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Abstract: A surge of interest in data-intensive computing has led to a drastic increase in the demand
for data centers. Given this growing popularity, data centers are becoming a primary contributor
to the increased consumption of energy worldwide. To mitigate this problem, this paper revisits
DVES (Dynamic Voltage Frequency Scaling), a well-known technique to reduce the energy usage
of processors, from the viewpoint of distributed systems. Distributed data systems typically adopt
a replication facility to provide high availability and short latency. In this type of architecture, the
replicas are maintained in an asynchronous manner, while the master synchronously operates via
user requests. Based on this relaxation constraint of replica, we present a novel DVFS technique called
Concerto, which intentionally scales down the frequency of processors operating for the replicas.
This mechanism can achieve considerable energy savings without an increase in the user-perceived
latency. We implemented Concerto on Redis 6.0.1, a commercial-level distributed key-value store,
demonstrating that all associated performance issues were resolved. To prevent a delay in read
queries assigned to the replicas, we offload the independent part of the read operation to the fast-
running thread. We also empirically demonstrate that the decreased performance of the replica does
not cause an increase of the replication lag because the inherent load unbalance between the master
and replica hides the increased latency of the replica. Performance evaluations with micro and real-
world benchmarks show that Redis saves 32% on average and up to 51% of energy with Concerto
under various workloads, with minor performance losses in the replicas. Despite numerous studies
of the energy saving in data centers, to the best of our best knowledge, Concerto is the first approach
that considers clock-speed scaling at the aggregate level, exploiting heterogeneous performance
constraints across data nodes.

Keywords: distributed systems; database systems; energy efficiency; power management

1. Introduction

Data centers play a pivotal role in this age of big data. As more applications depend on
data-intensive technologies, such as artificial intelligence, bioinformatics, and data analytics,
the demand for data centers continues to increase. Despite this increase in popularity, the
energy use per computation in data centers has decreased significantly over the past decade.
This promising shift stems from the energy efficiency progress that has been made during
this time. Virtualization technologies have led to a large reduction in energy use by reducing
the number of servers operating in data centers [1], and advanced power management
schemes for processors have contributed to less energy per computation [2]. Nevertheless,
energy efficiency continues to be important for data centers; in the U.S., the electricity used
by data centers accounted for 1.3% of worldwide energy production in 2010, and these
centers generate more than 43 million tons of CO, emissions per year, equal to 2% of the
worldwide figure. The data centers are also estimated to have consumed approximately 1%
of worldwide energy use in 2020 [2]. Given that data centers are energy-intensive and that
the demand for their services continues to grow rapidly, additional optimization techniques
are required at least to maintain the current flat increase trend in energy use [3-5].
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In line with above arguments, this paper takes advantage of an opportunity to reduce
the energy used by data centers by perspicaciously applying the DVFS (Dynamic Voltage
and Frequency Scaling) technique in distributed data systems. DVES scales down the
frequency and voltage of the processors when the performance constraints are not stringent,
instilling a trade-off the performance and savings. State-of-the-art distributed data systems,
such as Redis [6], MongoDB [7], Cassandra [8], and Ceph [9], typically provide a replication
feature. By maintaining multiple copies of data with the data systems, they provide high
reliability, good availability, and rapid responsiveness to end users.

Table 1. Replication in distributed systems.

Number of Number of Operation to

Data System Master Replica Replica Replication
Redis [6] Single Multiple read Async
Mongodb [7] Single Multiple - Async
HDFS [10] Single Multiple read Sync(1) Async(N-1)
Ceph [11] Single Multiple - Async
Cassandra [8] Multiple Multiple read /write Async
Dynamo [12] Multiple Multiple read /write Async

Table 1 summarizes the replication model employed in popular distributed data
systems. The most popular replication model is the single-master and multiple-replica
model, while a few distributed data systems, such as Dynamo [12] and Cassandra [8], allow
multiple masters, preferring high availability to data consistency. In the single-master and
multiple-replica model, all writes go through a master; the master reflects data changes
to its dataset first and then propagates these changes to multiple replicas asynchronously.
This mechanism makes it easy to coordinate the concurrent writes occurring with regard to
the data without violating the consistency requirement.

We focus on the fact that the performance requirements are disparate across the data
nodes of the system due to its asymmetric structure with replication. For master instances,
rapid processing capability is expected because these instances are synchronous with user
requests. In contrast, replica instances have a relaxed performance requirement in terms
of latency because they have little impact on the user-facing performance. This property
presents a possibility to gain a benefit by sacrificing the performance up to tolerable limits.

Motivated by this observation, this paper presents a novel DVFS algorithm called
Concerto, which scales down the processor speed for replicas while having the processors
in the master run at full speed. Modern processors manufactured by Intel, AMD, and ARM
are equipped with the DVEFS feature that enables the control of the processor speed within
a certain range while using less power [13-15]. When the data service nodes are deployed
in distributed data systems, Concerto sets the processor affinity separately for the master
and the replica and throttles down the processor frequency for replicas. Considering that
the number of replicas is typically twice more than the number of masters, CPU scaling
down for replicas can lead to significant savings in power consumption.

Although Concerto appears to be straightforward conceptually, implementing it in
practical systems and making an effective use of it are not without challenges. As a case
study, we integrated Concerto into Redis, which is one of the most popular distributed in-
memory NoSQL systems [6], though, when doing this, we face two major challenges. First,
scaling down the processor speed of the replicas undesirably impairs the read performance
associated with the replicas. Modern distributed data systems generally allow data reads
from replicas to ensure proper load balancing, short latency, and high availability. As read
requests are synchronous with users, it is unavoidable for the user-perceived latency to
increase under Concerto. Second, the processing slowdown in replicas can increase the
replication lag in distributed data systems. The replication lag refers to the time taken for
the data changes of the master to be reflected in the replica. This synchronization delay
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aggravates the staleness of the replicas, leading to greater data losses in the failure of
the master.

We overcome these challenges as follows. To avoid unintended delays in the read
latency, Concerto decouples the read and write path in Redis and processes them separately
at the different cores, specifically processing reads at the high frequency and writes at
the low frequency. Redis is natively designed with a single thread, making it challenging
to realize the concurrent execution of reads and writes with it. We achieve this goal by
identifying the part that takes a long time but has no dependency with writes in the read
path and then offloading it to a different thread running at high speed. This compromise is
disadvantageous in terms of energy savings, but it can prevent performance problems when
using Concerto. Second, with regard to the replication lag, our in-depth analysis reveals
that the scaling down of the processor in the replica has little impact on the replication lag.
The master, responsible for several jobs to maintain data over the distributed environment,
such as data propagation and/or replica synchronization, takes longer to process a write
request than the replica. This performance gap allows room for the replica to operate at the
lower speed without increasing the risk of a data loss in a failure.

We implemented the Concerto architecture in Redis 6.0.1. Performance evaluation
with micro- and real-world benchmarks show that Concerto reduces the energy consump-
tion of data systems by 32% on average and up to 51%, with a performance penalty of
3% compared to when it is not used. The remainder of this paper is organized as follows.
Section 2 presents the background of this study, and Section 3 briefly highlights the related
work. Section 4 details the design of Concerto. Section 5 evaluates Concerto under various
workloads, and Section 6 discusses its applicability to different environments. Section 7
concludes the paper.

2. Background

In this section, we give a brief overview of dynamic voltage and frequency scaling
(DVES) and of the type of replication architecture used in distributed in-memory key-value
store (Redis).

2.1. DVFS

DVFS is a well-known technique for reducing power and energy levels in electronic
devices by adjusting the clock speed of their processors. The frequency at which a processor
will run is proportional to the voltage (f o V) and the power the consumed by a main
component varies linearly with V2f [16]. Because the energy is the integral of the power
over time and the time is inversely proportional to the frequency, energy consumption
increases proportionally to the frequency squared (E o« f2). Hence, the processor can save a
significant amount of energy by scaling down the clock speed. As an example, when it runs
at half speed, the energy consumption is reduced to one fourth. Owing to its effectiveness,
modern processors, from microprocessors to server processors, mostly support the DVFS
functionality [17]. Below, we briefly explain the power-management technique adopted
in Intel processors, our target architecture (Section 2.1.1), and the linux CPU frequency
governors that enable one to set the desired frequency over the processors (Section 2.1.2).

2.1.1. Power Management of Intel Processors

With the rapid and continual increase in the popularity of both resource-limited
embedded devices and energy-hungry data centers, the power consumption becomes an
important concern in the design of computers. Intel processors provide two types of power
management states: P-states and C-states [13]. P-states use different levels of voltages and
frequencies of the CPU to allow optimization of the power consumption during runtime.
Because lower voltage means the less power consumption, processors with P-states can
save energy by throttling down the speed when a running task not in a computation-
intensive state. Such states include the time waiting for the next chunk of data to process
or the client’s responses. In contrast to P-states, C-states are designed to reduce power



Appl. Sci. 2021, 11, 5731

4 of 14

consumption in an idle mode. The C-state divides the sleeping modes into several levels. It
determines the depth of the sleep mode appropriately while taking into account both the
power consumption and the wake-up delay.

The proposed Concerto technique is associated with the runtime power management
and is, thus, based on P-states. Table 2 shows the P-states of the Intel(R) Xeon Silver 4114
processor, which is the target processor here. The available frequencies are obtained using
the cpupower frequency-info command in linux but the corresponding voltages are not
provided; we estimated them for the purpose of this study using publicly available P-state
examples [18] with the linear regression model implemented in scikit-learn [19].

Table 2. P-states in Intel(R) Xeon(R) Silver 4114.

Freq. 2.2 GHz 2.0 1.8 1.6 1.4 1.2 1.0
Vol. 1.10V 1.06 1.02 0.98 0.94 0.90 0.86

2.1.2. Linux Governors

Most recent processors enable the user to set the frequency for each core individually
within a specific range. CPU governors are components that determine at which frequency
to operate the CPU within a given range. The current linux kernel is equipped with six
types of CPUFreq governors [20]. The performance and powersave governors statically run
the CPU at the maximum and minimum frequency, respectively within the corresponding
ranges. The userspace governor allows user processes to adjust the frequency dynamically.
The ondemand governor adjusts the processor speed according to the system load at a time
window. The conservative governor is similar to the ondemand governor, but it changes
the frequency more smoothly. Lastly, the schedutil governor sets the frequency more
cooperatively with the scheduler. For example, it runs tasks assigned to the real-time
scheduler statically at the highest frequency, while CPU throttling is applied only to the
tasks executed in the CFS (Completely-Fair Scheduler). These governors can be chosen
through the sysfs interface. In this paper, we use the userspace governor such that Redis
can explicitly control the processor speed based on the disparate characteristics of instances.

2.2. Redis

Redis is an in-memory data store based on the key-value data model [6]. It supports
various sets of data structures, including a hash table and sorted sets so as to satisfy many
different tastes of clients. Furthermore, as Redis provides high availability and scalability
via the built-in replication feature, it is finding widespread use in data centers.

Figure 1 shows the common architecture used when Redis is deployed. For good
service robustness and availability, Redis uses data replication, which is realized by three
types of instances: a master, a replica, and a sentinel. The master instance deals with
all write requests of clients at the front end, maintaining an up-to-date dataset in dis-
tributed data systems. In contrast, replicas are asynchronously updated by the master,
servicing read-only queries or simply providing backups for data safety. This asynchronous
replication inevitably allows transient inconsistencies during certain time windows. Never-
theless, most distributed systems allow for such a defect, preferring high performance over
strong consistency.
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Figure 1. Redis architecture. M, R, and S stand for master, replica, and sentinel, respectively.

Figure 1 illustrates how a single master and two replicas cooperate in Redis. This
example assumes that a client sends a set request with a key-value pair of Bar and 300 to
the master. Upon the request, the master promptly updates its dataset structured in a hash
table with new data and then transfers the request to the associated replicas. Subsequently,
the master node immediately responds to the client without waiting for acknowledgement
of data processing from replicas. The master node is notified asynchronously by the replicas
regarding the amount of data processed in the replicas.

If the replica loses its connection with the master for some reason, such as a network
issue or some other fault, the replica may significantly lag behind the master. To avoid data
losses and inconsistencies, the replica performs partial synchronization when re-connected,
receiving data differences from the master to ensure that the replica dataset is up-to-date.
For this purpose, the master maintains a backlog buffer that holds all updates transferred
to the replica in a fixed size of the in-memory buffer. The backlog buffer maintains an
offset for each replica, indicating the amount of data processed for each replica. This offset
proceeds upon the occurrence of an asynchronous acknowledgement by replicas. When a
partial synchronization request arrives, the master identifies data differences by consulting
the associated offset and transfers it to the replica.

The sentinel nodes are responsible for administration of the data system and are
deployed to provide high availability without human intervention. As an example, the
sentinel not only monitors the status of data service nodes and notifies the administrator
if abnormalities are detected but also invokes the failover process to promote one of the
replicas to the master whenever needed. By doing so, Redis is able to continue to offer their
services even in the event of a failure.

3. Related Work

Our work enhances the energy efficiency of distributed data systems given with the
judicious use of DVFS. In this section, we provide a brief overview of prior work that
focused on power management in computing systems.

3.1. DVFS

Weiser et al. investigated the performance and potential energy saving of the strategies
related to dynamic control of the clock speed in response to application activities [21]. They
showed that a final-grained dynamic adjustment of the CPU clock can reduce energy
consumption by up to 70% with limited impact on performance. Similarly, Pering et al.
also examined the effectiveness of dynamic voltage scaling (DVS), but their study was con-
ducted with benchmarks on actual product [22]. They also observed that DVS algorithms
reduce the energy usage by 46%, though a careful choice of the parameters is necessary. To
go one step further, Govil et al. explored sophisticated dynamic speed-setting algorithms
in an effort to realize a better tradeoff between the power and the delay [23]. Shieh et al.
further optimized a DVFS algorithm by taking the voltage transition overhead into con-
sideration [24]. They constructed a linear programming model considering the transition
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overhead and adjusted the CPU voltage dynamically such that it minimizes the energy
consumption while maintaining the deadline miss rate.

DVFES has been actively studied in the realm of real-time systems. Aydin et al. dynami-
cally adjusted the CPU frequency to reduce the energy consumption, while satisfying the
deadlines of real-time tasks with large variations of the execution time [25]. They monitor
task execution and reschedule unused CPU time to be used by other tasks. Jejurikar pre-
sented a method of distributing the slack time of real-time tasks to maximize the energy
savings by extending idle intervals [26]. Kwon et al. proposed an optimal voltage allocation
technique that minimizes the total energy consumption when tasks with different arrival
times and deadlines are executed over multiple voltages [27]. Other researchers [28-30]
extended dynamic voltage scheduling for real-time applications on multi-core processors.

3.2. Power Management for Data Centers

Several studies have focused on power management in large-scale data centers.
Tolia et al. identified that the CPU no longer accounts for the majority of the energy
consumption on servers and presented a virtual machine consolidation concept that can be
used along with DVFS. By migrating virtual machines off to the under-utilized machines,
they enable more idle machines to be turned off, leading to great energy savings in data
centers [31]. Raghavendra et al. presented a method to coordinate individual power man-
agement approaches in data centers so as to prevent them from interfering with each other
in unexpected ways and, thus, to realize overall energy savings [32]. Chen et al. further
elaborated on power management techniques for computer systems by considering that
frequent on-off activities can accelerate the wear-out of internal components, resulting in
additional costs for repair and replacement [33].

Although a number of studies have been conducted to reduce the energy consumed
by computer systems, there is no prominent study that exploits the disparate requirements
of data nodes in distributed systems for this goal. The need to take advantage of the
performance relaxation in replicas for other benefits arises in the non-academic literature.
The Redis community advises that the AOF (Append-Only-File) feature be disabled in the
master node, which logs updates into persistent storage, as this aggravates the burdens
of the master node [6]. Ceph supports the configuration of storage devices differently
depending on the requirements of the application [34] and/or its functionality [35]. As an
example, in relation to this method, the concept of device classes was recently introduced,
with user level interfaces provided with which users can deploy the best-fitting storage
devices for their objectives [34]. By making use of this approach, Ceph users can assign state-
of-the-art storage devices, such as SSDs, to the primary data node while using massive and
inexpensive storage devices, like HDDs, for the remainder of the data nodes [36,37]. These
approaches and our work have similar motivations, but they were introduced at different
levels. To the best of our best knowledge, Concerto is the first approach to consider clock-
speed scaling from the viewpoint of the distributed systems, focusing on heterogeneous
performance constraints across data nodes.

4. Design of Concerto

In this section, we describe Concerto in detail. To reinforce the practical aspect of
the proposed technique, we explain Concerto in the context of Redis in the form of a
case study.

4.1. Overview

Concerto as presented here takes advantage of the fact that performance constraints
are disparate across instances in distributed systems. Master instances have a great impact
on user-perceived performance and, thus, necessitate high data processing capabilities.
In contrast, as replica instances act as a substitute for the original corresponding dataset
in a sudden failure of the master, they scarcely affect the user experience during normal
operations. Based on this property, we present the novel DVEFES policy called Concerto,
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which deliberately scales down the processor speed when they are used to process replicas.
This policy can allow for energy savings with a minimal loss of performance.

The Concerto power manager configures the kernel to use the userspace gover-
nor to control the processor speed as the governor allows a user process to adjust the
processor speed as needed. In our implementation, the power manager associates each
instance with the specific core on deployment time and shares the information with them.
When an instance starts running, it figures out whether it is a master or a replica in
distributed data systems, and it sets the frequency of associated core accordingly by mak-
ing use of the sysfs interface. The sysfs is the pseudo-file system interface provided
by linux kernel to adjust the frequency of CPU. By writing the proper number into the
virtual file (cpufreq/scaling_mad_freq) internally linked with the processor frequency
modulator, the user applications sets the processor speed as desired. Once the processor
frequency is all set, the instance sets its CPU affinity to the corresponding core using the
sched_setaffinity library [38]. By doing so, Concerto executes the master for the core to
run at full speed and the replica for the core to run at slow speed.

This architecture makes sense because modern processors typically have several cores
and allow separate adjustments of the P-state levels for each core. In this study, the fast cores
for the masters run at the full speed (2.20 GHz), while the cores assigned to the replicas
are forcefully scaled down to a lower speed (1.0 GHz). The Concerto power manager
automatically detects dynamic changes of the processor speed and resets the processor
affinity of the data nodes as necessary.

4.2. Read Path Offloading

One primary intention for replication is to reduce the read latency. By servicing data
from a node geographically close to the user, data systems can achieve low latency for
reads. For this reason, most distributed data systems allow read operations to replicas,
while granting writes only for the master. In Concerto, read queries sent to replicas can
experience a performance penalty owing to the scaling down of the processor.

One possible approach by which to mitigate this shortcoming is by adaptive processor
throttling. By temporarily increasing the processor speed for read operations, we can
prevent the read latency from increasing due to DVFS. This mechanism has an advantage
in that it can be applied to single-threaded data systems, such as Redis. However, changing
the processor speed frequently for every read query imposes excessive overhead. It not
only requires the software overhead to configure the speed through the virtual file system
but also adds transition overhead when changing the CPU frequency. This cost outweighs
the benefit of processing read queries at high speed.

Based on this observation, Concerto resolves this problem by separating the read
and write paths and executing the read operation with a thread running at full speed.
To this end, Concerto selectively scales down a subset of the cores and forces the read
path to run on the fast-running core. However, realizing concurrent reads and writes in
the single-threaded data systems comes at another cost. It significantly increases the code
complexity required to resolve the conflict between the concurrent reads and writes. In
addition, employing a weaker consistency model, such as snapshot isolation, is inevitable,
leading to a decrease of the consistency level of the data system.

To strike a balance between the cost and benefit, we present a partial offloading
scheme. This scheme processes the part that requires complex coordination between reads
and writes using a single thread called MainThread, while offloading the part that can be
executed independently in the read path to another thread, called ReadHandler. To this end,
we investigate which part of the read path can be offloaded in Redis. Figure 2a provides a
breakdown of the read latency for the three steps of the request in Redis. Redis-0RG and
Redis-CNCT show the read latency when executing the replica at a high frequency and
at a low frequency, respectively. In the first step, Redis records the arrival of a request at
the socket and fetches it from the kernel buffer, after which decoding takes place (S1:FET-
DECQ). If the request is distinguished as a read request, Redis searches the hash table using
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the given key to retrieve the address of the associated value (S2:DB-SRCH). Lastly, the
retrieved value is encoded using the Redis protocol and transferred to the client over a
socket communication (S3:ENC-TRN).

S3:ENC-TRN ===
S2:DB-SRCH mmmmm A
S1:FET-DEC mmmmm (‘Redis-Concerto
25 T T

[ Concerto Power Manager ]

20 | R Master gfg Replica %fc)t):
ockef

—)

: Main } Read
[ Main Thread ] [Thread Handler

\ J
sysfs / sched_affinity

Latency(us)

[ Operating Systems ]

m cl §\\$ S Core w. high frequency

- Core w. low frequenc;
T [ Core . fow frequency
" ] " G2y PE3 \‘\\\ c7
Redis-ORG Redis-CNCT Redis-CNCT+ AR Y

(a) Read latency breakdown for replica. (b) Architecture of Redis with Concerto.

Figure 2. Read latency analysis and overall architecture of Redis with Concerto.

The first two steps are not appropriate for offloading. In the first step, Redis cannot
determine the type of request. The second step requires access to the database, which is the
critical section for concurrent reads and writes. In contrast, the last step can be offloaded
because it has no dependency with other write operations. Although the value is updated
during the ReadHandler access step, Redis updates the value in an out-of-place manner;
thus, there is no contention between threads to access the value. Moreover, Figure 2a shows
that the last step accounts for a large portion of the read latency and, thus, incurs the most
significant delay when the processor scales down. Here, 67% of the delay occurs during
the process of encoding and transferring the data. Based on this observation, Concerto
offloads it to ReadHandler such that encoding and transferring value to the end user can
be done at full speed. For a fluid execution of the read operation, we use a lock-free
queue for inter-thread communication. MainThread enqueues the request into the lock-free
queue when the value is retrieved from database and wakes ReadHandler to process it.
Consequently, as shown in Figure 2a, the increase in a read latency caused by the scaling
down of the processor is reduced to one third with read-path offloading (Redis-CNCT+).
Figure 2b depicts the overall architecture of Redis with Concerto.

4.3. Replication Lag Analysis

The replication lag refers to the delay between a write occurring to the master and
being reflected on the replica. When the replica has long write latency, the replication lag
inevitably increases, leading to the provision of more stale data in the replica and increasing
the risk of data losses in the failure. In addition, a long replication lag indicates to the
master that a problem occurs in data transmission, causing it to re-transmit data to the
replicas. This is termed partial synchronization, and it unnecessarily increases both the
master-node burden and the network traffic.

However, our experimental analysis shows that it is unlikely for the above situation to
occur in practice. Figure 3 shows the propagation rate of the master and the data processing
time in the replica with and without the scaling down of the processor. This result is
obtained by measuring the duration of each component in Redis, running the memtier
benchmark with one million SET operations. Each operation has a 16 B key and a 1 KB
value. We run Redis with a single master with two replicas. The numbers are the averages
of the overall results. In the figure, we find that the processing speed of the replica greatly
exceeds the propagation rate even when the processor scales down. The write request from
the master arrives once every 77.69 us on average, while the corresponding processing time
takes 10.98 us and 22.28 us on the replica when the processor runs at full speed and when
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it scales down, respectively. Because the master is responsible for more functions than
the replica, such as responding to client and synchronizing replicas, it has much longer
processing time per request than the replica.

77.69us (100%)

Propagation Rate l 1
10.98us (14.1%)

Processing Time

(2.2 GHz) C]

22.28us (28.6%)

Processing Time I
(1.0 GHz)

Figure 3. Comparison of the propagation and processing rates of a write operation.

Figure 4 shows the write path of the master and of the replica, respectively. The
master initially reads the data from the kernel buffer to the query buffer and applies it to
the database. Subsequently, it maintains the data within the two buffers: backlog buffer
and propagate buffer. They are needed to propagate the data safely to the replicas. In
contrast, the replica only performs the first two steps. As a result, the master undertakes
data copying six times in total, while the replica does this only three times. For this reason,
the propagation rate of the master lags the processing speed of the replica, even when the
replica runs on the scaled-down processor. This outcome shows that, although the write
latency increases by nearly two times, it can be hidden because write processing is finished
before the next request.

Master Replica

Query buffer

R

Database Database

|
Backlog buffer

Propagate buffer

Figure 4. Write path of master and replica in Redis.

Query buffer

5. Performance Evaluation

To evaluate the effectiveness of Concerto, we implemented it on Redis 6.0.1. We
performed experiments using a prototype on an Intel(R) Xeon(R) Silver 4114 processor
with ten cores. Table 2 shows the P-states available in the processor. The cores assigned
to the master run at the full speed (2.20 GHz), while the cores mapped to the replicas are
scaled down to the lower speed (1.0 GHz). For the experiments, we deployed a single
master and two replicas with Redis, communicating via a socket connection on the same
physical machine. This configuration minimizes the effect of any network delay on the
performance measurement, highlighting the strength and drawbacks of Concerto. Note
that this setting shows the lower bound of the performance with Concerto because its
impact on the performance decreases as the network delay increases. We investigate the
performance and energy tradeoff of Concerto using the Memtier benchmark [39] and the
YCSB benchmark [40].

5.1. Benchmark through the Master

Figures 5 and 6 show the IOPS and energy consumption outcomes of Redis when
running the Memtier benchmark. We generate one million SET and GET operations varying
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the value size from 256 B to 2 KB. In the figures, we compare the performance and energy
consumption of Concerto (CNCT) with those when executing all nodes at a high frequency
(ALL-H) and at the low frequency (ALL-L). Figure 6 presents the energy consumed by the
processor during the execution of the benchmark; this value is calculated by multiplying
the power and the total elapsed time for each configuration. For comparison, we plot the
energy consumption for two different cases: when a master runs with a single replica (M-R)
and with two replicas (M-2R). This is done in an effort to observe the energy consumption
trend as the replication factor increases.
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With respect to energy efficiency, ALL-L achieves the most significant savings, reducing
the energy consumption by 54% compared to ALL-H. However, it inhibits the performance
significantly, decreasing IOPS by 36% and 15% on average for SET and GET operations
compared to ALL-H. In contrast, CNCT decreases the energy consumption by 27-36%, but
this is achieved while maintaining the performance. CNCT provides throughput identical to
that of ALL-H for both SET and GET operations.

We investigate the effectiveness of Concerto using YCSB benchmarks. The YCSB
benchmark suite has six different workloads, and Table 3 summarizes the characteristics
of each. We initially load one million data items and perform one million operations for
each workload. Figures 7 and 8 show the IOPS and the energy consumption outcomes
for the YCSB benchmark. While ALL-L performs worse than ALL-H by up to 25% (20% on
average), Concerto achieves a performance similar as ALL-H across all YCSB workloads.
This experimental result demonstrates that the performance relaxation in replicas can be
hidden to from the user experience, thus enabling considerable energy savings without a
noticeable performance loss.
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Table 3. YCSB workload characteristics.

WK Description Ratio

Load Initial database establishment 100% Insert
A Session store recording actions 50% Read, 50% Update
B Photo tagging and tag reads 95% Read, 5% Update
C User profile cache 100% Read
D User status update 95% Read, 5% Insert
E Recent post scan in conversation ~ 95% Scan, 5% Insert
F Database 50% Read, 25% Read-Modify-Write, 25% Update

ALL-H @ ALL-L ez CNCT mommmm

20,000

15,000

IR
Rt
e
LXK

10,000

I0PS

3
X

%%
oto%e
%

R
005
roooiesy

RRIRRS
Catetitetetets
S
LEXXBK

%
5

XX
2

otetete

5,000

5
e

%%
oto%?
5%

o2ete%%s

e

Rz
12e%e%
[
o262

Figure 7. IOPS with YCSB.

ALL-H mxxxxxd ALL-L ssmmmm CNCT =<1

%]
o2o25%]

%%
fate%ets

%]

%]
o]
ol
58

%]
o)

ool

2
2
g

2
ot

2
2
e

2

%

o2

%
0%
%%

o

%

e
%

%

o
5
%
o
5
=
K
o
R

0.8

o
%

3%
oot

-
3%

o
2%

-
3%

X%
2a%e%s!

2
3
%
%
X
2
X
%

X
2%
X
B

s
B

%%
R
%
o
X
%%
ot
2%
QR
%%
ot

-
S
S

2%
o2ets

%%
o
3%

o
X
X
o
X
X
~
X

0.6

.,
%
3

‘v
%
o
%

%
2%
%
%
%

0%
2%
2%
o2
0%
2%
2%
X
o~z
2%

Vs ST

e
2020%!

,
X5
2%
2%
ook
2%

028
2%
o2ets

o2

o
,
o

%
s
X
o

3%

XX
S8

-
%

%
o205
%
R
X

—_—_—
otetsts

0.4

2%
S
%
%
23
o
oot
%
S

RRRERX
V. L

R
-
X

,
2%
2
3%
%
o
228
X

2%
2%
3
%
o2l
3

2

2%
2%

3
%
oo
%
oo

%
%%
Satets
o0
%
o
fote
%

%
RESSES

28
I

%

%

Energy(Normalized)

0.2

X
2
e
-

[To3%5%s
[ro2028%

%
%
%
fote
%
%
z
fote

[Toe%%
g

%
%

2%
o2t
o
5

3
3

B
L

;,,
7
e

255

&
e
L

Figure 8. Energy consumption with YCSB.

With regard to energy consumption, Concerto is inferior to ALL-L because we stick to
executing the master node at full speed. Concerto reduces energy consumption by 44%
on average compared to A1LL-H, whereas ALL-L uses less energy than ALL-H by 67% on
average. However, the advantage of ALL-L in terms of energy is largely compensated for
by its performance loss, making it less feasible in practice.

5.2. Benchmark through a Replica

The master-replica model typically allows the replica to accept the read queries,
thereby enhancing the availability and performance capabilities of data service platforms.
This characteristic is at odds with the concept of Concerto because scaling down the
replica can deliver a decrease in the user experience.Concerto is augmented to offload the
independent part of the read path to the fast-running thread. To evaluate the efficacy of the
optimization process, we measured performance by reading data from the replica. Figure 9
shows the IOPS of Memtier and the YCSB benchmarks when sending the read requests to
the replica. For YCSB, we only report the result of workload C because the others include
write requests, and, they, therefore, fail when directed to the replica. We study two versions
of Concerto: CNCT processes all requests (e.g., read requests from users and write requests
from master) with a single thread, and CNCT+ performs the offloading optimization for
read requests. CNCT generates 20% of the performance loss compared to ALL-H, which is
identical to the outcome of ALL-L. However, CNCT+ significantly reduces the performance
gap with the partial offloading technique, which is only 3% on average. Considering that
this measurement is performed under the high-bandwidth network configuration, this
performance penalty will be negligible in practice.
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6. Discussion

Although our study mostly focuses on the Intel Xeon processor and Redis, it can be
generally applied to different architectures and applications. With regard to the underlying
processors, AMD uses a power management technology called AMD PowerNow!, in which
fine and dynamic control of the voltage and frequency of the cores is possible [14]. Similarly,
ARM processors, which have been tailored mostly for embedded systems powered by
batteries but are now seriously considered for use in data centers, provide various built-in
hardware design methods to reduce power usage levels [15]. They not only support the
dynamic on-off switching of the cores (HotPlug) but also allow for modifications of the
clock speed according to the computation requirements (DVFS). Furthermore, Amazon EC2
also supports processor state control (C-states /P-states) of the underlying physical machine
for the several specific types of instances [41]. These processors all empower an application
to optimize power and performance to best satisfy the user’s requirements. With regard to
applications, the relaxation of performance requirement for replicas is not unique in Redis.
Distributed data systems that asynchronously maintain replicas, such as Mongodb [7],
HDFS [10], and Ceph [9], share this property. Taking into account all of these aspects,
we argue that our approach is timely and applicable in a wide range of circumstances,
although the implementation methodologies may vary across different systems.

7. Conclusions

This paper presents a novel power management technique for distributed data sys-
tems called Concerto. Concerto exploits relaxed performance constraints for replicas and
reduces the power consumption by scaling down the processor speed assigned to the
components. The performance penalty that can occur during read operations on a replica
is prevented through partial read-path offloading. Concerto was implemented in Redis
6.0.1, and a performance evaluation using a prototype shows that Concerto substantially
reduces the CPU energy with a limited impact on the performance.
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