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ABSTRACT

In modern computers, non-performance metrics such as en-
ergy consumption have become increasingly important, re-
quiring tradeoff with performance. A recent work has pro-
posed performance-guaranteed energy management, but it
is designed specifically for sequential applications and can-
not be used to a large class of multithreaded applications
running on high end computers and data servers.

To address the above problem, this paper makes the first
attempt to provide performance-guaranteed energy manage-
ment for multithreaded applications on multiprocessor ar-
chitectures. We first conduct a comprehensive study on the
effects of energy adaptation on thread synchronizations and
show that a multithreaded application suffers from not only
local slowdowns due to energy adaptation, but also signif-
icant slowdowns propagated from other threads because of
synchronization. Based on these findings, we design three
Synchronization-Aware (SA) algorithms, LWT (Lock Wait-
ing Time-based), CSL (Critical Section Length-based) and
ODP (Operation Delay Propagation-based) algorithms, to
estimate the energy adaptation-induced slowdowns on each
thread. The local slowdowns are then combined across mul-
tiple threads via three aggregation methods (MAX, AVG
and SUM) to estimate the overall application slowdown.

We evaluate our methods using a large multithreaded
commercial application, IBM DB2 with industrial-strength
online transaction processing (OLTP) workloads, and six
SPLASH parallel scientific applications. Our experimental
results show that LWT combined with the MAX aggregation
method not only controls the performance slowdown within
the specified limits but also conserves the most energy.

Categories and Subject Descriptors: B.3 [Memory
Structures|:Miscellaneous; C.4 [Performance of System]|

General Terms: Algorithms, Performance, Management

Keywords: memory energy management, multithreaded
applications, energy and performance tradeoffs, low power
design

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.

S GMETRICS 07 June 12-16, 2007, San Diego, California, USA.
Copyright 2007 ACM 987-1-59593-639-4/07/006 ...$5.00.

1. INTRODUCTION

1.1 Motivation

Energy consumption has emerged as an important issue
in the design of computing systems. Energy conservation
is important not only to mobile devices for saving battery
life but also to high-end servers, which commonly require
a large amount of energy and high cooling costs [13]. The
last few years have seen significant research in the use of
adaptive architectures to save processor energy [3, 15]. More
recently, researchers have recognized that memory is also a
key consumer of energy. For example, a study shows that
for fully configured IBM server systems [7], memory energy
consumption could be as high as 150% of processor energy.
To conserve energy, commercial memory chips now support
multiple power modes [2], and several control algorithms to
adapt between these modes have also been proposed [6, 9].

Unfortunately, reducing energy consumption does not
come for free. It usually involves trading off performance.
For example, energy consumption can be reduced by plac-
ing a memory module being infrequently accessed into a low
power mode, but a following access to the memory mod-
ule requires an extra delay to transition it back into a full
power mode. The extra delays caused by energy manage-
ment can result in significant performance slowdowns, which
is unacceptable for high-end data and computation servers.
Therefore, a methodology to monitor and control perfor-
mance slowdowns is required for energy management sys-
tems.

To address the above requirement, a recent paper [9] has
proposed a performance guaranteeing method that dynami-
cally estimates the performance slowdown introduced by the
underlying energy management and keeps it within a speci-
fied bound. The performance guarantee is provided at a rel-
ative coarse granularity, such as the overall execution time
from the beginning, instead of at a small task or operation
granularity (our work also follows such a performance guar-
antee goal). Specifically, this method monitors the perfor-
mance slowdown to detect when it exceeds a specified limit,
and then it disables the underlying energy management by
forcing all devices to transition into full power mode. After
the cumulative slowdown is safely below the specified limit,
the underlying energy management scheme is re-enabled to
conserve energy. It was shown that this performance guar-
anteeing method works well with various static and dynamic
energy management schemes for sequential applications [9].

While the above technique makes an important step to-
wards in making energy management acceptable to applica-
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tions that need to honor performance requirements, it is lim-
ited to sequential applications and is not applicable to mul-
tithreaded scientific and commercial applications on multi-
processor architectures, which are the typical applications
and architectures running in host centers. The main reason
is that their performance slowdown estimation is designed
based on sequential applications and fails to take the thread
interactions and synchronization effects into consideration.
More specifically, they only count the local slowdowns to
each device access on a single thread, but do not consider
the slowdown cascading effects from other threads due to
thread synchronization.

The above issue significantly limits the applicability of
energy management to the majority of the applications run-
ning on host centers. Moreover, this limitation will become
increasingly severe and will soon affect many other types
of applications due to the prevalent multicore technology.
While multithreaded programming on multiprocessor archi-
tectures has the advantages of increasing performance via
parallelism, it also makes performance estimation and anal-
ysis much harder than sequential applications due to syn-
chronization and thread interactions.

To estimate slowdowns for multithreaded applications, the
following two issues need to be addressed in addition to those
for sequential applications.

The first issue is that the performance slowdown of a
thread can affect other threads through inter-thread syn-
chronizations. As shown in Figure 1, the slowdown to regu-
lar instructions (i.e. memory accesses) inside critical sec-
tions can increase the length of the critical section and
thereby make other threads wait for the same lock for a
longer time. In this case, the slowdown of the first thread
propagates to all other waiting threads in a cascading fash-
ion. If a slowdown estimation scheme does not consider such
cascading effects across threads but only count the local ef-
fects (e.g. memory access delay due to energy adaptation),
it may under-estimate slowdowns and eventually an energy
management based on it may fail to meet the specified per-
formance requirement.

The second issue is how to estimate the overall applica-
tion slowdown from individual thread slowdowns. Within a
period of time, energy adaptation can cause different slow-
downs to different threads. Then, which thread’s slowdown
affects the entire application’s slowdown? Can the average
slowdown approximate the overall application slowdown?
The answer to the question relies on each application’s syn-

chronization characteristics.

1.2 Our Contributions

To address the above challenge, this paper makes one of
the first steps in providing performance guaranteed energy
management (conserving energy without violating the user
specified slowdown limit) for multithreaded applications on
multiprocessor architectures. Our ultimate goal is to make
energy management practical to a large class of applications
and architectures running in host centers. While most of our
ideas are applicable to energy management of different hard-
ware components, as a proof of concept, this paper focuses
on memory energy management.

Specifically, we first conducted a comprehensive study
on the effects of memory energy management on synchro-
nization characteristics using a large commercial multi-
threaded application, IBM DB2 with industrial-strength
online transaction processing (OLTP) workloads, and six
SPLASH/SPLASH-2 parallel applications. We found that
energy management can significantly increase the synchro-
nization waiting time, which indicates that tracking the cas-
cading synchronization slowdown is critically important for
the accurate estimation of the overall slowdown in multi-
threaded systems.

Motivated by the above results, we design several meth-
ods to dynamically estimate performance slowdowns due to
memory energy management by decoupling the challenge
into two sub-problems and provide solutions to both in an
orthogonal way as shown on Figure 1:

(1) Individual Thread Slowdown Estimation: To es-
timate the slowdown for each individual thread, we derive
three synchronization-aware (SA) algorithms, LWT (Lock
Wait Time-based), CSL (Critical Section Length-based) and
ODP (Operation Delay Propagation-based). Their estima-
tions consider not only slowdowns to regular instructions
but also the cascading synchronization slowdowns, i.e. the
extra synchronization waiting time due to energy manage-
ment. LWT and CSL conservatively estimate the slowdown
upper-bounds and thereby can provide performance guar-
antees, whereas ODP is a heuristic-based approach and can
only reasonably control performance slowdowns.

(2) Slowdown Aggregation: To estimate the overall ap-
plication slowdown from individual thread slowdowns, we
explore three slowdown aggregation methods, SUM, MAX
and AVG, in combination with the above three SA individ-
ual thread slowdown estimation algorithms and the previ-
ous synchronization-oblivious algorithm. The SUM method
conservatively takes the sum of slowdowns incurred by all
threads and uses it as the application overall delay for mon-
itoring when to disable the underlying energy management
scheme. The MAX and AVG methods, respectively, use the
maximum and average thread delay as the overall delay.
Our experimental results from a whole system chip multi-
processor (CMP) simulator based on SIMICS, show that the
LWT and CSL algorithms with MAX, namely LWT+MAX
and CSL+MAX, work well: they not only guarantee the
application performance, but also conserve the most energy.
The heuristic algorithm, ODP, can control the performance
of most applications but fails to guarantee performance in a
few cases, especially for applications with many locks. With-
out considering synchronization slowdowns, MAX or AVG
alone cannot guarantee performance, indicating the impor-



tance of tracking synchronization slowdowns. Although
SUM can control performance degradation within a spec-
ified limit, it is too conservative and thereby consumes up
to 43% more energy on average than LIWT+MAX.

The remainder of this paper is organized as follows: In
Section 2, we introduce the background of memory energy
management. We describe our synchronization aware per-
formance guaranteeing algorithms in Sections 3 and 4. Ex-
perimental methodology and results are presented in Sec-
tions 5 and 6. We discuss the related work in Section 7 and
then conclude in Section 8.

2. BACKGROUND

In this section, we present the underlying memory en-
ergy management scheme and the previously proposed per-
formance control method [9] as a background for our work.
Since the focus of this paper is on how to track and control
the performance slowdowns caused by energy management
for multithreaded applications, we do not change the under-
lying energy management scheme.

Memory Power Model: We use a modern memory sub-
system that is capable of operating in multiple power modes.
In particular, our model follows the specifications for Ram-
bus DRAM (RDRAM) [2]. When not in active use, each
RDRAM chip can be placed into a low-power operating
mode (standby, nap, or powerdown) to save energy. Accesses
to chips in the low-power operating modes incur additional
delay and energy for bringing the chip back to active state.
The delay time varies from several cycles to several thou-
sand cycles depending on which low power state the chip is
in. The lower the power mode, the more time and the more
energy it takes to activate it for access.

Energy Control Algorithm: To utilize the lower power
modes, the key is to have effective control algorithms to de-
cide when and which power mode to put each chip into. Re-
searchers have recently proposed several memory adaptation
algorithms [6, 9] and have shown that a dynamic scheme that
transitions a chip into low power modes after a threshold of
idle time performs better than a static scheme which places
all chips in a fixed power mode except when it is necessary
to service a request. Unfortunately, the dynamic scheme re-
quires painstaking threshold tuning for each workload and
can significantly degrade performance when the wrong set
of thresholds are chosen.

To address this problem, Li et al. [9] proposed a per-
formance directed energy management (PD) that removed
the necessity for painstaking parameter tuning and pro-
vided performance control by periodically adjusting their
decisions based on the available slack and recent workload
characteristics. This algorithm outperforms the original dy-
namic/static algorithm with the best hand-tuned parameter
setting. In our work, we use the PD algorithm [9] as our
underlying energy control algorithm and integrate it with
our synchronization-aware slowdown estimation and aggre-
gation methods.

Providing Performance Guarantee for Sequential
Applications: Li et al. [9] also proposed a method that
can effectively provide a coarse-grain performance guaran-
tee in memory energy adaptation for sequential applications.
This method works with the PD energy management algo-
rithm as well as any other dynamic/static algorithms. The
main idea of the performance guaranteeing method is to

keep track of the slowdown in execution time introduced by
the underlying memory energy adaptation, and when the
observed slowdown is greater than the maximum slowdown
allowed by users, it forces all chips to active. Specifically, it
divides time into epochs (time period). At the beginning
of an epoch, it calculates the available slowdown (called
“slack”) of this epoch with the user specified performance
slowdown limit (e.g. 10%) and the estimated slowdowns ex-
perienced until that time. During the epoch, it monitors
the slowdown. When the slowdown exceeds the slack, it dis-
ables the underlying energy adaptation and forces all chips
to active until the end of this epoch. It is possible that,
if the slowdown exceeds the specified limit in the last few
epochs of the program execution, it might be too late to
catch up the slowdowns even by transitioning all chips to
active. However, such effects would be negligible as long as
the program runs for a reasonable long time with respect to
the epoch length (e.g. 10,000 CPU cycles).

The key issue to the above performance guaranteeing
method is the slowdown estimation. First, it should not
be too aggressive: it should not under-estimate the slow-
down caused by energy adaptation; otherwise it may vio-
late the specified performance guarantee. Second, it should
not be too conservative, i.e. significantly over-estimating
the slowdown; otherwise, it would lose opportunity to con-
serve energy. To improve slowdown-estimation accuracy,
this method also considers certain parallelism due to out-
of-order execution and instruction pipelining, but not due
to multithreading in multiprocessor architectures.

In Table 1, our evaluation results show that, when our
tested applications (described in Section 5) are executed on
only one single thread, the performance control method with
the PD algorithm can effectively bound the performance
slowdown within the specified limit (20% in these experi-
ments). It indicates that the control method can accurately
estimate the energy management-induced slowdown for se-
quential applications.

DB2
OLTP | Cholesky | Barnes | Radiosity | Water | Ocean

[17.7% | 185% [ 19.2% [ 183% [18.6% [ 19.3% |

Table 1: Performance slowdown of our tested ap-
plications with only ONE thread using the previous
performance control method and PD energy man-
agement algorithm (20% slowdown limit)

While we borrow the general idea of performance guaran-
teeing method from Li et al. [9], including monitoring the
slowdown and disabling energy adaptation when the slow-
down exceeds the limit, our work focuses on how to estimate
slowdown for multithreaded applications on multiprocessor
architectures.

3. SLOWDOWN AGGREGATION

The natural first step to extend the previous algorithm [9]
for multithreaded applications on multiprocessor architec-
tures is slowdown aggregation: estimating the overall appli-
cation slowdowns from individual thread slowdowns due to
energy management. In this section, we discuss three such
aggregation methods.

Most importantly, at the end of this section, we show that
simply extending the previous synchronization-oblivious al-
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Figure 2: Three slowdown aggregation methods (S1,
S2 and S3 are individual thread slowdowns).

gorithm with slowdown aggregation is not enough to achieve
the goal, i.e., minimizing energy consumption without vio-
lating specified performance slowdown limst. This finding
motivates us to explore synchronization-aware slowdown es-
timation algorithms that not only track local slowdowns due
to energy adaptation but can also track the cascading op-
eration slowdowns propagated from other threads through
synchronizations.

For simplicity of description, the remainder of this paper
refers energy adaptation-induced slowdown to local regu-
lar instructions (i.e. memory accesses instructions) as op-
eration slowdowns, and the operation slowdown propagated
from other threads as synchronization slowdowns. The pre-
vious synchronization-oblivious performance guaranteeing
method proposed by Li et al. [9] considers only operation
slowdowns, not synchronization slowdowns.

3.1 Aggregation Methods

Intuitively, as shown on Figure 2, there are three slowdown
aggregation methods, including SUM, MAX and AVG, to es-
timate overall application slowdowns from individual thread
slowdowns. The first one, SUM uses the sum of the individ-
ual slowdown of each thread as the overall application slow-
down. This method conservatively assumes that the slow-
down on one thread can propagate to all other threads. Any
cascading slowdown effect due to synchronization is already
subsumed in this method. Therefore, as long as the indi-
vidual thread slowdown estimation does not under-estimate
the operation slowdowns, SUM can guarantee the slowdown
caused by energy adaptation within the specified limit.

The problem with this method, however, is that it is too
conservative: it can significantly over-estimate the perfor-
mance slowdown caused by energy management. As a re-
sult, devices are frequently forced to full power mode by the
performance guaranteeing mechanism, losing opportunities
to conserve energy.

The MAX method uses the maximum of individual thread
slowdowns as the overall application slowdown to guarantee
performance. This method is based on the intuition that
if the performance slowdown of the most delayed thread is
within the specified limit, the entire application’s perfor-
mance can also be guaranteed.

This method can work well with some applications, in
particular barrier-based applications whose progresses are
determined by the last thread reaching a barrier. MAX
guarantees that the thread with the largest slowdowns ar-
rives at a barrier within the slowdown limit, and therefore
so do other threads, as long as the individual slowdown es-
timation of each thread is accurate or conservative.

Unfortunately, combining this method with the previous
synchronization-oblivious individual thread slowdown esti-

mation cannot provide performance guarantee for lock-based
applications, which will be shown in our experimental results
in Section 3.2.

The AVG method aggressively uses the average slowdowns
of all threads as the overall application slowdown. Obvi-
ously for latency-based applications such as SPLASH paral-
lel applications that care about the total execution time, the
AVG method cannot provide performance guarantee since in
many cases the overall application slowdown can be larger
than the average slowdown. However, for throughput-based
applications such as DB2/OLTP and Web Servers that run
for a long (almost infinite) duration and whose threads han-
dle independent requests or transactions, intuitively AVG
may be a suitable heuristic.

3.2 Aggregation AloneisNot Enough

A naive method to estimate energy adaptation-induced
slowdown for multithreaded applications is just simply com-
bining the previous synchronization-oblivious slowdown es-
timation with a slowdown aggregation method described
above. Although such method is simple, unfortunately, it
is not enough: it is either too aggressive to provide per-
formance guarantee or too conservative to minimize energy
consumption.

To evaluate the above naive extension, we combine
the previous synchronization-oblivious slowdown estimation
scheme [9] with three slowdown aggregation methods, namely
SUM, MAX, and AVG, on six SPLASH / SPLASH-2 paral-
lel applications. The experimental testbeds and the applica-
tions are described in Section 5. The specified performance
slowdown limit is 10%.

As shown in Figure 3(a) and 3(b), while SUM with the
previous synchronization slowdown estimation method can
guarantee the slowdown within the specified limit (i.e. 10%
), it consumes substantially more energy than the other two
methods. For example, for LU, it consumes almost as twice
energy as MAX and AVG.

While MAX and AVG can conserve more energy than
SUM, none of them can guarantee performance with the
previous synchronization-oblivious method for all applica-
tions. Since AVG aggressively uses the average thread slow-
down as the overall application slowdown, it significantly
under-estimates the slowdown and thereby fails to limit the
slowdown to within the specified 10% limit for all six ap-
plications. Although MAX is more conservative than AVG,
it still fails to provide performance guarantee for two appli-
cations, namely Cholesky and Barnes, because the individ-
ual thread slowdown estimation is synchronization-oblivious
and does not track synchronization slowdowns.

To further understand the above results, we measure the
amount of lock contention (the number of dynamic con-
tented lock calls) with and without energy management. As
shown on Figure 3(c), with energy management, the number
of contented locks significantly increases. This is because,
as also explained in Figure 1 in Introduction, operational
delays can increase the length of critical sections, and, con-
sequently, increase the chances for other threads to content
for the same locks. These results provide a strong evidence
for the cascading synchronization slowdowns caused by en-
ergy adaptation.

Figure 3(d) further examines the average synchronization
slowdowns due to energy adaptation. Both MAX and AVG
incur a significant percentage of synchronization slowdowns.
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Figure 3: Extending the previous synchronization-oblivious performance guaranteeing scheme with the three
slowdown aggregation methods (with 10% slowdown limit).

Therefore, if the individual thread slowdown estimation does
not consider such slowdowns, it is difficult to provide per-
formance guarantee using the MAX and AVG methods.

In conclusion, the above results indicate that simply ex-
tending the previous method with slowdown aggregation is
not enough to guarantee performance of multithreaded ap-
plications while minimizing energy consumption. To achieve
the goal requires a synchronization-aware slowdown estima-
tion method that considers not only operation slowdowns
but also synchronization slowdowns propagated from other
threads.

4. SYNCHRONIZATION-AWARE SLOW-
DOWN ESTIMATION

To address the problem discussed in Section 3, we propose
three Synchronization-Aware (SA) slowdown estimation al-
gorithms, based on our characteristic study on the effects of
energy management on synchronization.

4.1 Effects of Energy Management on Syn-
chronization Characteristics

Intuitively, operation slowdowns on individual threads can
affect the synchronization waiting time in both positive and
negative ways. Here, whether an effect is considered positive
or negative is viewed only for each isolated synchronization
operation, not for the entire execution duration. On the
positive side, an operation slowdown can make a thread ar-
rive at a synchronization later than without energy manage-
ment and successfully hide all or part of the synchronization
waiting time. On the other hand, some local operation slow-
downs may also get magnified across multiple threads due
to the cascading synchronization waiting effect.

These positive and negative cases are classified in Ta-
ble 2 according to lock contention situation; Originally non-
contended locks (without energy management) can become
contended, or contended locks can become more highly
contended with energy management (negative effect); con-
versely, contended locks can get less contended, or become
even non-contended (positive effect).

The negative effect seems to be over-dominant the positive
effect. As shown Table 2, negative cases happened almost
twice more than positive cases (165 vs. 88). As a result, as
demonstrated in Figure 3, energy management, especially
if using MAX and AVG, significantly increases the number

Change in Num. | Avg. W.T

lock contention of cases | difference Effect
non-contended

— contended 163 75992 Negative
contended W.T 1 2 9598

— contended | W.T |} 3 16230

contended 85 11771 Positive
— non-contended

non-contended

— non-contended 16947 - -

Table 2: Effect of memory access delay on synchro-
nization slowdown: there are negative and positive
effect according to change in lock contention, but
negative effect is dominant. (Application : Barnes
from SPLASH-2, W.T = lock waiting time)

of contented locks and incurs substantial synchronization
slowdowns.

Additionally, to provide performance guarantee, it is more
important to track the negative effect than the positive ef-
fect in the slowdown estimation. This is because if the slow-
down is under-estimated, it can violate the specified slow-
down limit, whereas if the slowdown is over-estimated, it
only loses some opportunities to conserve energy but per-
formance is still guaranteed.

From the above reason, our synchronization-methods fo-
cus on how to track the negative effect on synchronization
slowdowns due to energy management.

4.2 SA Algorithms

While it is infeasible to track synchronization slowdowns
100% accurately, we can guarantee performance under en-
ergy management by estimating the upper-bound of ac-
tual slowdowns. Based on this design principal, we pro-
pose three Synchronization-Aware (SA) slowdown estima-
tion algorithms, namely LWT (Lock Waiting Time-based)
and CSL (Critical Section Length-based), for performance
guarantee, and a heuristic method called ODP (Operation
Delay Propagation-based) estimation that can balance per-
formance slowdowns and energy consumption.

(1) IWT (Lock Waiting Time-based) estimation:
This algorithm is based on the observation that the syn-
chronization slowdown of a thread at a synchronization can-
not exceed the absolute synchronization waiting time with
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energy management because the latter includes the former
plus the original synchronization waiting time, as shown on
Figure 4.2(a). Specifically, for every lock, it adds the lock
acquire time to the slowdown for the current epoch. LWT
does not consider barrier waiting time because the barrier
slowdown due to energy management is already considered
by the MAX slowdown aggregation method.

(2) CSL (Critical Section Length-based) estimation:
This method is based on the observation that the synchro-
nization slowdown of a thread 72 at a critical section of
length L cannot be larger than L subtracting its operation
delay, as well as the critical section length of the thread T'1
that T2 is waiting. Formally, as shown on Figure 4.2(b), the
synchronization slowdown (SS) for a critical section (C'S)
can be estimated conservatively as follows:
SS(CS) = MIN(t1(CS),t2(CS) — 0S2)

where ¢t1(CS) and t2(CS) are thread T1 and T2’s critical
section length respectively, and OS> is thread T2’s opera-
tion delay inside the critical section. Note the estimation
has already taken the cascading synchronization effect into
account: if thread 72 waited for another thread 73, T2’s
extra waiting time is already counted in t2(CS). In most
cases CSL’s estimation is more conservative than LWT ex-
cept some corner cases where the lock acquire time of thread
T2 is dominated by the lock acquire operation but not the
lock waiting time and 7T'1’s critical section is very short. In
addition, CSL also has different implementation implication
than LWT, as discussed in more detail in Section 4.3.

(3) ODP (Operation Delay Propagation-based) es-
timation: The slowdown cascading effect is one of the
particular factors to determine synchronization slowdowns.
If a critical section grows longer due to memory accesses un-
der energy management, the operation slowdowns inside a
critical section can lengthen the lock acquire time of other
threads waiting for the same lock. From this intuition, ODP
propagates the operation slowdowns inside a critical section
from one thread to all other waiting threads as their syn-
chronization slowdowns. For example, in Figure 4.2(a), the

estimated synchronization slowdowns on thread T3 is:
N-1

SS(CS) = Y 0S; =08,

i=0
where N is the number of threads that have acquired the
same lock while T3 is waiting for the lock, and OS; means
operation slowdown of thread 7 inside critical section CS.
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Figure 5: ODP heuristic estimation: SA algorithm
for performance control. SS is synchronization slow-
down and OS is operation slowdown. (a) shows
a case that ODP works, and (b) is an example
that ODP under-estimates the synchronization slow-
down.

Different from IWT and CSL that estimate the upper-
bound of synchronization slowdown and thereby can provide
performance guarantee, ODP is a heuristic method. There-
fore, in some cases it may fail to guarantee performance. For
example, in Figure 4.2(b), thread T2 and T3 suffer from
more synchronization slowdowns than those estimated by
ODP. This is because T1 has operation slowdowns both out-
side and inside the critical sections, all of which contribute
to the extra waiting time in T2 and T3. However, ODP
propagates only the operation slowdown inside the critical
section from T1 to T2 and T3, and, as a result, it under-
estimates the synchronization slowdowns for T2 and T3.

4.3 Implementation I ssues

Similar to the previous method [9], the above three SA
slowdown estimation algorithms can be implemented in the
memory controller. The basic performance guaranteeing
mechanism for keeping tracking of operation delays, com-
paring against available slack and forcing all chips to active
when the slowdown exceeds the slack are also similar to the
implementation of the previous method [9]. The only exten-
sion to basic mechanism is that it needs to know the proces-
sor ID (and hence the thread ID) of each memory access so
it can charge the delay to the corresponding thread.

The implementation of synchronization slowdown estima-
tion may also require some assistance from the processor
because it requires synchronization related information. For
example, LWT needs to catch each lock acquire attempt and
the time when a lock acquire succeeds in order to find the
lock waiting time. Since it only needs each thread’s own
lock waiting time, LWT does not require processor commu-
nication. CSL requires two kinds of information: how long
a previous lock owner has held the lock if there is lock con-
tention, and how long the critical section is locally executed.
First, to measure the duration of a critical section requires
identifying a lock acquire and a release point. Second, it
needs to know which thread is waiting for a lock just being
released. To implement this, a lock variable can be extended
to record this information. ODP also requires the identifica-
tion of lock operations and the transmission of synchroniza-
tion information across multiple threads. Therefore, with
regards to implementation complexity, ODP is similar to
CSL.



Processor frequency 2GHz

Fetch, issue, commit width 4 instructions
L1 D-cache, I-cache 64KB 4-way
Unified L2 cache 2MB 4-way
Rambus DRAM base latency | 80ns

number of processors 8

number of SCSI disks 7

(a) Target system parameters

| Transition (—) I Time |

Standby 1 memory cycle
Active Nap 8 memory cycles
Powerdown 8 memory cycles
Standby 5 memory cycles
Nap Active 48 memory cycles
Powerdown 4800 memory cycles

(b) Power-mode transition time

Table 3: System configuration

5. EVALUATION METHODOLOGY

5.1 Experimental Platform

All our experiments are conducted on a full-system simu-
lator based on SIMICS [10], which models a CMP architec-
ture with eight SPARC V9 chip processors and runs Solaris 9
as the operating system. We use GEMS [11] to model the de-
tailed timing of out-of-order processors and cache-coherence
protocol, and integrate a Rambus memory module simula-
tion. Table 3(a) summarizes the system simulated in the
study and (b) shows resynchronization time correspondent
to power-mode transitions. The values have been obtained
from the RDRAM specifications [2].

5.2 Tested Applications

In our experiments, we use a large multithreaded commer-
cial database server, IBM DB2, and six SPLASH/SPLASH-
2 parallel applications.

IBM DB2 running On-line Transaction Processing
(OLTP, TPC-C-like): For experiments with IBM DB2,
the whole system simulator is configured with 7 SCSI disks,
on which the database data is stripped and can be directly
accessed through raw I/O without involving the file system.
The database size contains 100 warehouses, representing a
balanced workload as reported in previous work [4]. The
number of clients is set to 8 so that there are enough threads
to fully utilize the 8-processor CMP.

The DB2 OLTP workload is an industrial strength TPC-
C benchmark for IBM DB2. It involves a lot of database
lock operations, which are implemented inside the IBM DB2.
Although the OLTP workload spends a significant amount
of time in kernel (30%), kernel locks are rarely contended,
mainly because of highly optimized kernel code. Therefore,
we focus on DB2’s lock operations.

SPLASH/SPLASH-2 parallel applications: In our
study, we use 6 representative parallel applications from
SPLASH and SPLASH-2 benchmark suite based on their
synchronization characteristics. Cholesky and Water comes
from SPLASH, and Barnes, Radiosity, LU, and Ocean are
SPLASH-2 applications. For these applications, we use
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Figure 6: Application synchronization characteris-
tics

spinning-based implementations for both lock and barriers.

The applications cover a wide spectrum of different syn-
chronization characteristics as shown on Table 4. In addi-
tion, Figure 6(a) shows application-inherent synchronization
delay for each application. LU and Ocean mostly use barri-
ers for synchronizations, whereas the other four applications
mostly use locks for synchronization with only a few barrier
operations, but each with different levels of lock contention
and critical section lengths.

Based on their synchronization characteristics, we classify
the applications into four categories as shown in Figure 6(b).
First, Cholesky and Barnes have highly contended locks and
relatively long critical sections: Cholesky uses locks for the
atomic updates of matrix columns and Barnes builds up
a tree structure with locks. In addition, Barnes also has
barrier synchronization overheads as well. Second, in Ra-
diosity, locks are contended but critical sections are shorter
than Cholesky and Barnes. There are multiple task queues
that are frequently accessed with lock operations. Finally,
in Water and Ocean, critical sections are small and locks are
also not highly contended. Water has lock overhead, but it
spends much more time for barrier synchronization at the
end of each execution phase. Ocean and LU are barrier-
based applications, and LU has no lock operations.

Application || Input Lock Barrier
calls calls

9118 (13) 16

Cholesky tk14

Barnes 16K particles 17200 (99) 8
Radiosity room 12697 (14) 8
Water 216 mols, 3 steps 9470 (0) 8
Ocean 258-by-258 grid 208 (0) 168
LU 256-by-256 matrix 0 (0) 64

Table 4: SPLASH/SPLASH-2 parallel applications:
the number of contended lock calls are given in
parentheses.

As shown on Table 5, we evaluate various combinations
of individual thread slowdown algorithms including the
previous synchronization-oblivious algorithm and the three
synchronization-aware slowdown estimation algorithms, and
the three slowdown aggregation methods including SUM,
MAX and AVG. Since SUM already takes the synchroniza-
tion slowdown into consideration, we do not combine it with
the three synchronization-aware algorithms.

Since DB2 is a commercial software, we are not able to es-



timate the critical section length or calculate operation delay
during the critical section through instrumenting its source
code. However, fortunately, we can precisely estimate lock
waiting time through instrumenting semaphore system calls,
which are used to implement database locks. Therefore, for
DB2 workload, we only evaluate LWT combined with three
aggregation methods. Based on the discussion in Section 4
and our experimental results, LWT is the most promising
synchronization-aware algorithm.

[ Individual Slowdown || Slowdown Aggregation |

Basic SUM MAX AVG

LWT - LWT+MAX | LWT+AVG

CSL - CSL+MAX CSL+AVG

ODP - ODP+MAX | ODP+AVG
Table 5: Different combinations evaluated in

our experiments. Basic refers to the previ-
ous synchronization-oblivious slowdown estimation
method.

6. EXPERIMENTAL RESULTS

6.1 Resultsfor Performance Guarantee

Figure 7 shows the normalized execution time (normalized
to the corresponding execution time without energy adapta-
tion) with the nine combinations of individual thread slow-
down estimation and slowdown aggregation under 10% and
20% specified slowdown limits.

For all applications, the two SA slowdown estimation al-
gorithms LWT and CSL with MAX aggregation can control
the slowdown within the specified limit (for both 10% and
20% cases). This is because of two reasons. First, LWT and
CSL use upper-bounds of synchronization slowdowns to con-
servatively approximate synchronization slowdowns, so they
may over-estimate but can never under-estimate synchro-
nization slowdowns. Second, as discussed in Section 3, if
the individual thread slowdown estimation does not over-
estimate, MAX can provide performance guarantee since it
uses the maximum individual thread slowdown of each epoch
as the overall application slowdown. Essentially, LWT and
CSL track the cascading effects of lock-based synchroniza-
tions, while MAX takes care of barrier-based synchroniza-
tions. As a result, these combinations provide performance
guarantee.

ODP+MAX can control the slowdown within the specified
limit for almost all applications except a few cases (Water-
10%, Cholesky-20%, Barnes-20%, Radiosity-20%, Water-
20%), in which cases ODP+MAX slightly exceed the speci-
fied limit. This is because ODP is heuristic-based approach.
As explained in Section 4, in some cases like the example
shown in Figure 4.2(b), ODP may under-estimate the syn-
chronization slowdown.

While MAX works well with the two synchronization-
aware algorithms LWT and CSL, MAX with the previous
synchronization-oblivious algorithm cannot guarantee per-
formance in all cases, especially for lock-based applications
such as Cholesky, Barnes, Radiosity, Water with 20% slow-
down limit. As discussed in detail in Section 3.2, the main
reason is that the synchronization-oblivious algorithm does
not track the cascading synchronization slowdowns propa-
gated from other threads.

The AVG method in general does not work well in guar-
anteeing performance. As shown in Figure 7(b), no matter
which individual thread slowdown estimation algorithm is
used, AVG fails to bound the slowdown within the specified
limit. For example, in Cholesky with 20% slowdown limit,
AVG significantly violates the performance guarantee, de-
grading the performance by up to 120%.

In contrast, SUM method is very conservative and under
10% slowdown limit it can always guarantee the performance
degradation within 3%, but as we will show in the next
subsection, it does not effectively save energy consumption.

We also notice that DB2 OLTP and scientific parallel ap-
plications show different preferences to different methods.
Since DB2 OLTP is a throughput-based workload, it is less
sensitive to the method used. As a result, MAX works
well in terms of controlling the performance slowdown, re-
gardless which individual thread slowdown estimation algo-
rithm is used. AVG also performs reasonably well except
when combined with the previous synchronization-oblivious
algorithm. In contrast, SPLASH applications are much
more sensitive to the method because they are latency-based
workload.

6.2 Energy Saving Results

Figure 8 shows the normalized energy consumption (nor-
malized to the corresponding energy consumption without
energy adaptation) with the nine combinations of individ-
ual thread slowdown estimation and slowdown aggregation
under 10% and 20% specified slowdown limits.

In general, LWT (combined with MAX or AVG) provides
almost the maximum energy conservation, especially when
compared to only those combinations that also provide per-
formance guarantee. For example, in the 20% slowdown
cases, CSL+MAX method can save 26% more energy than
SUM method in the best case (Water), and similar results
can be observed in 10% limit cases. LWT saves more energy
than CSL because it provides a tighter upper bound in esti-
mating the synchronization slowdown in practice (except a
few theoretical corner cases that rarely happen in practice).

In most cases, AVG consumes slightly less energy than
MAX since it is more aggressive in estimating slowdowns.
However, the fact that it cannot provide performance guar-
antee offsets the small benefit in energy conservation. It is
interesting to note that, as Figure 8(c) shows, AVG method
does not always conserve more energy than SUM method
because of the significantly increased execution time.

SUM is too conservative in slowdown estimation, so it
saves much less energy than other combinations. For exam-
ple, for LU, SUM almost consumes as twice energy as other
schemes.

6.3 Detailed Analysis

In order to have better understanding on slowdown es-
timation algorithms, we conduct further analysis on cases
with 20% specified limit as examples.

6.3.1 SPLASH Parallel Applications

Figure 9(a) shows the synchronization slowdown of
SPLASH/SPLASH-2 applications, which is the actual in-
creased synchronization waiting time. It further breaks into
the eztra lock waiting time and barrier time. Figure 9(b)
shows the change in lock contention under energy manage-
ment with each performance guaranteeing scheme.
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Figure 7: Performance comparisons

Long critical section, high contention: Originally,
Cholesky and Barnes have long critical sections: all critical
sections together account for 33% and 25% of total execu-
tion time, respectively. In the case of Cholesky, because the
operation slowdown inside critical section lengthens critical
section duration, lock contention significantly increases, es-
pecially under aggressive energy management. While the
slowdown of LWT+MAX and CSL+MAX can be controlled
within the specified limit (20%), none of slowdown estima-
tion algorithms combined with aggressive AVG method can
prevent severe performance degradation.

In comparison with Cholesky, Barnes originally has many
lock contention and the number does not increase so much
with energy adaptation. However, energy adaption further
worsens the waiting time for those locks that are already
contented (without energy adaptation), resulting in signif-
icant synchronization slowdown. Moreover, execution time
imbalance among threads can be intensified due to both op-

eration slowdown and synchronization slowdown and thus
barrier time increases under energy management. While
LWT+MAX and CSL4+MAX can guarantee performance,
synchronization-oblivious MAX schemes fail to do it.

Short critical section, high contention: Lock
contention increases by energy management in Radiosity,
but different from Cholesky and Barnes, synchronization
slowdown is not magnified due to inaccurate estimation
(ODP+MAX and MAX) or aggressive aggregation (AVG
method) as much as Cholesky and Barnes. It is because that
in Radiosity, critical section length and lock acquire time
are inherently very small, as shown in Figure 6(a). Barrier
time is not dominant as well. While heuristic ODP+MAX
can guarantee performance, synchronization-oblivious MAX
slightly exceeds the slowdown limit.

Short critical section, low contention (Barrier-based
synchronization): Ocean and LU are barrier-based ap-
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Figure 8: Energy comparisons

plications. In Ocean, lock contention is negligible, and LU
has no lock synchronizations. Almost all synchronization
slowdowns are caused by barrier synchronizations, and thus
all estimation algorithms with MAX method can guaran-
tee performance. In contrast, AVG method fails to bound
synchronization slowdowns.

Water has a few locks and therefore exhibits different be-
haviors. Though energy adaptation increases lock waiting
time slightly, the distribution of lock waiting time is changed
(some threads have longer lock waiting time than the others,
though the total waiting time does not change). Since LWT
and CSL estimate individual thread slowdown based on
the upper-bound of synchronization slowdown, LWT+MAX
and CSL+MAX successfully bound the overall degradation.
ODP+MAX and MAX fail to bound the degradation be-
cause they ignore or under-estimate the increased lock wait-
ing time on individual threads.

6.3.2 Database Server Applications: DB2 OLTP

The slowdown breakdown of DB2 OLTP is showed in Fig-
ure 10. LWTHAVG can bound performance degradation
more tightly than other methods. Further analysis on DB2
OLTP slowdown reveals that lock contention level remains
similar across all slowdown estimation algorithms, but the
average lock waiting time differs with different algorithms.

7. RELATED WORK

Since previous work on memory energy management has
already been summarized in the Background section, we do
not repeat them here.

For multi-core system, recently, [5] proposed global power
management using per-core power and performance moni-
toring, but their study focuses on different independent se-
quential applications running on the same multicore system
instead of multithreaded applications. Thrifty Barrier [17]
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Figure 10: Slowdown analysis of DB2 OLTP work-
load (20% slowdown limit): synchronization slow-
down is normalized to execution time without en-
ergy management.

saves energy at barrier synchronizations by predicting bar-
rier stall time and putting threads that arrive early into
sleep state. It effective conserves energy without degrading
performance much.

Our work compliments the above work by proposing meth-
ods to estimate and control performance-energy tradeoffs for
multithreaded applications on multiprocessors.

Lock synchronization has already been noticed to be prob-
lematic in performance analysis of multithreaded systems.
Nayfeh et al. [16] discussed that synchronization can inval-
idate IPC as a performance metric by inflating the num-
ber of synchronization instructions, although in their study,
workloads exhibit little synchronization. Based on OLTP

workloads, Hankins et al. [4] found that instructions exe-
cuted per transaction (IPX) can be affected by database
lock contention, which varies with the scale of the database.
Database locks can be the bottleneck for database work-
load [12], and kernel synchronizations also heavily affect
database workloads, which was observed on a 8-CPU IRIX
system [18].

Motivated by the importance of synchronization, Intel
introduced Intel Thread Profiler, which can visualize the
thread behavior and identify synchronizations [1]. More
recently, Li et al. [8] proposed a hardware-based approach
to automatically identify synchronizations, though their ap-
proach is limited to pure spin locks.

8. CONCLUSIONSAND FUTURE WORK

This paper has made the first attempt in providing per-
formance guaranteed energy management for multithreaded
applications on multiprocessor architectures. Specifically,
we have conducted a comprehensive study on the effects of
memory energy management on synchronization character-
istics using one large commercial multithreaded application,
IBM DB2, and six SPLASH/SPLASH-2 parallel applica-
tions and found that energy management can significantly
increase the synchronization waiting time, indicating that
tracking the cascading synchronization slowdown caused by
energy management is critically important to provide per-
formance guaranteed energy conservation for multithreaded
applications. Based on our understanding of the complex
effects of energy adaptation-induced slowdowns on thread
synchronizations, we have proposed three Synchronization-
Aware (SA) slowdown estimation algorithms, LWT, CSL



and ODP, to estimate individual thread slowdowns and
three aggregation methods, MAX, AVG, and SUM, to esti-
mate overall application slowdowns from individual thread
slowdowns.

Our results on a detailed full system simulator that runs
a real operating system (Solaris) with IBM DB2/OLTP and
six SPLASH/SPLASH-2 applications showed that our SA
algorithm LWT can effectively bound performance degra-
dation within a specified limit and also conserves the most
energy. Without the SA methods, the two slowdown ag-
gregation methods, MAX and AVG, alone are not be able
to provide performance guarantees in many cases. SUM
can guarantee performance but saves much less energy than
other schemes such as LWT+MAX.

Even though our work focuses only on memory energy
management for multithreaded applications on multiproces-
sor architectures, the insights and the main ideas from this
work are also applicable to energy adaptation of other com-
ponents, such as processors. For example, currently most
existing work on processor energy adaptation only considers
the slowdown for each individual thread in an isolated way
without taking the cascading synchronization slowdowns
into account. Our synchronization-aware slowdown estima-
tion algorithms and slowdown aggregation methods can be
revised for processor energy management.

Additionally, our main ideas and our performance guaran-
teeing methods are also useful for other performance-related
tradeoffs, such as performance-reliability tradeoff. For ex-
ample, the selective reliability management scheme [14] in-
duces performance slowdowns while replicating instructions
to detect hardware errors. Therefore, our method dynami-
cally tracking slowdowns and guaranteeing performance can
definitely benefit such schemes to achieve a balance between
performance and target functionalities.
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