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Abstract

Manufacturers are focusing on multiprocessor-
system-on-a-chip (MPSoC) architectures in order to
provide increased concurrency, rather than increased
clock speed, for both large-scale as well as embedded
systems. Traditionally lock-based synchronization is
provided to support concurrency; however, managing
locks can be very difficult and error prone. In addi-
tion, the performance and power cost of lock-based
synchronization can be high. Transactional memo-
ries have been extensively investigated as an alterna-
tive to lock-based synchronization in general-purpose
systems. It has been shown that transactional mem-
ory has advantages over locks in terms of ease of
programming, performance and energy consumption.
However, their applicability to embedded multi-core
platforms has not been explored yet. In this pa-
per, we demonstrate a complete hardware transac-
tional memory solution for an embedded multi-core
architecture, consisting of a cache-coherent ARM-
based cluster, similar to ARM’s MPCore. Using cy-
cle accurate power and performance models for the
transactional memory hardware, we evaluate our ar-
chitectural framework over a set of different system
and application settings, and show that transactional
memory is a promising solution, even for resource-
constrained embedded multiprocessors.

1 Introduction

Multi-core architectures have become pervasive in
large-scale digital integrated systems. Manufacturers
of general-purpose processors have essentially given
up trying to increase clock speed, and instead are now
focusing on multiprocessor-system-on-a-chip (MP-

SoC) architectures, in which multiple processors re-
siding on a single chip communicate directly through
shared hardware caches, providing increased concur-
rency instead of increased clock speed [8]. Integrated
platforms for embedded applications are even more
aggressively pushing core-level parallelism. SoCs
with tens of cores are commonplace [23, 30, 32],
and platforms with hundreds of cores have been an-
nounced [24].
In principle, multi-core architectures have the ad-

vantages of increased power-performance scalability
(assuming on-chip interconnect scales well [7]) and
faster design cycle time (by exploiting replication of
pre-designed components). However, performance
and power benefits can be obtained only if applications
exploit a high level of concurrency. Indeed, one of the
toughest challenges to be addressed by multi-core ar-
chitects is how to help programmers expose applica-
tion parallelism.
Embedded applications in multimedia, imaging,

and communication, have a high degree of exposed
thread-level parallelism, and this is one of the main
reasons for the rapid diffusion of multi-core architec-
tures in embedded systems [9]. However, managing
concurrency is not easy. One major issue is how to
synchronize concurrent accesses to memory. When
multiple threads access a shared data structure, care
must be taken to ensure that concurrent accesses do
not interfere. Embedded multi-core architectures usu-
ally provide lock-based synchronization support for
this purpose.
Lock-based synchronization relies on dedicated

hardware. Atomic read-modify-write memory access
is probably the most commonly deployed synchroniza-
tion mechanism (e.g., it is used in the ARM MPCore
architecture [5]). It requires support in the proces-
sor tile, in the communication fabric, and/or in the
memory targets. For instance, MPCore relies on hard-
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ware support for locked transactions in the system in-
terconnect. Other architectures use semaphore target
devices [22] that provide direct atomic read-modify-
write support.
Embedded platforms are almost invariantly de-

ployed in tightly resource constrained contexts.
Hence, the performance and power cost of synchro-
nization is a serious concern that is further com-
pounded by the issue of providing effective program-
ming abstractions. In fact, managing locks is very
difficult and error prone. Deadlocks are difficult
to avoid, especially when systems have multiple re-
sources. Moreover, even when the system is operating
correctly, conditions like lock spinning may impose a
significant overhead in power and performance, since
they tend to flood the interconnect with useless trans-
actions.
Transactional memories have been extensively in-

vestigated in general-purpose systems as an alternative
to lock-based synchronization (e.g., [13, 16, 18, 10]).
Transactional memory enables speculative execution
of threads without acquiring locks, guaranteeing that
transactions appear to execute atomically. Transac-
tional memory has advantages over locks in terms of
ease of programming, performance, and energy con-
sumption [19, 25]. However, their applicability to em-
bedded multi-core platforms, based on simple cores
and memory system interfaces, has not been explored
yet. The main objective of this paper is to demon-
strate, for the first time, a complete hardware transac-
tional memory solution for an embedded multi-core ar-
chitecture, consisting of a cache-coherent ARM-based
cluster, similar to ARM’s MPCore. We have devel-
oped cycle accurate power and performance models
for the transactional memory hardware, and we devel-
oped a lean software library that supports critical sec-
tions based on transactional memory. This hardware-
software framework has been evaluated over a set of
different system and application settings. Our analy-
sis shows that, while transactional memory can pro-
vide clear performance advantages, careful considera-
tion to hardware design is essential in order to meet the
tight energy constraints of an embedded multiproces-
sor platform. Still, even with these tight energy con-
straints, our results show up to a 23% reduction in en-
ergy consumption, a 62% reduction in execution time,
and a 75% improvement in energy delay product for
an embedded application using transactional synchro-
nization compared to the application using locks.

2 Background and Previous Work

Locks are the most common approach to synchro-
nization. A lock indicates whether a shared data object
is in use. A thread must acquire a lock before access-
ing the shared object, and release the lock after it is
done. Locks may be be implemented in many differ-
ent ways, including semaphores or interrupts.
Despite their widespread use, locks have serious

limitations. Coarse-grained locks, which protect rel-
atively large amounts of data, simply do not scale.
Threads block one another even when they do not re-
ally interfere, and the lock itself becomes a source of

contention. Fine-grained locks, which protect smaller
regions of memory, may appear more scalable, but
they are difficult to use effectively and correctly. In
particular, they introduce substantial software engi-
neering problems, since the conventions associating
locks with objects become more complex and error-
prone. Locks also cause vulnerability to thread failures
and delays: if a thread holding a lock is delayed by
a page fault, or context switch, other running threads
may be blocked. Locks also inhibit concurrency be-
cause they must be used conservatively: a thread must
acquire a lock whenever there is a possibility of a syn-
chronization conflict, even if such a conflict is actually
rare. Finally, locks have a disadvantage in terms of
energy consumption [19].
Transactional memory [13] is a speculative alter-

native to locks. Transactional memory can be im-
plemented in hardware [16, 21, 25, 27] or in soft-
ware [10, 11, 12, 15, 17, 28], or as a hybrid hardware-
software combination [3, 18, 26]. In this paper, we in-
vestigate transactional synchronization specifically for
embedded architectures. We focus on hardware trans-
actional memory, since we feel this implementation is
more appropriate for the needs of embedded systems.
A more detailed overview of hardware transactional
memory follows.
In transactional memory, each transaction is ex-

ecuted speculatively by a single thread without ac-
quiring a lock. If the transaction completes without
conflicting with another transaction, it commits, and
its effects become permanent. Otherwise, if conflicts
were detected during execution by the native hardware
cache coherence protocol, the transaction aborts, its ef-
fects are discarded, and the transaction is restarted at a
later time.
Until a transaction commits, its effects are not vis-

ible outside the transaction itself. To ensure such iso-
lation, hardware transactional memory keeps tentative
updates in a thread-local cache. If the transaction com-
mits, these modified entries may be written back to
memory. Data conflicts with other transactions will
be detected by the native cache coherence mechanism.
If a conflict is detected, the transaction is aborted, and
its effects are discarded.
Transactional memory requires a checkpointing

mechanism to support roll-back and re-issue of trans-
actions in case of a conflict. Various checkpointing
mechanisms have been proposed for recovering pro-
cessor state. Many of these techniques periodically
create a system-wide logical checkpoint of the sys-
tem, which includes the state of the processor registers,
memory values, and coherence permissions [29, 20].
For our purposes, it is sufficient to checkpoint the local
registers of the processor that started the transaction.
Transactional memory improves ease of program-

ming and performance of shared memory multipro-
cessors [13]. Hardware transactional memory pro-
vides a level of concurrency at least equivalent to
the finest granularity locking, at a modest hardware
cost [25]. Transactional memory also has an advan-
tage over locks in terms of energy consumption [19],
due to reduced contention and the absence of lock ac-
quisition overhead.
In this paper, we take a first step to investigate the
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Figure 1. Example of the system configura-

tion with 4 CPUs.

extent to which these advantages of transactional syn-
chronization for general-purpose processors carry over
to embedded MPSoC architectures.

3. Transactional Memory for Embedded
Systems

3.1 Simulation Platform

We developed our architecture on top of the
MPARM simulation framework [4, 14]. MPARM is
a cycle-accurate, multi-processor simulator written in
SystemC that provides high flexibility in terms of de-
sign space exploration. The designer can use the
MPARM facilities to model any simple instruction set
simulator with a complex memory hierarchy (support-
ing, for example, caches, scratchpad memories, and
several types of interconnects). Finally, MPARM in-
cludes cycle-accurate power models for many of the
simulated devices. The power models have been char-
acterized by a 0.13µm technology provided by STMi-
croelectronics [31].
As shown in Figure 1, the adopted basic sys-

tem configuration consists of a variable number of
ARM7 cores (each having an 8KB direct-mapped L1
cache), a set of private memories (256KB each), one
shared memory (256KB) and one bank (16KB) of
memory-mapped registers which work as hardware
semaphores. The interconnect is an AMBA-compliant
communication architecture [1]. A Cache-coherence
protocol (MESI) is also provided by snoop devices
connected to the master ports. Note that while the pri-
vate and shared memories are arbitrarily sized rather
large (256KB) they do not significantly impact the per-
formance or power of our system (as will be shown in
Section 4).
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Figure 2. Architecture overview.

3.2 Implementation

The basic idea behind the Transactional Memory
working model is simple: each transaction is specula-
tively executed by the CPU and, if no conflicts with
another transaction are detected, its effects become
permanent (that is, the transaction commits). Other-
wise, if conflicts are detected, its effects are discarded
(that is, the transaction aborts), and the transaction is
restarted. Hence, the support of the hardware that a
Transactional Memory generally requires is 1) a safe
location for storing/modifying transactional data, and
2) a rollback mechanism for re-executing the transac-
tion.
We modeled our Transactional Memory after [13],

and implemented a small (512B) fully-associative
Transactional Cache (TC). The TC is accessed in par-
allel with the L1 cache; its main task is to manage all
the read/write operations during a transaction. Prelim-
inary experimental results suggest that most transac-
tions are quite small, both in common benchmarks and
even in the Linux kernel [2]. Therefore, in this paper,
we do not consider transactions that would exceed the
capacity of our TC.
Figure 2 provides an overview of the implemented

architecture. To start a transaction, the CPU creates a
local checkpoint by saving the contents of its registers
into a small (128B) Scratchpad Memory (SPM) [6].
Note that during the time the CPU is writing into the
SPM, the pipeline is stalled. In our case, moreover, the
SPM must be carefully resized in order to contain the
entire set of CPU registers.
During the execution of the transaction, two copies

of accessed data will be stored in the TC, as shown in
Figure 3. That is, two physical lines are maintained
for each address: one line stores the backup copy of
the data and the other contains the data modified dur-
ing the transaction. This scheme requires adding 2 ex-
tra bits to the cache coherence tag vector. These bits
will allow us to distinguish between the backup copy
(marked with the T COMMIT bit) and the modified
data (marked with the T ABORT bit). If neither bit
is set, this indicates that the data in the line is not con-
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Figure 3. The TC maintains two copies for

each line and is exclusive to the L1 cache.

tained within a transaction and therefore can be man-
aged in the usual manner by the snoop device.
In case of a data conflict, the snoop device noti-

fies the CPU with the Abort Transaction signal which
causes all the T ABORT lines to be invalidated. Once
the CPU receives the Abort Transaction signal, it 1)
stops the execution of the transaction, 2) restores the
registers values by reading from the SPM, and finally
3) changes its status to “low power” mode. The CPU
remains in this low power mode for some random
backoff period after which it can begin re-executing
the transaction. The range of the backoff period is
tuned according to the conflict rate. That is, the first
time a transaction conflicts it waits an initial random
time period (< 100 cycles) before restarting. If the
transaction conflicts again, the backoff period is dou-
bled each time until the transaction completes success-
fully.
If there is no conflict, and the transaction commits,

the TC invalidates the T COMMIT lines and resets the
T ABORT bits of the tag vector. This results in the
lines that were marked before as T ABORT, now con-
taining useful data for the rest of the system. As a
consequence, the snoop device will manage these lines
according to the native cache coherence protocol.
For correct implementation, the system needs a

write-back (with write-allocate) cache policy, (e.g., all
the writes have to be done within the TC). In ad-
dition, if the TC requires data contained in the L1
cache, the corresponding L1 lines will be copied to the
TC and then invalidated in the L1 (guaranteeing non-
overlapping data-sets). It is important to emphasize
that the snoop device will continue to manage all the
non-transactional valid lines (i.e., the lines which do
not have the T COMMIT, T ABORT, or INVALID bits
set) according to the standard cache-coherence proto-
col (the MESI scheme, in our case).
The software support for the transactions is pro-

vided by a library of special instructions that are in-
voked using macros. The macros produce a write

into a special memory-mapped location that controls
the signals Start Transaction and Stop Transaction, as
shown in Figure 2.

4 Experimental Results

In this section, we evaluate the power and per-
formance benefits of using hardware transactional
memory with an embedded multi-core system. For
this purpose, we developed a parameterizable micro-
benchmark that can be used to represent a number of
common shared memory access patterns in embedded
applications. The micro-benchmark consists of a se-
quence of atomic operations executed on a shared ma-
trix, which is logically subdivided into overlapping re-
gions. To ensure that concurrent accesses to shared
data do not produce incorrect results, processors must
obtain exclusive access to each region. Using a con-
ventional scheme, we would associate a lock with each
region to ensure that processors do not see inconsistent
data at the boundaries of the matrix. Such a scheme
is typically used in image-processing applications for
embedded systems (such as plotters, printers, digital
cameras). To run the micro-benchmark with transac-
tional memory, we replaced the locks and critical sec-
tions defined above with transactions.
Embedded system applications may include vary-

ing computational workloads within critical sections,
as well as outside of critical sections. To study the ef-
fect of such variations, we include four different con-
figurations of our micro-benchmark, marked as C1,
C2, C3, and C4, in Table 1. For example, C2 de-
notes a micro-benchmark configuration with a medium
computational workload inside critical sections and a
light computational workload outside of them, mean-
ing that transactions compose a large portion of the
micro-benchmark.

Benchmark Inside Outside

Configuration Crit. Section Crit. Section

C1 ∼60% ∼40%
C2 ∼85% ∼15%
C3 ∼20% ∼80%
C4 ∼5% ∼95%

Table 1. Micro-benchmark workload charac-

terization.

Figure 4 shows the system energy of the different
micro-benchmark configurations running on 4, 8, and
10 CPUs. Varying the number of CPUs allows us to
explore the scalability of using transactions with in-
creasing amounts of interconnect congestion. The sys-
tem energy represents the sum of the energy of the
cores, transactional caches (TC), L1 caches, scratch-
pad memories, RAMs and buses. Each group of bars
represents a micro-benchmark configuration from Ta-
ble 1 (C1–C4). The leftmost pair of bars in each group
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Figure 4. System energy of different micro-

benchmark configurations with 4, 8, and 10

CPUs using locks (4, 8, 10p) and transactions

(4, 8, 10p t). The results within each group

are normalized with respect to 4p.

represents the system energy when running on 4 CPUs
and using locks (4p), or transactions (4p t). The sec-
ond and third pairs of bars in each group have a simi-
lar representation for 8 (8p, 8p t) and 10 (10p, 10p t)
CPUs, respectively. Results within each group are nor-
malized with respect to the first bar in the group (4p).
Figure 5 uses similar notation to show the overall exe-
cution time for the different micro-benchmark config-
urations relative to the 4p configuration.
From looking at the first two groups of bars of

Figures 4 and 5 (C1 and C2), we see that replacing
locks with transactions reduces the system energy by
10%–31% and execution time by 42%–64%, relative
to a configuration with the same number of proces-
sors, but using locks instead of transactions for syn-
chronization. By contrast, the last two groups of bars
(C3 and C4) show that although replacing locks with
transactions has a negligible effect on the execution
time, it has a noticeably negative effect on system en-
ergy. In these micro-benchmark configurations, most
of the computation occurs outside the synchronized
code, so transactions do not play a major role. The ad-
ditional energy is consumed by the transactional cache
described in Section 3. In the simple design considered
here, the transactional cache is active for the duration
of micro-benchmark execution since, once a transac-
tion commits, it is possible that the only valid copy of
certain data resides in this cache. It follows that ev-
ery access to the L1 cache requires a parallel access
to the transactional cache, even if no transaction is in
progress. For micro-benchmark configurations C1 and
C2, this additional energy is more than balanced by
eliminating the extra energy consumed by locks, but
not for configurations C3 and C4, which do much less
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Figure 5. Execution time of different micro-

benchmark configurations with 4, 8, and 10

CPUs using locks (4, 8, 10p) and transactions

(4, 8, 10p t). The results within each group

are normalized with respect to 4p.

synchronization. These results suggest that it would
be worth investigating more complex implementations
that, for example, empty and power down the transac-
tional cache when no transaction is in progress. Our
preliminary experiments using such an implementa-
tion suggest that energy consumption could be im-
proved substantially. For example, on a system with
8 CPUs, the energy consumption for benchmark con-
figurations C3 and C4 would be reduced by 16% and
18% respectively, compared to results shown in Fig-
ure 4 for the 8p t case. In other words, the overall en-
ergy consumption of the system would remain about
the same whether a lock-based or transaction-based
synchronization scheme were used for the C3 or C4
configurations. This makes sense since the fraction
of time spent executing critical sections of the code
is quite small.
To get a better understanding of the overall energy

consumption, Figure 6 shows the energy distribution
for the C1 micro-benchmark configuration with trans-
actions and four CPUs.1 As may be expected, the
caches and CPUs are the most significant contributors
to the system energy (the RAMs are on-chip, and con-
sume a very small fraction of the energy). It is no-
table that the transactional caches (TC) and the CPUs
consume comparable amounts of energy (20.65% and
19.47% respectively). The transactional cache is a
fully-associative cache, which explains its high en-
ergy consumption. These results further emphasize
the need to consider alternative schemes for operat-
ing the transactional cache, especially when running
applications where transactions make up a relatively

1Energy distribution for other configurations using transactions

showed similar results.
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C1 with transactions and 4 CPUs (4p t).

small portion of the total execution time. While our
initial experiments suggest substantial energy benefits
from being able to turn off the TC when the CPU is not
executing transactional code, future work will investi-
gate more precise hardware and software solutions for
dealing with this issue.
To summarize our results, Figure 7 shows the en-

ergy delay product (EDP) of the different micro-
benchmark configurations. Note from the figure that
transactions introduce substantial improvements over
locks for the C1 and C2 micro-benchmark configura-
tions, mainly through reduction of overall execution
time. For example, the C1 configuration with transac-
tions and 8 CPUs (8p t) obtains a system energy re-
duction of 23%, a 62% shorter execution time, and
a 71% better EDP over the same configuration with
locks (8p). Table 2 summarizes the experimental re-
sults for C1 and C2. Although increasing the time
spent inside a transaction increases the probability for
conflicts, transactional memory still manages to obtain
higher throughput and lower energy.

Configuration System Exec. EDP%

Energy% Time%

C1

4p t vs. 4p 89.8% 57.6% 51.7%
8p t vs. 8p 77.7% 38.1 % 29.6%
10p t vs. 10p 77.7% 48.2% 37.4%

C2

4p t vs. 4p 81.7% 49.6% 40.5%
8p t vs. 8p 69.7% 36.5% 25.5%
10p t vs. 10p 69.1% 36.9% 25.5%

Table 2. Summary ofC1, C2 results (lower val-

ues are better).
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Figure 7. Energy*Delay Product (EPD), nor-

malized with respect to 4p.

5. Conclusions

We view this work as a first step toward understand-
ing the extent to which applications on embedded MP-
SoC architectures can benefit from transactional syn-
chronization. In particular, we are the first to present
a transactional memory solution for a SoC platform
technology that is modeled with cycle-accurate preci-
sion, and with accurate power models. We use fre-
quency and power numbers and architectural assump-
tions that are appropriate for an embedded multipro-
cessor based on simple cores. Our results show that,
while transactional memory can provide clear perfor-
mance advantages, careful consideration to hardware
design is essential in order to meet the tight energy
constraints of an embedded system. This finding is
substantially different from one obtained when analyz-
ing transactional memory on a general purpose plat-
form, since energy consumption is not so tightly con-
strained for these systems and the hardware to support
transactional memory contributes a much smaller frac-
tion to overall energy, as reported in [19]. Still, even
with these tight energy constraints, our results show
substantial improvement in terms of both energy and
performance are possible using transaction-based syn-
chronization on an embedded platform.

Significant work remains to be done to investigate
other benchmarks and a wider range of architectural
choices and hardware implementations. One interest-
ing question is whether embedded applications will
require new hardware mechanisms to support embed-
ded applications. For example, little is known about
how transactional synchronization interacts with pat-
terns such as software pipelining, or with soft real-time
constraints.
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