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Abstract. Transactional memory (TM) is a promising alternative to
mutual exclusion. In spite of this, it may be unrealistic for TM pro-
grams to be devoid of locks due to their abundant use in legacy software
systems. Consequently, for TMs to be practical they may need to man-
age the interaction of transactions and locks when they access the same
shared-memory. This paper presents two algorithms, one coarse-grained
and one fine-grained, that improve the state-of-the-art performance for
TMs that support the concurrent execution of locks and transactions.
We also discuss the programming language constructs that are necessary
to implement such algorithms and present analyses that compare and
contrast our approach with prior work. Our analyses demonstrate that,
(i) in general, our proposed coarse- and fine-grained algorithms improve
program concurrency but (i) an algorithm’s concurrent throughput po-
tential does not always lead to realized performance gains.

1 Introduction

Transactional memory (TM) [6l11] is a promising alternative to mutual exclusion
because it simplifies parallel programming by moving some of the complexity
of shared memory management away from the programmer’s view. While TM
shows promise for future software, most TMs have undefined behavior when
locks and transactions are used to concurrently synchronize the same shared-
memory. This creates a notable void in TM applicability for programmers who
wish to use transactions in legacy software that already use locks.

Zyulkarov et al. explored one possible solution to this problem by converting
all the locks used in the Quake game server, a large-scale multiplayer software
engine [1], to transactions [19]. During this process they encountered significant
transition challenges, such as unstructured locking (i.e., non-block-structured
critical sections), I/O and system calls, error handling, privatization and thread
local memory, and compensating and escape actions necessary to handle up to
nine levels of dynamic nesting. They also found that only using transactions
resulted in reduced performance when compared to only using locks or using a
combination of the two. These results seem to indicate that converting all locks
to transactions may be unrealistic for all but expert parallel programmers and, if
such a conversion were successful, it might result in a performance degradation.



Another alternative, such as that proposed by Volos et al.’s TxLocks [15]
and Ziarek et al.’s P-SLE and atomic serialization [17], is to provide support for
transactions and locks so that they can safely access the same shared-memory.
In this paper, we focus on this approach and present a system that improves
performance over the aforementioned research. A difference in our approach and
the prior work of Volos et al. and Ziarek et al. is that our system extends the
programming language constructs for locks and transactions so that they contain
static (compile-time) information about the conflicts that persist between them,
while prior systems deduce conflicts between locks and transactions dynamically
(run-time). We demonstrate that our static extensions reduce the number of false
conflicts produced at run-time, resulting in improved concurrent throughput.

Throughout this paper we gradually extend and refine the notion of concur-
rent lock and transaction execution. Our algorithms, one coarse-grained and one
fine-grained, manage two general cases of conflicts: (i) non-nested cases, when
locks and transactions that have no nesting are executed side-by-side and (ii)
nested cases, when locks are nested within transactions and transactions or locks
execute along side such transactions. E|

The algorithms require two programming interface enhancements that are
similar in structure, but different in purpose, to those proposed by Usui et al. for
adaptive locks [14]. We augment the atomic transaction block so it takes a single
parameter, locks[], which is a list of locks that conflict with the transaction.
We also introduce a TmLock that behaves like a typical mutex and additionally
communicates with the TM subsystem before it is acquired and after it is released
so the TM system can manage conflicts of, and the forward progress between,
TmLocks and transactions. We also present an interesting finding, which extends
the prior findings of Gottschlich et al. [4], and reflects a counterintuitive result.
Our benchmarks show that our coarse-grained policy is always faster than the
prior systems, while our fine-grained policy is usually faster, but in some cases
it can be notably slower (up to ~ 2x).

This paper makes the following technical contributions.

1. We present two algorithms, one coarse-grained and one fine-grained, that
allow for the concurrent execution of locks and transactions in the same
program and improve concurrent throughput beyond the state-of-the-art.

2. We propose two new TM language constructs: TmLock and an extended
atomic block structure that are used statically (compile-time) to capture
the conflicts between locks and transactions.

3. We include a qualitative analysis that precisely captures the potential con-
current throughput of existing systems compared to our algorithms.

4. Our experimental results show that our fine-grained algorithm yields up to
~ 2.0x performance improvements over prior systems but can sometimes
degrade performance. Our coarse-grained algorithm yields up to ~ 1.5x
performance improvements and never performs worse than prior systems for
our tested benchmarks.

1 A third case, when transactions are nested within locks, is not discussed as Volos et
al. [15] and Gottschlich et al. [4] show it does not require special effort.



2 Background and Related Work

When transactions and locks are executed concurrently, they can behave in-
consistently due to the differences in their critical section execution [10L[15[17].
Mutual exclusion locks generally use pessimistic critical sections that are limited
to one thread of execution [3}|18]. Transactions can use optimistic critical sec-
tions that support unlimited concurrent thread execution and resolve conflicts at
various points during transaction execution |7,|8]. This difference can incur cor-
rectness issues (e.g., transactions being aborted after executing a nested locked
region with I/O operations) and cause pathological interferences (e.g., blocking,
livelock, and deadlock) [15].

2.1 Conflicts Between Locks and Transactions

For transactions and locks to execute concurrently, the notion of when they con-
flict must be understood. A lock conflicts with a transaction (and vice versa)
when both access the same memory location and at least one of those accesses
is a write. Although this notion of a conflict is principally the same as that
for transactions alone, the conflict resolution [5,|12] and concurrent execution
guarantees may be notably different. For this paper, we assume mutually ex-
clusive critical sections are not failure atomic and they execute pessimistically,
that is, without write buffering or speculative lock elision [9]. Therefore, conflicts
that arise between transactions and a given mutex must be identified before the
mutex’s critical section is executed.

TxLocks Volos et al. propose a transaction-aware lock primitive, TxLock, to
handle the conflicts between locks and transactions without special hardware
support [15]. When used outside of a transaction, TxLocks execute pessimisti-
cally and no information is provided from TxLocks to the transactions that might
concurrently execute alongside them. This is done to minimize the programmer’s
burden of using TxLocks. TxLocks must therefore assume that all transactions
can conflict with any TxLock and, likewise, prohibit TxLocks and transactions
from executing concurrently. While TxLocks correctly manages conflicts between
locks and transactions, and minimizes programming overhead, such an approach
can limit concurrent throughput because it conservatively overestimates the con-
flicts that exist between TxLocks and transactions.

P-SLE and Atomic Serialization Ziarek et al. introduce two key concepts:
pure-software lock elision (P-SLE) and atomic serialization [17]. P-SLE elimi-
nates conflicts between locks and transactions by converting locks into trans-
actions. However, as noted by the authors, and as enumerated by Zyulkarov
et al. [19], there are numerous reasons why the atomic regions protected by
locks cannot seamlessly transition into transaction-based atomic regions (see
Section . P-SLE handles these cases by reinstating all locks and using a sin-
gle global lock to serialize transaction execution. This behavior, called atomic



serialization, guarantees mutual exclusion between transactions [17]. Although
atomic serialization is correct because it serializes all transactions, such a strict
serialized ordering may be unnecessary and may adversely effect performance.

Full Lock Protection TxLocks [15] and atomic serialization |17] provide es-
sentially the same guarantee: they prevent a transaction from executing in one
thread while a lock-based critical section is active in another. We call this be-
havior full lock protection because the shared-memory accessed within a lock is
fully protected from transaction interference.

However, TxLocks and atomic serialization are not identical. Atomic serial-
ization allows irrevocable operations to be used within locks that can then be
placed inside of transactions. TxLocks does not allow such behavior. TxLocks’
nesting model, therefore, differs from our own and atomic serialization. There-
fore, when we discuss locks nested within transactions, we only consider atomic
serialization. For non-nested cases, we consider both TxLocks and atomic se-
rialization because their behavior is identical. For the remainder of the paper,
we refer to TxLocks and atomic serialization as implementations of full lock
protection (under the above restrictions), as it simplifies the discussion.

3 Language Constructs

We propose two interface extensions to enable programmers to efficiently manage
conflicts between locks and transactions. Using these extensions, the program-
mer can choose to provide coarse-grained, fine-grained, or no information about
potential conflicts between locks and transactions.

3.1 Coarse-Grained Conflict Management: TmLock

The TmLock data structure is used to allow programmers to provide coarse-
grained information about potential conflicts between locks and transactions.
The code shown below is a pseudocode example for the TmLock declaration
and usage. TmLocks are used for locks that could potentially conflict with any
transaction. When a TmLock is acquired at run-time, the TM system aborts
or commits all in-flight transactions and then prevents any transaction from
(re)starting until the the TmLock is released. Contention among TmLocks are
handled in the same way as normal locks are handled. By allowing programmers
to differentiate between locks that potentially conflict with transactions from
the locks that do not, TmLock can improve concurrency because normal locks
can run in parallel alongside transactions without conflict.

class TmLock { TmLock tmLock;
public:

void lock() tmLock.lock();

{ /* Arbitration Algorithm */ } oo

void unlock() tmLock.unlock() ;

{ /* TM Subsystem Communication */ }

};
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For unmanaged languages, if the programmer is unsure about potential con-
flicts between a lock and any transaction, a TmLock can be used in place of
a normal lock as a conservative overestimation. Likewise, this same approach
can be used for managed languages where all locks can be automatically con-
verted to TmLocks by the compiler to guarantee conservative correctness. In the
event of external locking conflicts (e.g., OS-level or library-level conflicts), the
programmer can wrap external interfaces with TmLocks.

3.2 Fine-Grained Conflict Management: atomic()

We extend the atomic block to allow programmers to manage conflicts between
locks and transactions at a finer granularity than supported by TmLock alone.
Our extended atomic block, atomic (TmLock []), takes an array of TmLocks as
an argument and is shown in the example below. The array contains the list of
TmLocks that can conflict with the transaction.

If a programmer is unsure about potential conflicts, she can conservatively
overestimate them by using the atomic block with no argument, indicating the
transaction may conflict with any TmLock. If the programmer knows the trans-
action does not conflict with any TmLock, she can pass NULL to the atomic block,
indicating no conflicts. Under this programming model, transactions behave cor-
rectly with any number of TmLocks without any modification to the atomic con-
struct. We chose this design over others because it reduces the initial challenge
of integrating transactions into lock-based software and because it creates an it-
erative optimization path for programmers, where atomic blocks that have been
overestimated to conflict with all TmLocks can be optimized at a later date.

// syntax: atomic (TmLock []1) {3}

TmLock L1, L2; TmLock locks[] = {L1, L2};

atomic (locks) {...}; // conflict with L1 and L2
atomic (NULL) {...}; // no conflicts

atomic {...}; // conflicts with all TmLocks

4 Algorithms

The steps to (re)start and end a transaction for both the fine- and coarse-grained
algorithms are shown in Algorithm[I] The definition of a conflicting TmLock, rep-
resented by conflictingLocks, is context-sensitive. The coarse-grained algorithm
defines all TmLocks as conflicting, so conflictingLocks is equal to all TmLocks.
For the fine-grained algorithm, conflictingLocks is equal to those TmLocks spec-
ified in the atomic TmLock list. The IsolatedTxz() procedure returns true if an
isolated transaction (i.e., a transaction that forbids the concurrent execution of
other transactions) is active, otherwise it returns false. The obtained Mutezes set
collects the TmLocks that have been acquired during a transaction’s execution
and is used to ensure a transaction’s state remains isolated by preventing other
threads from acquiring such locks until the transaction has committed [15].



Due to space limitations, we have omitted the serialization used to access the
shared data in all the algorithms shown in this section. In the Begin procedure,
lines 3-4 are serialized. In the End procedure, the entire procedure is serialized.

Algorithm 1 Begin and End Transaction Procedures

1: procedure BEGIN(Transaction ¢z)

2: loop

Set L = TmLocks.locked() > Returns set of currently locked TmLocks
if (LN tz.conflictingLocks = O A !IsolatedTz()) then return

sleep(); continue

: procedure END(Transaction t¢z)
tx.obtainedMutezes = ()
Unblock(tx.conflictingLocks) > Fine-grained only: unblock tz.conflictingLocks

4.1 Coarse-Grained Algorithm

Algorithm [2] shows the TmLock.lock and TmLock.unlock procedures for the
coarse-grained algorithm when a TmLock is both nested, and not nested, within
a transaction. When a TmLock is acquired inside a transaction, the transaction
requests permission from the contention manager (CM) to become isolated. If
successful, this request aborts all active transactions and prevents new transac-
tions from starting. This is done because TmLocks, by the coarse-grained defini-
tion, can conflict with any transaction. Hence, when a TmLock is acquired within
a transaction, no other transactions can execute alongside it.

If the TmLock is not nested within a transaction, the algorithm calls AbortTxes()
which requests permission from the CM to abort all transactions if there are any
active (ActiveTzes()). In both cases, once there are no active transactions, except
for the transaction that may nest the TmLock, the TmLock can be acquired.

When a TmLock is nested within a transaction, the ¢z.partialCommit() pro-
cedure is called as soon as the TmLock is acquired. This procedure commits
the transaction’s executed operations to the program state so non-transactional
reads and writes, performed inside the TmLock’s critical section, will access the
correctly updated memory. In Algorithm [2] lines 2-6 and lines 8-9 are serialized
if the while loop’s condition is false. If it is true, only the procedures called
within the while loop’s condition are serialized. For TmLock.unlock, the entire
procedure is serialized.

4.2 Fine-Grained Algorithm

Algorithm [3|shows the fine-grained algorithm for TmLock.lock and TmLock.unlock.
It includes cases where the procedures are nested, and not nested, within a trans-
action. The serialization used in Algorithm [3]is identical to Algorithm [2}



Algorithm 2 Coarse-Grained Lock and Unlock TmLock Procedures
Require: threadld is the global and unique id of thread that called lock()

1: procedure TMLOCK.LOCK

2 Transaction*® tx = ActiveTz(threadld) > Pointer to active tx
3 if (tz # NULL) then > TmLock.lock() is nested within tx
4 if (tz.makelsolated(CM)) then > Request CM permission
5: Acquire TmLock mutex; tz.obtainedMutezes.insert(this)

6: tz.partial Commit ()

7 else > TmLock.lock() not nested in tx
8 while (ActiveTzes() # 0V AbortTzes() = false) do {}

9: Acquire TmLock mutex

10: procedure TMLOCK.UNLOCK
11: Transaction™® tx = ActiveTz(threadld)

12: if (tz # NULL) then > TmLock.unlock() is nested within tx
13: if tz.obtainedMutezes Nthis = ) then > TmLock.lock() not nested in tx
14: Throw EarlyReleaseDeadLock exception > Prevent deadlock [4]
15: Release TmLock mutex

When a TmLock.lock call is not nested within a transaction, the TmLock re-
quests the CM’s permission to abort conflicting transactions, via AbortConflict Tzes().
Because only those transactions whose extended atomic block has included the
TmLock are aborted (checked by the ConflictTzes() procedure), those transac-
tions that did not include the TmLock in their atomic block can continue to
execute while a TmLock is acquired.

When TmLock.lock is called inside of a transaction, the transaction first
requests permission to become irrevocable [16]. Irrevocable transactions can-
not be aborted, just like isolated transactions, but unlike isolated transactions,
they may yield greater concurrent throughput because other non-conflicting,
revocable transactions may execute alongside them. Once the transaction is
made irrevocable, all transactions that conflict with the TmLock are aborted,
via AbortConflict Tzes(). When AbortConflictTzes() is called within an irrevo-
cable transaction, it always returns true.

By allowing transactions that acquire TmLocks to become irrevocable, rather
than isolated, the fine-grained algorithm has the opportunity to produce more
concurrent throughput than the coarse-grained algorithm. Transactions that ac-
quire TmLocks using the fine-grained algorithm can be made irrevocable, rather
than isolated, because the fine-grained algorithm requires that all conflicts be-
tween transactions and TmLocks be listed within in the extended atomic block.
Because of this, non-conflicting revocable transactions may execute alongside an
irrevocable transaction that has acquired a TmLock.

5 Qualitative Comparison

In this section, we compare the concurrency potential of full lock protection to
our coarse- and fine-grained algorithms. We consider two general cases: (i) when



Algorithm 3 Fine-Grained Lock and Unlock TmLock Procedures
Require: threadld is the global and unique id of thread that called lock()

1: procedure TMLOCK.LOCK

2 Transaction*® tx = ActiveTz(threadld) > Pointer to active tx
3 if (tz # NULL) then > TmLock.lock() is nested within tx
4: if (tz.makelrrevocable(CM)) then > Request CM permission
5: AbortConflict Txes(this); Acquire TmLock mutex

6: tx.obtainedMutezes.insert(this); tz.partial Commit()

7 else > TmLock.lock() not nested within tx
8 while (Conflict Txes(this) # 0V AbortConflict Tzes(this) = false) do {}

9: Acquire TmLock mutex

10: procedure TMLOCK.UNLOCK
11: Transaction™® tx = ActiveTz(threadld)

12: if (tz # NULL) then > TmLock.unlock() is nested within tx
13: if tz.obtainedMutezes Nthis = ) then > TmLock.lock() not nested in tx
14: Throw EarlyReleaseDeadLock exception > Prevent deadlock [4]
15: else > TmLock.unlock() is not inside tx
16: Unblock (this) > Send message to unblock threads waiting for this
17: Release TmLock mutex

locks are not nested within transactions and (ii) when locks are nested within
transactions.

5.1 No Nesting between Locks and Transactions

We use the six threaded example shown in Figure [1| to contrast the three algo-
rithms when locks are not nested within transactions. Each thread executes a
single function, shown in Figure 2] in a staggered fashion. Three of the threads
use transactions, thread T runs Tx1(), 75 runs Tx2(), and T3 runs Tx3(),
while the other three use locks, thread Ty runs L1(), T5 runs L2(), and T runs
L3(). The example has a single conflict between T3’s transaction (Tx3()) and
Ty and T5’s locks (L1 and L2). Threads T3, T», and Tg do not exhibit any con-
flicts and only exist to draw out the differences in the concurrency potential of
the algorithms. The coarse-grained conflict management algorithm only uses the
information from TmLocks, while the fine-grained algorithm uses both TmLocks
and the extended atomic blocks. Full lock protection uses no information from
either construct, which is identical to both TxLocks and atomic serialization.

Full Lock Protection Transactions and locks are not allowed to concurrently
execute when using full lock protection. This is because no information is pro-
vided about the conflicts that may persist between them. Because of this, the
maximum concurrent lock and transaction throughput achievable by full lock
protection is: m(NoNestingn) = maz(Ly,,T). Ly, is the maximum number of
lock-based critical sections that do not conflict with one another and T is the
maximum number of transactions that can be concurrently executed. Because



1 TmLock L1, L2; Lock L3;

2 TmLock list[] = {L1,L2};

Thread 1 Tx; .
Thread 2 T . s
Thread 3 Txg 4§ avoid Tx1() { atomic(NULL) {...} }
i svoid Tx2() { atomic(NULL) {...} }
w— 4 L 6¢void Tx3() { atomic(list) {...} }
Thread s ‘—>  7void L10 { /* lock/unlock L1 */ }
Thread 6 L, > svoid L2() { /* lock/unlock L2 */ }
Time 4 9void L3() { /* lock/unlock L3 */ }
Fig. 1. Threads With No Nesting Fig. 2. Functions With No Nesting
Full Lock Protection : Coarse-Grained i Fine-Grained
Restart Txes ! Restart Txes :
T, Transactions A) § Tx, Transactions ‘) § Tx,
T : S TN T 4~ Completed Txes
TX, Txg
— > > —

Time '
Legend: D True Conflicts D Policy-Induced Conflicts

Fig. 3. Non-Nested Example: Full Lock Protection, Coarse-, and Fine-Grained.

no conflict information is used by full lock protection, only one type of critical
section can be executed, locks or transactions, at a time. Figure |3| presents a
visual model of full lock protection under the six threaded example. The trans-
actions used in threads T; — T3 are blocked while the lock-based critical sections
of threads Ty — T execute, even though thread Tg’s lock does not conflict with
any of the transactions and threads 77 and T5’s transactions do not conflict with
any of the locks.

Coarse-Grained Conflict Management The coarse-grained algorithm lever-
ages TmLock information that distinguishes locks that might conflict with trans-
actions from those that are guaranteed to be conflict-free. This yields the fol-
lowing concurrency potential: m(NoNestings,,) = mazx(Ly, (Lng + T)). Ly is
the total number of locks that do not conflict with one another, but do conflict
with transactions. L,, is the total number of locks that do not conflict with
one another and do not conflict with transactions. 7' is the maximum number
of transactions that can be executed. In the six threaded example, the coarse-
grained approach allows the transactions in threads 77 — T3 to execute while
only Tj is executing, because lock L3 does not conflict with any transaction. As
seen in Figure 3| this optimization shortens the overall TM run-time compared
to full lock protection by allowing 77 — T3 to restart their transactions as soon
as L1 and L2’s critical section execution has completed.



Fine-Grained Conflict Management The fine-grained algorithm uses both
TmLock and the extended atomic block information, enabling it to capture the
greatest amount of potential concurrency. This is expressed as: m(NoNesting;, ) =
Ci + Lypg + The. Cip is the largest system selected set of locks and transactions
that can be run concurrently without any conflicts. L,, is the total number of
locks that do not conflict with one another and have not been flagged as con-
flicting with any transaction. T,, is the total number of transactions that can
be executed without conflicting with a lock. In the six threaded example, the
fine-grained algorithm only stalls thread 73 when locks L1 and L2, of threads T}
and T5, are executing. The conflict time introduced by this approach is equal
to the actual conflict time between the transactions and locks, resulting in the
maximum amount of concurrent execution of locks and transactions.

5.2 Nesting Locks Inside of Transactions

It complicates conflict management for locks to be lexically nested within trans-
actions. Locks must remain mutually exclusive, and, for this paper, we assume
that locks do not have failure atomicity (i.e., they do not emit the property of
side-effect free failure such as those found in transactions [2]). To ensure mutual
exclusion among locks, when a lock is acquired inside of a transaction, the trans-
action becomes irrevocable (i.e., it cannot be aborted) [13l|16] or isolated (i.e.,
it is irrevocable and executes without any concurrently executing transactions).
Irrevocable and isolated transactions limit concurrency amongst transactions
because conflicts between such transactions must be prevented pessimistically.
That is, other transactions of the same type must be prevented from running
concurrently even though conflicts between them may not exist. For isolated
transactions, only one transaction can execute at a time, whereas with irrevo-
cable transactions, only one irrevocable transaction may execute at a time, but
any number of revocable transactions can concurrently execute alongside it.

| Transaction (and Lock) Threads 1 TmLock L1, L2; Lock L3;
Thread 1 T, R 2 TmLock tm1[] = {L1}, tm2[] = {L2};
Thread 2 TX, L, - 3
Thread 3 TX, L avoid Tx1() { atomic(NULL) {...} }
g svoid Tx2() { atomic(tm1) {L1();} }
svoid Tx3() { atomic(tm2) {L20);} }
Thr?l'?dr:ads LlL > 7void L1() { /* lock/unlock L1 */ }
Thread 6 st f svoid L2() { /* lock/unlock L2 */ }
Time ., ovoid L3() { /* lock/unlock L3 */ }
Fig. 4. Threads With Nesting Fig. 5. Functions With Nesting.

We use a six threaded example shown in Figures [f] and [f] to draw out the
differences in potential concurrency of the three algorithms when locks are nested



Full Lock Protection . Coarse-Grained ‘ Fine-Grained

Restart Tx : —
Non-Conflicting Tx Restarthl Non-Conflicting Tx ) T~ Non-Conflicting Tx
i 1 ° e
-------------------------- —> ! . e ! .
Isolated Txes [7x Unstall Isolated Txes [~ Unstall | Irrevocable Txes [Ty | Unstall
2‘/7- Tx i ————— '/—W_ Tx : e Tx
"""""" 29 Unstall : s P Unstall | T—
Conflicting Locks ) Locks ' JLocks
R SRS A AR SIS > 3 _____________________ N b 7\.
_______ Ers B ety S Y Unstall
| Non-Conflicting Lock l L o, : L, ! , Lock
"""" ———o ' ——o

Time 1 Time ; Time

Legend: D True Conflicts D Policy-Induced Conflicts

Fig. 6. Nested Example: Full Lock Protection, Coarse-, and Fine-Grained.

within transactions. Three of the threads, T7 — T3, execute transactions while the
other three, Ty — T, execute locks. Thread T} runs the transaction Tx1 (), which
contains no nested locking. Thread T runs transaction Tx2() which lexically
nests lock L1. Thread T3 runs transaction Tx3() which nests lock L2. Threads
Ty — T access locks L1 - L3, respectively.

Only two conflicts exist in the six threaded nested example. Threads T5 and
T4 conflict on lock L1, while threads T3 and Ty conflict on lock L2. Threads T3
and T have no conflicts and are included only to highlight the differences in
potential concurrency of the three algorithms.

Full Lock Protection Full lock protection conservatively assumes that all
transactions may contain nested locks. Because of this, it disallows other trans-
actions from executing until a transaction that has acquired a nested lock has
committed. In addition, once a lock is acquired within a transaction, full lock
protection must assume other locks may also be acquired within the transac-
tion. Because such transactions guarantee isolation, and because locks cannot
be released until transaction commit time, as explained in Section {4} full lock
protection must prevent all lock-based critical sections from executing until the
transaction has committed. This behavior is identical to atomic serialization,
but not TxLocks for of the reasons mentioned in Section 11

The maximum concurrent throughput given these restrictions is: m(Nestingn)
max(t;, Ly, Thi). t; is a single transaction that acquires a lock inside of it. L,
is the maximum number of locks that do not conflict with one another. T, is
the maximum number of transactions that can be executed that do not have
locks inside of them. Full lock protection only supports the execution of one of
the following: an isolated transaction that contains nested locks, non-conflicting
locks, or revocable transactions (as denoted by the maz function).

Coarse-Grained Conflict Management When using the coarse-grained ap-
proach, if a transaction acquires a TmLock, the transaction becomes isolated
because the algorithm must assume all transactions can conflict with a TmLock.
Because isolated transactions must not abort, no TmLocks can be acquired while



the isolated transaction is active. This results in the following maximum con-
current throughput potential: m(Nestings,,) = maz((t; + Lnt), (Ln + Th1))- 4
is a single transaction that acquires a TmLock inside of it. L,; is the maximum
number of lock-based critical sections that do not conflict with one another and
do not conflict with ¢;. L,, is the maximum number of locks that do not conflict
with each other, but do conflict with ¢;. T},; is the maximum number of trans-
actions that can be executed which do not have TmLocks inside of them and do
not conflict with L,,.

The coarse-grained approach is an improvement over full lock protection,
and likewise, atomic serialization, because non-conflicting locks (i.e., locks that
are not TmLocks) can be executed alongside an isolated transaction that has
acquired a lock. In addition, another improvement over full lock protection is
that non-conflicting locks can concurrently execute with other non-conflicting
transactions, as illustrated with Figure [6]

Fine-Grained Conflict Management The fine-grained approach offers the
greatest potential concurrent throughput by allowing TmLocks and revocable
transactions to be run in parallel with a transaction that has acquired a TmLock.
When using the fine-grained algorithm, if a TmLock is acquired by a transac-
tion, the transaction becomes irrevocable, not isolated. This is an improvement
over the coarse-grained algorithm because irrevocable transactions allow other
revocable transactions to execute in parallel. Likewise, because each transaction
using the fine-grained algorithm has its conflicting TmLocks listed, the TmLocks
that are not listed as conflicting by a transaction can be acquired while the
transaction executes, even if it is irrevocable.

This results in the following concurrency potential: m(Nestings,;) = maz((t;+
Ln: + Ty), (Lp, + Tyy)). All variables of the fine-grained algorithm are the same
as coarse-grained algorithm except T).. T, is the maximum number of revocable
transactions that can be executed concurrently alongside t; that do not conflict
with the set of locks, Ly;. As shown in Figure[6] the conflict time introduced by
the fine-grained algorithm is equal to the actual conflict time.

6 Experimental Results

Our benchmark data was gathered on a 1.0 GHz Sun Fire T2000 supporting 32
concurrent hardware threads. For all benchmarks with the exception of the red-
black trees in Figure the x-axis shows the number of active threads and the
y-axis shows the total execution time in seconds. In Figure the x-axis shows
the number of inserts and lookups and the y-axis shows the total execution time
in seconds. Smaller total time indicates more efficient execution.

For cases where locks are not nested within transactions, we use an exper-
imental model that ranges from 4 — 32 threads in multiples of four. In the
four threaded version, the threads populate three containers of the same type
(linked list, hash table, or red-black tree) and then perform sanity checks (i.e.,
lookup()s) on the values inserted. One thread populates a container with locks,
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another thread populates a different container with transactions, and the third
and fourth threads populate a third container with locks and transactions, re-
spectively. Figures[7] and [§ display the execution time of these benchmarks rang-
ing from 4-32 threads. Each benchmark was run using full lock protection (left
bar), coarse- (abbreviated TM, middle bar), and fine-grained (abbreviated TX,
right bar) algorithms.

For cases where locks are nested within transactions, shown in Figures [J]
and we use a similar model to those used in non-nested executions. We use
the same basic 4-threaded model as described above, except that each fourth
thread’s transactions nest calls to lock-based insert and lookup operations. In
Figure we slightly deviate from this model to isolate the red-black tree per-
formance using only 4- and 8-threaded experiments while doubling the tree size
each iteration. These benchmarks provide insight into the performance degrada-
tion of the fine-grained algorithm.

6.1 Performance Summary

Our experimental results are surprising. The coarse-grained algorithm (abbre-
viated as TM in the benchmarks) consistently outperforms full lock protection,
while the fine-grained algorithm (abbreviated as TX in the benchmarks) ranges
from = 2z faster to ~ 2x slower than either of the other approaches. Our initial
results seem to indicate that the coarse-grained algorithm is a better general
candidate than the fine-grained algorithm, in its current form, for software that
supports the concurrent execution of locks and transactions. This is because (i)
the coarse-grained algorithm requires minimal additional code (e.g., each of our
benchmarks only required one extra line of code for the coarse-grained algo-
rithm) and (i) its performance efficiency is consistently better than the prior
systems for our experimental benchmarks.

These results are not intuitive from the analyses presented in Sections [5.1
and Our experimental results capture what was missed from the mathe-
matical analysis in Sections [5.1] and [5.2] That is, the fine-grained algorithm’s
computational overhead introduce latencies that can degrade overall program
performance, even though it can increase the number of locks and transactions
that can execute concurrently. Two general factors contribute to this. First,
in order for the fine-grained algorithm to yield a performance benefit over the
other algorithms, the cumulative critical section overhead when executed serially
must be greater than the overhead incurred by the fine-grained algorithm. Sec-
ond, the fine-grained algorithm must locate false conflicts that are overlooked
by the other algorithms, which result in additional concurrent throughput. If
both of these conditions are not satisfied, the fine-grained algorithm may not
produce enough extra concurrent throughput to offset its algorithmic overhead
and therefore it may perform worse than if it did no (full lock protection) or
minimal (coarse-grained) conflict management.

An example of a benchmark that does not satisfy the above conditions can
seen in the nested red-black tree benchmarks of Figure As can be seen in
the 4-threaded red-black tree nested benchmark (Figure , as the workload



grows, there is a growing divide between the fine-grained algorithm and the other
algorithms. This divide demonstrates that the critical section workload of the
threads is less than the algorithmic overhead of the fine-grained algorithm, but
greater than the other algorithms. Comparing the 4-threaded and 8-threaded
red-black tree nested benchmarks to each other (again, Figure , one can
observe an increased performance degradation of the fine-grained algorithm in
the 8-threaded red-black tree compared to the 4-threaded red-black tree. This
illustrates that the algorithmic overhead of the fine-grained algorithm is greater
than the extra concurrency reclaimed from the false conflicts it finds, because
when more threads are added to the benchmark, the fine-grained algorithm
performs worse, not better, than the other algorithms.

7 Conclusion

While TM shows promise for future software programs, most TMs have un-
defined behavior for the concurrent execution of locks and transactions when
they are used to synchronize the same shared-memory. This paper presented a
performance study between our system and prior works that allow locks and
transactions to execute in the same program.

We introduced two new language constructs: the TmLock and the extended
atomic block. We analyzed how these constructs worked with two algorithms
at different granularities. Our TmLock data structure combined with a coarse-
grained algorithm yielded =~ 1.5z improved program performance compared to
prior systems and never performed worse than those systems. Our fine-grained
algorithm provided up to a = 2.0x performance improvement but, in some cases,
resulted in a ~ 2.0x performance degradation compared to prior work.
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