting the assumption that G is RA-consistent), we

lo lo* | . .
have wu' = wu”. We then have lwu' 2 wu” 3 wu and thus since lo is an order
(i.e. is transitive), we have wu' > wu.
Analogously, from (WEX) and since (wl,wu’) € lo, we know there exists

" POx | ymm
—

po lo .
wu" € WUy such that wl — wu”" and wu” — wu'. Moreover, since wl

wu we have wu > wu'”. Once again, since lo is total w.r.t. write lock events
and agrees with po (otherwise we would have a cycle contradicting the assumption

, , lo* lo* |
that G is RA-consistent), we have wu = wu". We then have wu = wu” = wu'

. . . . .. lo
and thus since lo is an order (i.e. is transitive), we have wu — wu'.

We then have wu' 3 wu 3 wu’, contradicting the assumption that lo is a
strict order.

RTS. (11)
We proceed by contradiction. Let (rl, pl, wu), (rl’, pl’, wu') € pox|imm and (wu,rl") &
lox A (wu/, rl) & log. Since loy is totally ordered w.r.t. write lock events, we then
have (rl,wu’) € loy and (rl';wu) € lo.

From (RSHARE) and since (rl,wu') € lox we know there exists | € RU,UP Ly

such that vl ®3 1 and 1 3 wu'. Moreover, since rl poxﬁ;m pl we have pl % 1. Once
again, since lo is total w.r.t. write lock events and agrees with po (otherwise we
would have a cycle contradicting the assumption that G is RA-consistent), we

have pl 1. We then have pl 0 1 2 wu! and thus since lo is an order (i.e. is

transitive), we have pl B . Similarly, from (WEX) and since pl -3 wu’, we
know there exists wu” € WUy such that pl 25 wu and wu” B Moreover,

POx | imm

since pl = wu we have wu 2 wu. Again, since lo is total w.r.t. write
lock events and agrees with po (otherwise we would have a cycle contradicting
) ) ; lo*

the assumption that G is RA-consistent), we have wu ~ wu”. We then have
lo* | ) . L .

wu > wu” 3wy’ and thus since lo is an order (i.e. is transitive), we have
|

wu — wu' . |
Following a similar argument symmetrically, we get wu' — wu. We then

[ | L , , .
have wu — wu' = wu, contradicting the assumption that lo is a strict order.

Proof (Proof (RWSYNC)). Pick an arbitrary RA-consistent execution graph
G = (E,po,rf,mo,lo) of the SI or RSI implementations in Fig. 3, and pick
arbitrary wl € WLy, pl € PLy, wu € Wly, rl,rl’ € RL; and ru € RUx. We
are then required to show:

(wl,wu), (rl, ru) € pog|imm = (wu, ) € log V (ru, wl) € loy (12)
(rl, plywu), (rl’,ru) € poglimm = (wu,rl") € lox V (ru,pl) € loy (13)



RTS. (12)
We proceed by contradiction. Let (wl, wu), (rl,ru) € pox|imm and (wu,rl) & log A
(ru,wl) & loy. Since loy is totally ordered w.r.t. write lock events, we then have
(rl,wu) € loy and (wl,ru) € loy.

From (WEX) and since (wl,ru) € loy, we know there exists wu' € Wy such

po lo . POx| po”
that wl = wu' and wu' — ru. Moreover, since wl =~ = wu we have wu — wu’.

Once again, since lo is total w.r.t. write lock events and agrees with po (otherwise
we would have a cycle contradicting the assumption that G is RA-consistent), we

lo* lo* | ) .
have wu = wu'. We then h(welwu 2% wu' > ru and thus since lo is an order
(i.e. is transitive), we have wu — ru.
Analogously, from (RSHARE) and since (rl,wu) € loy we know there exists

Poﬁmm

| € RUy UPLy such that vl 25 1 and 8 wu. Moreover, since rl rU we

have ru ®% 1. We then have | 3 wu 3 ru ®% l, contradicting the assumption
that G is RA-consistent.

RTS. (13)
We proceed by contradiction. Let (rl, pl,wu), (rl',ru) € pog|imm and (wu,rl’) &
lox A (ru, pl) & loy. Since loy is totally ordered w.r.t. write lock events, we then
have (rl’, wu) € loy and (pl,ru) € loy.

From (WEX) and since (pl,ru) € lox we know there exists wu' € Wly such

po lo . pox| po*
that pl = wu' and wu' — ru. Moreover, since pl  — " wu we have wu — wu'.

Once again, since lo is total w.r.t. write lock events and agrees with po (otherwise
we would have a cycle contradicting the assumption that G is RA-consistent), we

lo*

lo* | . ‘
have wu = wu'. We then havelwu % wu' = ru and thus since lo is an order
(i.e. is transitive), we have wu — ru.
Analogously, from (RSHARE) and since (rl’,wu) € loy we know there exists

POx | imm
—

| € RUy UPLy such that rl 251 and 8 wu. Moreover, since rl rU wWe

have ru ®> 1. We then have | 3 wu 3 ru ™ l, contradicting the assumption
that G is RA-consistent.



C Soundness and Completeness of the Eager SI
Implementation

Notation Given an execution graph G’ = (F,po,rf,mo,lo) we write T /st
for the set of equivalence classes of T induced by st; [a],, for the equivalence
class that contains a; and 7¢ for the equivalence class of transaction £ € TXID:
Te £ {a|tx(a)=¢}. We write si-consistent(G") to denote that G’ is SI-consistent;
and write RA-consistent(G) to denote that G is RA-consistent.

Given an execution graph G of the SI implementation in Fig. 3, let us assign
a transaction identifier to each transaction executed by the program; and given
a transaction &, let RS¢ and WS¢ denote its read and write sets, respectively.
Observe that given a transaction & of the SI implementation in Fig. 3 with
RS UWS, = {xl, e ,xi}, the trace of £, written 6, is of the following form:

POlimm

POlimm POJlimm POlimm POlimm
0 = FS* Plpm pg Poliwm pryg Poligm pp o Polipm i Poligm 7

where FS* denotes the sequence of events attempting but failing to obtain a
snapshot, and

— Rs denotes the sequence of events acquiring the reader locks (on all loca-
tions accessed) and capturing a snapshot of the read set, and is of the

Polimm pognm vl Polimm S, Polimm pognm

form rly, — — Sy, where for all

ne{l---i}:

po‘ imm

rly. = RL(xL,) S, — TSy, —» WSy, if x € RSg
0 otherwise

with rsy, £ R(xp,v,) and ws,, = W(s[x,],v,), for some v,.
— RUs denotes the sequence of events releasing the reader locks (when the given

C . poli poli
location is in the read set only) and is of the form ruy, =~ — -+ —  TUg,,

where for all n € {1---i}:

RU(x1,) if x, & WS;
Tly, = )
0 otherwise

— PLs denotes the sequence of events promoting the reader locks to writer ones

(when the given location is in the write set), and is of the form pi, Poligpm

POlimm

—" ply,, where for all n € {1---i}:

~ JPL(x1,) if x, € WS¢
P, = 1] otherwise



— Ts denotes the sequence of events corresponding to the execution of [T] in

Fig. 3 and is of the form # Peligm _ poligm tg, where for all m € {1---k}:

B R(s[x,1,vn) if Oy =R(xn, vn)
" W(Xp, Un) pobfm W(slxnl,vn) if Op=W(xn,vn)

where O,,, denotes the mth event in the trace of the original T;
— Us denotes the sequence of events releasing the locks on the write set. That
is, the events in Us correspond to the execution of the last line of the imple-

poli poli
e POlign

mentation in Fig. 3, and is of the form wuy, Wy, , where for

allm e {1---i}:

WU(y1l if W
Wy, = (y1,) ifx, 6. Se
0 otherwise

Given a transaction trace 6, we write e.g. £.Ls to refer to its constituent Ls
sub-trace and write Ls.F for the set of events related by po in Ls. Similarly, we

write £.E for the set of events related by po in 6¢. Note that G.E = |J &.E.
ecTx

C.1 Implementation Soundness

In order to establish the soundness of our implementation, it suffices to show
that given an RA-consistent execution graph of the implementation G, we can
construct a corresponding SI-consistent execution graph G’ with the same out-
come.

Given a transaction £ € Tx with RS; U WS = {x;---x;} and trace 0 =

POlimm POlimm POlimm

Olimm Olimm . Olimm
Fs* Poliym g Poligm ppg Poligm pp polipm g Pelin Us, with Ts = peliy

... Polipm tk, we construct the corresponding implementation trace 6; as follows:

/Ly PQ PO 4/

where for all m € {1---k}:

t! =R(xn,rby) when t,, = R(s[x,],7by)

POlimm

th =W(xpn,rby) when t,, = W(xp,rby) — W(slxyl,rby)

such that in the first case the identifier of ¢/, is that of t,,; and in the second
case the identifier of ¢/ is that of the first event in ¢,,. We then define:

th € Ts' A 3x,v. tf=R(x,v) A w=W(x,v)
/\(wE{“.E:>wE)>t;/\
RFe £ ¢ (w,t}) (Ve € &L.E.w B e B¢, = (loc(e)#x V edW)))
ANw g &E= (YecbE. (e B th = (loc(e) #x Ve gW))
A(w, € rsx) € G.rf)



We are now in a position to demonstrate the soundness of our implementation.
Given an RA-consistent execution graph G of the implementation, we construct
an SI execution graph G’ as follows and demonstrate that si-consistent(G’) holds.

- G".E= | 0;.FE, with the tx(.) function defined as:
¢eTx

tx(a) £¢  where a €6

— G'.po= G.po|g'.E
G'.rf = Ueery RFe

- G =G. |G/.E
— G'lo=10

Observe that the events of each 9’5 trace coincides with those of the equivalence
class T¢ of G'. That is, 0;.E = T.

Lemma 3. Given an RA-consistent execution graph G of the implementation
and its corresponding SI execution graph G’ constructed as above, for all a,b,&,, &y, x:

CaF & Na€&.ENDEE&.ENloc(a) =1loc(b) =x=
G.hb

((a,b) € G'.rf = Eqwuy = Eporly) (14)
A ((a,b) € G'.mo = &, wuy e &p.1lx) (15)
A ((a,b) € G'.mo; rf = £, wuy EAG Ep.rly) (16)
A ((a,b) € G'.rb = (x € WS¢, A &a.wuy pal Eu.1lx) V (x € WSe, A Eq.Tuy Eal &-ply))
(17)

Proof. Pick an arbitrary RA-consistent execution graph G of the implementation
and its corresponding SI execution graph G' constructed as above. Pick an arbi-
trary a,b,&q, &, x such that &, # &, a € £, E, a € £,.E, and loc(a) = loc(b) =
X.

RTS. (14)
Assume (a,b) € G'.rf. From the definition of G'.rf we then know (a,&,.rsx) €

G.rf. On the other hand, from Lemma 2 we know that either i) x € WS¢, and

& wuy, ¢.4b Ea-rly; or ) x & WS¢, and &.ruy G.4b Ea-ply; or i) &g Wy G4k

&p.rly. In case (i) we then have a Gyt Ea-TSx Gio Ep- Wiy ¢4k Ea-1ly Gio a. That

bioc

is, we have a G b a, contradicting the assumption that G is RA-consistent.
L . .. . G. . G.
Similarly in case (ii) we have a ayf &q-TSx e Ep. Uy G4 Ea.ply 28 a. That

is, we have a G bioc a, contradicting the assumption that G is RA-consistent. In
case (iit) the desired result holds trivially.

RTS. (15)

Assume (a,b) € G'.mo. From the definition of G'.mo we then know (a,b) € G.
G

On the other hand, from Lemma 2 we know that either i) &.wu, 4h>b Ea.rly;



or ii) &q.wuy G-4b &p.rly. In case (i) we then have a Gyoy, Gge Ep- Wiy G.4b

lo

Eqorly Ggo a. That is, we have a G hbuoe a, contradicting the assumption that G
is RA-consistent. In case (ii) the desired result holds trivially.

RTS. (16)

Assume (a,b) € G'.mo;rf. We then know there exists w such that (a,w) € G'.
and (w,b) € G'.rf. From the definition of G'.mo we then know (a,w) € G.
There are now three cases to consider: 1) w € &,; or 2) w € &; or 3) w €
EcNEe # Ea N # & In case (1) the desired result follows from part 14. In case
(2) since (a,w) € G'.mo the desired result follows from part 15.

In case (3) from the proof of part 15 we have &, wu, ctb &e.rly. More-
over, from the shape of G traces we have &..rly Gpe & wug. On the other
hand, from the proof of part 14 we have &..wuy ER &.rly. We thus have
o Wy G.4b Eerly Gio Ec Wiy ¢.4b &.rly. As G.po C G.hb and G.hb is transi-

. G.hb .
tively closed, we have £q.wu, — &p.1ly, as required.

RTS. (17)

Assume (a,b) € G'.rb. From the definition of G'.rb we then know (£q.75x,b), (§a-vSx,b) €
G.rb. On the other hand, from Lemma 2 we know that either i) &, . wuy, ¢.4b Eaorly;

or i) x & WS¢, and &q.7Ug Ghb Ea.ply; or i) x € WS, and &q.wug G-4b &yl

In case (i) we then have b Gge &y wuy G.4b Ea.1ly @go £q.T5¢ “Lh. That 18, we

have b € 8ve £,.TSx G b, contradicting the assumption that G is RA-consistent.

Lemma 4. For all RA-consistent execution graphs G of the implementation and
their counterpart SI execution graphs G' constructed as above,

1. (G'.pot C G.po) A (G .poT; G'.rbr C G.hb)
2. (G'.mot C G.hb) A (G".mot; G'.rbr C G.hb)
3. (G'.rfr C G.hb) A (G.rfr; G'.rbr C G.hb)

Proof. Pick an arbitrary RA-consistent execution graph G of the implementation
and its counterpart SI execution graph G’ constructed as above.

RTS. (Part 1)

The proof of the first conjunct is immediate from the definitions of G'.po and
G.po. For the second conjunct, pick arbitrary (a,b) € G'.(por;rbr). We then
know there exist ¢ such that (a,c) € G'.por and (¢,b) € G'.rbr. Since (a,c) €
G’ .port, from the definition of G'.po we also have (a,c) € G.po and thus (a,c) €
G.hb. Moreover, from the definition of G'.rbt we know there exist £1, o, 7, w such
that & # &2, ¢,r € 0, byw € O, and (r,w) € G'.rb. Let loc(r) = loc(w) = x.
We then know that x € R8¢, UWSe,, x € WS¢,, and that there ewists w, such that
(wg,r) € G'rf and (wy,w) € G'.mo. From the construction of G'.mo we then



have (wy,w) € G.mo. From the construction of G'.rf there are now two cases to
consider: 1) (wg,&1.75¢) € G.rf; or 2) x € WS¢, , wy € &1 and (wy,7) € G.po.
In case (1) we then have (§1.75x, w) € G.rb. Moreover, from Lemma 3 we have
that either: i) x & WS¢, A &1.1uy ¢.4b &a.ply; or 1) x € WSg, A &1 wuy G &o.1ly.
In case (1.i), since we have (a,c) € G'.pot, from the construction of G'.po
G.po G.hb G.po .
we have (a,&.1uy) € G.po. We thus have a =8 &ruxy — E2.pl, “8°b. That i,

as G.po C G.hb and G is transitively closed, we have (a,b) € G.hb, as required.
Similarly, in case (1.ii), since we have (a,c) € G'.pot, from the construction of

G'.po we have (a,&.wuy) € G.po. We thus have a G-go &1 wuy G Eo.rly Geoy,
That is, as G.po C G.hb and G is transitively closed, we have (a,b) € G.hb, as
required.

In case (2), from Lemma 3 we have & .wuy G4h>b & rly. Moreover, we have
(¢, &1.wuy) € G.po and. (&2.71x,b) € G.po. We thus have, a G, Gpo &1 wuy G

&o.1ly G—'Eo b. That is, as G.po C G.hb and G is transitively closed, we have
(a,b) € G.hb, as required.

RTS. (Part 2)
For the first conjunct, pick an arbitrary (a,b) € G'.mot; we are then required to
show that (a,b) € G.hb.

From the definition of G'.mot and the construction of G' we know there
exist &1,&2,d, e such that & # &2, (d,e) € G'.mo, a,d € T¢, and b,e € Te,. Let
loc(d) = loc(e) = y. We then know a e &.wuy, &1.rly B g Ge & wuy,
&a.1ly 8 and &a.1ly Gpo, Ggo &a.wuy.

From Lemma & we then know &1.wuy e &.rly. As such, we have a Ggo
&1 wuy Gtb &a.1ly G8p. As G.po € G.hb and G.hb is transitively closed, we
have a <5° b, as required.

For the second conjunct, pick an arbitrary ¢ such that (b,c) € G'.rbt. We are
then required to show that (a,c) € G.hb. From the definition of G'.rbt we then
know there exist £3,7, w such that {3 # &2, 7 € Te,, ¢,w € Ty and (r,w) € G'.rb.
Let loc(r) = loc(w) = x. We then know that x € RS, UWSg,, x € WSe,, and
that there exists wy such that (wg,r) € G'.rf and (wg,w) € G'.mo. From the
construction of G'.mo we then have (w,,w) € G.mo. From the construction of
G'.rf there are now two cases to consider: 1) (wg,§2.75x) € G.rf; or 2) x € WSe,,
wy € & and (wy,r) € G.po.

In case (1) we then have (§2.15¢, w) € G.rb. Moreover, from Lemma 3 we have

either i) x & WS¢, A&a.1ux G—'>hb &3.ply; or Qi) x € WSg, Ao .wuyx Cﬂ;b &s.1ly. In case
G.hb

(1.3), from the proof of the first conjunct recall that we have a Ggeo §1.wuy =
&.rly. Also, from the shape of G traces we know that &.1ly Ggeo &a.ruy. As
such, we have a Gpo &1 wuy Gab &a.1ly Gpo Eo. Uy Gab &3.ply 98 . That 1S, as
G.po C G.hb and G is transitively closed, we have (a,c) € G.hb, as required.



Similarly, in case (1.ii), from the proof of the first conjunct recall that we

have a %58° §1.wuy ctb &.rly. Also, from the shape of G traces we know that

G. G. . G. .
&a.rly e &x.wuy. As such, we have a z8e §1.wuy G—?b §o.1ly 8e & wuy G—?b

&3.7ly G8° .. That is, as G.po C G.hb and G 1is transitively closed, we have
(a,c) € G.hb, as required.

In case (2) from Lemma 3 we have &3.wiuy e &3.7ly. Recall that with the first
congunct we demonstrated that (a,b) € G.hb. Moreover, we have (b,&a.wuy) €
G.po and (&3.7ly,c) € G.po. We thus have, a b, Gpo Eo.wuy cae E3.7ly Ggo e,
That is, as G.po C G.hb and G is transitively closed, we have (a,b) € G.hb, as
required.

RTS. (Part 3)
For the first conjunct, pick an arbitrary (a,b) € G'.rft; we are then required to
show that (a,b) € G.hb.

From the definition of G'.rft and the construction of G’ we know there exist
&1, &2, wy, 1y such that & # &, (wy,ry) € G'xf, a,wy € & and b,ry € &. Let
loc(w) = loc(r) = y. We then know & .rly Ggo &i1-ply Ggo Wy Ggo &1.wuy and

G.po
a8 §1.-wuy.

Let w, =W(y,v) and ry, = R(y,v). From the construction of G’ we know that

(wy, &a.rsy) € G.rf. On the other hand, from Lemma 3 we have & .wuy e &o.1ly.
G.po G.hb G.po .

We then have a =5 Srowuy - Caurly 8 b, That is, as G.po C G.hb, we have

a 8 b, as required.

For the second conjunct, pick an arbitrary ¢ such that (b,c) € G'.rbt. We are
then required to show that (a,c) € G.hb. From the definition of G'.rbt we then
know there exist £3,7, w such that {3 # &2, 7 € Te,, ¢,w € Ty and (r,w) € G'.rb.
Let loc(r) = loc(w) = x. We then know that x € RS, UWSg,, x € WSe,, and
that there exists wy such that (wg,r) € G'.rf and (wg,w) € G'.mo. From the
construction of G'.mo we then have (w,,w) € G.mo. From the proof of the first
conjunct recall that we have a Ggo §1.wuy b §o.rly.

From the construction of G'.rf there are now two cases to consider: 1) (wy,&2.75x) €
G.rf; or 2) x € WSe,, wy € & and (wy,r) € G.po.

In case (1) we then have (&3.1sx,w) € G.rb. Moreover, from Lemma 3 we
have either: i) £o.1uy G &3.ply; or i) o wuy G.4b &3.7ly.

In case (1.i), from the shape of G traces we know that &s.7ly Ggo Eo.ruy. As

such, we have a Ggeo &1.wuy Gb &a.rly Ggeo Eo.1Uy b &3.pl, 98 ¢ That 18, as
G.po C G.hb and G is transitively closed, we have (a,c) € G.hb, as required.

Similarly, in case (1.4), from the shape of G traces we know that &;.7ly Ggo

& wuy. As such, we have a Gjo &1 wuy G4h>b &a.1ly Gio Eo wuy Cﬂ;b &3.rly Gio c.
That is, as G.po C G.hb and G is transitively closed, we have (a,c) € G.hb, as
required.



In case (2), from Lemma 3 we have &a.wuy G4h>b &s.1ly. Recall that with the
first conjunct we demonstrated that (a,b) € G.hb. Moreover, we have (b, {2.wuy) €
G.po and (&3.7ly,¢) € G.po. We thus have, a by, Gpo Eo.wuy cae E3.7ly Geo e,
That is, as G.po C G.hb and G is transitively closed, we have (a,b) € G.hb, as
required.

Theorem 7 (Soundness). For all execution graphs G of the implementation
and their counterpart SI execution graphs G’ constructed as above,

RA-consistent(G) = si-consistent(G")

Proof. Pick an arbitrary execution graph G of the implementation such that
RA-consistent(G) holds, and its associated SI execution graph G’ constructed as
described above.

RTS. acyclic(G'.((pot U rfr Umot);rbr?))
We proceed by contradiction. Let us assume

RA-consistent(G) A —acyclic(G’.((pot U rft U mot); rbt?)) (18)

From the definition of RA-consistent(.) we then know that there exists a such that
(a,a) € ((G'.por U G'.rfx U G'.mor); G’.rbT)Jr. Consequently, from Lemma J
we have (a,a) € G.hbT. That is, since G.hb is transitively closed, we have
(a,a) € G.hb, contradicting our assumption that G is RA-consistent.

RTS. rf{U 1Urbr C po
Follows immediately from the construction of G'.

C.2 Implementation Completeness

In order to establish the completeness of our implementation, it suffices to show
that given an SI-consistent execution graph G’ = (E, po, rf, mo, lo), we can con-
struct a corresponding RA-consistent execution graph G of the implementa-
tion. Before proceeding with the construction of a corresponding implementation
graph, we describe several auxiliary definitions.

Given an abstract transaction class T¢ € G'.7T /st, we write WS¢ for the set
of locations written to by T¢: WSy = UeETgﬁW loc(e). Similarly, we write RS
for the set of locations read from by T¢, prior to being written by 7¢. For each
location x read from by 7¢, we additionally record the first read event in 7¢ that
retrieved the value of x. That is,

RSTe 2 {(x7)[r € iNRe A3 € TeN By e B r)

Note that the execution trace for each transaction 7¢ € G’.T /st is of the form

0 =t Poligen . POligum t;. for some k, where each ¢ is a read or write event. As
such, we have G".E = G'.T = Ur.cq.7/0 Te = 0c-E.



Let RS7, UWS7, = {x1---%,}. We then construct the implementation trace
0¢ as:

POlimm POlimm POlimm POlimm
0 = Rs "lym Rus Pl ppg Polipm g Polipm

where
POlimm POlimm POlimm POlimm POlimm
— Rs = rly, Pl Poliwm g polpm g polipmpolwm o here the
identifiers of all constituent events of Rs are picked fresh, and

polimm .
rly, = BL(x;) 5, = {rsxj =" wsy, if Ir. (x5,7) € R8¢ Avaly(r) = v;

0 otherwise

with 7sy, £ R(x;,v;) and wsy, = W(s[x;1,v;).

— RUs = Tuy, Poligm Poligpm Ty, , where the identifiers of all constituent
events of RUs are picked fresh, and for all j € {1---n}:

RU(XJ) lf Xj g WS§
Tly, =
0 otherwise

— PLs = pl,, Polign - Poligem pl, , where the identifiers of all constituent

Xn?

events of PLs are picked fresh, and for all j € {1---n}:

PL(X]‘) if Xj € w35

plX]‘ =
0 otherwise
— Ts=1t Poligm POl i, where for all m € {1---k}:
R(s[x,],vn) if ¢/ =R(xp,vn)
" W(Xp, Un) p0|L>m W(s[xpl,vy) if & =W(xp,vy)

such that in the first case the identifier of ¢, is that of ¢/,; and in the second
case the identifier of the first event in ¢,, is that of ¢/, and the identifier of
the second event is picked fresh.

POlimm POlimm . . .
— Us = wuy, |—> ‘—> wuy, , where the identifiers of all constituent

events of Us are picked fresh, and

WU(Xj) if X5 € WS&
Wy . =
5 0 otherwise

We use the &. prefix to project the various events of the implementation trace
O¢ (e.g. §.rly;).



Given the transaction classes 7 /st of G’, we construct a strict total order
TCO : T /st x T /st as an extension of G’.(rbt”;(por U mot U rft))*. That is,
construct TCO as a total order such that:

Ve,e'. (e,€') € G'.(rbr"; (pot U mot Urfr))T = (fe],, [¢],,) € TCO

Recall that since G’ is Sl-consistent, we know acyclic((pot U mot U rft);rbt?)
holds, i.e. acyclic(rbt?; (potT UmoT Urft)). As such, it is always possible to extend
(rbt”; (poT U moT U rfT)Jr to a total order as described above.

For each location x, let WTy £ {T¢ € T/st| Wy N T¢ # 0} denote those trans-
actions that write to x. We then define TMO, £ TCO|wr, as a strict total order
on WTy. Given a strict total order r, we write r|, for the i*™ item of r, indexed
from 0 (e.g. TMOx|,). For i € N, we then define:

Sg 3{775 | TMOy |, =Te V 3r € Te. (inity,r) € G'. rf}
S E{Te| TMOy|,, =Te VIr € Te. 3w € TMOy|; . (w,r) € G'.rf \ rfr}

where init, denotes the write event initialising the value of x (with zero).

For all locations x and 7 € N, let P¥ = TCO|g;c. Note that for each i € N, the
SF contains at most one transaction that writes to x. We denote this transaction
by P¥.writer. For each lock x we then define:

(PF.writer.pl,, Px writer. wuy),
(PFwriter.ply, Prl; .rly),
(PF.writer.pl,, |j TUy),
(PF.writer.pl,, PF.writer.pl,),
LOx & < (PF.writer.pl,, P¥. writer wuy), |1 ENAE >IN0 <5 <|SE
(P5.writer.wux, P, .rlx),
(PF.writer. wiy, Pk| ’I“’LLX)
(PF.writer.wuy, Py.writer.pl,),
(PF.writer.wuy, Pf.writer.wuy)
(P, -rlx, P.writer.ply),
(PI; -rux, Powriter.ply), | . ) )
> < x
Y (P, -rlx, Pj.writer.wuy), PENAEZiN0<]<|S
(P -rux, Py.writer.wuy),
(P, 1l X, 1),
(PEl; b, P |' ), i,i' ENAO < <|SHA0<  <|S
RLO, £ L0, U { (P 1l P3[, rus), A= /\j_<3j/) V(i < i’g)j '
(PE[) rue, P, 1L,
(P} rux, P |/ ),

Remark 4. Let lo; £ UseLoc LOx and loy £ UseLoc RLOy. Note that both
lo; and los satisfy the conditions stated in Def. 4. The los additionally satisfies



the ‘read-read-synchronisation’ property in (RSYNC). In what follows we demon-
strate that given an SI-consistent execution graph G’, it is always possible to
construct an RA-consistent execution graph G of the implementation with its
lock order defined as los. Note that as lo; C log, it is straightforward to show
that replacing los in such a G with loy, preserves the RA-consistency of G, as
defined in Def. 4. In other words, as lo; C log, we have:

acyclic(hbjoe U mo U rb) with hb £ (po U rf Ulog)t =
acyclic(hbjoe U mo U rb) with hb = (po U rf U loy) ™

As such, by establishing the completeness of our implementation with respect
to log, we also establish its completeness with respect to lo;. In other words, we
demonstrate the completeness of our implementation with respect to both lock
implementations presented earlier in Appendix A.

We now demonstrate the completeness of our implementation. Given an SI-
consistent graph, we construct an implementation graph G as follows and demon-
strate that it is RA-consistent.

- G.E= U  0¢.E, with the tx(e) =0, for all e € G.E.
Te€G'.T /st
Observe that G'.E C G.E.

— @.po is defined as G’.po extended by the po for the additional events of G,
given by each f¢ trace defined above. Note that G.po does not introduce
additional orderings between events of G'.E. That is, Va,b € G'.E. (a,b) €
G'.po < (a,b) € G.po.

— Gorf = Uy eroos { (0, €755) | 3. (x,7) € BRS¢ A (w, 1) € G}

- Gmo=G".

— G.lo = UeLoc RLOx, with RLOy as defined above.

Notation  Given an implementation graph G as constructed above (with
G.T = (), and a relation r C G.E x G.E, we override the rg notation and
write rg for:

{(a,b) € r|3u, 6. a €0, . EADE O . ENE, # &)

Analogously, we write ry for {(a,b) € r|3¢. a,b € 0:.E}.

Lemma 5. For all SI-consistent execution graphs G' = (E,po,rf,mo,lo), and
for all x € Loc, &,,& € TXIDp, and i € N:

&, € Six AN € Six.;_1 = (gavé.b) € TCO

Proof. Pick arbitrary SI-consistent execution graph G' = (E,po,rf,mo,T), x €
Loc, &.,& € TXIp, and i € N. There are now four cases to consider: 1) &, =
PF.writer and & = P}, .writer; 2) {, = PF.writer and &§ # P}, .writer; 3) £, #
Pf.writer and §, = PF, ,.writer; and 4) &, # Pf.writer and &, # PF, | .writer.
In case (1) from the definitions of SF and PF.writer we have T¢, X Te, C
T and thus from the definition of TCO we have (£.,&) € TCO, as required.



Similarly, in case (2) from the definitions of S¥ and PF.writer we have T¢, X
Te, C€ rfr and thus from the definition of TCO we have (£4,&) € TCO, as
required.

In case (8), from the definition of S we know there exist r € T¢, N Ry and
w € PF.writer N Wy such that (r,w) € rb and thus (a,w) € rby. On the other
hand from the definitions of SF and S, we know there exists w' € T¢, "Wy such
that (w,w") € and thus (w,w’) € moy. As such we have (a,w’) € rbr; mot
and thus from the definition of TCO we have (£,,&,) € TCO, as required.

In case (4), from the definition of S¥ we know there exist r € T¢, N Ry and
w € PX.writer N Wy such that (r,w) € rb and thus (a,w) € rbr. On the other
hand from the definitions of S and S}, we know there exists r' € T¢, "Ry such
that (w,r’") € rf and thus (w,r’) € rfr. As such we have (a,r") € rbr;rfr and
thus from the definition of TCO we have (&,,&,) € TCO, as required.

Corollary 1. For all SI-consistent execution graphs G' = (E, po, rf,mo, lo), and
for all x € Loc, &,,& € TXIp, and i,j € N:

§a EST NG €SF NI <J= (£, &) € TCO
Proof. Follows by induction from Lemma 5.

Given an implementation graph G = (E, po, rf, mo, lo), let

(&1.71x, &2.ply) € log,
I A (gl'ruxaglplx) € |Ox, - x| x| .
hb" £ | poUrfUlo\ (€11l Ea 0102 € log, Ji,j. k. PF; =6 A Pl =6Nj>k
(gl-ruxuéé-wux) € loy

Lemma 6. For all implementation graphs G = (E, po,rf, mo,lo) constructed as
above,

Va,b,&a,&.a € e, EAbE O, . ENa™ b
= (a,b) € G.por V (&4, &) € TCO

Proof. Pick an arbitrary implementation graph G = (E, po, rf, mo,lo) constructed
as above. Since hb' is a transitive closure, it is straightforward to demonstrate
that hb’ = |J hb}, where:
1€N

(&1.71x,&2.pl,) € log,
= o 6 o) € 3 e >

(&1.7uy, E2.wuy) € log
and hbj, , = hby; hbj. It thus suffices to show:

Vi € N.Va,b,&,&.a € 0e, EAbE 0. ENa 5 b
= (a,b) € G.por V (&, &) € TCO



We proceed by induction over i.

Base case i1 =0
hbf,
Pick arbitrary a,b,&q,& such that a € O¢,.E and b € 0¢,.E, a — b. There are

then four cases to consider: 1) a G porfiior b; or 2) a G.Roe b; 8) a b or 4)
a E5F b,

In case (1), from the construction of G.rfy we have G.rfy C G.poy; moreover,
from the construction of G.loy we have G.lo; C G.por. Consequently we have

G.por .

a — b, as required.

In case (2) from the construction of G.po we then know that Te, xTe, € G'.po
and thus from the definition of TCO we have (£,,&) € TCO, as required.

In case (8) from the construction of G.rf we then know that Te, xTe, € G’ .rfr
and thus from the definition of TCO we have (£,,&) € TCO, as required.

In case (4) from the definition of hb{, we know that there exists i, j,i’,j’ such
that &= Pf|;, &= Pj|; and either 1) i <i'; or ii) i =i' Nj < j'.

In case (4.1) from Corollary 1 we have (£4,&p) € TCO, as required. In case
(4.1) from the definitions of PF we have (&4,&) € TCO, as required.

Inductive case i = n+1
Pick arbitrary a,b,&q,& such that a € 0¢, . E, b€ 0¢,.E and a ’Ef b.

hb’,
Vj<n.Ved,&,qg.c €0c, ENdE O, ENC = d (LH.)
= (¢,d) € G.poy V (&, &4) € TCO

From the definition of hb], | we then know there exists e such that (a,e) € hbg
and (e,b) € hbl,. Let e € &..E. Consequently, from the proof of the base case
we then know that (a,e) € G.por V (&, &) € TCO. Similarly, from (I.H.) we
have (e,b) € G.por V (&,&) € TCO. There are now four cases to consider: 1)
(a,e) € G.por and (e,b) € G.por; 2) (a,e) € G.poy and (&,&) € TCO; 8)
(€a, &) € TCO and (e,b) € G.por; 4) (£4,&e) € TCO and (&, &) € TCO.

In case (1) from the definition of G.por we have (a,b) € G.por. In cases (2-4)
from the definitions of G.por, TCO we have (&4,&) € TCO, as required.

Given an implementation graph G = (E, po, rf, mo, lo) constructed as above,
let stg(.) : G.E — {1,2,3} denote the event stage reflecting whether it is in the
snapshot phase (1), reader lock release phase (2), or the update phase (3). That
is,

1 3,xee {g.rlx,g.rsx,g.wsx}
stg(e) 2 92 3¢,x. e = E.ruy
3 otherwise



Lemma 7. For all implementation graphs G = (E, po,rf,mo,lo) constructed as
above, and for all x € Loc, &q,&1,& € TXID and a € O¢, . E:

(€1.70x 3 Ea.ply A E2.pl, 3 a)
lo hb
V& S Eple Aol = @) 5 Px|, =61 A PE| =g2 Ak > 1
V (&1l = Ea.wuy A o wuy — a)
Vv (

&1 .Tuy o Eo.wuy A o Wiy he a)
= stg(&1.rux) < stgla) V (£1,&) € TCO

Proof. Pick an arbitrary implementation graph G = (E, po, rf, mo, lo) constructed
as above, and pick arbitrary x € Loc, &q,&1,& € TXID and a € 0¢,.F such that

(17l 3 oply A boply ™2 a) V (Erruy 3 Eoply A &oply B a) Vv (1l 3
Eo.wug Ao wuy e a)V (&1 .7ux Lo Eo. Wy Ao Wiy e a)) and 37, k, 1. P]’“k =& A
P]’F‘l =& Nk > 1. In case of the first disjunct from the construction of lo we then
also have &1 .1uyx LY Eo.pl, NEa.ply " . Similarly, in case of the third and fourth
disjuncts from the construction of lo we also have &1.ruy LY &a.pl, N Ex. wuy " .
Moreover, since we have &2.pl, =® & wuy and po C hb, we also have &.1ruy £>

Ea.pl, N Ea.ply " a. It thus suffices to show:

E1.7ux <3 Ea.ply N Eaply 5 a N Fj k1P|, =6 A PY| =€ Nk > 1
= stg(&1.1ux) < stgla) V (£1,&) € TCO

Since G.hb is a transitive closure, it is straightforward to demonstrate that

G.hb = |J hb;, where hbyg = G.po U G.rf U G.lo and hb, 11 = hbg; hb;. It thus
ieEN
suffices to show:

Vi € N. Vx € Loc, &, &1, & € TXIp,a € ¢, .E.

Erre B &l A boply, ¥ a AT kL PY| =60 A P, =6 Ak >
= stg(&1.1ux) < stgla) V (£1,&) € TCO

We thus proceed by induction over i.

Base case i =0 |
Pick arbitrary x € Loc, &,,&1,& € TXID and a € O¢,.E such that & .ruy 3

&a.ply, Ea.pl, "0 o and 37, k, 1. Pﬂk =& A P]’F‘l =& Ak > 1. From the construction
of G we know that there existsr € G'.T¢, andw € G'.T¢, such that (r,w) € G'.rb.

Moreover, since k # 1 we know that (r,w) € G'.rbr. Since we have &3.pl, by a,

G .porUrfrUlor
%

there are four cases to consider: 1) &a.pl, a; or 2) &.pl, G-Roe a; or

3) &a.pl, Goife a; or 4) &.pl, Gloe .
In case (1), from the construction of G.rfi we have G.rfy C G.por; more-
over, from the construction of G.lo; we have G.loy C G.por. We thus have



&a.pl, SR . On the other hand, from the definition of stg(.) we know stg(a) >

stg(&e.ply) > stg(&1.1ux), and thus stg(a) > stg(&1.rux), as required.

In case (2), since &o.pl, °%F a, we have (w,a) € G'.por. As such, we have
(r,a) € G'.(rby;por). From the definition of TCO we thus have (£1,&,) € TCO,
as required.

Case (8) cannot happen as there are no rf edges from lock events. In case
(4), from the construction of lo we know there exists m,n such that m > j, and
& = P, As such, from Corollary 1 we have (§1,&,) € TCO, as required.

Inductive case i = n+1
Pick arbitrary x € Loc and &4,&1,&2 € TXID and a € 8¢, .E such that &;.ruy g

Ea-ply, Eo.ply ¥ a and 3j,k,1. PY| =& A P, =62 Ak > L.

s !

Vj S n. Vy (= LOC7§a/7§37§4 S TXID,CL’ S efa/'E"

(&5.7ux 3 E4.pl, A Eq.pl,, by a') A 3j, k1. PY =& A Py, =& Nk >1
= stg(&s.1uy) < stg(a’) V (£3,&) € TCO
(LH.)

There are two cases to consider:
)+

porUrfiUlo
1) fg.plx( S a;or
porUrfiUlor)™*;(pogUrfeUlog ) ;hbyy,
2) &.pl, (portrfilon)”s(pgerfeLioe) a, where m < n.

In case (1), from the construction of G.rfy we have G.rfy C G.poy; moreover,

from the construction of G.lor we have G.loy C G.por. We thus have &2.pl, pg+ a,
i.e. Ea.ply ™ a. As such, from the proof of the base case we have stg(a) >
stg(&1.ruyx), as required.

In case (2) from the construction of G we know that there existsr € ¢, .E and
w € O¢,.E such that (r,w) € G'.rb. Moreover, since k # I, from the construction
of G we know that & # & and thus we have (r,w) € G'.rbt. On the other hand,

. fUlo)* feUl n
we know that there exist b, c such that &2.pl, (polur—l>u 1) p PoEVTEVIE b rom,
the construction of G.rf1 we have G.rf; C G.por; moreover, from the construction

of G.loy we have G.lop C G.por. We thus have &.pl, P2 b, As such we have
&a.ply PO POEIEYOE et ¢ e O¢,. There are now three cases to consider: a)

b 2% c;orb)b e c;ore)b % ¢ We first demonstrate that in all three cases we
have (&1,&.) € TCO.

In case (2.a), since &.pl, °% ¢, we know there exists ¢ € T, such that
(w,c") € G'.por. As such, we have (r,¢') € G'.(rbr;por). From the definition of
TCO we thus have (£1,&:) € TCO. In case (2.b), from the definition of G.rf we
know there exists ¢ € Te, such that (w,c’) € G'.rfy. As such, we have (r,c) €
G'.(rbr;rfy). From the definition of TCO we thus have (&1,&.) € TCO. In case
(2.c) from the construction of lo we know there exists z such that either b = &.pl,
or b = &.wu, and that there exist p,q such that & € S5, £ € S7 and p < q.
Given the definition of S* we then know that there exists w, € G'.T¢, where either



i) there exists w, € Te, such that (w,,w’,) € G'.mov; or i) there exists r, € Te,
such that (w;,r,) € G'.rfy; or i) there exists v, € Te, such that (w,,r,) €
G'.(moT;rfr). That is, we have either (w,w’,) € G'.mot, or (w,r,) € G'.rfr, or
(w,r,) € G'.(mot;rfr). Moreover, since we have (r,w) € G'.rby, we then have
(rywl,) € G'.(rbr;mor), or (r,r.) € G'.(rbr;rfr), or (r,r.) € G'.(rbr; moT;rfy).
From the definition of TCO we thus have (&1,&.) € TCO.

Since ¢ "% a, there are now two cases to consider: i) ¢ 'E; a; orii) ¢ ’;2; a.

In case (2.1), from Lemma 6 we have (c,a) € por V (&, &) € TCO. As we

have (&1,&.) € TCO, we thus have (£1,€,) € TCO, as required.
In case (2.ii) let us split the path from ¢ at the first occurrence of a non-

hb’ edge. That is, pick £3,€4,9,h,7,D,q,S,k such that c @; &3.9 LY &4.h g a,
k < m, Psy|p = Te,, Psy|q = Te., p > q and either a) g = rly AN\ h = ply; or b)
g =ruy Nh =ply;orc)g=rly Nh = wuy; or d) g =ruy ANh = wuy. From
Lemma 6 we then have (¢, &3.g9) € porV(&,&3) € TCO. As we have (&1,&.) € TCO,
we also have (£1,&3) € TCO. We next demonstrate that in all cases (2.4.a-2.4i.d)

there ewists t such that t < m and &3.1uy -3 &a.ply e g
In case (2.7.a) from the definition of lo we also have &3.1uy LY Ea.ply. As

such, we have £3.1uy LY a.ply "t 4. In case (2.4.b) the desired result holds
immediately.

In cases (2.ii.c-2.1i.d) from the construction of lo we have &3.7uy LY §a.ply.

. po po hb
Moreover, since we have §4.ply, = &a.wuy, we also have &4.ply = Es.wuy = a.

br i1
%

As po C hb and hb is transitively closed, we have §4.pl, " a. As such, we

have &3.1uy 3 &a.pl, hbk—)“ a. As k < m, the desired result holds immediately.

Consequently, from (I.H.) we have stg(&3.ruy) < stg(a) V (&3,&.) € TCO.
In the case of the first disjunct we have stg(&3.1uy)=stg(&1.1uy) < stg(a), as
required. In the case of the second disjunct, since we also have (&1,&3) € TCO
and TCO is transitively closed, we have (&1,&,) € TCO, as required.

Theorem 8 (Completeness). For all SI execution graphs G’ and their coun-
terpart implementation graphs G constructed as above,

si-consistent(G’) = RA-consistent(G)

Proof. Pick an arbitrary SI execution graph G’ and its counterpart implementa-
tion graph G constructed as above and assume si-consistent(G’) holds. From the
definition of RA-consistent(G) it suffices to show:

1. irreflexive(G.hb)
2. irreflexive(G.mo; G.hb)
3. irreflexive(G.rb; G.hb)

RTS. part 1
We proceed by contradiction. Let us assume that there exists a,8¢ such that a €
0¢.E and (a,a) € G.hb. There are now two cases to consider: 1) (a,a) € hb’; or

2) (a,a) & hb'.



In case (1), from Lemma 6 we have (a,a) € G.porV (Te, T¢) € TCO. The first
disjunct leads to a contradiction as the construction of G.po yields an acyclic
relation. The second disjunct leads to a contradiction as TCO is a strict total
order.

In case (2), let us split the a " o at the first occurrence of a non-hb’ edge.

lo\hb’
That is, pick &1, €2, %, 1,5, k, g, h such that a ™ €19 Y &0 ™® o, PP = T,

1 | 1
. lo\hb hb  hb ’
PF|, =Te, and j > k. As we have {&1.9 — &.h — a — &1.g, from Lemma 7
and the definition of hb we then have stg(&1.9) < &1.9V (£1,&1) € TCO, leading
to a contradiction in both disjuncts (the second disjunct yields a contradiction as
TCO is a strict total order).

RTS. part 2

We proceed by contradiction. Let us assume that there exists a, 0¢,, b, 0¢, such that
a€be, .E,bebe.E, (a,b) € G.hb and (b,a) € G.mo. Let loc(a) = loc(b) = x
for some shared location x. There are now two cases to consider: 1) (b,a) €
G.moy; or 2) (b,a) € G.mog.

In case (1) we then have (b,a) € G'.moy C G’.por. That is, we have (b,a) €

G.po C G.hb. We thus have a GAby, GAb a, contradicting our proof in part 1. In

case (2), from the construction of G.mo we have (b,a) € G'.mot and thus from

the construction of G.lo we then have (§.wuyx,&q.7lx) € G.lo. As such we have

G.hb ;, G. G.| G. . G.hb .y
a 37 p 8 Ep.wuy 250 Eq.rly 28 a. That 18, we have a — a, contradicting

our proof in part 1.

RTS. part 3
We proceed by contradiction. Let us assume that there exists a,f¢,,b, 8¢, such
that a € O¢,.E, b € b¢,.E, (a,b) € G.hb and (b,a) € G.rb.

Let 1oc(a) = loc(b) = x for some shared location x. There are now two cases
to consider: 1) (b,a) € G.rbr; or 2) (b,a) € G.rbg.

In case (1) we then have (b,a) € G'.rby C G'.po;1. That is, we have (b,a) €

G.po C G.hb. We thus have a oy, GLe a, contradicting our proof in part 1. In

case (2), from the construction of G.rb we have (b,a) € G’'.rbt and thus from the
construction of G.lo we then have either (b, &.wuy) € G.po and (§p.wuy, £4.7ly) €

G.lo; or (b, &.rux) € po and (&p.-Tux, £q-ply) € G.lo. As such in both cases we have

(b,a) € G.hb. Consequently, we have a by G a, contradicting our proof in

part 1.



D Soundness and Completeness of the Lazy SI
Implementation

Given an execution graph G of the lazy SI implementation, let us assign a
transaction identifier to each transaction executed by the program; and given a
transaction ¢. Let RSY = WSg = (). Observe that given a transaction £ of the
lazy SI implementation, the trace of £, written 6, is of the form:

POlimm POlimm p

Olimm POlimm POlimm POlimm
Fs Poligm pg Polipm g Polipm p g poligen pp POl poligm 1y

where:

— Fs denotes the sequence of events failing to obtain the necessary locks, i.e.
those iterations that do not succeed in promoting the writer locks;

— Is denotes the sequence of events initialising the values of LS,RS and WS with
(), and initialising s [x] with L for each location x;

— Ts denotes the sequence of events corresponding to the execution of [T] and

is of the form # Peligm  Poligm tg, where for all m € {1---k}:

rd(Xm, Vmy BSm—1, WSm—1) Poligm Iry,, if Oy =R (X, Vm)

t pr—
m POlimm POlimm .
W (X, Umy RSm—1, WSm—1) wwsy,, —  lwy, i Op=W(Xm, Vm)

where O,, denotes the mth event in the trace of the original T; Iry, £
R(s[xm],vm); lwy, 2 W(s[xml,vm);

R(S [xm], L) if X, € RSm-1U WSm_1

pol;
g g

Polimm

Tl

Xm

A polj
'I"d(Xm,'Um, RSmflv WSmfl) - ligm Wrsx,,

POlimm
TSxpm

Polimm

WSx,,

0 otherwise

fs,, denotes the sequence of events attempting (but failing) to acquire the
read lock on X, 7ly,, = RL(X1.,), wrs,, = W(RS, RSm), msx, = R(Xm,Um),
and wsy,, = W(s[xm],vm); and for all m > 0:

RS A {RSmU{Xm} ime:R(Xma_)
m+1 —

RSm, otherwise
and
R(S [Xm] 5 J_) if Xm € Rsmfl U WS'mfl
W (X y Uy RSm—1, WSm—1) 2 ) polipm fom

pol; .
2 rly,, 0 otherwise



lwy,, =W(s[xm], vm), WWwsy,, £ w(Ws, WS,,); fs,, and rly, are as defined

above; and
WSpet & WS U{xm} if Om:.W(Xm, -)
WS, otherwise
Let RS¢ = RS, and WS = WS,,,; let RS¢ UWS, be enumerated as {xq -- - x;}
for some 1.
— RUs denotes the sequence of events releasing the reader locks (when the given

C . poli poli
location is in the read set only) and is of the form ruy, =~ — -+ —  Tug,,

where for all n € {1---i}:

RU(x1,) if x, & WS,
Tly, = )
0 otherwise

— PLs denotes the sequence of events promoting the reader locks to writer ones

POlimm

(when the given location is in the write set), and is of the form pi,

po‘imm

=" ply,, where for all n € {1---i}:

Lo PL(x1,) if x, € WS¢
P, = 1] otherwise

— Ws denotes the sequence of events committing the writes of [T] and is of

poli poli
g POligm

the form ¢, Cx;, where for all m € {1---i}:

n

R(sTxad, vn) "By =W (ke vn) if X € WSe
o ] otherwise

— Us denotes the sequence of events releasing the locks on the write set, and

PO|ixam . Pognm

is of the form wuy, Wy, , where for all n € {1---i}:

WU(x1,) if x, € WSg
Wy, = )
0 otherwise

Given a transaction trace 8¢, we write e.g. . Us to refer to its constituent Us
sub-trace and write Us.E for the set of events related by po in Us. Similarly, we
write £.E for the set of events related by po in 6¢. Note that G.E = |J &.E.

eTx

Note that for each transaction £ and each location x, the £.7ly, émx, E.ruy,
E.ply, E.wuy and €. wy are uniquely identified when they exist.

For each location x € WS¢, let fw, denote the maximal write (in po order

polimm polimm

within &) logging a write for x in s [x]. That is, when 6, = ¢;
let fw, = wmax(x, [t1 - tm]), where

tm,

wmax(x, []) undefined

wmax(x, L++[t]) £ lwy if t:unj(x, - =) 2wy 55 wwsy
wmax(x, L) otherwise



Similarly, for each location x € WSg, let iw, denote the minimal write (in po order

POlimm POlimm

within &) logging a write for x in s[x]. That is, when 0 = t;
let iwy = wmin(x, [t1 - - - tm]), where

tm,

wmin(x, []) undefined
lwy if t=wr(x,—, —,—) 22wy B wwsy

wmin(x, L) otherwise

wmin(x, [t]++L) £ {

D.1 Implementation Soundness

In order to establish the soundness of our implementation, it suffices to show
that given an RA-consistent execution graph of the implementation G, we can
construct a corresponding Sl-consistent execution graph G’ with the same out-
come.

Given a transaction £ € Tx with RS¢ UWS¢ = {x; - - - x;} and trace ¢ as above

. POlimm POlimm . .
with Ts = & ‘—> ‘—> tx, we construct the corresponding SI execution
trace 0& as follows:

t,

/ PO" Pol'
ipm POlipm

A
O =t =

where for all m € {1---k}:

POlimm
t! =R(xm, Um) when t,, = rd(Xm, Vm, Sm) |—> Ir,,
POlimm POlimm
tr =W(xm, vm) when t,, = wr(xm, Vm, Sm) |—> lwy,, |—> WWSx,,

such that in the first case the identifier of ¢/, is that of lry, ; and in the second
case the identifier of ¢/, is that of lwy,, . We then define:

th € 0¢. B A Ix,v. t;=R(x,v) A w=U(x,v)
ANw € EE = w Bt
RFe £ ¢ (w,t}) (Ve € &.B. w5 e B3¢, = (Loc(e)#x V egW)))
Nw & EE = (Ye€ &.E. (e 3¢, = (locle) #x Ve g W))
ATE. (& wy, 1) € Gorf) ANw=E" . fw,

Similarly, we define:

MO 2 (w1, wz), | 3. w1, ws € £&.ENW A loc(wr)=loc(ws) A (w1, w2) € G.po *
(’LU3,’LU4) /\351,52, X. wngl.fwx A w4:§1.iwx AN (51.wx,§2.wx) € G.

We are now in a position to demonstrate the soundness of our implementation.
Given an RA-consistent execution graph G of the implementation, we construct
an ST execution graph G’ as follows and demonstrate that si-consistent(G’) holds.

- G".E= | 0;.E, with the tx(.) function defined as:
ecTx

tx(a) £¢  where a €0



— G'.po= G.po|g'.E
— G'rf =Jgery RFe
— G@'.mo =MO
G'lo=10

Observe that the events of each 92 trace coincides with those of the equivalence
class T¢ of G'. That is, 0;.E = Te.

Lemma 8. Given an RA-consistent execution graph G of the implementation
and its corresponding SI execution graph G’ constructed as above, for all a,b,&,, &, x:

CaF & Na€&.ENDEE.ENloc(a) =1loc(b) =x=
G.hb

((a,b) € G'.rf = Eq.wux == &y.1ly) (19)

A ((a,b) € G'.mo = Eq.wuy D8 &y1ly) (20)

A ((a,b) € G'.rb = (x € WS¢, A &a.wuy e Eu.1lx) V (x € WSe, A Eq.Tuy EAY &v.ply)
(21)

Proof. Pick an arbitrary RA-consistent execution graph G of the implementation
and its corresponding SI execution graph G' constructed as above. Pick an arbi-
trary a,b,&q, &, x such that &, # &, a € £4.E, a € £, . E, and loc(a) = loc(b) =
X.

RTS. (19)
Assume (a,b) € G'.rf. From the definition of G’.rf we then know (£,.wx, &.15x) €

G.rf. On the other hand, from Lemma 2 we know that either i) x € WS¢, and
G.hb

G.hb .. G.hb
Ewuy — Ea.Tlg; or i) x & WSe, and &.rugy = &Eq.ply; or W) o.wuy —
af G. hb G.
; &p. 1Sy e Ep Wiy, G—> Eqorly e

&y.rly. In case (i) we then have &,.wy ¢y
& bioc &q.wy, contradicting the assumption that G

&qwy. That is, we have &, .wy
. . .. . .. G.rf G.po G.hb
is RA-consistent. Similarly in case (ii) we have &,.wy nA Ep.TSy =8 &poruy —

Ea.pl, G—'go &q.wy. That is, we have €,.wy Gi‘il“ &, wy, contradicting the assump-
tion that G is RA-consistent. In case (iii) the desired result holds trivially.

RTS. (20)
Assume (a,b) € G'.mo. From the definition of G'.mo we then know (§q.wx, §p-wx) €
G.mo. On the other hand, from Lemma 2 we know that either i) &.wu, Gae

Ea-Tly; or 1) g wuy ¢.4b &p.1rly. In case (i) we then have &,.wy cy Epwy Gge
Ep Wiy, Cﬂ;b Eqorly Gjo Eqwy. That is, we have &,.wy G'—> Eawy = gy,
contradicting the assumption that G is RA-consistent. In case (i) the desired
result holds trivially.

RTS. (21)

Assume (a,b) € G'.rb. From the definition of G’.rb we then know that either
(Eq-wy, &pwy) € G. or (£4.75x,&p.wyx) € G.rb. In the former case the de-
sired result follows immediately from the proof of part (20). In the latter case,



from Lemma 2 we know that either i) &.wuy ko Ea-rly; or 1) x & WSe,

and .Uy G4 Ea-ply; or i) x € WSe, and &,.wuy G4 &y.rly. In case (i)
G. . G. . .

we then have &p.wy 8e Ep Wy G—h>b Eq.ly z8e &q.TSy G—;b &.wy. That is, we

G hbuoc & TSy G &p.wy, contradicting the assumption that G is RA-

have &p.wy

Lemma 9. For all RA-consistent execution graphs G of the implementation and
their counterpart SI execution graphs G' constructed as above:

V€, . Va € G Te,,be G'Te,.
(a,b) € G'.(por Urfr Umor)t =
Ad e G'Te,. Ve e G Te,. (¢,d) € G.hb
A3y (Ea-wuy,d) € G.hbV Ve € &.E. (c,d) € G.hb)

Proof. Let So = G'.(por Urfy Umor), and Sp+1 = So; Sn, for alln >= 0. It
is straightforward to demonstrate that G'.(por Urfr Umot)T = |J S;. We thus
ieN
demonstrate instead that:
Vi e N.VE,, & Va € G Te,,be G'.Te,.
(a,b) € S;=3d e G'Tg,. Ve e G'Te,. (¢,d) € G.hb
A(Fy. (&4.wuy,d) € G.hbV Ve € &,.E. (c,d) € G.hb)

We proceed by induction on i.

Base case i =0

Pick arbitrary &q,&, a € G'.Te,,b € G'.Tg, such that (a,b) € So. There are
now three cases to consider: 1) (a,b) € G'.por; or 2) (a,b) € G'.rfy; or 3)
(a,b) € G".mor.

In case (1), pick an arbitrary ¢ € G'.Te,. From the definition of G'.por we
have (¢,b) € G.po C G.hb, as required. Pick an arbitrary ¢ € £,.E. From the
definition of G'.pot we have (¢,b) € G.po C G.hb, as required.

In case (2), we then know there exists w € G'.Te, and r € G'.Te, such

that (w,r) € G'.rf. Let loc(w) = loc(r) = x. From Lemma 8 we then have

. . . G. .
Eq wuy G—?b &y.rly. Pick an arbitrary c € G’.'Ea. As such we have ¢ =5° Eq wuy G—h>b

&y.riy @go &p-18x. That is, we have (¢, &y.rsy), (Eq-Wix, &.78x) € G.hb, as required.

In case (3), we then know there exists w € G'.Te, and w' € G'.Te, such
that (w,w') € G'.mo. Let loc(w) = loc(w') = x. From Lemma 8 we then have
Eq Wy Ghb &.1lx. Pick an arbitrary ¢ € G'.Te,. As we also have &.7ly Ggo w',

and ¢ E8° Ea-wuy, we then have (c,w’), (§u.wuy, w') € G.hb, as required.

Inductive case i=n-+1

Vi e N.VE, & Vae G Te,,be G'Te,.
(a,b) e S;Aj<n=
Ad € G'Te,. Ve e G’ Te,. (c,d) € G.hb
A3y. (&4.wuy,d) € G.hbV Ve € &.E. (c,d) € G.hb)



Pick arbitrary &,,&, a € G'.Te,,b € G'.Tg, such that (a,b) € S;. From the
definition of S; we then know there exist e,&. such that e € G'.Te,, (a,e) € Sy
and (e,b) € S,. Since (e,b) € Sy, from (LH.) we know there exists d € G'. T,
such that Vf' € G'.Te,. (f',d) € G.hb. On the other hand, from the proof of the
base case we know there exists f € G'.Te, such that V¢’ € G'.Te,. (¢, f) € G.hb;
and that Jy. (&.wuy, f) € G.hb VYV € . E. (¢, f) € G.hb. Pick an arbitrary
c € G'Te,. We thus know that (¢, f) € G.hb. As f € G'.Te,, we thus have
(f,d) € G.hb. As G.hb is transitively closed and we have (c, f), (f,d) € G.hb and
Jy. (fe-wuy, f) € Ghb VY € &.E. (¢, f) € G.hb, we then have (¢,d) € G.hb,
and 3y. (&..wuy,d) € Ghb VvV € &, E. (¢,d) € G.hb, as required.

Theorem 9 (Soundness). For all execution graphs G of the implementation
and their counterpart SI execution graphs G’ constructed as above,

RA-consistent(G) = si-consistent(G")

Proof. Pick an arbitrary execution graph G of the implementation such that
RA-consistent(G) holds, and its associated SI execution graph G’ constructed as
described above.

RTS. irreflexive(si-hb)

We proceed by contradiction. Let us assume —irreflexive( G'.(pot U rfy U moT U
si-rb)). Let S = G'.(por U rfr U mot)t. There are ow two cases to consider:
either there is a cycle without a si-rb edge; or there is a cycle with one or more

si-rb edges. That is, either 1) there e:m'sts a such that (a,a) € S; or 2) there exist

G’ si-rb S S G’ si-rb S
= b= Sa, = by =

G5|r

ay, by, ,an, b, such that ay by —>a2
aq.

In case (1) we then know there exists & such that a € G'.Te,. As such, from
Lemma 9 we know that there exists d € G'.Te, such that for all c € G'.Te,,
(¢,d) € G.hb. As such, we have (d,d) € G.hb, contradicting the assumption that
G is RA-consistent.

In case (2), for an arbitrary i € {1---n}, let j = i+1 when i #n; and j =1

when i = n. As a; ¢ b bi, we know there exists &q,,&p, such that a; € 7Za ,

bi € Tg, , and that there evist ri € Te,, N Re and w; € Tg, N W such that
(ri,w;) € G'.rb. Let loc(rz) = loc(w;) = %;. From Lemma 8 we then know that

either i) &, .Tux, b b, -ply,; or i) Ea, Wiy, Ao &, -rlx,. Note that for all y

, G. a.
such that &, . wuy exists, we know &, .rly, =8 &b, -wuy and &, .ply, 8° b, - Wy

As such, as (b;,a;) € S, from Lemma 9 and since G.hb is transitively closed, we

know there exists d; € 'Em such that either &, .Tuy, Cﬂ;b dj, or &q, . wuy, G4h>b d;.

, G.hb
That s, Eq, - Ux,

hand, observe that for all d; € Te, we have d; Ggo Ea,; Uy, T.€. d; G.4b Ea; Us, . As

= d;, where either uy, = Tuy, 0T Uy, = Wux,. On the other

such, we have d; Cﬂ;b Eay -y, - As we also have &, .Uy, G—'h>b d; and G.hb is transi-

G hb G hb G hb
= Cay U

tively closed, we have &g, .uy, — &g, Uy We then have &4, . ux,



G.hb G.hb , G.hb -
5 e, Uk, — oy Uxy . That is, Eqy Uxy, — Eay-Uxy, contradicting the as-

sumption that G is RA-consistent.

RTS. rff Umor Urby C po
Follows immediately from the construction of G'.

D.2 Implementation Completeness

In order to establish the completeness of our implementation, it suffices to show
that given an SI-consistent execution graph G’ = (E, po, rf, mo, lo), we can con-
struct a corresponding RA-consistent execution graph G of the implementation.

Note that the execution trace for each transaction T¢ € G'.T /st is of the

poli pols . .
form 07 = ¢; = =" ... 73" f for some k, where each ] is a read or write event.

As such, we have G'E = G"T =Urecg.7/s Te = 0. E. We thus construct the
implementation trace ¢ as follows:

POlimm POlimm POlimm POlimm POlimm
Is = Ts — RUs — PLs — Ws — Us
where:

— Is denotes the sequence of events initialising the values of RS and WS with (),
and initialising s [x] with L for each location x;

— Ts is of the form # Peligm Pl tg, where for all m € {1---k}:

rd (X, Vmy BSm—1, WSm—1) Poligm Iry,, if ¢/ =R(Xm, Um)

bm = PO|imm PO|imm op ol

W (X, Umy RSm—1, WSm—1) wwsy,, —  lwy, it =W(Xm, Vm)
where Ir,, = R(s[xm],vm); lwy,, = W(s[xm],vm); the identifiers of Iy,
and lwg, are those of ¢/, whilst the identifiers of other events in ¢,, are
picked fresh;

R(s[xm],Ll) if xm € RSm—1U WSpm_1

POlimm
WrSsx,,

pol;
1mm me

POlimm
Ix
m

7d(Xm, Vimy RSm_1, WSpm_1) £

POlimm
TSxm
PO liram
WSx,,,
0 otherwise

wrsy,, = W(RS, RS.,), fs,, denotes the sequence of events attempting (but
failing) to acquire the read lock on x,, rlx,, £ RL(x1,,), TSx,, 2 R(Zm, Um),
and wsy,, = W(s[xm],vm); RSo=0 and for all m > 0:

o A{RSmU{xm} if ! =R(xm, —)
m+1 —

RS, otherwise



and

R(slxml, L) if xm € RSm—1U WSpn_1
POlimm
fsm

pol; .
B rly,, @ otherwise

(1>

wr(xm7vm7 RSm—lu WSm—l)

Iy, =W(s X1, 0m), wws,, = WWS, WS,,); fs,,and rl,  are as defined
above; and

a | WS U{xn}t if t),=W(xm,—)
WSm+1 = .
WS, otherwise
Let RS¢ = RS, and WS¢ = WS,,; let RS¢ UWS, be enumerated as {xq---x;}
for some 1.
RUs denotes the sequence of events releasing the reader locks (when the given

POlimm POlimm

location is in the read set only) and is of the form ruy, ~ — -+ = Tuy,,
where for all n € {1---i}:
RU(x1,) if x, & WS,
TUy, =
" 0 otherwise

with the identifier of each ruy, picked fresh;
PLs denotes the sequence of events promoting the reader locks to writer ones

POlimm

(when the given location is in the write set), and is of the form pl,

. po‘imm l

pl,,, where for all n € {1---i}:

. PL(x1,) if x, € WS¢
Pl = 0 otherwise
with the identifier of each ruy, picked fresh;
Ws denotes the sequence of events committing the writes of [T] and is of

poli poli
imm L;lm

the form ¢, Cx;, where for allm € {1---i}:

o — R(s[x,],vn) pO|L>m Wy, =W(Xp, vp) if x,, € WS
Xn
] otherwise

with the identifiers of events in each ¢, picked fresh;
Us denotes the sequence of events releasing the locks on the write set, and

Polimm pognm

is of the form wuy, Wy, , where for alln € {1---i}:

WU(x1,) if x, € WS,
Wy, =
n 0 otherwise

with the identifier of each wuy, picked fresh.



We use the €. prefix to project the various events of the implementation trace
¢ (e.g. £.rly,). Note that for each transaction £ and each location x, the £.7ly,
E.rsx, E.1uy, €.pl,, Ewuy and .wy are uniquely identified when they exist.

For each location x € WS¢, let fw, denote the maximal write (in po order

polimm polimm
. tm7

within £) logging a write for x in s [x]. That is, when 6, = ¢;
let fw, = wmax(x, [t1 - tm]), where

wmax(x, []) undefined
N {lwx if t=wr(x,—, —,—) 22wy B wwsy

wmax(x, L++t]) =
( i) wmax(x, L) otherwise

Similarly, for each location x € WSg, let w, denote the minimal write (in po order

within &) logging a write for x in s[x]. That is, when 0 = t; Poligm _ POligm tin,
let iwy = wmin(x, [t1 - - - tm]), where
wmin(x, []) undefined
lwy if t=wr(x,—, —,—) 2wy 28 wwsy

wmin(x, [t]++L) £
(1] ) {wmin(x,L) otherwise
Analogously, for each location x € RSg, let iry denote the minimal read (in po

POlimm POlimm

order within £) reading the value of x. That is, when 6; = t; R
let iry = rmin(x, [ty - - - t;]), where

rmin(x, []) undefined
Iry if t=rd(x,— —, —) 2 Iry
. , t ++L é ) ) )
rmin(x, [f] ) {rmin(x, L) otherwise
Given the G’ classes T /st, let us construct the strict total order TCO : T /st x
T /st as described in Appendix C.2. For each location x and i € N, let us similarly
define S¥, PF, PF.writer, LOx, RLOy, lo; and los.

Remark 5. Recall that both lo; and loy satisfy the conditions stated in Def. 4;
log additionally satisfies the ‘read-read-synchronisation’ property in (RSYNC).
As before, we demonstrate that given an Sl-consistent execution graph G’, it
is always possible to construct an RA-consistent execution graph G of the im-
plementation with its lock order defined as los. Recall that as loy C log, it is
straightforward to show that replacing los in such a G with loj, preserves the
RA-consistency of G, as defined in Def. 4. In other words, as lo; C log, we have:

acyclic(hbjoe U mo U rb) with hb £ (po U rf Ulog)t =
acyclic(hbjoe U mo U rb) with hb £ (poU rf Uloy)*

As such, by establishing the completeness of our implementation with respect
to log, we also establish its completeness with respect to lo;. In other words, we
demonstrate the completeness of our implementation with respect to both lock
implementations presented earlier in Appendix A.



We now demonstrate the completeness of our implementation. Given an SI-
consistent graph, we construct an implementation graph G as follows and demon-
strate that it is RA-consistent.

- GE= U  6c.E, with the tx(e) =0, for all e € G.E.
Te€G'.T /st

— @G.po is defined as G'.po extended by the po for the additional events of G,
given by each f¢ trace defined above. Note that G.po does not introduce
additional orderings between events of G'.E. That is, Va,b € G'.E. (a,b) €
G'.po < (a,b) € G.po.

= G.rf = Ugery RFe with RF¢ £ {(w,&rsy) |x € Loc A (w, E.iry) € G'rf}.

— G.mo = {(&1.ux, Ea.w) | €1, 62, € TX Ax € LOC A (£1.fwy, En.iwy) € G'.mo} ™.

— G.lo = UeLoc RLOx, with RLOy as defined above.

Notation  Given an implementation graph G as constructed above (with
G.T = ), and a relation r C G.E x G.E, we override the rg notation and
write rg for:

{(a,b) € |30, & a € e, ENbE O, . ENE, # 6

Analogously, we write ry for {(a,b) € r|3¢. a,b € 0:.E}.

Lemma 10. For all SI-consistent execution graphs G' = (E, po,rf,mo,lo), and
for all x € Loc, &,,& € TXIp, and i,j € N:

§a ESTANEG E€SF NI <J= (&) € TCO

Proof. Follows immediately from Corollary 1.

Given an implementation graph G = (F, po, rf, mo, lo), let us define hb’ and
hb} as described in Appendix C.2 for all ¢ € N.
Lemma 11. For all implementation graphs G = (E,po,rf, mo,lo) constructed
as above,

Va,b,€a, 6y a € 0, EAbE O, B Aa™ b
= (a,b) € G.por V (£, &) € TCO

Proof. Pick an arbitrary implementation graph G = (E, po, rf, mo,lo) constructed
as above. Since hb' is a transitive closure, it is straightforward to demonstrate

that hb’ = J hbl. It thus suffices to show:
i€N

Vi € N.Va,b, €0, & a € 0, EAbE O, ENa b
= (a,b) € G.por V (&a,&) € TCO

We proceed by induction over i.



Base case i =0 )
Pick arbitrary a,b,&,,& such that a € 8¢, . E and b € 8¢, .E, a % b. There are

. G.poUrfiUl a. G 1f
then four cases to consider: 1) a =~ """ b; or 2) a "B b; 3) a "5 b; or 4)
G.log
a — b.

In case (1), from the construction of G.rfy we have G.rf; C G.por; moreover,
from the construction of G.lo; we have G.lo; C G.por. Consequently we have

a OB b, as required.
In case (2) from the construction of G.po we then know that Te, x Te, C G’ .po
and thus from the definition of TCO we have (£,,&) € TCO, as required.

In case (3) from the construction of G.rf we then know that Te, x Te, C G’ .rfr
and thus from the definition of TCO we have (§,,&,) € TCO, as required.

In case (4) from the definition of hby, we know that there exists i, 7,1, such
that {o= P¥|;, &= Pi|, and either i) i <i'; or i) i =1 Aj <j'

In case (4.i) from Lemma 10 we have (£q,&) € TCO, as required. In case
(4.1) from the definitions of PF we have (&4,&) € TCO, as required.

Inductive case 1 = n+1
Pick arbitrary a,b,&q,& such that a € 8¢, .E, b € 0¢,.E and a ﬁf b.

hb/,
Vi <n.Ve,d,&e,€q.c €0, ENdE b, ENCc = d (LH.)
= (¢,d) € G.por V (&, &q) € TCO

From the definition of hb],, | we then know there exists e such that (a,e) € hbg
and (e,b) € hbl,. Let e € &.E. Consequently, from the proof of the base case
we then know that (a,e) € G.por V (§4,&) € TCO. Similarly, from (I.H.) we
have (e,b) € G.por V (&,&) € TCO. There are now four cases to consider: 1)
(a,e) € G.por and (e,b) € G.por; 2) (a,e) € G.poy and (&,&) € TCO; 8)
(€4, &) € TCO and (e,b) € G.por; 4) (&q, &) € TCO and (&, &) € TCO.

In case (1) from the definition of G.por we have (a,b) € G.por. In cases (2-4)
from the definitions of G.por, TCO we have (&,,&) € TCO, as required.

Given an implementation graph G = (E, po, rf, mo, lo) constructed as above,
let stg(.): G.E — {1,2,3} denote the event stage as follows:

1 F.ec&Ts
stgle) 242 3¢,x. e =Eruy
3 otherwise



Lemma 12. For all implementation graphs G = (E,po,rf, mo,lo) constructed
as above, and for all x € Loc, &,,&1,& € TXID and a € O¢, . F:

(€1.70x 3 Ea.ply A Ea.pl, 3 a)
lo hb
V& S Eple Aol = @) 5 Px|, =61 A PE| =g2 Ak > 1
V (&1l = Ea.wuy A o wuy — a)
Vv (

&1 .Tuy o Eo.wuy A o Wiy he a)
= stg(&1.rux) < stgla) V (£1,&) € TCO

Proof. Pick an arbitrary implementation graph G = (E, po, rf, mo, lo) constructed
as above, and pick arbitrary x € Loc, &q,&1,& € TXID and a € 0¢,.F such that

(17l 3 oply A boply ™2 a) V (Erruy 3 Eoply A &oply B a) Vv (1l 3
Eo.wug Ao wuy e a)V (&1 .7ux Lo Eo. Wy Ao Wiy e a)) and 37, k, 1. P]’“k =& A
P]’F‘l =& Nk > 1. In case of the first disjunct from the construction of lo we then
also have &1 .1uyx LY Eo.pl, NEa.ply " . Similarly, in case of the third and fourth
disjuncts from the construction of lo we also have &1.ruy LY &a.pl, N Ex. wuy " .
Moreover, since we have &2.pl, =® & wuy and po C hb, we also have &.1ruy £>

Ea.pl, N Ea.ply " a. It thus suffices to show:

E1.7ux <3 Ea.ply N Eaply 5 a N Fj k1P|, =6 A PY| =€ Nk > 1
= stg(&1.1ux) < stgla) V (£1,&) € TCO

Since G.hb is a transitive closure, it is straightforward to demonstrate that

G.hb = |J hb;, where hbyg = G.po U G.rf U G.lo and hb, 11 = hbg; hb;. It thus
ieEN
suffices to show:

Vi € N. Vx € Loc, &, &1, & € TXIp,a € ¢, .E.

Erre B &l A boply, ¥ a AT kL PY| =60 A P, =6 Ak >
= stg(&1.1ux) < stgla) V (£1,&) € TCO

We thus proceed by induction over i.

Base case i =0 |
Pick arbitrary x € Loc, &,,&1,& € TXID and a € O¢,.E such that & .ruy 3

&a.ply, Ea.pl, "0 o and 37, k, 1. Pﬂk =& A P]’F‘l =& Ak > 1. From the construction
of G we know that there existsr € G'.T¢, andw € G'.T¢, such that (r,w) € G'.rb.

Moreover, since k # 1 we know that (r,w) € G'.rbr. Since we have &3.pl, by a,

G .porUrfrUlor
%

there are four cases to consider: 1) &a.pl, a; or 2) &.pl, G-Roe a; or

3) &a.pl, Goife a; or 4) &.pl, Gloe .
In case (1), from the construction of G.rfi we have G.rfy C G.por; more-
over, from the construction of G.lo; we have G.loy C G.por. We thus have



&a.pl, SR . On the other hand, from the definition of stg(.) we know stg(a) >

stg(&e.ply) > stg(&1.1ux), and thus stg(a) > stg(&1.rux), as required.

In case (2), since &.pl, °% a, we know there exists a’ € Tg, such that (w,a’) €
G'.pot. As such, we have (r,a’) € G'.(rbt; pot). From the definition of TCO we
thus have (&£1,&4) € TCO, as required.

Case (8) cannot happen as there are no rf edges from lock events. In case
(4), from the construction of lo we know there exists m,n such that m > j, and
& = Pr|,,. As such, from Lemma 10 we have (§1,&q) € TCO, as required.

Inductive case i = n+1
Pick arbitrary x € Loc and &4,&1,&2 € TXID and a € 8¢, .E such that &;.ruy g

Ea-ply, Eo.ply ¥ a and 3j,k,1. PY| =& A P, =62 Ak > L.

s !

Vi <n.Vy € Loc, &y, &3,84 € TXID,d € oga, E.

(E5.1ux 3 E4.pl A Eapl, by a') A 3j, k1. PY| =& A Py, =& Nk > 1
= stg(&s.1uy) < stg(a’) V (&3,&) € TCO
(LH.)

There are two cases to consider:
)+

porUrfiUlo
1) fg.plx( S a;or
porUrfiUlor)™*;(pogUrfeUlog ) ;hbyy,
2) &.pl, (portrfilon)”s(pgerfeLioe) a, where m < n.

In case (1), from the construction of G.rfy we have G.rfy C G.poy; moreover,

from the construction of G.lor we have G.loy C G.por. We thus have &2.pl, pg+ a,
i.e. Ea.ply ™ a. As such, from the proof of the base case we have stg(a) >
stg(&1.ruyx), as required.

In case (2) from the construction of G we know that there existsr € ¢, .E and
w € O¢,.E such that (r,w) € G'.rb. Moreover, since k # I, from the construction
of G we know that & # & and thus we have (r,w) € G'.rbt. On the other hand,

. fUlo)* feUl n
we know that there exist b, c such that &2.pl, (polur—l>u 1) p PoEVTEVIE b rom,
the construction of G.rf1 we have G.rf; C G.por; moreover, from the construction

of G.loy we have G.lop C G.por. We thus have &.pl, P2 b, As such we have
&a.ply PO POEIEYOE et ¢ e O¢,. There are now three cases to consider: a)

b 2% c;orb)b e c;ore)b % ¢ We first demonstrate that in all three cases we
have (&1,&.) € TCO.

In case (2.a), since &.pl, °% ¢, we know there exists ¢ € T, such that
(w,c") € G'.por. As such, we have (r,¢') € G'.(rbr;por). From the definition of
TCO we thus have (£1,&:) € TCO. In case (2.b), from the definition of G.rf we
know there exists ¢ € Te, such that (w,c’) € G'.rfy. As such, we have (r,c) €
G'.(rbr;rfy). From the definition of TCO we thus have (&1,&.) € TCO. In case
(2.c) from the construction of lo we know there exists z such that either b = &.pl,
or b = &.wu, and that there exist p,q such that & € S5, £ € S7 and p < q.
Given the definition of S* we then know that there exists w, € G'.T¢, where either



i) there exists w, € Te, such that (w,,w’,) € G'.mov; or i) there exists r, € Te,
such that (w;,r,) € G'.rfy; or i) there exists v, € Te, such that (w,,r,) €
G’ .(mot;rfr). That is, we have either (w,w)) € G'.mot, or (w,r,) € G'.rft, or
(w,r,) € G'.(moT;rft). Moreover, since we have (r,w) € G’.rbt, we then have
(rywl,) € G'.(rbr;mor), or (r,r.) € G'.(rbr;rfr), or (r,r.) € G'.(rbr; moT;rfy).
From the definition of TCO we thus have (&1,&.) € TCO.

Since ¢ "% a, there are now two cases to consider: i) ¢ 'E; a; orii) ¢ ’;2; a.

In case (2.i), from Lemma 11 we have (c,a) € por V (&, &,) € TCO. As we
have (&1,&.) € TCO, we thus have (£1,€,) € TCO, as required.

In case (2.ii) let us split the path from ¢ at the first occurrence of a non-

hb’ edge. That is, pick £3,€4,9,h,7,D,q,S,k such that c @; &3.9 LY &4.h g a,
k < m, Psy|p = Tes, Psy|q = Tey, p > q and either a) g = rly N h = ply; or
b) g = ruy ANh = pl; orc)g=rly Nh = wuy; ord) g =ruy Nh = wuy.
From Lemma 11 we then have (c,&.9) € por V (&,&3) € TCO. As we have
(&1,&.) € TCO, we also have (&1,&3) € TCO. We next demonstrate that in all

cases (2.i.a-2.11.d) there exists t such that t < m and &.1uy 3 §a.ply " g
In case (2.i.a) from the definition of lo we also have &3.1uy LY Ea.ply. As

such, we have £3.1uy LY a.ply "t 4. In case (2.4.b) the desired result holds
immediately.

In cases (2.ii.c-2.1i.d) from the construction of lo we have &3.7uy LY §a.ply.

. po po hb
Moreover, since we have §4.ply, = &a.wuy, we also have &4.ply = Es.wuy = a.

br i1
%

As po C hb and hb is transitively closed, we have §4.pl, " a. As such, we

have &3.1uy 3 &a.pl, hbk—)“ a. As k < m, the desired result holds immediately.

Consequently, from (I.H.) we have stg(&3.ruy) < stg(a) V (&3,&.) € TCO.
In the case of the first disjunct we have stg(&3.1uy)=stg(&1.1uy) < stg(a), as
required. In the case of the second disjunct, since we also have (&1,&3) € TCO
and TCO is transitively closed, we have (&1,&,) € TCO, as required.

Theorem 10 (Completeness). For all SI execution graphs G’ and their coun-
terpart implementation graphs G constructed as above,

si-consistent(G’) = RA-consistent(G)

Proof. Pick an arbitrary SI execution graph G’ and its counterpart implementa-
tion graph G constructed as above and assume si-consistent(G") holds. From the
definition of RA-consistent(G) it suffices to show:

1. irreflexive(G.hb)
2. irreflexive(G.mo; G.hb)
3. irreflexive(G.rb; G.hb)

RTS. part 1
We proceed by contradiction. Let us assume that there exists a,8¢ such that a €
0¢.E and (a,a) € G.hb. There are now two cases to consider: 1) (a,a) € hb’; or

2) (a,a) & hb'.



In case (1), from Lemma 11 we have (a,a) € G.porV(Te,Te) € TCO. The first
disjunct leads to a contradiction as the construction of G.po yields an acyclic
relation. The second disjunct leads to a contradiction as TCO is a strict total
order.

In case (2), let us split the a " o at the first occurrence of a non-hb’ edge.

oA &0 3 q, Prl=Te,

2

That is, pick &1,&2,%,1,7,k, g, h such that a L &.9

PP, =T, and j > k. As we have & .g gb &, h—>a—>§1 g, from Lemma 12

and the definition of hb we then have stg(&1.9) < &1.9V (£1,&1) € TCO, leading
to a contradiction in both disjuncts (the second disjunct yields a contradiction as
TCO is a strict total order).

RTS. part 2
We proceed by contradiction. Let us assume that there exists a, 0¢,, b, 0¢, such that
a€be, .E,bebe.E, (a,b) € G.hb and (b,a) € G.mo. Let loc(a) = loc(b) = x
for some shared location x. There are now two cases to consider: 1) (b,a) €
G.moy; or 2) (b,a) € G.mog.

In case (1) we then have (b a) € G'.mo; C G'.por. That is, we have (b,a) €

G.po C G.hb. We thus have a GAby, GAb a, contradicting our proof in part 1. In
case (2), from the construction of G.mo we have (b,a) € G'.mot and thus from

the construction of G.lo we then have (§.wuyx,&q.7lx) € G.lo. As such we have

G.hb G G. . G.hb .y
a — b J Ep.wuy 250 Eq.rly 28 a. That 18, we have a — a, contradicting

our proof in part 1.

RTS. part 3
We proceed by contradiction. Let us assume that there exists a,f¢,,b, 8¢, such
that a € O¢,.E, b € b¢,.E, (a,b) € G.hb and (b,a) € G.rb.

Let 1oc(a) = loc(b) = x for some shared location x. There are now two cases
to consider: 1) (b,a) € G.rbr; or 2) (b,a) € G.rbg.

In case (1) we then have (b a) € G'.rtby C G'.po;. That is, we have (b,a) €
G.po C G.hb. We thus have a oy, GLe a, contradicting our proof in part 1. In
case (2), from the construction of G.rb we have (b,a) € G’'.rbr and thus from the
construction of G.lo we then have either (b, &.wuy) € G.po and (§p.wuy, £4.7ly) €

G.lo; or (b, &.ruy) € po and (§p.7uy, &, pl ) 6 G.lo. As such in both cases we have

(b,a) € G.hb. Consequently, we have a by G

part 1.

a, contradicting our proof in



E Soundness and Completeness of the Eager RSI
Implementation

Notation Given an execution graph (E, po, rf, mo,lo) we write 7 /st for the
set of equivalence classes of 7 induced by st; [a],, for the equivalence class that
contains a; and T¢ for the equivalence class of transaction ¢ € TXIp: Tz £
{a|tx(a)=¢}. We write rsi-consistent(G’) to denote that G’ is RSI-consistent;
and write RA-consistent(G) to denote that G is RA-consistent.

Given an execution graph G of the RSI implementation in Fig. 3, let us assign
a transaction identifier to each transaction executed by the program; and given
a transaction &, let RS¢ and WS¢ denote its read and write sets, respectively.
Observe that given a transaction & of the RSI implementation in Fig. 3 with
RS UWS, = {xl, e ,xi}, the trace of £, written 6, is of the following form:

po‘ imm
-

0 = FS* Plym pg Plym pyg Polem prg Poligm g Us

where

— FSE denotes the sequence of events failing to obtain a valid snapshot.

— Rs denotes the sequence of events acquiring a valid snapshot, and is of the

polimm L po‘in;m lx polimm S polimm L po‘in;m S polimm V po‘imm

form iy, % % 1

. Poligm V., where for all n € {1---i}:

po‘imm . .
V8 if x € RS
rly —RL(xn) Sy, = {Tsxn — " wsg, if x € RS Vxn—{ Xn ¢

o 0 otherwise ) otherwise

with rsy, 2 R(Xn, Un), WSx,, 2 W(s[x,],v,) and USx,, £ R(xXp,vy), for some
U,
— RUs denotes the sequence of events releasing the reader locks (when the given

POlimm POlimm

location is in the read set only), and is of the form ruy, ~— — TUg,,
where for all n € {1---i}:

RU(x,) if x, & WS¢
Tly =
o 1] otherwise

— PLs denotes the sequence of events promoting the reader locks to writer ones

(when the given location is in the write set), and is of the form pl,, Poligm

N POlimm I

pl,,, where for all n € {1---i}:

L PL(x,) if x, € WS¢
P, = 1] otherwise



— Ts denotes the sequence of events corresponding to the execution of [T] in

Fig. 3 and is of the form # Peligm _ poligm tg, where for all m € {1---k}:
R(s[x,1,vn) if Oy =R(xn, vn)
" W(xp, vn) pobfm W(slx,l,vn) if Op=W(xp,v,)

where O,,, denotes the mth event in the trace of the original T;
— Us denotes the sequence of events releasing the locks on the write set. That
is, the events in Us correspond to the execution of the last line of the imple-

POlimm POlimm

mentation in Fig. 3, and is of the form wuy, — — " Wuy,, where for
allm e {1---i}:

WU(y1l if W
Wiy, = (y1,) ifx, 6. Se
0 otherwise

Given a transaction trace 6, we write e.g. £.Ls to refer to its constituent Ls
sub-trace and write Ls.F for the set of events related by po in Ls. Similarly, we

write £.E for the set of events related by po in 6¢. Note that G.E = |J &.E.
ecTx

E.1 Implementation Soundness

In order to establish the soundness of our implementation, it suffices to show that
given an RA-consistent execution graph of the implementation G = (E, po, rf, mo, lo),
we can construct a corresponding RSI-consistent execution graph G’ with the
same outcome.

Given a transaction & € Tx with RS¢ UWSe = {x;---%;} and trace 0y =

Polimm

POlimm POlimm POlimm POlimm . POlimm
Fs* Polipm pg Polipm by Polipm pr o Poligm e polimm e i T = gy POl
POlimm POlimm POlimm
L tr, we define HQét{ ligm | Poliy t;., such that for all m € {1---k}:

t! =R(xp, rb,) when t,, = R(s[x,]1,7b,)
t! =W(xy, rby) when t, = W(xy,,7by,) Poligm W(s[x,1,7by)

such that in the first case the identifier of ¢, is that of #,; and in the second
case the identifier of ¢/, is that of the first event in ¢,,. We then define:

th € Tsg A 3x,v. th=R(x,v) A w=W(x,v)
ANw € EE = w Bt A
RFe £ ¢ (w,t)) (Vec&E.wB e t: = (loc(e)#x V egW)))
ANw g &E= (YecbE. (e B th = (loc(e) #x Ve gW))
A(w, E.rsy), (w, & vsx) € G.rf)

We are now in a position to demonstrate the soundness of our implementation.
Let GNT £ G.E \ (Ugerx b¢-E). Given an RA-consistent execution graph G
of the implementation, we construct an RSI execution graph G’ as follows and
demonstrate that rsi-consistent(G’) holds.



- G'.E= | 0;.E, with the tx(.) function defined as:
ecTx

ex(a) 2 {g ifa€ b

0 otherwise

G/.pOZ G.pO|G/,E

— G'rf = (Ueeny RFe) U (GrfNG.E x GNT)
— G'.\mo=G.

— G'lo=10

Observe that the events of each Hé trace coincides with those of the equivalence
class 7¢ of G'. That is, GQ.E =T

Lemma 13. Given an RA-consistent execution graph G of the implementa-
tion and its corresponding RSI execution graph G’ constructed as above, for

all a, ba gav gba X

CaF & Na€&.ENDEE&.EAloc(a) =1loc(b) =x=

((a,b) € G'.rf = &awux 3° &,orly) (22)
A ((a,b) € G'.mo = Eawuy 3° &,orly) (23)
A ((a,b) € G'.mos rf = & wuy T3 &,.rly) (24)
A ((a,b) € G'.rb = (x € WS¢, A &a.wux e Eu.1lx) V (x € WSe, A Eq.Tuy EAY §b.plx()) :

25

Proof. Pick an arbitrary RA-consistent execution graph G of the implementa-
tion and its corresponding RSI execution graph G’ constructed as above. Pick
an arbitrary a,b,&,, &, x such that &, # &, a € &..F, a € &,.F, and loc(a) =
loc(b) = x.

RTS. (22)
Assume (a,b) € G'.rf. From the definition of G'.rf we then know (a,&,.75x), (a, €q-vsx) €

G.rf. On the other hand, from Lemma 2 we know that either i) x € WSg, and

& wuy, ¢.4b Ea-rly; or ) x & WS¢, and &.ruy G.4b Ea-ply; or i) &g Wy G4k

&p.rly. In case (i) we then have a cyf Ea-TSx Gio Ep- Wiy G-4b Ea-1ly Gio a. That

loc

is, we have a G b a, contradicting the assumption that G is RA-consistent.
Similarly in case (ii) we have a ayf &q-TSx Ggo Ep. Uy Gab Ea.ply 98 4. That
is, we have a & bioc a, contradicting the assumption that G is RA-consistent. In
case (iit) the desired result holds trivially.

RTS. (23)
Assume (a,b) € G'.mo. From the definition of G'.mo we then know (a,b) € G.

On the other hand, from Lemma 2 we know that either i) &.wu, G4h>b Eaorly;

or ii) &q.wuy G-4b &p.rly. In case (i) we then have a Gyoy, Gge Ep- Wiy G.4b



Eqorly Ggo a. That is, we have a G hbuoe a, contradicting the assumption that G
is RA-consistent. In case (i) the desired result holds trivially.

RTS. (24)
Assume (a,b) € G'.mo;rf. We then know there exists w such that (a,w) € G'.
and (w,b) € G'.rf. From the definition of G'.mo we then know (a,w) € G.
There are now two cases to consider: 1) w € &; or 2) w & &. In case (1) since
(a,w) € G'.mo the desired result follows from part 23.

In case (2) from the definition of G'.rf we know that (w,&.1sx) € G.rf.

From Lemma 2 we know that either i) x € WS¢, and &.wu, G—'h>b Eq.rly; or
it) x & WS¢, and &.rug G.4b Ea-ply; or i) . wuy G.4b &p.rle. In case (i) we
then have a G'—> w G—'gf &q- TSy Gjo Ep. Wiy Cﬂ;b Eqorly Gjo a. That is, we have
a G50 g GIBre a, contradicting the assumption that G is RA-consistent. Sim-
ilarly in case (ii) we have a Gye G Ea-TSx Ggo Ep.TUy G.4b Eapl, Ggo a.

That is, we have a G0 gy @b a, contradicting the assumption that G is RA-

consistent. In case (i) the desired result holds trivially.

RTS. (25)
Assume (a,b) € G'.rb. From the definition of G'.rb we know (£4.75x,b), (§a-vSx, b) €

G.rb. On the other hand, from Lemma 2 we know that either i) . wu, G;h>b Eaorly;
or i) x & WSe, and &q.TUy G—'h>b &a-ply,; or i) x € WSe, and &, wuy G4h>b Ep.rly.
In case (i) we then have b Ggo &y Wiy, G.4b Ea-1ly Gio Eq-T8% P b That 18, we

have b &8 Ea TSy EEY b, contradicting the assumption that G is RA-consistent.

Let

rsi-hb’ £ rsi-hb \ (si-rb; rsi-hb”)

Lemma 14. For all RA-consistent execution graphs G of the implementation
and their counterpart RSI execution graphs G’ constructed as above,

1. (G'.rsi-po C G.hb) A (G'.(rsi-po;si-rb) C G.hb)
2. (G, C G.hb) A (G (rsi-mo; si-rb) C G.hb)
3. (G .rsi-rf C G.hb) A (G .(rsi-rf;si-rb) C G.hb)
4. (G'.rsi-hb’ C G.hb)

Proof (Proof (Part 1)). Pick an arbitrary RA-consistent execution graph G of
the implementation and its counterpart RSI execution graph G’ constructed as
above. Pick arbitrary (a,b) € G'.rsi-po and (b,c) € G'.si-rb. There are then two
cases to consider: 1) (a,b) & G'.rsi-poy; or 2) (a,b) € G'.rsi-poy.



In case (1) from the construction of rsi-po we then have (a,b) € G.po C G.hb,
as required by the first conjunct. For the second conjunct, we know there exists
&p, Eeymyw such that byr € &.Re, c,w € £ W, and (r,w) € G'.rb. Let loc(r) =
loc(w) = x. Given the definition of Re and the construction of G' we know
(&.rsx, w) € G.rb.

As we have (a,b) & G’ .rsi-po; and b and &.1sx are both transactional events
in &, from the definition of G'.po and G.po we then know (a,&.rsx) € G.po. On
the other hand, from Lemma 13 we have either i) x € WS¢, and &.wug G—'h>b Eeorly;
or i) x & WS¢, and &y.ruy o &e-ply. In case (i) we have a e TSx e

G.hb G.po . G.hb . L . ..
o wuy — Ep.rly 8¢ i a 7 ¢, as required. Similarly, in case (ii) have
G.po G.po G.hb Gpo . G.hb ‘
a 8% s, 8 Ea.Tugy — &p.pl, 8¢ ie.a e, as required.

In case (2) from the definition of G'.rsi-por we then know that a,b € G''W
and thus from the construction of G'.rsi-po; we have (a,b) € G.po C G.hb, as
required by the first conjunct. For the second conjunct, since we have b € G’ W,
we cannot have (b,c) € G'.si-rb and thus the desired result holds vacuously.

Proof (Proof (Part 2)). Pick an arbitrary RA-consistent execution graph G of
the implementation and its counterpart RSI execution graph G’ constructed as
above. For the first conjunct pick arbitrary (a,b) € G’. . From the definition
of G'. we then know there exists w,w’, &y, & such that &, # &, w,a € &, F,
w',b € &.E and (w,w') € G'.mo. From the definition of G'.mo we then have
(w,w") € G.mo. Let loc(w) = loc(w') = x. From Lemma 13 we then know that
Eq wuy Cﬂ;b &.rl,. We then have a Gio Eq wuy Cﬂ;b &p.rly Gjo b, i.e. a G—'?b b, as
required.

For the second conjunct pick arbitrary ¢ such that (b, ¢) € si-rb. From the def-
inition of si-rb and the construction of G’ we then know there exist y,ry,wy, &
such that & # &, loc(wy) = loc(ry) =y, (ry,wy) € G'.rb, and wy,c € £ W.
As we demonstrated for the first conjunct we have a Gio Eq wuy G—'h>b &.rly. That
18, a e &p.rly. On the other hand, from Lemma 13 we then know that either i)
y € WS¢, and &.wu, Gae Eerly; or i) y & WSe, and &p.Tuy R &e-ply,. In case (i)

. G. . G. . . . .
we have a G—h>b &.rly z8e £ Wty Cﬂ;b &1y e c, i.e. a G—?b ¢, as required. Sim-
ilarly, in case (ii) we have a G4 &yl Ggo Ea Ty e &b-ply, Ggo ¢, i.e.a e c,
as required.

Proof (Proof (Part 3)). Pick an arbitrary RA-consistent execution graph G of
the implementation and its counterpart RSI execution graph G’ constructed as
above. It suffices to show that:

G'.(INT];rf;st) C G.hb (26)
G .(INT]; rf;st); G'si-rb C G.hb (27)



G'.rfr C G.hb (28)
G'.rfr; G'.si-rb C G.hb (29)
G’ (mo; rf)r C G.hb (30)
G'.(mo;rf)T; G'.si-rb C G.hb (31)
G'.(rf; [N'T]) € G.hb (32)
G'.(rf; [NT]); G’ si-rb C G.hb (33)
RTS. (26)

Pick arbitrary (w,a) € G'.(INT];rf;st) where a € &,.E. Let loc(w) = x. From
the construction of G'.rf we then know (w,&q.75x), (W, & v8x) € G.rf and (q.78x, a), (§a.vSx,a) €

G.if G.po . G.hb .
G.po. As such we have w =3 &q.754 =8 a, i.e. w — a, as required.

RTS. (27)

Pick arbitrary (w,c) € G'.(INT); rf;st); G'.si-rb. We then know there exist a,&,, &,
such that (w,a) € G'.(INT];rf;st), (a,¢) € G'si-tb. a € &.E, ¢ € &.E and
€a # & Let loc(w) = x. As we demonstrated in the previous part we then know
(w,&q.78%), (W, &q.v8x) € G.rf and (§4.75x,a), (€4.08x,a) € G.po. Moreover, from
the definition of si-rb and the construction of G' we know there exist y,r,, wy, &
such that loc(wy) = loc(ry) =y, (ry,wy) € G .rb, and wy,c € . W. From
the construction of G'.rb we then know that (£,.15y,wy), (§a.vsy, wy) € G.rb.
On the other hand, from Lemma 13 we know that either i) y € WS¢, and

G.hb . G.hb .
Sa-wuy = Eerly; or i) y & WSe, and Eu.ruy > Ee.pl,. In case (i) we have
xf G. G. hb G. ‘ hb )
w % €q- TSy Z8° £a U8y Z8° Ea Wy ¢h &1y Z8° ¢, i.e. a ¢h ¢, as required.
. ) . of a. G. hb G.
Similarly, in case (4) we have w gy Eq.TSx e £a U8y e Ea - TUy <4 &-pl,, e

. G.hb .
¢, t.e. w — ¢, as required.

RTS. (28)

Pick arbitrary (a,b) € G’ .rft. We then know there exist w,r, &y, & such thatw, a €
&.E, rbe &.E, & # & and (w,r) € G'.rf. Let loc(w) = loc(r) = z. From
Lemma 13 we then know that &,. wuy ctb &.1ly. Consequently from the struc-
ture of G and the construction of G’ we have a Gpo o Wy G4 &p.rly Gpo b,

. G.hb .
i.e. a — b, as required.

RTS. (29)

Pick arbitrary (a,c) € G'.rft; G'.si-rb. b such that (a,b) € G'.rfr and (b,c) €
G’ si-rb. From the definition of G'.rft we then know there exist w,r,&,, & such
thatw,a € . E, r,b € &.F, & # & and (w,r) € G'.rf. Let loc(w) = loc(r) = x.

From Lemma 13 we then know that &,.wu, Cﬂ;b &p.rly.
On the other hand, from the definition of G'.si-rb we know there exist r',w’, &,

such that v’ € &.E, w',c € W, & # & and (r',w') € G'.rb. Let loc(w') =

loc(r’) = y. From Lemma 18 we then know that either i) y € WSe, and &p.wu, e

Ee.rly; or i) y & WSe, and &p.Tuy citb &e-pl,,.-



In case (i) we have a Ggo Eq Wiy G4 &yl Gio Ep-wuy Ghb Eeorly Gge
c. That is, (a,c) € G.hb, as required. Similarly, In case (i) we have a e

€ Wy Gee &1l Ggo &p.TUy cae Ee-pl, “8° . That is, (a,¢) € G.hb, as re-
quired.

RTS. (30)
Pick arbitrary (a,b) € G'.(mo;rf)t. We then know there exist &4, &, w,w', 7 such
that w,a € &,.E, r,b € &.E, &4 # &, (w,w') € G'.mo and (w',r) € G’ .rf.

From Lemma 13 we then have &,.wiu, e &y.1ly. Consequently from the
structure of G and the construction of G’ we have a Ggo Eq Wiy che &porly Ggo b,

. G.hb .
i.e. a — b, as required.

RTS. (31)
Pick arbitrary (a,c) € G'.(mo; rf); G'.si-rb. We then know there exist b such that
(a,b) € G'.(mo;rf)T and (b,c) € G'.si-rb. From the definition of G'.(mo;rf)T we

then know there exist £,,&,w,w’,r such that w,a € £,.E, r,b € &.E, &, # &,
G.hb

(w,w") € G'.mo and (w',r) € G'.rf. From Lemma 13 we then have &, . wu, —
fb.’l“lm.

On the other hand, from the definition of G'.si-rb we know there exist v, w"” .
such that " € &.E, w",c € W, & £ & and (r",w") € G'.rb. Let loc(w”) =
loc(r”) = y. From Lemma 13 we then know that either i) y € WS¢, and
Ep.wuy, Gab Eerly; or i) y € WSe, and &p.1uy R Ee-ply.

In case (i) we then have a Ggo Eq Wiy G.4b Ep.rly Ggo Ep.wuy b Eeorly Ggo
c. That is, (a,c) € G.hb, as required. Similarly, In case (i) we then have
a Gjo Eq Wy G4h>b &1l Gio &b Ty G4h>b §c.ply Gjo c. That is, (a,c) € G.hb, as
required.

RTS. (32)
Pick arbitrary (w,r) € G'.(rf; [INT]). Asr € G'"NT, from the construction of
G’ .rf we have (w,r) € G.rf C G.hb, as required.

RTS. (33)
The desired result holds trivially as G'.(rf; INT]); G'.si-rb = (.

Proof (Proof (part 4)). Let rsi-hby £ rsi-poUrsi-rf U Usi-rb and rsi-hb, . £
rsi-hbg; rsi-hb,,, for alln > 0. Similarly, let rsi-hby £ rsi-hbg\si-rb and rsi-hb, | | £
rsi-hbg; rsi-hb,,, for all n > 0. It is then straightforward to demonstrate that

rsi-hb’ 2 J rsi-hb!,. It thus suffices to show that:
neN

Vn € N. rsi-hb], C G.hb

We proceed by induction on n.



Base case n =0
Follows immediately from the definition of rsi-hb{, and the results established in
1-5.

Inductive case n = m+1
Vi € N. i < n = rsi-hb; C G.hb (LH.)

Pick arbitrary (a,b) € rsi-hbl,. From the definition of rsi-hb!, we then know
there exists ¢ such that (a,c) € rsi-hbl, and (c,b) € rsi-hb,,. Let rsi-hb_; = id.
There are now two cases to consider: 1) (¢,b) € rsi-hbg;rsi-hb,,_1; or (¢,b) €
si-rb; rsi-hby,,—1. In case (1) from the proof of base case we have (a,c) € G.hb.
On the other hand from the definition of rsi-hbl,, we have (¢,b) € rsi-hb], and
thus from (I.H.) we have (¢,b) € G.hb. Consequently, since G.hb is transitively
closed we have (a,b) € G.hb as required.

In case (2) we know there exists d such that (¢,d) € si-rb; and (d,b) €
rsi-hby,—1. Since we have (a,c) € rsi-hb{, and (c,d) € si-rb, from the definition
of rsi-hby and the proofs of parts 1-3 we have (a,d) € G.hb. Moreover we either
have i) m = 0; or i) m > 0. In case (2.i) since (d,b) € rsi-hb,,_1, from the
definition of rsi-hb,,_1 we have b = d and thus (a,b) € G.hb, as required. In case
(2.4) from (I.H.) we then have (d,b) € G.hb. As such, since G.hb is transitively
closed, we have (a,b) € G.hb, as required.

Lemma 15. For all RA-consistent execution graphs G of the implementation
and their counterpart RSI execution graphs G’ constructed as above:

Vn € N. Va, b, w, &, x.
(a,b) € G'.rsi-hb, Nae G WAbe G.(RNTe) =
(we @.WnNTe) = (a,w) € G.hb) A (§.vsx defined = (a,§.vsx) € G.hb)

where rsi-hby £ rsi-po U rsi-rf U U si-rb and rsi-hb,,+1 £ rsi-hb,,; rsi-hbg, for
allm > 0.

Proof. Pick an arbitrary RA-consistent execution graph G of the implementa-
tion and its counterpart RSI execution graph G’ constructed as above. We then
proceed by induction on n.

Base case n =0
Pick arbitrary a,b,§,x such that (a,b) € (rsi-hby), a € G'’ W, b€ G'.(RNTe),
E.vsy defined and w € G'. (W N Tg). From the definition of rsi-hby we then have
either 1) (a,b) € G'.rsi-poAa & G'.Te; or 2) (a,b) € G'.(mot Urfy U (mo;rf)T);
or 3) (a,b) € G'.(INT]; rf; st).

In case (1) from the definition of G'.rsi-po we then know that {a} x 0¢.E C
G.po and thus (a,&.vsx), (a,w) € G.po C G.hb, as required.

In case (2) from the definitions of rft, mor, (mo;rf)T we know there exists
&, e,d,y such that a,c € G'Ter, a,c € £ .E, b,d € G'T¢, b,d € £.E, (c,d) €
G’ .(moUrfU(mo; rf)) and loc(c) = loc(d) = y. As such, from Lemma 13 we know



& wuy cLb &.rly. On the other hand we have a Ggo & wuy, €.rly Gge &.vsy and
Eorly T8 . As such we have a ©8° & wuy ctb §.rly e E.vsy, i.6. a ke £ vy,

, . G. : G. ‘ .
as required. Similarly we have a e & wuy e Erly 8w, ie a e w, as
required.
In case (3) from the construction of G' we know there exists y such that

loc(a) =y, and (a,&.rsy), (a,&.vsy) € G.rf. As such we have a ayf £.rsy Ggo

. G.hb ) ) G.po
§.vsg, t.e. a — E.vsx, as required. Moreover, since we have £.rsy 8w, we

G.hb G.po . G.hb )
have a =" £.rsy 8w, ie. a T w, as required.

Inductive case n = m+1

Pick arbitrary a,b,&,x such that (a,b) € (rsi-hby,), a € G’ W, b e G'.(RNTe),
E.vsy defined and w € G'. (W N T¢). From the definition of rsi-hb,, we then know
there exists ¢ such that (a,c) € rsi-hby, and (c,b) € rsi-hbg. There are then two
cases to consider: 1) ¢ € Te; or 2) ¢ & Te.

Case (1) leads to contradiction as (c,b) € rsi-hbg, ¢,b € T¢, b € R and rsi-hbg
does not include any internal edges to read events.

In case (2) since a is a write event, from the definition of rsi-hb’ we then have
(a,c) € rsi-hb’ and thus from Lemma 14 we have (a,c) € G.hb. On the other hand,
since ¢ € Te, (¢,b) € rsi-hby and b is a read event, from the definition of rsi-hbg
we know that either 1) (¢,b) € G'.rsi-po Ac & Te; or 2) (c,b) € G'.(mot Urfr U
(mo;rf)T1); or 3) (¢,b) € G'.(INT);f;st). Following an analogous argument as

. G.hb G.hb
that in the base case, we then have ¢ = £.vsx and ¢ = w. As such, we have

G.hb  G.hb . G.hb ) o G.hb  G.hb
a = ¢ 5 Eusy, te.a — £.0Sx, as required. Similarly, we have a = ¢ =

. G.hb .
w, i.e. a — w, as required.

Theorem 11 (Soundness). For all execution graphs G of the implementation
and their counterpart RSI execution graphs G' constructed as above,

RA-consistent(G) = rsi-consistent(G’)

Proof. Pick an arbitrary execution graph G of the implementation such that
RA-consistent(G), and its associated RSI execution graph G’ constructed as de-
scribed above. It then suffices to show 1) rffUmoUrby C po; 2) acyclic(G'.rsi-hbjee);
3) acyclic( G’ .(rsi-hbiee; m0)); and 4) acyclic(G’.(rsi-hbjoe; rb)).

RTS. rf{U 1Urbr C po
Follows immediately from the construction of G’ and the RA-consistency of G.

RTS. acyclic(G' .rsi-hby,.)

We proceed by contradiction. Let us assume there exists a such that (a,a) €
G'.rsi-hbj,.. There are then two cases to consider: i) (a,a) € rsi-hb’; or ii) (a,a) €
rsi-hb \ rsi-hb’. In case (1) from Lemma 1/ part 4 we then have (a,a) € G.hb,
contradicting the assumption that G is RA-consistent. In case (2) we then know
there exists b such that a € G'"Rg, b € G''W, (a,b) € si-rb and (b,a) € rsi-hb.



Moreover, since b € G''W, from the definition of si-rb and rsi-hb’ we have
(b,a) € rsi-hb’. Since we also have (a,b) € si-rb C rsi-hb, from the definition
rsi-hb” we have (b,b) € rsi-hb’. Consequently, from Lemma 1j part 4 we have
(b,b) € G.hb, contradicting the assumption that G is RA-consistent.

RTS. acyclic(G'.(rsi-hbjee; mo))

We proceed by contradiction. Let us assume there exist a,b such that (a,b) €
G’ .rsi-hbye and (b,a) € G'.mo. From the definition of G'. we then know
that a,b € G''W and (a,b) € G.mo. On the other hand, since a € G'.'W and
(a,b) € rsi-hb, from the definition of rsi-hb” we have (a,b) € rsi-hb’. Consequently,

from Lemma 1/ part 4 we have (a,b) € G.hb. We then have a Gaby G a, con-
tradicting the assumption that G is RA-consistent.

RTS. acyclic(G’.(rsi-hbje; rb))

We proceed by contradiction. Let us assume there exist w,r such that (w,r) €
G’ .rsi-hbjoc and (r,w) € G'.rb. From the definition of G'.rb we then know that
we G@W, re G R. Sincew e G'W, from the definition of rsi-hb” we have
(w,r) € rsi-hb’. Consequently, from Lemma 1/ part 4 we have (w,r) € G.hb. Let
loc(w) = loc(r) = x. There are then two cases to consider: 1) r € G' N'T; or
2) 3%,.r €& E.

In case (1) from the definition of G'.rb we know (r,w) € G.rb. As such, we

have w E5° p 4P w, contradicting the assumption that G is RA-consistent.

In case (2) we then know there exists w' such that (w',r) € G'.rf (W', w) €
G’.mo. There are now three cases to consider: a) w € &..E; or b) w & &..F A
w € &.E; or ¢) w,w' & & E. In case (2.a.) from the construction of G' (in

particular, G'.rf) we know that (r,w) € G'.por C G.por C G.hb. As such, we

G.hb  G.hb . . . .
have w =" r =5 w, contradicting our assumption that G is RA-consistent.

In case (2.b), since w' is a write event, w' € &..E, r is a read event, w is
a write event and (w,r) € G'.rsi-hb, from Lemma 15 we have (w,w’) € G.hb.

Moreover, since (w',w) € G'.mo, from the definition of G'. we also have
(w',w) € G.mo. As such we have w Loy G5 w, contradicting the assumption

that G is RA-consistent.

In case (2.c), from the construction of G' we then know (&..rsx,w) € G.rb
and (&.vsx,w) € G.rb. On the other hand, since r is a read event, w is a write
event and (w,r) € G'.rsi-hb, from Lemma 15 we have (w,&,.vsx) € G.hb. As

such we have w <5° &r. 08y G w, contradicting the assumption that G is RA-
consistent.

E.2 Implementation Completeness

In order to establish the completeness of our implementation, it suffices to show
that given an RSI-consistent execution graph G’ = (F,po,rf, mo,lo), we can
construct a corresponding RA-consistent execution graph G of the implementa-
tion. Before proceeding with the construction of a corresponding implementation
graph, we describe several auxiliary definitions.



Given a transaction class 7¢ € G'.T /st, we write WS¢ for the set of locations
written to by Te: WS¢ = U.er,yy Loc(e). Similarly, we write RS for the set of
locations read from by 7¢, prior to being written by T¢. For each location x read
from by 7¢, we additionally record the first read event in 7¢ that retrieved the
value of x. That is,

RSTsé{(Xﬂ“)\rEZHRxAﬂeeﬁmEx.eﬂir}

Note that the execution trace for each transaction T¢ € G'.T /st is of the form

poli pol; .. . .
e =1 —" .- =" 1, comprising a series of read or write events. As such,

we have G'.E = G'.T = Urcqr.7/s Te = 0¢-E. Let RS, UWST, = {x1-- xn}.
We then construct the implementation trace ¢ as:

0lim

Olimm Olimm imm Olimm
B = Rs Pl pus Pl prg Polipm g Polinm g
where

— Rs = rle pokx;m . pokx;m ’r'lxn pokx;m SXI pokx;m . pokx;m an pokx;m Vx1 pokx;m

T po‘i—n;m V.., where the identifiers of all constituent events of Rs are picked
fresh, and
polimm . o
rly,=RL(x;) Sy,= TSy, wsy, if Ir. (xj,7) € R8¢ Avaly(r) = v;
0 otherwise

o L if Ir. (x;,7) € R8¢ Avaly(r) = v;
500 otherwise

with 7sy, £ R(x;j,v;), vsy, = R(x;,v;) and wsy, = W(s[x;1,v;).
— RUs = Tuy, Poligm . Poligm TUx, , Where the identifiers of all constituent
events of RUs are picked fresh, and for all j € {1---n}:
RU(XJ) if Xj g WS§
Ty, =

0 otherwise

— PLs = pl,, Poligmn - Poligm pl, , where the identifiers of all constituent

Xn?

events of PLs are picked fresh, and for all j € {1---n}:

PL(Xj) if Xj € WS&

plX]‘ =
0 otherwise
- Ts=1t Poligm _ Polugm ty, where for all m € {1---k}:
. R(s[xn],vn) if ¢/ =R(xp, vn)
" W(Xp, Un) Poligm W(slxnl,vn) if ¢ =W(xp,vy)



such that in the first case the identifier of ¢,, is that of ¢/,; and in the second
case the identifier of the first event in ¢, is that of ¢/, and the identifier of
the second event is picked fresh.

poli poli
g POlign

— Us = wuy, Wuy, , where the identifiers of all constituent
events of Us are picked fresh, and

WU(Xj) if X (S WSg
Wiy, =
* 0 otherwise

In what follows we write E¢ as a shorthand for the events in the implementation
trace of ¢, i.e. B¢ & {a | a € 9§.E}. We use the £. prefix to project the various
events of the implementation trace 0 (e.g. £.7ly; ).

For each location x we then define:

LO, 2 {({.rlx,f.plx), (&.7ly, Ewuy), (€.ply, Ewuy) | G'TeN Wy # (Z)}
£#E Nda,b, T
(&.rlx, & ply), (E.1ly, & wuy), a€ G Tenbe GT
(&.1ux, &' .ply), (§.7ux, & . wuy) | Aloc(a) = loc(b) = x
Na € G'"Re A (a,b) € G'.rb
(€-rlx, & .ply), (€rlx, & wuy), ’
/ £#E Ada, b,
U Egzgx,g :Zu))(gplx7§ pl) ae G/.IE/\bE G/'7Z,
( x2 0 Aloc(a) = loc(b) =x
(

U

5 wuxug .l ) (g-wuxagl'plx)a /\(a b) c G/.

§wug, £ wuy)
&#£E Nda,b, .

, , ac G TeNbe G Te
(€0l €1k, (€9l €-rs), | p e 280

(& wux, §.1lx), (§wux, £ Tux) Aloc(a)=loc(b)=x
Aa,b) € G'.(mo’;rf)

Note that each LO4 satisfies the conditions in Def. 4.
We are now in a position to demonstrate the completeness of our implemen-
tation. Given an RSI-consistent execution graph G’, we construct an execution

graph G of the implementation as follows and demonstrate that RA-consistent(G)
holds.

— G.E= U 0c.EU G’ NT. Observe that G'.E C G.E.
Te€G'.T /st
— @G.po is defined as G’.po extended by the po for the additional events of G,
given by each f¢ trace defined above. Note that G.po does not introduce
additional orderings between events of G'.E. That is, Va,b € G'.E. (a,b) €
G'.po < (a,b) € G.po.

B B (w,§.r8%), | Ir. (x,7) € RS¢ / / /
G.rf = Ueroos {(w,§.vsx) Aw,r) € G if U (G HNG.Ex GNT).

— G.lo = Ucrocs LOx, with LOy as defined above.



Notation In what follows, given an RSI implementation graph G as con-
structed above we write G.NT for the non-transactional events of G, i.e. GNT £
{a | -3 . a€ G.Eg}. Moreover, as before, given a relation r C G.E x G.E, we
override the r; notation and write ry for {(a, b) er | 3. a,be 95.E}.

Lemma 16. Given an RSI-consistent execution graph G' and its corresponding
implementation graph G constructed as above, for all a,b,&,,&:

(a,b) € G.hb=
(3. a,be G.E¢ = (a,b) € G.po)
/\(ﬁag. a,be G.Ee =

JA,B.0 C Ax B C G rsi-hb

Aa€ GNT = A={a}) A (be GNT = B={b})

AN [CL € G.Ega =
A=G"Te, V (stgla, &) <2NA=G"Te, N Re)
V (stg(a, &) <4A3d € EW. a T8 dAA={d})]

A\ [b S G.Egb =

B=G'Te, V (stg(b,&) > 3/ B=G'Te, W) | )

where
1 ifa€&, Rse,
2 i o RU.
stg(a, &) 2 {2 U0 €L llse,
3 ifa € &,.PLse,
4  otherwise

Proof. Pick an arbitrary RSI-consistent execution graph G’ and its corresponding
implementation graph G constructed as above. Let hby £ G.(po U rf Ulo) and
hby,+1 £ hbg: hb,, for all n € N. It is then straightforward to demonstrate that
G.hb = {J;cy hbi. We thus demonstrate instead that:

Vn € N. Va, b, &, &. (a,b) € G.hb, =
(3. a,be G.E¢ = (a,b) € G.po)
N3¢ abe G.Be =
34, B.0 C Ax B C @ .rsi-hb
A(a€ GNT = A={a}) A (b€ GNT = B={b})
N [a € G.E¢, =
A=G"Te, V (stg(a, &) <2NA=G"Te, N Re)

V (stg(a, &) <4A3d € EW. a T8 dAA={d})]
A\ [b S G.Egb =

B=G'Te, V (stg(b,&) > 3/ B=G'Te, W) | )

We proceed by induction on n.



Base case n =0
There are three cases to consider: 1) (a,b) € G.po; or 2) (a,b) € G.rf; or 3)
(a,b) € G.lo.

In case (1) there are five cases to consider: a) 3¢. (a,b) € G.E¢; or b)
a,b € GNT; orc)ae GNT and b € G.Eg,; or d) a € G.E¢, and b €
GNT;ore)ac GE¢,be GE¢ and & # &. In case (1.a) we then have
(a,b) € G.poy, as required. In case (1.b) from the construction of G.po we have
(a,b) € G'.po, as required. In case (1.c) from the construction of G.po we have
({a} x G'Tg,) € G'.po, as required. In case (1.d) from the construction of G.po
we have (G'.Te, x {b}) € G'.po, as required. In case (1.e) from the construction
of G.po we have (G'.Te, x G'Te,) € G'.po, as required.

In case (2) there are five cases to consider: a) 3. (a,b) € G.E¢; or b)
a,b € GNT; or¢c)a € GNT and b € G.E¢,; or d) a € G.E¢, and b €
GNT;ore)aec G.Ee,be G.Ee, and & # &. Case (2.a) holds vacuously as
(a,b) € G.rfy = 0. In case (2.b) from the construction of G.rf we have (a,b) €
G'.rf, as required. In case (2.c) from the construction of G.rf we know that there
exists 1 € G'.Te, such that (a,r) € G'.rf. As such we have ({w} x G'.Tg,) C
G'.(INTJ;rf;st) C G'.rsi-hb, as required. In case (2.d) from the construction of

G.rf we then have (a,b) € G'.rf; that is a “B 4 and (a,b) € G'.rf, as required.
In case (2.e) from the construction of G.rf we know that there exists r € G'.Tg,
such that (a,r) € G'.rf. As such we have (G'.T¢, x G'.Te,) € G'.rfyr C G'.rsi-hb,

as required.

In case (3) there are five cases to consider: a) 3. (a,b) € G.E¢; or b)
a,be GNT;orc)ace GNT andbe G.Eg,; ord) a € G.E¢, andbe GNT;
ore)a € G.Eg,be GEg and & # &. In case (3.a) from the construction
of lo we have (a,b) € G.po, as required. Cases (3.b-3.d) hold vacuously as there
are no lo edge to or from non-transactional events. In case (3.e) from the con-
struction of lo we know there exist x,c¢,d such that c € G'Tg,, d € G'.Te,, and
either i) (c,d) € G'.rf; or ii) (c,d) € G'.(mo;rf); or ii) (¢,d) € G'.mo; or iv)
loc(c) = loc(d) = %, a = &u.rlx Va = &g.ruy, b = E,.pl, Vb = & wuy and
c€ G''Rg and (¢,d) € G'.rb. In cases (3.e.i, 3.e.1) we have G'.Te, x G'. T, C
G'.(rfr U (mo;rf)t) C rsi-rf C rsi-hb, as required. In case (3.e.iii) we have
G'Te, x G'Te, € G'.mot C rsi-hb, as required. In case (3.e.iv) we then have
stg(a, &) < 2, stg(h,&) > 3, and G'.(Te, " Re) x G'.(Te, N W) C G’ si-rb C
rsi-hb, as required.



Inductive case n = m+1

Vi € N.Va,b,&,,&. 1 <mA(a,b) € G.hb; =
(3. a,be G.E¢ = (a,b) € G.po)
/\(ﬂg. abe G.Ee =
JA,B.0 C Ax B C @ .rsi-hb
A (a€ GNT = A={a}) A (b€ GNT = B={b})
Alae GEe = (LH.)
A=G"Te, V (stg(a, &) <2ANA=G"Te, NRe)

V (stg(a, &) <4A3d € EW. a S8 dAA={d})]
AN [b € G.Egb =

B=G'Te, V (stg(b,&) > 3/ B=G'Te, W) | )

Since (a,b) € hb,, from the definition of hb, we know there exists ¢ such
that (a,c) € hby and (¢,b) € hby,. There are then five cases to consider: 1)
3¢. (a,b) € G.E¢; or 2) a,b € GNT; or 8) a € GNT and b € G.Eg,; or 4)
a€ GEe, andbe GNT; orb5)ac G.Ee,be G.Ee and &y # &.

Case 1

In case (1) pick arbitrary & such that a,b € G.E¢. There are then three additional
cases to consider: a) c € GNT; b) c€ G.E¢; or c) there exists ' # & such that
(XS G.Eg/.

In case (1.a) from the proof of the base case and the (I.H.) we know there
exist A, B,C # 0 such that C = {c}, A x C C G'.rsi-hb, C x B C G’ .rsi-hb and
thus Ax B C G'.rsi-hb and either: i) A= G'.T¢ and B= G'.T¢; orii) A= G'.T¢
and B = (G'.(Te "N W); or i) stg(a,&) <2, A= G (TeNRe) and B = G'.T¢;
or i) stg(a, &) <2, A= G .(Te N Re), stg(h,&) > 3 and B = G'.(Te N W);

or v) stg(a,§) < 4, 3d € EW. a CB AN A = {d} and B = G'.T¢; or vi)

stg(a, &) <4, 3deeW.a B dAA={d} and B = G'.(Te "W).

Case (i) cannot arise as we would have A = B and thus A x A C G'.rsi-hb,
contradicting the assumption that G’ is RSI-consistent. Case (ii) cannot arise
as we would have (G'.(Te N W) x (G'.(Te " W) C G'.rsi-hb, contradicting the
assumption that G' is RSI-consistent. Case (iii) cannot arise as we would have
(G'.(TeNRe) X (G'.(TeNRE) C G'.rsi-hb, contradicting the assumption that G’ is
RSI-consistent. In case (iv) since we have stg(a,&) < 2 and stg(b,&) > 3, from
the definition of stg(.,.) and the construction of G we have (a,b) € G.po, as
required. Cases (v-vi) cannot arise as we would have 3d € EW. (d,d) € G'.rsi-hb,
contradicting the assumption that G’ is RSI-consistent.

In case (1.b) from the proof of the base case we have (a,c) € G.po. On the
other hand from (I.H.) we have (c,b) € G.po. As G.po is transitively closed, we
have (a,b) € G.po, as required.



In case (1.c) from the proof of the base case (in cases 1.e, 2.e and 3.e) we
have either A) G'.Tex G'.Te € G'.rsi-hb; or B) stg(a,§) < 2, stg(c, &) > 3, and
0 C G(TeNRe) x G'(Ter NW) C G'.rsi-hb. On the other hand from (1.H.) we
know there exist C, B # 0 such that C x B C G'.rsi-hb and either: i) C = G'.Tes
and B = G'Te¢; orii) C = G'Te, stg(h,€) > 3 and B = G'.(Te N W); or
iii) stg(c,&') < 2, C = G'.(Te¢ NRe) and B = G'.Te; or w) stg(c, &) < 2,
C = G (Te NRe), stg(h,&) > 3 and B = G'.(Te N W); or v) stg(c, &) < 4,

Id e &W. ¢ B dNC = {d} and B = G'.T¢; or vi) stg(c,&) < 4, 3d €

EW. ¢ X AN C = {d}, stg(h,€) >3 and B = G'.(Te NW).

Cases (A.i-A.vi) lead to a cycle in G'.rsi-hb, contradicting the assumption
that G' is RSI-consistent. In cases (B.ii, B.iv, B.vi) we then have stg(a, &) < 2
and stg(b,&) > 3. Consequently from the definition of stg(.,.) and the con-
struction of G we have (a,b) € G.po, as required. Case (B.i) leads to a cycle in
G'.rsi-hb, contradicting the assumption that G' is RSI-consistent. In cases (B.iii)
we have stg(c,&’) > 3 and stg(c,&') < 2, leading to a contradiction. In case
(B.v) we then know 3d € & W. 0 C G'.(TeNRe) x{d} C G .rsi-hbA{d} x G'.T¢ C
G'.rsi-hb. That is, we have O C G'.(Te N Re) X G'.(Te NRe) € G .rsi-hb, contra-
dicting the assumption that G’ is RSI-consistent.

Case 2
There are two additional cases to consider: a) ¢ € GNT; or b) there exists &
such that c € G.E¢.

In case (2.a) from the proof of the base case we have (a,c) € G'.rsi-hb. On
the other hand from (I.H.) we have (¢,b) € G'.rsi-hb. As G’.rsi-hb is transitively
closed, we have (a,b) € G'.rsi-hb, as required.

In case (2.b) from the proof of the base case we know there exists Cy # () such
that {a} x C1 C G'.rsi-hb and either: A) C1 = G'.T¢; or B) stg(c,§) > 3 and
Ci1 = G .(TeNW). On the other hand, from (I.H.) we know there exists Co # ()
such that Cy x {b} € G'rsi-hb and either: i) Co = G'.T¢; or ii) stg(c,§) < 2 and

Cy = G .(Te N Re); or i) stg(c,§) <4 and Id € EW. ¢ CR AN Cy = {d}.

In cases (A.i-A.iii) and (B.i, B.ii) from the transitivity of G'.rsi-hb we have
(a,b) € G'.rsi-hb, as required. Case (B.ii) cannot arise as otherwise we would
have 3 < stg(c,&) < 2, leading to a contradiction.

Case 3
There are three additional cases to consider: a) c € GNT; b)ce G.Eg,; or c)
there exists £ # & such that c € G.E¢,_.

In case (3.a) from the proof of the base case we have (a,c) € G'.rsi-hb. On the
other hand from (I.H.) we know there exists B # () such that {c} x B C G’.rsi-hb
and B = G'.Tg, V (stg(b, &) > 3AB = G'.(Te, "W). As G'.rsi-hb is transitively
closed we then know there exists B # () such that {a} x B C G'.rsi-hb and
B=G"Te V(stg(h,&) >3ANB = G'.(Te, NW)), as required.

In case (3.b) from the proof of the base case we know there exists B # () such
that {a} x B C G'.rsi-hb and B = G'.T¢, V (stg(c,&) > 3AB = G .(Te, "W).



On the other hand, from (I.H.) we have ¢ %8 b and thus from the definition of
stg(.,.) and the construction of G we have stg(b,&) > stg(c,&). As such, we
we know there exists B # 0 such that {a} x B C G'.rsi-hb and B = G'.T¢, V
(stg(h,&) > 3AB = G'.(Tg, N W)), as required.

In case (8.c) from the proof of the base case we know there exists C1 # 0 such
{a} x C1 C G .rsi-hb and either A) C1 = G'.T¢,; or B)(stg(c,&) > 3ANCh =
G'.(Te, N W)). On the other hand, from (I.H.) we know there exist Co, B # ()
such that Cy x B € G'.rsi-hb and either: i) Cy = G'.T¢, and B = G'.T¢,; or ii)
Cy = G'.Te, and (stg(b,&) > 3AB = G'.(Te, "W)); or iii) stg(e, &) < 2ACy =
G'(Te, " Re) and B = G'.Te,; or iv) stg(c,&) <2ANCy = G'.(Te, N Reg) and
(stg(h, &) > 3AB = G .(Te, NW)); or v) stg(e, &) <4ATd e & IW. ¢ RPN
Cy = {d} and B = G'. T, ; or vi) stg(c,&) < AATd € EeW. ¢ “B dACy = {d}
and (stg(b,&) > 3AB = G'.(Tg, N W)).

In cases (A.i-A.vi) and (B.i, B.4, B.v, B.vi) from the transitivity of G'.rsi-hb
we know there exists B # 0 such that {a} x B C G'.rsi-hb and B = G'.T¢, V
(stg(b, &) > 3AB = G'.(Te, "W)), as required. Cases (B.iii, B.iv) cannot arise
as we would otherwise have 3 < stg(c,&.) < 2, leading to a contradiction.

Case /4
There are three additional cases to consider: a) c € GNT; b) c€ G.E¢,; or c)
there exists { # &q such that c € G.E¢,.

In case (4.a) from (I.H.) we have (¢,b) € G'.rsi-hb. On the other hand from
the base case we know there exists A # 0 such that A x {¢} C G'.rsi-hb and A =

G'.Te, V(stg(a, &) < 2AA = G'.(Te, NRe)) Vstg(a, &) < 4ATd € &g W. a &5

dNA = {d}. As G'.rsi-hb is transitively closed we then know we know there exists
A # 0 such that A x {b} C G'.rsi-hb and A = G'.Te, V (stg(a, &) < 2NA=

G'(Te, NRe)) Vstgla,&) <4ANTde & W. a CRANA= {d}, as required.

In case (4.b) from (L.H.) we know there exists A # 0 such that A x {b} C
G'.rsi-hb and A = G'.T¢, V (stg(c, &) <2ANA = G (Te, N Re)) Vstg(e, &) <

4N3d € EgW. a GRANA = {d}. On the other hand, from the proof of

the base case we have a ©%° ¢ and thus from the definition of stg(.,.) and the
construction of G we have stg(a,&,) < stg(c,&q). As such, we know there exists
A # 0 such that A x {b} C G'.rsi-hb and A = G'.T¢, V (stg(a,&) <2ANA =

G'.(Te, NRe)) Vstg(a, &) <4ANId e & WV. a GRGNA= {d}, as required.

In case (4.c) from the proof of the base case we know there exist A,Cy # ()
such that A x C1 C G'.rsi-hb and either: i) A= G'.Te, and Cy = G' T, ; or i)
A= G'"Te, and (stg(c,&) > 3NCt = G .(Te,NW)); or iii) stg(a, &) < 2ANA =
G'(Te, NRe) and C = G'.Te,; or iv) stg(a, &) <2ANA= G .(Te, N Re) and
(stg(c, &) > 3ACL = G'(Te,NW)); or v) stg(a, &) <4NTd € EW. a TR A
A={d} and Cy = G'.Te.; or vi) stg(a,&) < AATd € E,W. a TR dAA = {d}
and (stg(c, &) > 3NCL =G .(Te, "W).



On the other hand, from (I.H.) we know there exists Ca # 0 such Cy x {b} C
G'.rsi-hb and either A) Co = G'.Te,; or B) (stg(c, &) <2ACo = G'.(Te, NRE));

or C) (stg(c,&) <4ANTJe€lW. e G£>O7 e NCy ={e}).

In cases (A.i-A.vi), (C.i-C.vi) and (B.i, B.iii, B.v) from the transitivity
of G'.rsi-hb we know there exists A # () such that A x {b} C G'.rsi-hb and
A= GTe, V(stgla,&) <2NA= G (Te, NRe)) V (stgla,&) < 4AN3d €

&aW. a CRGNA = {d}), as required. Cases (B.ii, B.iv, B.vi) cannot arise as

we would otherwise have 3 < stg(c, &) < 2, leading to a contradiction.

Case 5
There are four additional cases to consider: a) c € GNT; b) ce G.E¢,; orc)
c € G.Eg,; or d) there exists & such that & # &a, & # & and ¢ € G.Ey,.

In case (5.a) from the proof of the base case we know there erists A # ()
such that A x {c} C G'.rsi-hb and A= G'.T¢, V (stg(a,&a) <2ANA =G (Te, N

Re)) V (stg(a, &) < AATd € EeW. a S8 dAA = {d}). On the other hand

from (I.H.) we know there exists B # 0 such that {c} x B C G'.rsi-hb and
B = G'Tg, V (stg(b,&) > 3ANB = G'.(Te, N W)). As such, sine G'.rsi-hb is
transitive we know there exist A, B # () such that A x B C G'.rsi-hb; that A =

G/ Te, v (stela, €a) < 2AA = G'.(Te, MRe))V(stg(a, &0) < 47Td € EuW. a &%

dNA={d}); and that B = G'.Te, V (stg(h,&) > 3AB = G'.(Tg, N W)), as
required.

In case (5.b) from (I.H.) we know there exist A, B # 0 such that A x B C
G'.rsi-hb; that A = G'.T¢, V (stg(c,€a) <2ANA= G .(Te, NRe)) V (stglc, &a) <

AANTd € EW. a ¥ dAA = {d}); and that B = G'.Tg, V (stg(b, &) >
3AB = G'.(Te, "N W)). On the other hand from the proof of the base case we
have (a,c) € G'.po and thus from the definition of stg(.,.) and the construction
of G we have stg(a,&,) < stg(c,&,). As such we know there exist A, B # )
such that A x B C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2ANA =G .(Te, N

Re)) V (stg(a, &) < 4A3d € EaW. a B dAA = {d}) and that B =

G'Te, V (stg(h,&) > 3ANB = G'.(Te, N W)), as required.
In case (5.c) from the proof of the base case we know there exist A,B # ()
such that A x B C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2NA =G .(Te, N

Re)) V (stg(a,&) < AA3d € EaW. a % dAA = {d}), and that B =

G'Te, V (stg(c, &) > 3AB = G'.(Te, "W). On the other hand from (I.H.) we
have (¢,b) € G'.po and thus from the definition of stg(.,.) and the construction
of G we have stg(c,&) < stg(b,&,). As such we know there exist A,B # ()
such that A x B C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2ANA =G .(Te, N

Re)) V (stg(a, &) < 4A3d € EaW. a B dAA = {d}) and that B =

G'Te, V (stg(h,&) > 3ANB = G'.(Te, N W)), as required.
In case (5.d) from the proof of the base case we know there exist A,Cy # ()
such that A x Cy C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2NA =G (Te, N



Re)) V (stgla, &) < 4A3Td € EW. a G'—p>°“ dN A = {d}), and that either A)

Ci = G Te.; or B) (stg(c,&) >3NCL = G .(Te, "W).

On the other hand, from (I.H.) we know there exist Cy, B # 0 such that
Cy x B C Grsichb; that B = G'.Tg, V (stg(b,&) > 3A B = G'.(Te, N W));
and that either: i) Co = G'.Tg,; or i) stg(c, &) < 2N Cq = G'(Te, N Re); #1)

stglc,&) <ANTd e EW. ¢ B dACy = {d}).
In cases (A.i-A.iii) and (B.i, B.iii) from the transitivity of G'.rsi-hb we know
there exists A, B # () such that Ax B C G'.rsi-hb; that A = G'.T¢, V(stg(a, &) <

2NA = G.(Te, NRE)) V (stg(a,&) < 4ATd € EW. a OB daA = {d});
and that B = G'.T¢, V (stg(h,&) > 3A B = G'.(Te, N W)), as required. Case
(B.ii) cannot arise as we would otherwise have 3 < stg(c,&.) < 2, leading to a
contradiction.

Theorem 12 (Completeness). For all RSI execution graphs G' and their
counterpart implementation graphs G constructed as above,

rsi-consistent(G’) = RA-consistent(G)

Proof. Pick an arbitrary RSI execution graph G' and its counterpart implemen-
tation graph G constructed as above and let us assume that rsi-consistent(G’)
holds. From the definition of RA-consistent(G) it then suffices to show:

1. irreflexive( G.hb)
2. irreflexive( G.mo; G.hb)
3. irreflexive(G.rb; G.hb)

RTS. part 1

We proceed by contradiction. Let us assume that there exists a such that (a,a) €
G.hb. There are now two cases to consider: 1) a € GNT; or 2) 3. a € G.E¢
In case (1) from Lemma 16 we have (a,a) € G'.rsi-hb, contradicting the assump-
tion that G' is RSI-consistent. Similarly, in case (2) from Lemma 16 we have
(a,a) € G.po, leading to a contradiction as G.po is acyclic by construction.

RTS. part 2
We proceed by contradiction. Let us assume that there exist a,b such that (a,b) €
G.hb and (b,a) € G.mo. From the construction of G.mo we then know that
(b,a) € G'.mo. Let loc(a) = loc(b) = x. There are then five cases to consider:
1) 3. (a,b) € G.E¢; or 2) a,be GNT; or3)ac GNT andbe G.Ee,; or 4)
a€ GEg, andbe GNT;orb5)ac GEe,be G.Eg, and &, # &.

In case (1) from Lemma 16 we have (a,b) € G.po, and since a,b € GW =
G' W, from the construction of G.po we have (a,b) € G'.po. Moreover, since

a,b are write events in the same transaction &, (a,b) € G'.poNW? C G’ .rsi-hb.

As such we have a € 3™ p 4 a, contradicting the assumption that G' is

RSI-consistent.



In cases (2, 3) since a,b € GW = G’ W, from Lemma 16 we have (a,b) €

. G’ rsi-hb
G rsi-hb. As such we have a © 5

G’ is RSI-consistent.

Similarly, in cases (4, 5) since a,b € GW = G''W, from Lemma 16 we
have either i) (a,b) € G’ .rsi-hb; or ii) 3d € £, W. a G'—p>°? d A (d,b) € G .rsi-hb.
On the other hand, since in case (ii) a,d € G.E¢,, a G'—p>°? d and a,d are both

. G’ .po’ . .
write events, we also have a 8 d. Moreover, since G'.po; N W? C G'.rsi-hb,

we have (a,d) € G'.rsi-hb”. As such we have a GlLrskhb” g Grdrhb b nd from the

transitivity of G'. rsi hb in both cases we have (a,b) € G'.rsi- hb Consequently, we
G’ r5| hb

b —> a, contradicting the assumption that

have a b —> a, contradicting the assumption that G’ is RSI-consistent.

RTS. part 3

We proceed by contradiction. Let us assume that there exists a, b such that (a,b) €
G.hb and (b,a) € G.rb. Let loc(a) = loc(b) = x. There are then five cases to
consider: 1) 3. (a,b) € G.E¢; or 2) a,b € GNT; or 8) a € GNT and
be G.Eg;orj)ac GEg andbe GNT; or5)ac G.Ee,,be G.Ee¢, and
ga 7é gb-

In case (1) from Lemma 16 we have (a,b) € G.po. On the other hand since
(b,a) € G.rb, from the construction of G we know that (b,a) € G.po. As such,

. . " G. G.
since G.po is transitively closed and a 80 p 80 a, we have (a,a) € G.po,
leading to a contradiction as G is acyclic by construction.

In case (2) from the construction of G.rb we know that (a,b) € G'.rb. On

the other hand, from Lemma 16 we have (a,b) € G'.rsi-hb. As such we have

G rghby —)b a, contradicting the assumption that G’ is RSI-consistent.

In case (3) from the construction of G.rb we know that b = &,.rsy Vb = &.vsy.
Consequently, from Lemma 16 we have {a} x G'.T¢, C G'.rsi-hb. On the other
hand, from the construction of G.rb we know there exists r € G'.Te, such that

G'.rsi-hb G rb . ,
(r,a) € G'.rb. As such, we have a =~ =3 " r "= a, contradicting the assumption

that G’ is RSI-consistent.

In case (4) from the construction of G.rb we know that (a,b) € G'.rb. More-
over, since a € G. W from Lemma 16 we have either i) (a,b) € G'.rsi-hb; or i)

Ad € & W. a o po dA(d,b) € G' r5| hb. As such, since a,d are both write events
and a & d, we also have a —> d. Moreover, since G'.por N W? C G’ rsi-hb,

we have (a,d) € G'.rsi-hb’. As such we have a Glrskhb g b and from

the transitivity of G'.rsi-hb in both cases (i, i) we have (a,b) € G' rsi-hb. Con-
G’ rsn hb

G’ r5| hb

sequently, we have a b P a, contradicting the assumption that G’ is

RSI-consistent.
In case (5) from the construction of G.rb we know that b = &,.78x Vb = . vsy.
Consequently, from Lemma 16 and since a is a write event, we have either i)



G/ Te, x G' Te, C G'.rsi-hb; orii) 3d € &, W. a % dA{d}x G'.Te, € G rsi-hb.

. . G.po’ G’ .po’
As such, since a,d are both write events and a ~-% d, we also have a ~ -5 d.
Moreover, since G'.poyNW? C G".rsi-hb, we have (a,d) € G'.rsi-hb’. As such we

have a © 5™ 4 TSy ang from the transitivity of G’.rsi-hb in both cases (i,

i) we have {a} x G'.Tg, C G’ .rsi-hb. On the other hand, from the construction of

G.rb we know there exists r € G'.Te, such that (r,a) € G'.rb. Consequently, we
have a € 3 p 4P a, contradicting the assumption that G’ is RSI-consistent.



F Soundness and Completeness of the Lazy RSI
Implementation

Given an execution graph G of the lazy RSI implementation, let us assign a
transaction identifier to each transaction executed by the program; and given a
transaction €. Let RS? = WS2 = . Let us write G.NT for those events in G.E
that do not occur in a transaction. Observe that given a transaction & of the
lazy RSI implementation, the trace of £, written 6, is of the form:

PO|imm polimm

POlimm POlimm POlimm POlimm POlimm
Fs Poligm pg Polipm g Poligm p polipm by Polipm pp o Poligm gy Poligm gy
where:

— F's denotes the sequence of events failing to obtain the necessary locks (i.e.
those iterations that do not succeed in promoting the writer locks) or validate
the snapshot;

— Is denotes the sequence of events initialising the values of LS, RS and WS with
(), initialising ws with [] and initialising s[x] with (L, L) for each location
x;

— Ts denotes the sequence of events corresponding to the execution of [T] and

polimm po‘imm

is of the form # tg, where for all m € {1---k}:

rd(Zm, Vimy RS m—1, WSm—1) pobfm Iry,, if Opm=R(Xpm,Vm)
tm= 9§ wr(Xm, Vm, BSm_1, WSm_1) pobfm WWSy,, if Op=W(xpm,vm)

poligpm R(s[xm], (v),,—)) poligpm lwy,, Poligpm W(ws, wsm,)
where O,, denotes the mth event in the trace of T; Iry, = R(s[X], (—,vm));

R(s[xm],(L, 1)) ifxm € RSm—1U WSm_1

Polimum
fsm

POlimum
lx
m

POliram
=3 wrsy,,

POliram
Sxm

pol;
2 wsy

7d(Xm, Vimy RSm_1, WSpm_1) £

m

0 otherwise

fs,, denotes the sequence of events attempting (but failing) to acquire the
read lock on x,,, rly, = RL(xL,,), wrsy, = W(RS, RS.), 75z, = R(Xm, vgm),
wsy,, = W(s[xm], (v ;00 )); and for all m > 0:

Xm? “Xm

RS s )RS U{xn} if On=R(xm, —)
T RS, otherwise



and

R(slxml,(L,1)) ifxm & RSm—1U WSm_1
W (X, Uiy RSm—1, WSp_1) & Polimom o

Polizpm Tlx,, 0 otherwise

wwsy,, = WWS, WS,); wy, = W(slxml, (v, vm)); fs,, and 7l are as
defined above; and for all m > 0:

a | WS U{xm}t if Op=W(xm, —)
WSm—i—l = .
WS otherwise
a ) WSmA+[(Zm, vm)] i O =W(Xm, Vi)
WSm+1 = .
WSy, otherwise

Let RS¢ = RS, WSg = WS, and wsg = wsyy,; let RS¢ U WS¢ be enumerated
as {x1---x;} for some i, and wsg be enumerated as {(x1,v1) - - (x;,v;)} for

some j.
VRs denotes the sequence of events validating the reads and is of the form
Vg, ol Poligm Uy, where for all n € {1---4}:

- R(s[xn], (0] ,—)) Peligpm Ury, =R(xpn, vy ) if x, € RS¢
Xn —
0 otherwise

RUs denotes the sequence of events releasing the reader locks (when the given

POlimm POlimm

location is in the read set only) and is of the form ruy, — Tlg,,

where for all n € {1---i}:
RU(x1,) if x, & WS,
Ty, =
" 0 otherwise

PLs denotes the sequence of events promoting the reader locks to writer ones

POlimm

(when the given location is in the write set), and is of the form pl,

. po‘imm l

pl,,, where for all n € {1---i}:

L= PL(x1,) if x, € WS,
P =0 otherwise
Ws denotes the sequence of events committing the writes of [T] and is of

poli poli
the fOI'm Cthl ipm imm

W(xn, vp)
Us denotes the sequence of events releasing the locks on the write set, and

Polimm pognm

Cx;0;, Where for all no€ {1---j}: ¢, 0, =

is of the form wuy, Wy, , where for alln € {1---i}:

WU(x1,) if x, € WSg
Wy, = )
0 otherwise



Given a transaction trace f¢, we write e.g. £.Us to refer to its constituent Us
sub-trace and write Us.E for the set of events related by po in Us. Similarly, we
write {.E for the set of events related by po in 0¢. Note that G.E = |J (.E.

eeTx

Note that for each transaction £ and each location x, the £.7lx, £.rsx, £.vry,
E.ruy, €.pl, and €. wuy are uniquely identified when they exist. Let £.wy the last
(in po order) write to x in Ws, when it exists.

For each location x € WS¢, let fw, denote the maximal write (in po order

POlimm POlimm
A tm7

within &) logging a write for x in s [x]. That is, when 6, = ¢;
let fw, = wmax(x, [t1 - tm]), where

wmax(x, []) undefined
lwy if t=wr(x,—, —,—) 2wy 28 wwsy

wmax(x, L++[t]) £
( i) {wmax(x,L) otherwise

F.1 Implementation Soundness

In order to establish the soundness of our implementation, it suffices to show
that given an RA-consistent execution graph of the implementation G, we can
construct a corresponding RSI-consistent execution graph G’ with the same
outcome.

Given a transaction { € Tx with RS¢UWSe = {x; - - - x;} and trace 6¢ as above

with Ty = 1, e Flpn

trace 92 as follows:

ti, we construct the corresponding RSI execution

/

;A s POlipm Polimm
95 P & tk

=t —
where for all m € {1---k}:

t! =R(Xm, Um) when &, = rd(Xm, Vm, Sm) poli>m Iry..

poli poli
b =W( X, Um) When t, = wr(Xpm, U, Sm) -~ = Wwsy,,  — -

such that in the first case the identifier of ¢/, is that of lry, ; and in the second
case the identifier of ¢/ is that of lw,, . Note that for each write operation w in

é, there exists a matching write operation in 0¢. Ws, denoted by mw(w). That
is,

mw(w)=w’ P T (0c.EN )/V)‘Z =wA (0g. Ws)|, =’



We then define:
th € 0¢. B A Ix,v. t;=R(x,v) A w=U(x,v)
Nw € EE = w Bt A
(Vect B wBeX t = (Loc(e)#x V egW)))
AMNw g éE= (NeelE. (e B th = (loc(e) #x Ve gW))

A3 (€ wy, E.1sx) € Gurf) ANw=¢.fw,)
V(w € GNT A (w,rsx) € G.rf))

L]

re GNTA
U (w,r)| (we GNT A (w,r) € G.rf)
V(' w' =mu(w) A (w',r) € G.rf))

Similarly, we define:

MO £ { (w1, wz) | Fw), wh. w) = mw(wy) A wh = mw(wa) A (w],wh) € G.mo}
U{(w,w')|w,w" € GNT A (w,w') € G.mo}
U}(w,w’) w e GNT AT w' =mu(w) A (v, w') € G. {
N

w w"’,
Ui’ w)|w' € GNT AT w" =mu(w) A (w',w") € G.

We are now in a position to demonstrate the soundness of our implementation.
Given an RA-consistent execution graph G of the implementation, we construct
an RSI execution graph G’ as follows and demonstrate that rsi-consistent(G’)
holds.

- G .E= | 0;.EUGNT, with the tx(.) function defined as:
ecTx

tx(a) 2 ¢ when ac O¢ tx(a) 20 when a€ GNT

G’.po = G.pO|G/,E
— G'rf = Ugery RFe
— G'.mo =MO
G'lo=10

Observe that the events of each 9’5 trace coincides with those of the equivalence
class T¢ of G'. That is, 0;.E = Te.

Lemma 17. Given an RA-consistent execution graph G of the implementa-
tion and its corresponding RSI execution graph G’ constructed as above, for

all a, ba gav gba X

CaF & Na€&.ENDEE&.EAloc(a) =1loc(b) =x=

((a,b) € G'.rf = Eawux 3° &,orly) (34)
A ((a,b) € G'.mo = &,.wuy pa &p.1lx) (35)
A ((a,b) € G'.rb = (x € WS¢, A &a.wux e Eu.1lx) V (x € WSe, A Eq.Tuy EAY &.ply))
(36)
A ((a,b) € G'.(mo; rf) = Eawus T8 &yl (37)



Proof. Pick an arbitrary RA-consistent execution graph G of the implementa-
tion and its corresponding RSI execution graph G’ constructed as above. Pick
an arbitrary a,b, &y, &, x such that &, # &, a € &..F, a € &,.F, and loc(a) =
loc(b) = x.

RTS. (34)
Assume (a,b) € G'.rf. From the definition of G’.rf we then know (§,.wy, &.15x) €

G.rf. On the other hand, from Lemma 2 we know that either i) x € WS¢, and

& wuy, ¢.4b Ea-rly; or ) x & WS¢, and &.ruy G.4b Ea-ply; or i) &g Wy G.4b

. .1 G. . G.
&p.rly. In case (i) we then have &,.wy ayf Ep.TSy z8e Ep Wiy Ghb Eq.rly e

&q.wy. That is, we have €,.wy G bbuoe &, wy, contradicting the assumption that G
is RA-consistent. Similarly in case (i) we have &, .wy G—gf &p.15y Z8° Ep. Uy G—>hb

Ea-ply Ggo Eq.wy. That is, we have &,.wy G hbuoe &qwy, contradicting the assump-

tion that G is RA-consistent. In case (iii) the desired result holds trivially.

RTS. (35)
Assume (a,b) € G'.mo. From the definition of G'.mo we then know there ex-
ist wy € &u.Ws and wy € &.Ws such that (wi,ws) € G. and loc(wy) =

loc(ws) = x. On the other hand, from Lemma 2 we know that either i) & . wuy e

. b , _ G.
Ea-Tly; or Qi) o wuy ¢4 &.1ly. In case (i) we then have wq cy wy —8°

. G. . . .hbje .
Ep Wy Cﬂ;b Eq.rly 8o wy. That is, we have wy G—> Wo Ggl wy, contradict-
ing the assumption that G is RA-consistent. In case (i) the desired result holds
trivially.

RTS. (36)
Assume (a,b) € G'.rb. From the definition of G'.rb we then know that there exist
w € &. Ws such that loc(w) = x and (&,.78x,w) € G.rb. From Lemma 2 we then

know that either i) &.wu, G Eq.rly; or i) x € WSe, and £q.Tuy G Ea-ply; or

i) x € WS¢, and &, . wuy G.4b &1l In case (i) we then have w 8% ¢ wug G.4b

G.po G.rb . G .hbjoe G.rb ..
Eqorly =8 £a.m8x =+ w. That is, we have w ~ = £,.18y —+ w, contradicting

trivially.

Lemma 18. For all RA-consistent execution graphs G of the implementation
and their counterpart RSI execution graphs G’ constructed as above and S £



G’ .(rsi-po U rsi-rf U moT)t:

Véa, Eb, a,b. Va,b.
(a,b) € S = (a,b€ G NT A(a,b) € G.hb)
V(e e G'Te, Nb€ G'Tgy Néa =& A (a,b) € G.po)
a€ G Te, N\be G'Tg, Néo # &b
V| AIde G Tg. Vee G'Te,. (c,d) € G.hb
ANa €W = (mw(a),d) € G.hb
a€ G'NTAbe G'Tg,
(/\Eld € G T, (a,d) € G.hb)
a€ G T, N\be G''NT
V| AVe e G'Te,. (c,b) € G.hb
A(Je € & Ws. (e,b) € G.hbV Ve e E,.E. (c,b) € G.hb)

Proof. Let So = G'.(rsi-po U rsi-rf Umor), and Sp+1 = So; Sn, for alln >=0. It
is straightforward to demonstrate that S = |J S;. We thus demonstrate instead
i€N
that: ©
Vi € N. V&, &, a,b. Va, b.
(a,b) € S; = (a,b € G"NT A (a,b) € G.hb)
V(e e G'Te, Nb€ G Tey N = & A (a,b) € G.po)
a€ G Te, Nbe G'Te, Néo # &
AJd € G'Tg,. Ve € G'Tg,. (¢c,d) € G.hb
A (e € &,.Ws. (e,d) € G.hb
We € &,.E. (¢,d) € G.hb)
y (a €EGNTANbe G.Tg, )
A3d € G'Tg,. (a,d) € G.hb
a€ G Te, N\be G NT
NVe € G'Te,. (¢,b) € G.hb
A (e €&,.Ws. (e,b) € G.hb
We € &,.E. (¢,b) € G.hb)

V

We proceed by induction on i.

Base case i =0

Pick arbitrary &,,&, a,b such that & # & and (a,b) € Sy. There are now
four cases to consider: A) a € G'.T¢,,b € G'Tg,; or B) a,b € G NT; or C)
a€ G'NT,be G'T¢,; or D)ac G'Te,,be G NT.

In case (A) there are three additional cases to consider: 1) (a,b) € G’ .rsi-po;
or 2) (a,b) € G'.rsi-rf; or 3) (a,b) € G'.mor.

In case (A.1), pick an arbitrary ¢ € G'.Te,. From the definition of G'.por
we have (¢,b) € G.po C G.hb, as required. Now assume that a € W. From the
definition of G'.po we then have (mw(a),d) € G.po C G.hb, as required.

In case (A.2), we then know there exists w € G'.Te, and r € G'.Tg, such

that (w,r) € G'.rf. Let loc(w) = loc(r) = x. From Lemma 17 we then have

. . . G. .
Eq wuy G—l;b &y.1ly. Pick an arbitrary c € G’.'Ea. As such we have ¢ =5° Eq wuy G—h>b



&p.rly G—'go &p.15x. That is, we have (c,&.18x) € G.hb, as required. Now assume
that a € W. We then have (mw(a),&,.wuy) € G.po. As such, from the transitivity
of G.hb we also have (mw(a),&.1sx) € G.hb, as required.

In case (A.3), we then know there exists w € G'.Te, and w' € G'.Tg, such
that (w,w’) € G'.mo. Let loc(w) = loc(w') = x. From Lemma 17 we then have

Eq wuy G-4b &.1lx. Pick an arbitrary c € G'.Te,. As we also have &.7ly G—'go wa,

wq @go Eo.wuy, and c @ge Ea- Wiy, we then have (c,w3) € G.hb and (wy,ws) €
G.hb, as required. Now assume that a € W. We then have (mw(a),&,. wuy) €
G.po. As such, from the transitivity of G.hb we also have (mw(a),ws) € G.hb, as
required.

In case (B) there are three additional cases to consider: 1) (a,b) € G’ .rsi-po;
or 2) (a,b) € G'.rsi-rf; or 3) (a,b) € G'.mor.

In case (B.1) we then have (a,b) € G'.po and from the definition of G’'.po we
have (a,b) € G.po C G.hb, as required. In case (B.2) we then have (a,b) € G'.rf
and from the definition of G'.rf we have (a,b) € G.rf C G.hb, as required. Case
(B.3) does not apply as a,b € G’ N'T.

In case (C) there are three additional cases to consider: 1) (a,b) € G'.rsi-po;
or 2) (a,b) € G'.rsi-rf; or 3) (a,b) € G'.mor.

In case (C.1) we then have (a,b) € G'.po and from the definition of G'.po
we have (a,b) € G.po C G.hb, as required. In case (C.2) we know there exists
r € G'Tg, such that (a,7) € G'.rf. Let loc(a) = loc(r) = x. From the definition
of G'.rf we then have (a,&.1sx) € G.rf C G.hb, as required. Case (C.3) does not
apply asa € G’ NT.

In case (D) there are three additional cases to consider: 1) (a,b) € G’ .rsi-po;
or 2) (a,b) € G'.rsi-rf; or 3) (a,b) € G'.mor.

In case (D.1) we then have (a,b) € G'.po. Pick an arbitrary c € G'.Te, . From
the definition of G'.po we have (c¢,b) € G’'.po. As such, from the definition of
G’.po we have (¢,b) € G.po C G.hb, as required. Now assume that a € W. We
then have (mw(a),b) € G.po C G.hb, as required.

In case (D.2) we then have (a,b) € G'.rf and from the definition of G'.rf
we know that mw(a) € &.Ws and (mw(a),b) € G.rf C G.hb, as required. Pick

an arbitrary ¢ € G'.Te,. We then know (c,mw(a)) € G.po. We then have c e

mw(a) b, As such, from the definition of G.hb we have (c,b) € G.hb, as re-
quired. Case (D.3) does not apply as b€ G' N'T.



Inductive case i=n-+1

Vj € N. Véq, b, a,b. Va, b.
(a,b) € S;Nj<n=(a,be G NTA (a,b) € G.hb)
Via e G'Te, Nb€ G' T, Néa =& N (a,b) € G.po)
ac G Te, N\be G'Te, Néa # &
Ad € G'Te,. Ve e G'Te,. (c,d) € G.hb
A(Je € &, Ws. (e,d) € G.hb
VWe € &,.E. (c,d) € G.hb)
v (ae G'NTANbe G'T, )
AId € G'Tg,. (a,d) € G.hb
a€ G Te, N\be G NT
AVe e G Te,. (c,b) € G.hb
A(Je € &,.Ws. (e,b) € G.hb
WWe € &,.B. (c,b) € G.hb)

\Y

(LH.)

Pick arbitrary &,,&, a € G'.Te,,b € G'.Tg, such that (a,b) € S;. From the
definition of S; we then know there exist e, such that e € G'.Te,, (a,e) € Sy
and (e, b) € S,,. The desired result then follows from the inductive hypothesis and
case analysis on a,b annd c.

Theorem 13 (Soundness). For all execution graphs G of the implementation
and their counterpart RSI execution graphs G’ constructed as above,

RA-consistent((G) = rsi-consistent(G’)

Proof. Pick an arbitrary execution graph G of the implementation such that
RA-consistent(G) holds, and its associated RSI execution graph G’ constructed
as described above.

RTS. irreflexive( G'.rsi-hb)

We proceed by contradiction. Let us assume —irreflexive( G'.rsi-hb) Let S = G’ .(rsi-poU
rsi-rfUmor) ™. There are now two cases to consider: either there is an rsi-hb cycle
without a si-rb edge; or there is a cycle with one or more si-rb edges. That is,
either 1) there exists a such that (a, a) € S; or 2) there e:m'st a1,b1, ¢, an, by

G’ 5| rb G’ 5| rb S, G’ 5| rb
such that aq by A as bo 5.5 an b, 5 ai.

In case (1) we then know that either z) there emsts & such that a € G’ Te,;
or ii) a € G NT. In case (1.i) from Lemma 18 we then have (a,a) € G.po,
contradicting the assumption that G is RA-consistent. Similarly, in case (1.1i)
from Lemma 18 we know that (a,a) € G.hb, contradicting the assumption that
G 1is RA-consistent.

In case (2), for an arbitrary i € {1---n}, let j = i+1 when i # n; and

j =1 when i = n. As q; ¢ S' rb b;, we know there exists &, ,&, such that

a; € Te,,, bi € Tg,,, and that there exist ri € Te,, N Re and w; € Te,, NW
such that (ri,w;) € G'.tb. Let loc(r;) = loc(w;) = x;. From Lemma 17 we then



G.hb

know that either i) &q,.TUsx, b b, -Dly,; or i) Eup wuy, > &,.7ly,. Note that

for all w' € &,.Ws, we know &, .rlx, 8w and &bi-ply, 8w, As such, as
(bi,a;) € S, from Lemma 18 and since G.hb is transitively closed, we know there

exists d; € 77§~aj such that either &, .rux, G;h>b dj, or &, wuy, Cﬂ;b d;. That is,

G.hb .
€a; Uz, — dj, where either Uy, = Tuy, OT Uy, = WUy, . On the other hand, observe

that for all d; € 7'5% we have d; Gjo Ea,; Uy, T.€. d; ¢.4b &a; - Ux; . As such, we have

d; ¢.4b &a,Ux; - As we also have &g, Uy, G.4b d; and G.hb is transitively closed,

G.hb G.hb G.hb G.hb
we have &, Uy, — §aj.uxj. We then have &q,.ux, — &ap Uz, — -+ —

Ea,, Ux, b Eaq-Ux, . That is, Eqq Ux, o Eaq Uy, , contradicting the assumption

that G 1s RA-consistent.

RTS. rfy Umor Urby C po
Follows immediately from the construction of G'.

RTS. irreflexive( G'.(rsi-hb; mo))
We proceed by contradiction. Let us assume —irreflexive( G’ .(rsi-hb; mo)).
That is, there exists a,b such that (a,b) € rsi-hb and (b, a) € mo. There are now
five cases to consider: 1) there exists & such that a,b € Te; or 2) there exists
Ea: &y such that &, # &, a € Te, and b € Tg, ; or 3) there exists £ such that a € T
and b € G'NT; or 4) there exists & such that b € T¢ and a € G’ NT; or 5)
a,be G’ NT.

In case (1) we then have (b,a) € moy C poy (from the proof of the previous

part) and since a,b are both write events, we have (b,a) C rsi-hb. We then have

i-hb , rsi-hb L . . )
a"5° b "5 a, contradicting our proof above that rsi-hb is irreflezive.

In case (2) we then have (b,a) € mot C rsi-hb. We then have a b reige a,

contradicting our proof above that rsi-hb is irreflexive.

In case (3) from Lemma 18 we know (mw(a),b) € G.hb. From the definition

of G'.mo we also have (b,mw(a)) € G.mo. We then have mu(a) by oy mw(a),

contradicting the assumption that G is RA-consistent.

In case (4) from Lemma 18 we know there exists d € T¢ such that (a,d) €
G.hb. From the definition of G'.mo we also have (mw(b),a) € G.mo. Moreover,
from the construction of G' we know (d,mu(b)) € G.po We then have a b

d < mw(b) o a, contradicting the assumption that G is RA-consistent.
In case (5) from Lemma 18 we know (a,b) € G.hb. From the definition of

G’.mo we also have (b,a) € G.mo. We then have a oy G a, contradicting
the assumption that G is RA-consistent.

RTS. irreflexive( G’ .(rsi-hb; rb))

We proceed by contradiction. Let us assume —irreflexive(G’.(rsi-hb; rb)).

That is, there exists a,b such that (a,b) € rsi-hb and (b,a) € rb. There are now
five cases to consider: 1) there exists & such that a,b € T¢; or 2) there exists



Ea: &y such that €, # &, a € Te, and b € Tg, ; or 3) there exists £ such that a € T
and b € G''NT; or }) there exists {& such that b € T¢ and a € G’ NT; or 5)
a,be G NT.

In case (1) we then have (b, a) € rby C por (from the proof of the earlier part)
and thus (b,a) € G.po. Moreover, from Lemma 18 we know (a,b) € G.po We

then have a 8% b ¢8° a, contradicting the assumption that G is RA-consistent.

In case (2) we then have (b,a) € si-rb U mot C rsi-hb. We then have a e

b P a, contradicting our proof above that rsi-hb is irreflexive.

In case (3) from Lemma 18 we know (mw(a),b) € G.hb. From the definition

of G'.rb we also have (b,mw(a)) € G.rb. We then have mw(a) by G mw(a),

contradicting the assumption that G is RA-consistent.

In case (4) from Lemma 18 we know there exists d € Te such that (a,d) €
G.hb. Let loc(a) = loc(b) = x. From the definition of G’.rb and our race-
freedom stipulation of non-transactional writes with the same transaction we
also have (&.vry,a) € G.rb. Moreover, from the construction of G' we know

(d, &p.vry,b) € G.po We then have a Qb g Ggo Ep.Ury, G a, contradicting the
assumption that G is RA-consistent.

In case (5) from Lemma 18 we know (a,b) € G.hb. From the definition of

G'.rb we also have (b,a) € G.rb. We then have a by G a, contradicting the

assumption that G is RA-consistent.

F.2 Implementation Completeness

In order to establish the completeness of our implementation, it suffices to show
that given an RSI-consistent execution graph G’ = (E, po, rf, mo, lo), we can con-
struct a corresponding RA-consistent execution graph G of the implementation.

Note that the execution trace for each transaction 7¢ € G'.T /st is of the

poli poli . .
form 0p = t; ~=" ... T =" f; for some k, where each ] is a read or write

event. As such, we have G'.T = UTEeG’.T/stTﬁ = 0;.E. For each transaction ¢,
we construct the implementation trace 0¢ as follows:

POlimm POlimm POlimm POlimm POlimm POlimm POlimm
Fs = " Is — Ts — VRs — RUs — PLs — Ws —  Us
where:

— Fs denotes the sequence of events failing to obtain the necessary locks (i.e.
those iterations that do not succeed in promoting the writer locks) or validate
the snapshot;

— Is denotes the sequence of events initialising the values of LS, RS and WS with
(), initialising ws with [] and initialising s[x] with (L, L) for each location

X5



— Ts denotes the sequence of events corresponding to the execution of [T] and

is of the form # Peligm Pl tg, where for all m € {1---k}:

rd(Xm, Vm, RSm—1, WSm—1) pob’fm Iry. if Op=R(Xm, Vm)
tm= 9§ wr(Xm, Vm, RSm—1, WSm_1) poh;,m WWwsy, if O =W (X, vm)
po‘imm

=" R(s[xm], (v, —)) Poligpm lwy, . Poligpm W(ws, wsm)

where O,, denotes the mth event in the trace of T; Iry,, = R(s[x], (—,vm));

R(S [xy.1] s (L7 L)) if xp, € RSm-1U WSnm—1
pol; mfsm
POlimpm Ty,
A Poligom g
T‘d(xm,’Um, RSm—h WSm—l) = pol; m
= rsy,,
POliram
WSx,,
0 otherwise

fs,,, denotes the sequence of events attempting (but failing) to acquire the
read lock on x,, rly, = RL(x1y,), wrsy, = W(RS, RSy,), sx, = R(%Xpm, v ),
Wwsy,, = W(s[xnl, (v ;02 )); and for all m > 0:

m? " Xm

RS s )RS U{xm} if Op=R(xm, —)
T RS, otherwise

and

R(s[xm], (L, 1)) if xm € RSm—1 U WSm_1
pol; mem

pol; .
2l 0 otherwise

[I>

U/T’(Xm, 'Um, RSm—lu WSm—l)

wwsy, = WWS, WS,); lwy, = W(slxml, (v, vm)); fs,, and 7l are as
defined above; and for all m > 0:

——— {WSmU{xm} if Oy =W (X1, —)
m+1 —

WS, otherwise
ws a WSmA+[(Zm, vm)] i Om=W(xpm, vm)
ot WSy, otherwise

Let RS¢ = RS, WS¢ = WS, and wsg = wsyy,; let RS¢ UWSe be enumerated

as {x1---x;} for some i, and wsg be enumerated as {(x1,v1) - - (x;,v;)} for
some j.



— VRs denotes the sequence of events validating the reads and is of the form

pognm o po‘l;nn

Uy, vy, , where for all n. € {1---i}:

v — R(s[x,], (0§ ,—)) Poligm VP, =R(xn, v ) if x, € RS¢
- 0 otherwise

— RUs denotes the sequence of events releasing the reader locks (when the given

C . poli poli
location is in the read set only) and is of the form ruy, =~ — -+ —  TUg,,

where for all n € {1---i}:

RU(x1l,) if x, & WS;
Tly =
n 0 otherwise

— PLs denotes the sequence of events promoting the reader locks to writer ones

(when the given location is in the write set), and is of the form pl,, Poligm

N POlimm I

pl,,, where for all n € {1---i}:

L - PL(x1,) if x, € WSg
P, = 0 otherwise

— Ws denotes the sequence of events committing the writes of [T] and is of

poli poli
the form ¢, o, =

W(xp, Un)
— Us denotes the sequence of events releasing the locks on the write set, and

polimm . pognm

Cx;0;, Where for all m € {1---j}: ¢ 0, =

is of the form wuy, Wy, , where for alln € {1---i}:

{WU(Xln) if x,, € WS¢
Wiy, =
" 0 otherwise
Given a transaction trace ¢, we write e.g. £.Us to refer to its constituent Us
sub-trace and write Us.FE for the set of events related by po in Us. Similarly, we
write £.E for the set of events related by po in 6¢. Note that G.E = |J &.E.
eeTx

Note that for each transaction £ and each location x, the £.7l, &.78x, €. 0T,
E.ruy, €.pl, and . wuy are uniquely identified when they exist. Let . wy the last
(in po order) write to x in Ws, when it exists.

Note that for each write operation w in 9’5, there exists a matching write
operation in f¢. Ws, denoted by mw(w) is a one-to-one function such that: That
is,

mw(w)=w' L3 A (0c.EN )/V)‘Z =wA (0g. Ws)|, =



‘We then define:

re G'NT
RF £ ¢ (w,r) |A((we GNT A(w,r) € G'rf
V(3. T e ENW. (W r) € G'rf Aw=mu(w')))
U{(w,{.rsx),‘(we GNT A (w,€.7rs;) € G'.rf) }
(w,€vry) |V (3. T € & ENW. (W, €.18x) € G'.rf ANw=mw(w))

Similarly, we define:

MO £ {(wy, w2) | Jw}, wh. w1 = mu(w)) A wy = mu(wh) A (w),wh) € G'.mo}
U{(w,w')|w,w € GNT A (w,uw') € G
U{(w,w') |w € GNT AT w=mu(w”) A (v ,w') e G
U{(w,w)|w € GNT AT w=mnw(w’) A (w,w") € G

For each location x we then define:

LOx 2 {(&rlx, £-ply), (E-rlx, Ewuy), (Eply, Ewuy) | G Te N Wy # 0}
&#£E Nda,b, .
(7l & ply), (E7ly, & wuy), | a€ G TeNbE GT{
(Erug, &.ply), (E.1uyg, € wuy) | Aloc(a) = loc(b) = x
Na € G Re A(a,b) € G'rb
/ / §# & A3a,b, .
(&rlx, & .ply), (§1rlx, € wux), / /
U8 (€l €11, (€01, €L, (€0l ), (05 T AP 2 HTE
(§.wux,§’.rlx), (é.wux,f’.plx), (g-wumgl-U)UX) A (a7 b) caq.
E#E NJa, b, x.

, , ac G TeAbe G Te
U (fplx,f 'Tlx)v (gplwg .rux), /\GI'E’ N Wx — @

(wuy, & . rly), (§ wux, & .Tuy) Aloc(a)=loc(b)=x
Aa,b) € G'.(mo”;rf)

Note that each LO4 satisfies the conditions in Def. 4.

We are now in a position to demonstrate the completeness of our implemen-
tation. Given an RSI-consistent execution graph G’, we construct an execution
graph G of the implementation as follows and demonstrate that RA-consistent(G)
holds.

- GE= |J 6:EUG NT.Observe that G".E C G.E.
Te€G'.T /st

— G.po is defined as G'.po extended by the po for the additional events of G,
given by each f¢ trace defined above. Note that G.po does not introduce
additional orderings between events of G'.E. That is, Va,b € G'.E. (a,b) €
G’ .po & (a,b) € G.po.

— G.f =RF.

— G.mo = MO.

— G.lo = Ucrocs LOx, with LOy as defined above.



Notation In what follows, given an RSI implementation graph G as con-
structed above we write G.NT for the non-transactional events of G, i.e. GNT £
{a | -3 . a€ G.Eg}. Moreover, as before, given a relation r C G.E x G.E, we
override the r; notation and write ry for {(a, b) er | 3. a,be 95.E}.

Lemma 19. Given an RSI-consistent execution graph G’ and its corresponding
implementation graph G constructed as above, for all a,b,&,,&:

(a,b) € G.hb=
(3. a,be G.E¢ = (a,b) € G.po)
/\(ﬁag. a,be G.Ee =

JA,B.0 C Ax B C G rsi-hb

Aa€ GNT = A={a}) A (be GNT = B={b})

AN [CL € G.Ega =
A=G"Te, V (stgla, &) <2NA=G"Te, N Re)
V (stg(a, &) <4AIdE EW. a T8 dAA= {mv1(d)}) ]

A\ [b S G.Egb =

B=G'Te, V (stg(b,&) > 3/ B=G'Te, W) | )

where
1 ifa e, RUse, U, PLsg, U&,. Wse, U&,. Use,
2 i o RU.
stg(a, &) 2 { > Y0 €L llse,
3 ifa € &,.PLse,
4 otherwise

Proof. Pick an arbitrary RSI-consistent execution graph G’ and its corresponding
implementation graph G constructed as above. Let hby £ G.(po U rf Ulo) and
hby,+1 £ hbg: hb,, for all n € N. It is then straightforward to demonstrate that
G.hb = {J;cy hbi. We thus demonstrate instead that:

Vn € N. Va, b, &, &. (a,b) € G.hb, =
(3. a,be G.E¢ = (a,b) € G.po)
N3¢ abe G.Be =
34, B.0 C Ax B C @ .rsi-hb
A(a€ GNT = A={a}) A (b€ GNT = B={b})
N [a € G.E¢, =
A=G"Te, V (stg(a, &) <2NA=G"Te, N Re)

V (stg(a, &) <4N3deEE,W. a B G A A= {mw=1(d)}) ]
A\ [b S G.Egb =

B=G'Te, V (stg(b,&) > 3/ B=G"Te, W) | )

We proceed by induction on n.



Base case n =0
There are three cases to consider: 1) (a,b) € G.po; or 2) (a,b) € G.rf; or 3)
(a,b) € G.lo.

In case (1) there are five cases to consider: a) 3¢. (a,b) € G.E¢; or b)
a,b € GNT; orc)ae GNT and b € G.Eg,; or d) a € G.E¢, and b €
GNT;ore)ac GE¢,be GE¢ and & # &. In case (1.a) we then have
(a,b) € G.poy, as required. In case (1.b) from the construction of G.po we have
(a,b) € G'.po, as required. In case (1.c) from the construction of G.po we have
({a} x G'Tg,) € G'.po, as required. In case (1.d) from the construction of G.po
we have (G'.Te, x {b}) € G'.po, as required. In case (1.e) from the construction
of G.po we have (G'.Te, x G'Te,) € G'.po, as required.

In case (2) there are five cases to consider: a) 3€. (a,b) € G.E¢; or b) a,b €
GNT;orc)ace GNT andbe G.Eg,; ord) a€ G.E¢, andbe GNT; ore)
a€ G.E¢,,be G.E¢, and&, # &. Case (2.a) holds vacuously as (a,b) € G.rff =
(. In case (2.b) from the construction of G.rf we have (a,b) € G'.rf, as required.
In case (2.c) from the construction of G.rf we know that there exists r € G'. T,
such that (a,r) € G'.rf. As such we have ({w} x G'.Tg,) C G'.(INT];rf;st) C
G’ .rsi-hb, as required. In case (2.d) from the construction of G.rf we then have

(mw~'(a),b) € G'.rf; that is a SR 4 and (mw~1(a),b) € G'.rf, as required. In
case (2.e) from the construction of G.rf we know that there exists w € G'.Te,,
r € G'.Tg, such that (w,r) € G'.rf. As such we have (G'.Te, x G'Te,) € G'.rfr C
G’ .rsi-hb, as required.

In case (3) there are five cases to consider: a) 3¢. (a,b) € G.E¢; or b)
a,be GNT;orc)ace GNT andbe G.Eg,; ord) a € G.E¢, andbe GNT;
ore)ac G.Ee,be GEg and & # &. In case (3.a) from the construction
of lo we have (a,b) € G.po, as required. Cases (3.b-3.d) hold vacuously as there
are no lo edge to or from non-transactional events. In case (3.e) from the con-
struction of lo we know there exist x,c¢,d such that c € G'Tg,, d € G'.Te,, and
either i) (c,d) € G'.rf; or ii) (c,d) € G'.(mo;rf); or ii) (¢,d) € G'.mo; or iv)
loc(c) = loc(d) = %, a = &u.rlx Va = &g.ruy, b = E,.pl, Vb = & wuy and
c€ G''Rg and (¢,d) € G'.rb. In cases (3.e.i, 3.e.1) we have G'.Te, x G'. T, C
G'.(rfr U (mo;rf)t) C rsi-rf C rsi-hb, as required. In case (3.e.iii) we have
G'Te, x G'Te, € G'.mot C rsi-hb, as required. In case (3.e.iv) we then have
stg(a, &) < 2, stg(h,&) > 3, and G'.(Te, " Re) x G'.(Te, N W) C G’ si-rb C
rsi-hb, as required.



Inductive case n = m+1

Vi € N.Va,b,£a, &7 < m A (a,b) € G.hb; =
(3. a,be G.E¢ = (a,b) € G.po)
/\(—EI{. a,be G.Be =
34, B.0 C Ax B C @ .rsi-hb
A (a€ GNT = A={a}) A (b€ GNT = B={b})
N [a € G.Ega =
A=G"Te, V (stg(a, &) <2NA=G"Te, N Re)

V (stg(a, &) <4N3deE,W. a B G A A= {mw=1(d)}) ]
A\ [b S G.Egb =

B=G""Te, V (stg(b,&) > 3A B=G".Te, \W) | )
(LH.)

Since (a,b) € hb,, from the definition of hb, we know there exists ¢ such
that (a,c) € hby and (c,b) € hb,,. There are then five cases to consider: 1)
3¢. (a,b) € G.E¢; or 2) a,b € GNT; or 8)a € GNT and b € G.Eg,; or 4)
a€ GEe, andbe GNT; orb5)ac GEe,be G.Ee and & # &.

Case 1

In case (1) pick arbitrary & such that a,b € G.E¢. There are then three additional
cases to consider: a) c € GNT; b) ce€ G.E¢; or c) there exists ' # & such that
cec G.E&/.

In case (1.a) from the proof of the base case and the (I.H.) we know there
exist A, B,C # 0 such that C = {c}, A x C C G'.rsi-hb, C x B C G .rsi-hb and
thus Ax B C G'.rsi-hb and either: i) A= G'.T¢ and B = G'.T¢; orii) A= G'.T¢
and B = (G'.(Te "N W); or i) stg(a,&) <2, A= G (TeNRe) and B = G'.T¢;
or w) stg(a,§) <2, A= G .(Te N Re), stg(h,§) >3 and B = G'.(Te "N W); or

v) stg(a,&) <4, 3Id € EW. a G'—p>o“ dNA={mw(d)} and B = G'.T¢; or vi)

stg(a, &) <4,3d € W. a G'—p>°7 dNA={mv'(d)} and B = G'.(Te "W).

Case (i) cannot arise as we would have A = B and thus A x A C G'.rsi-hb,
contradicting the assumption that G' is RSI-consistent. Case (ii) cannot arise as
we would have (G'.(TeNW) x (G'.(TeNW) C G'.rsi-hb, contradicting the assump-
tion that G’ is RSI-consistent. Case (iii) cannot arise as we would have (G'.(T¢N
Re) X (G'.(Te N Re) C G .rsi-hb, contradicting the assumption that G’ is RSI-
consistent. In case (iv) since we have stg(a,&) < 2 and stg(b,§) > 3, from the
definition of stg(.,.) and the construction of G we have (a,b) € G.po, as required.
Cases (v-vi) cannot arise as we would have 3d € EW. (mw1(d),mw !(d)) €
G’ .rsi-hb, contradicting the assumption that G’ is RSI-consistent.

In case (1.b) from the proof of the base case we have (a,c) € G.po. On the
other hand from (I.H.) we have (¢,b) € G.po. As G.po is transitively closed, we



have (a,b) € G.po, as required.

In case (1.c) from the proof of the base case (in cases 1.e, 2.e and 3.e) we
have either A) G' . Tex G'.Ter € G'.rsi-hb; or B) stg(a,§) < 2, stg(c, &) > 3, and
0 C G(TeNRe) x G'(Ter NW) C G'.rsi-hb. On the other hand from (1.H.) we
know there exist C, B # ) such that C' x B C G'.rsi-hb and either: i) C = G'. T
and B = G'Te; orii) C = G'Te, stg(h,€) > 3 and B = G'.(Te N W); or
iii) stg(c,&') <2, C = G'.(Te NRe) and B = G'.Te; or w) stg(c, &) < 2,
C = G (Te NRe), stg(h,&) > 3 and B = G'.(Te "N W); or v) stg(c, &) < 4,
Id e &¢W. ¢ CRGNC = {mw=(d)} and B = G'.T¢; or vi) stg(c,&') < 4,
JdeEW. ¢ B dAC = {mwl(d)}, stg(h,€) >3 and B = G'.(Te N W).

Cases (A.i-A.vi) lead to a cycle in G'.rsi-hb, contradicting the assumption
that G' is RSI-consistent. In cases (B.ii, B.iv, B.vi) we then have stg(a, &) < 2
and stg(b,&) > 3. Consequently from the definition of stg(.,.) and the con-
struction of G we have (a,b) € G.po, as required. Case (B.i) leads to a cycle
i G'.rsi-hb, contradicting the assumption that G’ is RSI-consistent. In cases
(B.iii) we have stg(c,&’) > 3 and stg(c, &) < 2, leading to a contradiction. In
case (B.v) we then know 3d € & W. 0 C G'.(T¢ NRe) x {mw~!(d)} C G’.rsi-hb A
{mw=(d)}x G'.T¢ C G'.rsi-hb. That is, we have ) C G'.(TeNRe)x G'.(TeNRe) C
G’ .rsi-hb, contradicting the assumption that G’ is RSI-consistent.

Case 2
There are two additional cases to consider: a) ¢ € GNT; or b) there exists &
such that c € G.E¢.

In case (2.a) from the proof of the base case we have (a,c) € G'.rsi-hb. On
the other hand from (I.H.) we have (¢,b) € G'.rsi-hb. As G’.rsi-hb is transitively
closed, we have (a,b) € G'.rsi-hb, as required.

In case (2.b) from the proof of the base case we know there exists Cy # () such
that {a} x C1 C G’ .rsi-hb and either: A) Ci = G'.T¢; or B) stg(c,§) > 3 and
C1 = G'.(TeNW). On the other hand, from (I.H.) we know there exists Co # )
such that Cy x {b} € G'rsi-hb and either: i) Co = G'.Te; or i) stg(c,&) < 2

and Cy = G'.(Te N Re); or iii) stg(c,§) < 4 and 3d € EW. ¢ GR AN Cy =

{mw=(d)}.

In cases (A.i-A.iii) and (B.i, B.ii) from the transitivity of G'.rsi-hb we have
(a,b) € G'.rsi-hb, as required. Case (B.ii) cannot arise as otherwise we would
have 3 < stg(c,&) < 2, leading to a contradiction.

Case 3
There are three additional cases to consider: a) c € GNT; b) ce G.Eg,; or c)
there exists . # & such that c € G.Ee,.

In case (8.a) from the proof of the base case we have (a,c) € G'.rsi-hb. On the

other hand from (I.H.) we know there exists B # () such that {c} x B C G’.rsi-hb
and B = G'.Tg, V (stg(b,&) > 3AB = G'.(Te, "W). As G'.rsi-hb is transitively



closed we then know there exists B # 0 such that {a} x B C G'.rsi-hb and
B=G"Te V(stg(h,&) >3ANB = G'.(Tg, N W)), as required.

In case (3.b) from the proof of the base case we know there exists B # () such
that {a} x B C G'.rsi-hb and B = G'.T¢, V (stg(c, &) > 3AB = G .(Te, "W).

On the other hand, from (I.H.) we have ¢ Y8 b and thus from the definition of
stg(.,.) and the construction of G we have stg(b,&) > stg(c,&). As such, we
we know there exists B # 0 such that {a} x B C G'.rsi-hb and B = G'.T¢, V
(stg(b,&) > 3N B = G'.(Te, NW)), as required.

In case (3.c) from the proof of the base case we know there exists Cy # () such
{a} x C1 C G .rsi-hb and either A) C1 = G'.T¢,; or B)(stg(c,&) > 3ANCh =
G'(Te, " W)). On the other hand, from (I.H.) we know there exist Co, B # ()
such that Cy x B € G'.rsi-hb and either: i) Co = G'.Te, and B = G'.Tg,; or
ii) Co = G'.Te, and (stg(b,&) > 3N B = G .(Te, "N W)); or iii) stg(c, &) <
2ANCy = G'.(Te,NRe) and B = G'.Te,; or i) stg(c, &) <2ACo = G'.(Te.NRE)

and (stg(b,&) > 3AB = G'.(Te, "W)); or v) stg(c, &) <4ATd € & W. ¢ B

dACy ={mw'(d)} and B = G'.T¢,; or vi) stg(c,&) <4NTd € EW. ¢ B
dACy={mw(d)} and (stg(b,&) >3AB =G .(Tg, N W)).

In cases (A.i-A.vi) and (B.i, B.#, B.v, B.vi) from the transitivity of G'.rsi-hb
we know there exists B # O such that {a} x B C G'.rsi-hb and B = G'.T¢, V
(stg(b, &) > 3AB = G'.(Te, "W)), as required. Cases (B.iii, B.iv) cannot arise
as we would otherwise have 3 < stg(c,&.) < 2, leading to a contradiction.

Case 4
There are three additional cases to consider: a) c € GNT; b) c € G.E¢,; or c)
there exists £, # &, such that c € G.E¢,.

In case (4.a) from (I.H.) we have (c,b) € G'.rsi-hb. On the other hand from

the base case we know there exists A # () such that A x {c} C G'.rsi-hb and A =

G Te, V(stg(a, &) < 2AA = G'.(Te, NRe))Vstg(a, &) < AATd € &, W. a 8

dNA = {mw1(d)}. As G'.rsi-hb is transitively closed we then know we know
there exists A # 0 such that A x {b} C G’.rsi-hb and A = G'.T¢, V (stg(a, &) <

2NA= G'(Te, NRE)) Vstgla,&) <AnTd e &aW. a 8 dAA = {mwL(d)},

as required.
In case (4.b) from (IL.H.) we know there exists A # 0 such that A x {b}
G'.rsi-hb and A = G'.Te, V (stg(c, &) < 2N A= G'.(Te, "N Re)) V stgle, &)

4NTd e W. a GRANA = {mw=1(d)}. On the other hand, from the proof of

the base case we have a %5° ¢ and thus from the definition of stg(.,.) and the
construction of G we have stg(a,&,) < stg(c,&q). As such, we know there exists
A # 0 such that A x {b} C G'.rsi-hb and A = G'.Te, V (stg(a, &) < 2NA=

G/ (Te, NRe)) V stgla, &) < AATd € EW. a 8 dAA = {mw'(d)}, as

required.
In case (4.c) from the proof of the base case we know there exist A,Cy # ()
such that A x C1y C G'.rsi-hb and either: i) A= G'.Te, and C1 = G'.Te,; or @)

-
<



A= G'"Te, and (stg(c, &) > 3NCL = G (Te,NW)); or iii) stg(a, &) < 2AA =
G'(Te, NRe) and Cr = G'.Te,; or iv) stg(a, &) <2ANA= G .(Te, N Re) and

(stg(c, &) > 3NCL = G'.(Te, "NW)); or v) stg(a, &) <4ATd € EW. a “ po

dNA={mw(d)} and Cy = G'.Te.; or vi) stg(a,&) <4ANTde€ & W. a
dNA={mw(d)} and (stg(c,é) > 3NCL = G (T, N W)).

On the other hand, from (I.H.) we know there exists Cy # () such Co x {b} C
G'.rsi-hb and either A) Cy = G'.Te,; or B) (stg(c,&) <2ACo = G (Te, "Re));

or C) (stg(c,é.) <4NTee€l& . W.c G.Ro eNCy={mwl(e)}).

In cases (A.i-A.vi), (C.i-C.vi) and (B.i, B.iii, B.v) from the transitivity
of G'.rsi-hb we know there exists A # () such that A x {b} C G'.rsi-hb and
A= GTe, V(stgla,&) <2NA =G (Te, NRe)) V (stgla,&) < 4AN3d €

EaW.a G—p>o dNA={d}), as required. Cases (B.ii, B.iv, B.vi) cannot arise as

we would otherwise have 3 < stg(c, &) < 2, leading to a contradiction.

Gpo

Case 5
There are four additional cases to consider: a) c € GNT; b) c € G.E¢,; or c)
c € G.Eg,; or d) there exists & such that & # &a, & # & and ¢ € G.Eg,.

In case (5.a) from the proof of the base case we know there erists A # ()
such that A x {c} C G'.rsi-hb and A= G".T¢, V (stg(a,&a) <2ANA =G .(Te, N

Re)) V (stg(a,&) <AN3d € EaW. a 8 dAA = {mw(d)}). On the other
hand from (I.H.) we know there exists B # () such that {c} x B C G'.rsi-hb
and B = G'.Tg, V (stg(h,&) > 3N B = G'.(Te, N W)). As such, sine G'.rsi-hb
is transitive we know there exist A, B # () such that A x B C G'.rsi-hb; that
A= G T, V(stgla, &) <2NA =G (T, "NRe)) V (stg(a,&) < 4An3d €

EaW. a OB AN A= {mu'(d))); and that B = G'.Tg, V (stg(b,&) = 3A B —

G'(Te, NW)), as required.
In case (5.b) from (I.LH.) we know there exist A, B # () such that A x B C
G'.rsi-hb; that A = G'.T¢, V (stg(c,&) <2ANA= G .(Te, N Re)) V (stglc, &) <

ANTdE EaW.a O AN A = {mu(d)}); and that B = G'.Tg, V (stg(b, &) =

3AB = G'.(Te, N W)). On the other hand from the proof of the base case we
have (a,c) € G'.po and thus from the definition of stg(.,.) and the construction
of G we have stg(a,&,) < stg(c,&,). As such we know there exist A, B # ()
such that A x B C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2ANA= G .(Te, N

Re)) V (stgla, &) < 4A3d € EW. a G—p>° dNA = {mw1(d)}) and that

B = G'"Te V (stg(h,&) > 3N B = G'.(Te, NW)), as required.
In case (5.c) from the proof of the base case we know there exist A, B # ()
such that A x B C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2ANA =G .(Te, N

Re)) V (stg(a,éa) < 4ATd € EaW. a O dAA = {mi(d)}), and that

B = G'Tg, V (stg(c,&) > 3AB = G'.(Te, N W)). On the other hand from
(I.H.) we have (c,b) € G'.po and thus from the definition of stg(.,.) and the
construction of G we have stg(c,&,) < stg(b,&). As such we know there exist



A, B # 0 such that A x B C G'.rsi-hb; that A = G".Te, V (stg(a,&a) < 2N A=

G'(Te, NRE)) V (stg(aéa) < 4ATd € EaW. a EF dAA = {mv'(d)}) and

that B = G'.Tg, V (stg(b, &) > 3A B = G'.(Te, N W)), as required.
In case (5.d) from the proof of the base case we know there exist A,Cy # ()
such that A x Cy C G'.rsi-hb; that A= G'.Te, V (stg(a, &) <2NA =G (Te, N

Re)) V (stg(a, &) < 4ATd € EaW. a B dAA = {mu(d)}), and that either

A) Cy =G Te,; or B) (stg(c,&) >3NC1 =G (Te, "W).

On the other hand, from (I.H.) we know there exist Co, B # () such that
Cy x B C Grsi-hb; that B = G'.Tg, V (stg(b,&) > 3A B = G'.(Te, N W));
and that either: i) Co = G'.Te,; or i) stg(c, &) < 2N Cy = G'(Te, N Re); i)

stg(e, &) <4NTee&W.c CB e N Cy = {mw=t(e)}).

In cases (A.i-A.iii) and (B.i, B.iii) from the transitivity of G'.rsi-hb we know
there exists A, B # () such that Ax B C G'.rsi-hb; that A = G'.T¢, V(stg(a, &) <

INA = G.(Te, NRE))V (stgla, &) < 4ATd € EaW. a O dAA = {mw 1 (d)});

and that B = G'.Tg, V (stg(b,&) > 3A B = G'.(Te, N W)), as required. Case
(B.ii) cannot arise as we would otherwise have 3 < stg(c,&.) < 2, leading to a
contradiction.

Theorem 14 (Completeness). For all RSI execution graphs G’ and their
counterpart implementation graphs G constructed as above,

rsi-consistent(G’) = RA-consistent(G)

Proof. Pick an arbitrary RSI execution graph G’ and its counterpart implemen-
tation graph G constructed as above and let us assume that rsi-consistent(G’)
holds. From the definition of RA-consistent(G) it then suffices to show:

1. irreflexive(G.hb)
2. irreflexive(G.mo; G.hb)
3. irreflexive( G.rb; G.hb)

RTS. part 1

We proceed by contradiction. Let us assume that there exists a such that (a,a) €
G.hb. There are now two cases to consider: 1) a € GNT; or 2) 3. a € G.E¢
In case (1) from Lemma 19 we have (a,a) € G'.rsi-hb, contradicting the assump-
tion that G' is RSI-consistent. Similarly, in case (2) from Lemma 19 we have
(a,a) € G.po, leading to a contradiction as G.po is acyclic by construction.

RTS. part 2

We proceed by contradiction. Let us assume that there exist a,b such that (a,b) €
G.hb and (b,a) € G.mo. Let loc(a) = loc(b) = x. There are then five cases
to consider: 1) 3¢. (a,b) € G.E¢; or 2) a,b € GNT; or 8) a € GNT and
be G.Eg;orj)ac GEg andbe GNT; or5)ac G.E¢,be G.Eg, and
ga 7£ §b-



In case (1) from the construction of G.mo we have (mw~'(b),mw '(a)) €
G’'.mo. Moreover, from Lemma 19 we have (a,b) € G.po, and thus from the con-
struction of G.po we have (mw~*(a),mw (b)) € G’.po. Moreover, since mw*(a), mw ' (b)
are write events in the same transaction &, we have (mw—1(a), mw—1(b)) € G’.poiN
W?2 C @' .rsi-hb. As such we have mw~*(a)
dicting the assumption that G’ is RSI-consistent.

In case (2) from the construction of G.mo we have (b,a) € G'. Morem)er
G’ rsn hb

/. 4
G ﬁ)u—hb mwfl(b) G_'> mwfl(a), contra-

from Lemma 19 we have (a,b) € G'.rsi-hb. As such we have a b ¢ a,
contradicting the assumption that G’ is RSI-consistent.
In case (3) from the construction of G.mo we have (mw=1(b),a) € G'.

Moreover, since b € G.W and thus mw—1(b) € G'. W, from Lemma 19 we have

(a,b) € G .rsi-hb. As such we have a Grhb ) 71(b) "y a, contradicting the
assumption that G’ is RSI-consistent.

In cases (4, 5) from the construction of G we know that mw!(a) Ggo o GAP
b, and thus from the transitivity of G.hb we have (mw~'(a),b) € G.hb. As
stg(mw1(a), &) = 1, from Lemma 19 we have (mw~!(a),b) € G'.rsi-hb. On the

other hand, from the construction of G we have (b,mw*(a)) € G'.mo. Con-

el rS| hb

sequently, we have mu~!(a) b O my ~Y(a), contradicting the assumption

that G' is RSI-consistent.

RTS. part 3

We proceed by contradiction. Let us assume that there exists a, b such that (a,b) €
G.hb and (b,a) € G.rb. Let loc(a) = loc(b) = x. There are then five cases to
consider: 1) 3. (a,b) € G.E¢; or 2) a,b € GNT; or 3) a € GNT and
be G.Eg;orj)ac GEg andbe GNT; or5)ac G.Ee,be G.Eg, and
ga 7é gb-

Case (1) cannot arise as from the definition of G.rb we know a is a write
event in &. Ws while b is a read event in £&.Ts and no po edge exists between the
events of £.Ts and £&. Ws.

In case (1) from Lemma 19 we have (a,b) € G.po. This however leads to a
contradiction as from the definition of G.rb we know a is a write event in & Ws
while b is a read event in £.Ts and no po edge exists between the events of £&. Ws
and £.Ts.

In case (2) from the construction of G.rb we know that (a,b) € G'.rb. On

the other hand, from Lemma 19 we have (a,b) € G'.rsi-hb. As such we have

G rghby —)b a, contradicting the assumption that G’ is RSI-consistent.

In case (3), as b is a read event and thus stg(b,&) = 1, from Lemma 19

we have (a,b) € G'.rsi-hb. On the other hand, from the construction of G.rb we

have (b,a) € G'.rb. Consequently, we have a G rehb

assumption that G’ is RSI-consistent.
In case (4) since a is a write, from the construction of G we know that

mw 1 (a) Ggo g GAP b, and thus from the transitivity of G.hb we have (mw=1(a),b) €

b —> a, contradicting the



G.hb. As stg(mwt(a),&,) =1, from Lemma 19 we have (mw~'(a),b) € G’.rsi-hb.

On the other hand, from the construction of G.rb we have (b,mw—'(a)) € G'.rb.

Consequently, we have mw*(a) Gaghby Gy mw 1 (a), contradicting the assump-

tion that G’ is RSI-consistent.

Similarly, in case (5) since a is a write event, from the construction of G

we know that mw—!(a) Gpo , Gib b, and thus from the transitivity of G.hb we

have (mw~!(a),b) € G.hb. As stg(mw!(a),&,) = stg(h,&) = 1, from Lemma 19
we have (mw~*(a),b) € G'.rsi-hb. On the other hand, from the construction of
G.rb we have (b,mw~!(a)) € G'.rb. Consequently, we have mw1(a) Gughby Gy
mw~1(a), contradicting the assumption that G' is RSI-consistent.
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