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Big data creates tremendous value for humanity, but also places a heavy burden on the environment.
Energy consumption of computing platforms, especially big data processing platforms, cannot be ignored,
and optimization of energy usage is imperative. To the out-of-core data processing, this paper proposes
that the energy efficiency of a big data processing platform is closely related to the utilization of its
computing resources; and an efficient resource allocation strategy for data processing tasks improves the
platform’s resources utilization. To improve the resources utilization, different resources are allocated
according to a task-related Best Resource Ratio (BRR for short), such as “cpu, disk, network in the ratio of
1:2:4”, rather than the resource’s quantity, such as “cpu = 1 GHz, network = 20MB/s”. We deduce the BRR of
data processing tasks, and design a resource ratio based approach (R?), which includes a task scheduling
algorithm and resource allocation algorithm, for energy efficiency optimization. Experiments show that
the R? approach can improve energy efficiency by 10%, 10% and 6% compared to FIFO, Capacity and Fair
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schedulers respectively, by maximizing resource utilization of a 12-node MapReduce platform.
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1. Introduction

Green computing is a hot research topic, and how to optimize
the energy efficiency of a computer system has a long history of
research. This paper studies energy efficiency optimization on big
data processing platforms. A big data processing platform is by def-
inition the computing platform for processing big data. Generally, a
computing platform is a combination of hardware system, operat-
ing system, middleware and runtime libraries. A big data processing
platform has a computing cluster as the hardware system, share-
nothing as its architecture and a distributed computing framework
as its middleware system. The computing framework mentioned
in this paper refers to out-of-core frameworks, such as Hadoop,
Dremel, or Pregel, but not for in-memory frameworks, such as
Spark or GraphX. The framework divides the algorithm into dif-
ferent phases, such as Map and Reduce in a MapReduce platform. In
a phase, tasks are distributed to nodes and executed in parallel. It
is pipelines of work executed across server nodes.

Essentially, there is a hardware stack that processes the data,
and the data only moves along the pipeline, which includes disks,
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CPUs, network cards, etc. Each of these hardware components has
a different rate at which data can be processed (i.e., processing
throughput), which could be theoretically normalized in terms of
bytes processed per second. An optimal resource allocation should
take into account the data processing rate of each component,
otherwise some components will be underutilized, leading to a sub-
optimal resource allocation strategy. For example, if there are only
400 KB/s of disk bandwidth available, there is no point in allocating
10 CPU cores for a given task, as most of the cores will be sitting
idle. By applying this technique, the idle energy consumption is
minimized. This is the basic knowledge of our research.

In computing, performance per watt is a measure of the energy
efficiency of a particular computer architecture or computer hard-
ware [1], such as MIPS/W (Millions of Instructions per Second
per Watt) for energy efficiency of mainframe systems. Following
the hardware definition, energy efficiency of a software is also as
performance (in operations/second) per watt (consumed by the
resources allocated to the software). Comparing with the defini-
tion of energy efficiency metrics in prior works [2,3], we defined
the energy efficiency of a data processing platform or a data pro-
cessing task as the ratio of the data processing performance and
the energy consumed by the allocated resources. The quantitative
definition is given in Definition 4 in Section 3. In this paper, energy
efficiency is abbreviated to EE. We optimize the EE of big data pro-
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Fig. 1. A brief example of R? approach to improve the resources utilization.

cessing platforms by improving their resource utilization. Firstly,
we clarify the following concepts:

(1) The computing resources of a node, such as CPU frequency or
cores, and I/O bandwidth of disk and network, are allocated
to the task to process data, and consequently also consume
energy. There are many different tasks synchronously running
onanode. Resources of the node are allocated to each task inde-
pendently, and isolated in a runtime environment such as a slot
in Hadoop.

(2) An EE of a data processing platform or a data processing task is
the ratio of processing performance and energy consumed by
computation resouces, which is proportional to the ratio of “the
data processing performance” and “the energy consumed by its
resources”. According to this, the EE is optimal when there is no
idle resouces, for all enegy consumed by resources are used in
data processing.

(3) During the execution of a task, the allocated resources may
be idle. For example, a CPU is suspended while waiting
for 1/O operations or network transmission. Let a computer
component represent a resource. There is no component
whose standby power is zero. Ideally, let the power of a
component at time t be p(t)=kw(t)+py, w(t) is resource uti-
lization at time t, and k is a positive constant, pg is standby
power. When the component is full-loaded, w(t)=1, p(t)=k + pg;
when the component is partly idle, energy wasted during
period T is wasted_energy =consumed_energy - utilization()
xfull loaded_energy = [r[w(t)k+poldt - [rw(t)(k+po)dt =
pofT[l—a)(t)]dt. Therefore, the idle resources waste energy,
which is defined as idle energy consumption.

(4) If there are no idle resources, all the consumed energy con-
tributes to the data processing and there is no idle energy
consumption, then the EE of the task is optimal. Idle resources
may not be eliminated but can be reduced by an efficient
resource allocation strategy under the condition of the tasks
are sufficient.

The existing research about EE optimization are “workload con-
centration” and “idle nodes power-off”. But in big data processing
platforms, data is stored in nodes. Nodes should be dlways-onand
are expensive to switch off for the following reasons: Firstly, it
is seldom that a node is totally idle because it continuously pro-
vides a data service; Secondly, the intermediate results of a task
are stored on the local disk for further processing; Thirdly, synchro-
nization of tasks, such as Map and Reduce phases in a MapReduce
platform, requires always-on nodes, otherwise all the other nodes
are blocked and waiting for their startup. Thus ON-OFFilgorithms
[4,5] are difficult to be applied in big data processing platforms. In
this paper, under the condition of sufficient tasks, we take the com-
puting resources into consideration. If the resources of a task are
fully utilized, the EE of the task is maximized; and if the EE of every
task on a node is optimal, the EE of the node is optimal. To optimize
the EE of the platform, we should try to ensure that a proper amount
of resources are allocated to every running task, and minimize the
idle resources in the platform.

As previous definition, the EE of a task is “performance/energy”.
On one hand, allocating more resources to a task may not improve
its EE because both performance and energy consumption are
increased. On the other hand, unreasonable resource allocation
leads to resource redundancy, with the consequent issue of idle
energy consumption. Therefore, we argue that when the amount
of resources allocated to a task satisfies a certain proportion, EE is
a constant no matter how much resources are allocated. Moreover,
there is an optimal ratio, which is defined as the Best Resource Ratio
(BRR for short), that results in the highest EE. This paper proves the
existence of the BRR by formal deduction and experimental verifi-
cation. We then designed the resource ratio based approach (R?),
which includes task scheduling and resource allocation algorithms.

Fig. 1 shows an example of the BRR and R? approach. The four
tasks in a queue are shown in Fig.1-(a); and the available resources
on both node A and node B are shown in Fig. 1-(b); For the tradi-
tional scheduling approach such as FIFO, task 1 is selected fristly
and allocated to server A, and task 2 is allocated to server B, there-
fore, both node A and node B produce much idle resources due
to the unmatched resource requirement, as shown in Fig.1-(c);
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For R? approach, as shown in Fig. 1-(d), according to the avail-
able resources and BRR of tasks, task 1 is not scheduled because its
BBR is not matched the remained resources of both node A and B,
while task 2 and 3 are scheduled to node A, and task 4 is scheduled
to node B, according to the available resources and BRR of tasks;
afterwards, the resources of node A and B are allocated to their
tasks, respectively. Using such approach, there is a minimum idle
resources in each node, and each task satisfies its resources require-
ments. Fig. 1 is a brief example about the proposed approach, for
instance, resources of node A are re-allocated to the three tasks
according to their BBRs after scheduling (the same as node B), such
strategy are abbreviated in Fig.1.

Based on the previous description, the following three ques-
tions are studied for EE optimization: Firstly, what is the criterion
of resource allocation for a task? Secondly, which task should be
scheduled next when a node is available? Thirdly, how to allo-
cate the resources in a node to the tasks on the node. Obviously
the first question is the critical one. Resource allocation is a classic
topic in different environments with different objectives, such as
performance, fairness and adaptability. Aiming to optimize EE of
the platform, the main innovation of this paper is BRR based task
scheduling and resource allocation, rather than resource quantities
based scheduling and allocation.

The structure of the paper is as follows: Section 2 introduces
related work; Section 3 introduces the resource and EE model; Sec-
tion 4 deduces the BRR of a task theoretically; Section 5 proposes
BRR based task scheduling and resource allocation algorithms; Sec-
tion 6 proves the existence of the BRR and shows the optimization
effect of the R? approach; Section 7 discuss the application scenario
of BRR. Section 8 concludes the paper and proposes future work.

2. Related works

A task’s EE is the ratio of its performance to its energy consump-
tion, so we must consider the balance between performance and
energy consumption. There are two different opinions about this
balance in current research. Prior work [6-8] argue that energy
consumption and performance are different objectives. Following
this opinion, optimization is a trade-off since improving perfor-
mance brings with it higher energy consumption, whereas reducing
energy consumption necessarily causes lower performance. How-
ever, Tsirogiannis et al. [9] and Wang et al. [10]. argue that the
optimization of energy consumption is consistent with that of per-
formance, which is the reason why the best energy-saving system
is also the one with the best performance. Conceptually the for-
mer conforms to hardware design, that is, faster equipment has
higher power consumption; while the latter accords with softwares
design that aims to save energy by reducing execution time. The
different opinions come from different assumptions. The former
does not take idle energy consumption into consideration, and the
latter neglects the instability of computer power. For example, sup-
pose a computer has two modes: green mode has the lowest power
consumption, such as 50 W, and the worst performance, while per-
formance mode has the highest power consumption, suchas 100 W,
and the best performance. Then a task running in green mode for
2 min, consumes as much energy as a task running in performance
mode for 1 min. However, in a big data processing platform, the
energy consumption is more dominated by idle energy consump-
tion than by the dynamic computer power [11].

The energy consumption optimization approaches are catego-
rized into hardware optimization and software optimization. The
hardware optimization includes the components “on-off” algo-
rithm [4,5], which observes the workload of each component, and
turn it off when it is idle. In addition, performance scaling tech-
niques, such as dynamic voltage and frequency scaling (DVFS) [12]
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Fig. 2. The phase types.

adjust hardware performance dynamically according to its power,
providing high-power mode for high performance, and low-power
mode for energy saving. Software optimization is used in both
stand-alone [13] and cluster environments [14]. Some software
approaches focus on the characteristics of tasks or a task queue
instead of “workload concentration” and reduce idle energy con-
sumption by improving resources utilization. Venkatesh et al. [15]
adjust the CPU frequency according to its utilization to optimize
energy consumption; Wang et al. [16] designed a task schedul-
ing algorithm for improving resource utilization; Yong et al. [17]
propose a dynamic slots mechanism to save energy and improve
performance by increasing CPU utilization. These task-specific opti-
mization approaches improve task EE through fully utilizing the
allocated resources, and they mainly consider the quantities of one
or several specific resources. In this paper, we consider the ratio of
several resources, hence differing from those approaches.

In an application co-location environment, resource contention
and sharing are related technologies for performance or energy
consumption optimization. For CPU and disk resource, Manousakis
et al.[18] take the data-access into consideration, they proposed an
energy profiling tool for task-parallel programs, by which the data
locality and memory access patterns could be concluded, and fur-
ther avoid the resources contention by a task scheduler. For CPU and
memory resource, Dauwe et al. [19] study the multicore processors
system, and proposed a method of predicting the application per-
formance and energy consumption under application co-location
environment. For CPU and network resource, Leal [20] presented
performance based scheduling and self-adjusting resource sharing
strategy that reduce computing power and communication band-
width, and hence reduce algorithm’s total communication cost and
power consumption. The main idea is to restrict to the maximum
the number of needed messages per job scheduled. Xu et al. [21]
presented a task scheduling algorithm on heterogeneous system
with multiple priority queues. The Communication to Computa-
tion Ratio (CCR) can be used to indicate whether a task graph
is communication-intensive or computation-intensive. For tasks,
CCR is computed to determine what kind of resource is needed.
With CCR, multiple priority queues scheduling algorithm provide
better support for heterogeneous system by supporting various
tasks. All these works took CPU resource into consideration because
of which is the default resource for any application. Beside CPU,
another resource is characterized and modeled for contention. In
our approach, we focus on a data processing task, in which all data
is processed by CPU and via memory. We divide a task into paral-
lel phases. Each phase is associated with memory, CPU and another
resource. Beside memory, the other two resources are as a data pro-
ducer and a consumer (see Fig. 2). We characterized the required
resources of a task by the aggravation on the required resources of
its phases. Consequentialy, all resources are considered.

Some works study the contention of all resources by dividing
tasks into CPU-intensive, disk-intensive, I/O-intensive, memory-
intensive and network-intensive [22]. For eample, Zhu et al. [23]
propose a scheduling strategy called green scheduling that makes
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the tasks, whose resource requirements are complementary, exe-
cute in parallel. For example, the strategy increases the possibility
of CPU intensive tasks and I/O intensive tasks running simulta-
neously. Similarly, Sheikhalishahi et al. [24] divided the workload
into compute, data, memory, communication intensive, and then
proposed autonomic resource contention-aware scheduling that
reduce resource contention by sharing one resource among multi-
ple tasks simultaneously. These works lack the quantified analysis
about resources utilization, and not propose the concept of resource
ratio. In our paper, the BRR model quantitatively defines what
complementary resources are required by tasks. Unlike “resource
intensive”, “resource ratio” shows how much multiple resources
are proportionally required by a task. For a task, the best resource
allocation is not the maximal resource allocation but the alloca-
tion in an appropriate resource proportion, and typical variation
of energy per task with utilization (of a single resource) can be
expected to result in a concave curve. The best resource ration
should be the objective of resource management.

In our approach, the BRR of tasks is deduced, and then the task
scheduling algorithm selects a suitable task from the task queue
and schedules it to a suitable node, while the resource allocation
algorithm allocates resources to the task according to its BRR. It
aims to improve resource utilization instead of maximizing or bal-
ancing the resource quantity, which is the essential difference to
traditional approaches.

3. Resources and energy efficiency model

Resources in computer systems mainly include hardware
resources, network resources, software resources and data (con-
tent) resources, and the first two consume energy directly, through
usage of the central processor unit (CPU), memory, external mem-
ory, I/O devices, network adapters, etc. In this paper, computing
resources are the abstraction of hardware and network resources.
If the cluster is built using virtualization technology, resources are
the physical hardware assigned to the virtual node.

Definition 1 (Resource quantity). Resource quantity is a measure-
ment of the quantity of computing resources allocated to a task
or consumed by a task. Quantity of both allocated and consumed
resources is time relevant. At time t, there are n resources for a task,
the notations are shown as follows:

(1) r;(t) is the resource quantity of the i-th resource consumed
by the task;

(2) r;’(t) is the resource quantity of the i-th resource allocated to
the task;

(3) Ari(t)=ri’ (t)- r; (¢) is the idle resource quantity of the i-th
resource allocated to the task;

(4) || is the total quantity of the i-th resource in the node;

The quantity of different resources should have a uniform unit
of measurement to allow the calculation of ratios. We define the
unit of resource quantity to be MB/s. For a data processing task,
the disk resource quantity r4(t) and the network resource quantity
rn(t) represent bandwidth of disk and network, respectively. The
CPU resource quantity r-(t) represent how much data being pro-
cessed by the benchmarked data processing task. The well-known
linear search is an algorithm for finding a particular value in a list
that checks each element in sequence until the desired element
is found or the list is exhausted. It is chosen as the benchmarked
data processing task because its linear complexity can easily be
compared by other algorithms. The CPU resource quantity follows
definition 2.

Definition 2 (CPU resource quantity). Let F(t) be CPU frequency
(GHz), and W(t) be CPU utilization (dimensionless) at time t. Then
CPU resource quantity at time t is defined as C-F(t)-W(t), whose unit

is MB/s. The unit of coefficient C is MB/(s-GHz), while C MB/(s-GHz)
means a 1 GHz CPU can search C MB data per second using a linear
search algorithm.

Please notice that the “linear search” is a benchmarking to
quantified CPU resource. Definition 2 is a measurement to CPU
resource, not a measurement to algorithm. With definition 2, we
can illustrate that: a CPU resource is 400 Mb/s, which means it can
linearly search 400Mb data per second, or we allocate 100MB/s CPU
resource to a sorting task, which means “the computation power
of linearly searching 100MB data per second” is to the task.

Definition 3 (Throughput). Given a task, the throughput of the i-th
resource, denoted as v;(t), is the speed of the data being processed
via the i-th resource (MB/s), on condition that r;’(t) is allocated and
r;(t) is consumed at time t.

For example, for a task at time t, CPU throughput v.(t) is the data
volume being processed by CPU on condition that r.’(t) is allocated
and that r¢(t) is consumed; disk throughput v,4(t) is the data volume
being read from or written to the disk on condition thatr;'(t) is allo-
cated and ry(t) is consumed; and the same for network throughput
vn(t).

For a task, throughput of a resource v(t) and consumed resource
r(t) are not equal. On one hand, CPU throughput v.(t) is not equal
to consumed CPU resource r¢(t), because the complexity of the task
may not be the same as that of linear search algorithm. On the other
hand, big data processing algorithms are out-of-core algorithms,
and the processed data is stored not in random-access memory but
sequential-access disk, so that disk throughput v,4(t) and network
throughput v,(t) are not equal to consumed disk resource r4(t) and
consumed network throughput r,(t), respectively, for the size of
data item which is processed by the task is not equal to the size
of data block which is retrieved from the disk and network. For
CPU resource, let 6. be the average times of same data item being
processed; For disk (or network resource), let 6,4(6,,) be the ratio of
data items size and data block size. Then:

v(t) =f(r)r(t) f(r) =6 if r is CPU resource, f(r) =04(6n)

if r is disk (or network) resource (1)

The EE of a task, is the ratio of “processed data volume” and
“energy consumed by the allocated resources”. Resource allocation
is exclusive so that energy consumption is for allocated resources
not just for consumed resources, this then includes idle energy
consumption. For the instantaneous value of EE, the “processed
data volume?” is the task throughput, and “energy consumed by the
allocated resources” is “power x resource occupancy (%)”.

Definition 4 (Energy efficiency (EE) of a task). For a task at time ¢,
the energy efficiency 7n(t) is the ratio of the throughput V(t) and the
energy E(t) consumed by the allocated resources.

n

N /1 R « Ay
n(t)=> ni(t)= Zp,- CEACIL ;xl(t)ﬁm

i=1 i=1

n, |
r (r)(k'(t) T opi(h)

1

(2)

In (2), p;(t) is the power of the i-th component at time t. The unit
of EE is MB/Joule. Because p;(t) is hardware specific, r;(t)/r;’(t), which
represents resources utilization, is the element to be optimized in
this paper. It is impossible that n resources are all somehow idle
because the bottleneck resource is used up firstly. For example,
in an I/O intensive task, the CPU may be blocked by I/O operations,
while the I/O resources are fully utilized and CPU resources are idle.
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The maximum value of r;(t)/r;’(t) is 1 where r;(t)=r;(t). Therefore,
maximum EE occurs at time t on condition that every quantity of
allocated resources is equal to that of the corresponding consumed
resources. BRR can be determined through quantity of consumed
resources.

Definition 5 (Best resource ratio (BRR)). Foratask, itsresource ratio
at time t is the ratio of each allocated resource quantity. If there are
n resources, and let a(t) be the resource ratio, then

a)=r1'(O):r2'(t): ... 1 (t) (3)

The BRR of a task is simply defined as above, but there remain
three challenges to be solved: (1) definitions 1-5 are resource and
EE models of time ¢, it is a real-time model, task scheduling and
resource allocation cannot be triggered in real-time to satisfy the
BRR. (2) Theoretically, BRR is a ratio of consumed resources, but it is
infeasible to test BRR of tasks by various combinations of resource
allocation. An approach to deduce BRR is required. (3) Memory is
a special resource particularly in big data processing platforms.
Out-of-core algorithms treat memory as a buffer rather than data
storage, thus the memory allocated to tasks is never idle. The size of
allocated memory affects the utilization of other resources. There-
fore, memory should be treated as a restriction of BRR, but not an
element of BRR. To solve the above three challenges, we will deduce
BRR (CPU, disk and network) under the restriction of memory in
section 4.

4. Best resource ratio

On one hand, it is too simple to treat an entire task with a sin-
gle resource model since the task contains different phases which
process data in different ways; On the other hand, the resource
model at time t is also too transient since the resource require-
ments do not change so frequently. Therefore, we divide a task
into fine-grained phases according to its resources utilization, and
then deduce the BRR of the task through analyzing each phase. In
terms of data processing, a phase is an operation during which
two resources exchange data through memory, and a task is the
sequence of phases. In terms of throughput, a phase is a duration
in which task has a stable throughput. In terms of resource, a phase
is the abstraction of the resource’s utilization regularity.

Definition 6 (Phases and phase type). In a data processing task, a
phase is the most fine-grained form of computing model. A phase
is a producer-consumer model, in this case one resource provides
data while another resource consumes data. The memory is the
buffer for data exchange. The buffer supports the non-conforming
speed (throughput) of providing data and consuming data. In a
phase, data provided by a “data provider” streams into memory,
while data consumed by a “data consumer” streams out of mem-
ory. There are four types of producer-consumer models, and we
define them as phase types: cd, cn, dc and nc (see Fig.2). The phase
types are “models”, and the phases are “instances”.

The phase types are used to make it easier to deduce the BRR
of a phase. A phase h can be expressed by an ordered pair h =<
¥, «— r >.T is the resource (data provider) that puts data into the
memory by speed v; «— r is the resource (data consumer) that gets
data out of the memory by speed <— v. Two resources process data
is different throughput because there is a buffer (memory) between
them. Phases are the partitions of a task’s execution duration. In
section 3, functions r(t), v(t) and a(t) at time t are converted to
the functions r(k), v(k) and a(k) at phase k. Moreover, all the nota-
tions are for the k-th phase in this section, thus we abbreviate the
function argument k to simplify the equations.

Definition 7 (7 function). Given the k-th phase h =<7, «— 1 > of
a task, the 7 function returns the execution time of this phase.

T =t(h) = t(F, «— 1) (4)

Suppose that ¢ is the size of memory which is allocated to a task
exclusively, and &g is the size of data actually stored in memory,
thus for any phase ¢qg < ¢. All phase types require the CPU resource
and at least one of the disk and network resources. Memory is a data
buffer (read or write) for the resource with the largest throughput.
Let M be the size of processed data, and the execution time of a
phase is the time that un-buffered resource processes M data set:

M
= min(@, <— v) )
According to (4) and (5)
- M V< <«—v,a=1
,<—T)= - 6
R T TPy {vz<—v,a=0 ©

The basic idea of deducing the BRR of phases is to take advantage
of the data relationship between data producers and consumers. If
there is no memory cache, the throughput of the data producer
is equal to that of the data consumer. The memory is fixed-size
storage, the data producer is blocked when the memory buffer is
full and the data consumer is blocked when the memory buffer is
empty.

Suppose phase h =< F, «— r >, the speed (throughput) of pro-
ducing data (inflow to memory) and consuming data (outflow from
memory) is < U, «— v >, and the execution time is T. When (7)
is satisfied, resources cannot be blocked and there are no idle
resources:

T-(0—<«—v) e [~¢o,¢] (7)

If T-(0— «—v) > ¢, the data producer (inflow to memory) is
blocked and idle. Similarly, if T - (v — «<— v) < —&p, the data con-
sumer (outflow from memory) is blocked and idle. According to the
definition of the t function and the relationship between resource
throughput and resource quantities, (7) is transformed to (8).

Mﬂ~[f£?o)t-?—f(<—r)‘<—lr7]a < [—¢o.¢] {Ti< <—v,af1 ®)
@) -F1% - [f(«—1)- «—7] V> <«—v,a=0

The BRR, which is closely related to the size of allocated memory,
has multiple possible values. Let &g = ¢, we take boundary conditions
into account, so that the memory is filled when it is the data output
buffer, and is empty when it is the data input buffer. Then:

When a=1inEq. (8)

MA[f(F)~F—f(<—r)-<—r]:_€:>
F(7)-7

_ T _M~f(<—r)
BBR_<—f_M-f(F)+e ®)
When o =0in Eq. (8)
M-Lf(?)-?—f(<—r)-<—r]_

fl—n-—r =& =
BBR — o M-fl«—r)+e (10)

—7r M -f(7)

The BRR of a task is in form of “rc:rg:ry”. Let a task contain s
phases, and the BRRs of them are “rclirglirg1”, “rc2irg?:ra2”, ...,
“reS:rgS:rpS”. For deducing BRR easily, assume there are only two
resources in each phase, with the CPU resource being the essen-
tial one, and disk or network resources are secondary. Therefore,
for each k-th phase, rz% or r;* is zero. Actually, phases are exe-
cuted in parallel. The aggregation on phases’ BRRs aims at taking
parallel execution into account. For example, the parallel “1:1:0”
and “1:0:1” can be aggregated into “2:1:1”. We aggregate the same
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resource elements of n BRRs, for example r.!, rc2,. . ., 15, to the sum
of them.

5. Task scheduling and resource allocation

This section introduces Resource Ratio (R?) based task schedul-
ing and resource allocation. The R? approach allocates resources to
the selected tasks to satisfy their BRR. The R? approach could be
adopted in big data processing platform where: BRRs of tasks are
known, and there is a sufficient number of tasks.

Definition 8 (Task scheduling). The task scheduling algorithm
selects the optimal task from task queue when a node requests
a new task. The selected task is one whose BRR is proportionally
congruent with the unallocated resources in the node. Let vector r
={r1,12,...,m} be the unallocated resources in the node, and vector
a={aq, ay, ..., an}be the BRR of a task. Cosine similarity of the two
vectors, a and r, is adopted.

After scheduling, both the selected tasks from the task queue
and the incomplete tasks on the node are allocated (or re-allocate)
the node’s resources.

Definition 9 (Resource allocation). Let n resources be allocated (or
re-allocated) to the m tasks on the node, the nxm matrix A= [a,-j]n «m
represents the BRR of m tasks, and the nx1 column-matrixr=[r;] n1
represents the unallocated resources. Resource allocation is defined
as assigning r to m tasks resulting in the matrix r'= [r;;’] nxm which
satisfies following conditions:

Condition (1): Vje[1,m], ryj i rajt ... i rpj'=ayj: dpji ... & Gy

m
Iy — E ri,j
i

minimize o

n
Condition (2): Minimize A, andA = Z
i=1

m>1, to
2

m n m n
1 7 1 7
DM PR
j=1 i=1

j=1 i=1

Condition (3): When ando =

Condition (1) means that resources allocated to each task sat-
isfy its BRR. Condition (2) means that the unallocated resources
are minimized. Condition (3) means that the resources allocated to
each task are balanced in order to ensuring the fairness. We define
“unitary resource allocation” when m =1, and “plural resource allo-
cation” when m>1.

Solving the result matrix r’ of unitary resource allocation is sim-
ple. Without loss of generality, let BRR of the task be aq: a;:...:
ap, and x=min(rq /ay, r2/as,. . ., rp/an), then the optimal allocation is
r’=x-a. It is easy to prove that the x-a satisfies conditions (1)-(3).

Solving the result matrix r’ of plural resource allocation is com-
plex. We consider the condition (1) firstly. If there is a matrix x= [x;]
1xm Satisfying A-x=r, then the resources allocation x satisfies BRR of
every task without unallocated resources. Besides, the i-th resource
allocated to the task j is as much as a;; xx;. The matrix expression of
A-x=r is as follows:

ap ai2 ... aim 5]
dzy dpp ... dym L)

X [x1 X3 Xm ] = (11)
dp1 Ap2 ... Qmn 'n

The matrix x is the solution of the “m-varieties non-
homogeneous linear equation”:

a11X1 +a12X2 + - - -QymXm =11

Qaz1X1 + A22X2 + - - -AomXm = T2 (12)

an1X1 + Ap2X2 + - - -nmXm = T'n

The optimal resources allocation is matrix r'= [rj;"] nxm = [a;; xX;]
nxm if a valid solution for (12) exists. The process of solving (12) is
introduced in Appendix A.

6. Experiments

We employed the MapReduce platform to verify the BRR model
and R? approach. MapReduce is a big data processing platform
running in a cluster environment. This section compares the EE
optimization of R? with other approaches and analyse the overhead
of R2. The testbed is as follows:

6.1. Setup

We evaluate the EE optimization effect through the R2 approach
in the MapReduce platform. The experiment is prepared as follows:

(1) The five use cases shown in Table 1 are simplified to Map tasks
for highlighting resource allocation;

(2) The five use cases are categorized into two types: CPU-intensive
tasks and I/O-intensive tasks;

(3) Tasks are issued by clients continually. There are sufficient tasks
in the task queue.

(4) There are 4 slots on each node for 4 tasks running together.

(5) Tasks are randomly generated from the five use cases, but
the proportion of CPU-intensive tasks to all tasks, denoted as
parameter p, is adjustable. In the experiments, p is 0, 1/3, 1/2,
2/3 and 1;

(6) For comparison, we ensure that the five use cases are of similar
scale by adjusting their input data size. It means the execu-
tion time of single task of each use case is roughly equal in a
stand-alone environment. Therefore, the effects of the resource
allocation and task scheduling algorithms are highlighted in the
multi-tasks environment.

(7) Itisdifficult to distinguish the EEs of different tasks, so EE of the
platform is evaluated. It is a ratio of “number of executed tasks”
and “energy consumption of the platform”.

We implement the R? scheduler in Hadoop because the task
scheduler in Hadoop is a pluggable module. In addition, the “slot”,
in which the Map task of Hadoop is executed, is a Java process
in the operating system. Linux provides comprehensive solutions
for processes management. We compare the following schedulers
(including resource management module):

(1) FIFO (First-in, First-out): It is the default scheduler in Hadoop.
It chooses tasks according to the arriving time. The resources
allocated to each tasks are equal.

(2) Capacity: It supports multiple queues, each of which has tasks
with special resource requirements. When scheduling, the
queue is selected firstly according to its resource features, and
then tasks are selected according to the FIFO scheduling policy
from the queue. For resource allocation, slots occupy equal-
sized memory, while CPU, disk, and network resources, which
are managed by the Linux system, are not restricted.

(3) Fair: Fair scheduling is a method of assigning resources to tasks,
such that all tasks get, on average, an equal share of resources
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Table 1
Experiment environment.
Item Description
Node 1 master node, 11 computing nodes, homogeneous computers of Tsinghua Tongfang Z900, CPU Intel i5-2300

2.80 GHz, 8GB memory, 1TB hard disk.

Operation System

MapReduce version

Programming Environment

Power Measurement

Resources restriction

MapReduce Use Cases and Approximate BRR
(cpu: disk: network)

Hadoop 1.0.2
JavaSE 6

CentOS 5.6, Linux 2.6.18 core, On-demand governor

According to the previous study [25]

Cpulimit [26] restricts CPU resource, and Cgroup [27] restricts disk and network resources

CPU intensive task: m-calculation [28] (1:00~ ' :00™1);Json-Parser(1:2:00~ 1), WordCount [29] (1:4:1)
I/0O intensive task: Descendant-query [30] (1:15:8); Map-Side-Join [31](1:10:12)

oo~ represents a very small number

Parameter BRR: theoratical deduction
Collection CPU, disk, network utilization: Linux sar instructions
(a) Execution time of same workload (100 tasks) Fig. 3 compares the time to complete tasks and energy consumption
300 R2 ®FIFO mCapacity ®Fair with different p values executed with the four schedulers.
_ 750 — 6.2. Time and energy
g 700 . : O
,E Fig. 3-(a) shows the following conclusions:
g 650 - . o
g (1) Whenpis1or0,thereare only CPU-intensive tasks (p=1)orI/O-
g 600 — intensive tasks (p=0), any resource quantity or resource ratio
= ss0 based scheduling does not work because all tasks compete for
the same resources. Due to the tasks being of similar scale, the
500 time to complete the tasks is approximately equal.

P

(b) Energy consumption of same workload (100 tasks)

300 R2 ®WFIFIO mCapacity ®Fair
2
E 700 —
=
2
2 600 —
S
e
S 500
=

400 r

1 0.66 0.5 0.33 0
p

Fig. 3. Comparison of execution time and energy consumption of 100 tasks in dif-
ferent p value.

over time. It is also a resource quantity based scheduling. The
tasks, whose required resource quantities are varied, are allo-
cated with the minimum amount of resources at first from the
resource pool to ensure that each task can survive. When a slot
is available and some resources are idle, the task which requires
for most resources is executed first.

(4) R%: The BRR based task scheduling algorithm and resource allo-
cation algorithm. We extend the slots management of Hadoop,
so that memory is restricted by the Java virtual machine,
CPU resource are restricted by cpulimit, and disk and network
resources are restricted by cgroup.

Again, the time to complete all tasks, no matter what kind of
use case they are, is nearly equal in a stand-alone environment. In
the experiment, we set the number of tasks for each experiment to
be 100, the EE is the ratio of 100 and energy consumption, thus
lower energy consumption represents better energy efficiency.

(2) When pis 0.66, 0.5 or 0.33, time to complete tasks under FIFO is
the worst because it takes no resource requirements into con-
sideration and the possibility of resource competition is high.

(3) When p is 0.66, 0.5 or 0.33, time to complete tasks under R? is
better than that of Fair and Capacity because R? is based on the
resource ratio and the latter two are based on resource quan-
tity. Sometimes the small quantity of resources, which cannot
be allocated by the Fair and Capacity schedulers, can be fully
utilized by a task in R2. The R? scheduler has finer granularity
than resource quantity based schedulers.

(4) The time to complete tasks with an even mix of tasks (p=0.5)
is much better than that of the other two (p= 0.66 or 0.33)
under R?, Fair and Capacity. What's more, R? improves the per-
formance more than Fair and Capacity for the reasons described
above. The Fair scheduler benefits performance more than
Capacity because Capacity schedules the task according to the
resource requirement, but lacks resource restriction so that
tasks on the same node compete for resources. On the contrary,
Fair schedules the task according to the required and available
resource, consequently competition is infrequent.

As shown in Fig. 3-(b), comparison of energy consumption
under various p values are consistent with that of execution time.
However, the relationship between executed time and energy con-
sumption is not proportional because computer power usage is not
stable, but changes with the computer’s working state [32]. By CPU
frequency scaling technology [33], the computer power usage in
the CPU-busy state is higher than in the CPU-idle state. This leads
to the following conclusions:

(1) When pis 1 or 0, the energy consumption under all schedulers
is similar. Energy consumption of CPU intensive tasks (p=1)
is much higher than that of I/O intensive tasks (p=0) despite
the tasks taking a similar amount of time to complete. This is
because CPU intensive tasks place a higher demand on the CPU
than I/O intensive task, which causes the CPU to run at a higher
frequency and consume more power.

(2) When p is 0.66, 0.5 or 0.33, the energy consumption under R?
is less than that under Fair and Capacity, but the optimization
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effects on energy consumption is not as significant as with the
time to complete tasks. This is because R? reduces the amount
of time that resources are idle and consequently the computer
power is higher, which partly counterbalances the optimization
to reduce energy consumption.

(3) Due to the lack of CPU intensive tasks, the energy consumption
under FIFO reduces from p=1 to p=0 because the time to com-
plete the tasks does not change but the computer power usage
is lower.

6.3. Optimization

Fig. 4 compares the optimization effect on time to complete
tasks and energy consumption (the same with EE) under R? with
those under FIFO (a), Capacity (b) and Fair (c). The cases when p=1
or 0 are not included. In the best situation (p=0.5), RZ reduce exe-
cution time by 17% and energy consumption by 10% in comparison
with FIFO; R? reduce execution time by 14% and energy consump-
tion by 10% in comparison with Capacity; R? reduce execution time
by 10% and energy consumption by 6% in comparison with Fair.
Thus, the optimization effect of R? is evident. In fact, the energy
consumption optimization effect should be more significant if the
hardware does not provide a power-saving strategy when it is idle.

6.4. Resource utilization

In order to discuss how resources utilization is improved by R?,
Fig. 5 shows the real-time usage (%) of CPU, disk and network of a
computing node in the platform. To improve readability, only R?,
FIFO, and Capacity are compared in the Fig. 4. We set p=0.5, and the
time axis is trimmed to 600 s.

In Fig. 5, the horizontal axis represents time and the vertical axis
represents real-time resource usage. It can be clearly observed that
resource usage of R? is higher and more stable. Compared with RZ,
resource usage of FIFO is sometimes deficient, for example from 280
to 300s the CPU and disk usage are lower but the network usage
is extremely higher, and a similar situation also appears at about
450s.

6.5. Cost analysis

The overhead of R? consists of three parts: BRR dedution, task
scheduling and resource re-allocation. BRR dedution is based on
the prior knowledge of a task. We statically analyze the data pro-
cessing tasks and deduce their BRR. On one hand, the additional
experiments are performed to collect the throughput of each phase,
on the other hand, the reasonable approximation is also accepted.
However, the cost BRR deduction is not a runtime cost.

The cost of task scheduling, according to the definition 8, is cal-
culation the cosine similarity of the 3-dimensions vectors. The cost
of resource re-allocation consists two parts: the calculation of solv-
ing Eq. (12), and the implementation of resource restriction. The
former one is calculation on matrix, and the later is re-configuration
on virtual machine or Hadoop slot [17]. All the calculation men-
tioned above is performed in parallel. Comparing the out-of-core
big data processing task, the cost of task scheduling and resource
re-allocation is negligible. The experimental results in Figs. 3 and 4
also show the performance advantage of R? with its overhead, even
comparing the lightweight FIFO, Capacity and Fair scheduler

7. Application scenario

R? approach is suitable for the mixed and sufficient workload,
such as the mix of CPU-intensive, disk-intensive and network-
intensive workload. It is shown in Section 6.2 that the diversity

(a) FIFO
20% Time ® Energy
= 15%
R
g
g 10%
L
>
g
s
E %
[S=i
0%
0.66 0.5 0.33
p
(b) Capacity
20% Time B Energy
o
-~ 15%
S
E 10%
o |
g
»
£
g % —
[Sem)
O% T
0.66 0:5 0.33
p
(c) Fair
20% Time ® Energy
0
;\? 15%
=
O
g 10%
>
g
=
E 5% —
0%
0.66 05 033
p

Fig. 4. Optimization effect on execution time and energy consumption (100 tasks).

of resource requirement contributes to solving the resource con-
tention.

The experiments prove the advantages of R? approach in homo-
geneous cluster. As far as the heterogeneous cluster is concerned,
R? approach is theoretically suitable but the advantages remain
to be stuied. For the positive reason, the diversity of resource
quantity among nodes in a heterogeneous cluster benefits to the
task scheduling algorithm because a task whose BRR has more
chances to match a node with the remained resources. For the
negative reason, a heterogeneous cluster introduce an issue where
the resources may be fully utilized, but they are utilized ineffi-
ciently, resulting in worse overall performance. Whereas resource
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Fig. 5. Comparison of resources utilization with different schedulers(p=0.5).

utilization is not the only criterion for the scheduling. For example,
different type of tasks have affinities for which node type they exe-
cute more efficiently on, then BRR should capture and allow R? to
efficiently schedule considering these affinities. In this paper, our
observations with respect to homogeneous clusters are convinced,
however, adapting R? approach to the heterogeneous clusters are
remained to be challenges.

R? approach is suitable for our-of-core data processing tasks
in which memory is not a critical resource, but a larger mem-
ory is better. In R? approach, the memory is the buffer for data
exchange. The buffer supports the non-conforming speed (through-
put) of providing data and consuming data. Memory is a default
resource and not included in BRR, during the BRR deduction, mem-
oryisaparameterinEq.(9)and(10), during the resource allocation,
the memory is allocated to each task averagely. Consequently, the
applicable data processing frameworks are out-of-core ones, such
as Hadoop, Dremel, or Pregel, but not in-memory ones, such as
Spark or GraphX. The MapReduce task is a typical one and be
adopted in the experiment.

In Section 6, experiments adopt MapReduce as the comput-
ing model because of its simplicity and popularity. However, R?
approach can also apply to other task types due to both resources
and energy efficiency model, BRR, task scheduling and resource
allocation algorithms are computing model independent. There is
no MapReduce specified techniques be mentioned in Sections 3-5.
Beside Apache Hadoop, there are also many outstanding frame-
works for processing big data, such as Tez [35] and Drill [36].
Tez is aimed at building an application framework which allows
for a complex directed-acyclic-graph of tasks for processing data.
Drill is designed from the ground up to support high-performance
analysis on the semi-structured and rapidly evolving data coming
from modern big data applications. R? theoretically supports these
frameworks. Further, MapReduce is a batch computing model, Tez
employs a DAG based computing model, Drill employs MPP based
computing model. Due to the variety, integrating R2 approach with
the later two frameworks are our further works.

Finally the aspect of big data processing architecture is dis-
cussed, Lambda architecture [34] is a data processing architecture
designed to handle massive quantities of data by taking advantage
of both batch- and stream-processing methods. Lambda architec-
ture describes a system consisting of three layers: batch processing,
speed (or real-time) processing, and a serving layer for responding
to queries. R approach can serve for scheduling and energy saving
in batch layer.

8. Conclusion

In a big data processing platform, inefficient resource allocation
results in poor resource utilization resulting in idle resources which
consume energy with no processing benefit, decreasing the EE of
the platform. EE can be optimized by improving resource utiliza-
tion. For a task, the maximum quantity of allocated resources may
not result in the best EE. In this paper, we propose the BRR based
task scheduling and resource allocation algorithms. When the ratio
of allocated resources satisfies the task’s BRR, all resources are fully
utilized, so that EE is optimal. The main contributions of this paper
are as the follows:

(1) Proposal of a resource model, BRR and EE, which is suitable for
data processing tasks. Since BRR is a ratio, we unify the units of
various resources to MB/s.

(2) Based on the deduction of the BRR model, we propose an R?
approach including task scheduling and resource allocation
algorithms for big data processing platforms.

(3) We implemented the BRR model and R? approach in Hadoop
MapReduce, to show the existence of BRR and prove that the R?
approach effectively improves the EE for tasks compared with
other resource quantity based schedulers.

As mentioned in Section 7, further work includes adapting R?
approach in the heterogeneous clusters, and integrating it with the
different computing frameworks. Furthermore, the deduction of
BRR should be simplified for practical application of the theory, for
example, using computational complexity to simplify parameters
in the deduction.
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Appendix A.

This appendix describes the solving process of Eq. (12) in Sec-
tion 5. We define that the valid solution x of (12) should satisfy:
each element of x is greater than a given positive constant xg. It
means Axg is the minimal resource a task requires. Referring by the
rank R(A) of the coefficient matrix A, and the rank R(A, r) of the
augmented matrix B=(A, r), (12) has:

Case (1): Unique valid solution iff R(A) =R(A, r)=m;

Case (2): Infinite valid solutions iff R (A) =R (A, r) <m.

Case (3): No valid solution iff R(A)< R(A, 1);

For case (1), the solution is x = ﬁA*r and A =0.In

addition, Condition (2) is satisfied automatically, and Condition
(3) is meaningless due to the unique solution.

For case (2), A =0 and Condition (2) are both satisfied automati-
cally. However, we should find the optimal one from these solutions
to satisfy Condition (3). Since the BRR of a task is a constant and nor-
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malized (see definition 5), and elements in the matrix A are similar,
Condition (3) can approximately convert to Condition (3'):

b
m m

Condition (3'): maximize ox = & E Xj— E Xj
-1 =1

For case (3), we define Ax<r and x>xg as (13):
a11X1 +aX2 + - -AimXm <1

021X1 + Ax2X + - - -AomXm < 12

an1X1 + Ap2X2 + - -GnmXm < I'n

X1 > Xo (13)

X2 > Xo

Xm > Xg

For satisfying the condition (3') firstly, let x;=x,=. . .=xp,=x’, then
(13) is transformed as follows:

m

X’E a;j <
j=1
m

X g Uy <1y
j=1

ap X +apx +---agmx’ <y

ax1X + AxX' + - -AymX <13

AmX + X + -+ -anmX' < Ty

x> Xg

m
X E Gpj < Tn
j=1

X' > Xg

Eq. (14) represents the same issue as the solving of the unitary
resource allocation.
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