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Abstract

Many companies regularly run Big Data analysis, and need to optimize their resource usage considering
cost, deadline, and environmental impact simultaneously. The cloud allows choosing from various virtual
machines (VM) where the number and type of VMs affect the outcome such as the time for data placement and
data shuffle phases, a task’s energy consumption and execution time, and the makespan of jobs. We provide
provisioning and scheduling algorithms to minimize environmental impact, considering the above factors, for
frequently executed MapReduce jobs. To mathematically model the problem and obtain the optimal solution,
we present an Integer Linear Programming (ILP) model and then continue with two heuristic algorithms. We
compare proposed algorithms against a number of rivals using extensive simulations based on publicly available
real-world data. The results demonstrate that our algorithms can achieve near-optimal solutions, e.g., sometime
even within 0.39% of the optimal solution obtained by ILP regarding energy consumption.
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1 INTRODUCTION

The volume of data is steadily increasing. Forecasts such as [1] predict that the volume of digital data in
2020 will be 300 times larger than 2005, furthering the significance of Big Data as well as Big Data Analytics
which are already important needs. MapReduce [2], and its open source implementation Hadoop [3], are
among the prevalent frameworks for implementing Big Data Analytics and applications. With the rapid growth
of popularity in big data analytics, cloud providers have even launched dedicated services for MapReduce
applications such as Amazon Elastic MapReduce (EMR) service [4]. Private and hybrid clouds as well as
MapReduce services have also gained traction due to the advantages the cloud paradigm provides. Big Data
jobs of companies usually involve financially and/or strategically invaluable data of the company, and hence,

transferring this data to public clouds for processing is a constant source of security concerns for them;
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consequently, in-house Big Data processing over private clouds is becoming more widespread and has gained
even more significance and attractiveness. Our work deals with such cases of in-house Big Data processing on a
private cloud where the company’s social responsibilities and obligations require it to reduce its environmental
impact in addition to meeting more traditional requirements on cost and deadline.

Using a hybrid/private cloud introduces a number of concerns that arise from the on-demand provisioning
nature as well as other features of the cloud: in addition to considering pay-per-use cost structure of the cloud,
the amount of resources in the cloud is often limited as well as shared among other tasks of the company;
consequently, the number and types of available VMs dynamically changes and depends on the cloud utilization
at the time of Big Data job submission. In addition to above cloud-induced concerns, specific needs of the
MapReduce paradigm introduces two further data-related concerns to address: a typical MapReduce job starts
by distributing the data over employed processing nodes, then the Map phase starts which produces intermediate
(key, value) data, afterwards a shuffle phase redistributes these data among processing nodes, and finally the
Reduce phase is done which produces final results; prior art have focused mainly on the Map and Reduce phases
for optimization, but the initial data distribution as well as intermediate data shuffle phases are also important
especially in the case of a cloud implementation where the number and place of employed VMs are determined
at run-time depending on the status of the cloud at the time of the Big Data job submission. We particularly
consider these concerns as part of our major contributions in this paper.

Prior research addresses one or the other concerns of energy, cost, and deadline; while meeting the deadline
of jobs is the sole concern of [5], there are other works [6], [7] that allocate resources and schedule the jobs
considering both monetary cost and deadline, whereas considering deadline along with energy consumption is
the theme of [8], [9]. However, if the above-mentioned issues imposed by cloud implementation of MapReduce
are not taken into account, the obtained results would be unusable in this context: solely scheduling Map or
Reduce tasks to available machines, without considering prior placement of the data to work on, could result
in extra waiting times for data to be transferred from other machines, and consequently, not only the task
execution time as well as the makespan are lengthened, but also this could result in speculative execution of
extra Map or Reduce tasks to compensate for the slow task, worsening the situation even further. Data locality
importance is a well known topic [5], [10]. However, as far as we know the state of the art task assignment and
scheduling approaches ,that take into account both cloud provider and user concerns (e.g., cost, deadline, and
energy), do not consider it. But, we consider data locality in our approach.

We first provide a mathematical model of the above provisioning and scheduling problem. Then we develop
an Integer Linear Program (ILP) to solve the problem in small-scale cases and obtain the optimal solution to
evaluate quality of results of our two heuristics, namely Double Stage Provisioning and Scheduling (DSPS)
and Machine Valuation Provisioning and Scheduling (MVPS) which solve the problem with polynomial time
complexity. For larger-scale cases where the ILP execution time renders it unusable, we relax it to a Linear
Program (LP) to obtain a lower-bound for the optimal solution so as to obtain a sense of how closely our
heuristics can approach the optimal solution.

For evaluating the proposed algorithms, we have considered eight MapReduce applications from PUMA
benchmark suit [11] as Big Data jobs and nine VM configurations from Google Cloud [12] as the type of VMs
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available in the cloud.We formulate the execution time of each MapReduce job to evaluate the performance of
proposed algorithms and compare their solutions with the optimal or the lower bound ones depending on the
problem size. We also have compared our algorithms with several rivals. The results illustrate that our proposed
algorithms can find near optimal solutions; our DSPS and MVPS algorithms can find solutions as close as 0.39%
to the ILP solution on account of energy consumption.

Our major contributions in this work are as follows:

e We take into account the initial data distribution phase as well as the intermediate data shuffle phase
which are particularly relevant when the MapReduce job is running in cloud. Not considering these
items in prior works renders them unusable for such implementations.

o Wesimultaneously consider energy, cost, and deadline for environment-aware provisioning and schedul-
ing of frequently executed MapReduce jobs on the cloud.

o We quantify available saving opportunities for improving the energy efficiency of provisioning and
scheduling techniques.

e We mathematically model the optimization problem for clear, concise, and unambiguous representation,
and develop an ILP model to obtain the optimal solution in smaller problems, and a relaxed LP version
of the same model to obtain a lower bound of the optimal solution in larger scales. These serve as the
golden models to evaluate the quality of the heuristics we provide.

o We contribute two heuristic algorithms, DSPS and MVPS, to efficiently solve the problem in polynomial
time and find near optimal solutions for online usage. Then, we analyze the sensitivity of our approach

to cost limit, deadline, and network speed.

The rest of the paper is organized as follow. In section 2, related works are discussed. System model we
considered in our work is presented in section 3. We also have motivated our work in this section. In section
4, we discuss the problem formulation of resource allocation and task scheduling of MapReduce applications
in the cloud. Section 5 is dedicated to the heuristic algorithms. In section 6, we present the experimental results
and evaluate the algorithms. Finally, section 7 is dedicated to discussion about results and avenues for future

research.

2 RELATED WORK

We divide the researches on MapReduce task assignment and scheduling into three categories: Deadline aware
approaches, Energy and Deadline aware approaches, and Cost and Deadline Aware approaches.

Deadline aware MapReduce task assignment and scheduling. The primitive proposed algorithms only consider
deadline or response time of jobs when scheduling them [5], [13]. Considering homogeneous environments, [13]
proposes scheduling approach that regards Map and Reduce phases of MapReduce applications as different
stages and schedules them separately. The reason behind this separation is different code of each phase. The
average time of tasks is estimated through a one-to-one sampling method. It also considers the jobs priority in
scheduling. Unlike [13] which considers the homogeneous environments, [5] pays attention to the heterogeneity

of resources in cloud. This work mentions four concerns that were not considered in cloud-based deadline aware
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scheduling algorithms: a) slot performance heterogeneity that originates from this fact that there are different
types of machines with various hardware resources in cloud, b) adaptive task deadline setting for Map and
Reduce phases, c) impact of data locality on deadline and d) reducing the number of jobs that have not met
their deadline. According to these points, this work presents BGMRS scheduling algorithm based on bipartite
graph modeling.

Cost and Deadline aware MapReduce task assignment and scheduling. Another category of related works consider
the cost of resources in addition to deadline of jobs when assigning tasks. For example, same as [5] in previous
category, [7] includes the hardware heterogeneity in decision making for task assignment. It mentions that in
two situations the task placement must be done: when some jobs are finishing or when some new ones arrive,
and the proposed method considers the latter. Several workers for each job are assumed and each worker must
gain sufficient resources so the desired job QoS can be secured. Simultaneously, the cost of VMs executing each
jobs workers must be as low as possible. For solving the problem, it first produces a set of possible placement of
workers on VMs (Placement Patterns Generation). Then, the MapReduce Placement Problem (MRPP) Solution
Building uses the sets generated in the first step to assign the workers to VMs.

Three operational model for cloud are introduced in [6]: Immediate execution, Delayed start, and Cloud
managed where the provider is completely responsible for everything such as resource allocation and job
configuration. The customer only submits the job with its desired deadline. The profit of cloud provider can be
maximized using this model. Cura, introduced in [6], aims to increase the profit of cloud provider using the
third model, i.e., Cloud managed. Cura is optimized for short workloads but long ones also can benefit from it.
Energy and Deadline aware MapReduce task assignment and scheduling. A subset of researches is conducted in this
category such as [8], [9]. MapReduce production jobs that process the Big Bata periodically in clusters are the
target of [9]. Because of their periodical nature, it is possible to profile them and find the energy consumption as
well as execution time of their tasks for every machine slot. Using aforementioned information, this work tries to
schedule the Map and Reduce tasks on the machine slots in order to reduce the energy consumption of cluster
while the job meets its deadline. First, the problem is formulated as an integer linear program and optimal
solution for small scale jobs with a few tasks is obtained. Since it is very time consuming to find the optimal
solution for real world large scale jobs, two heuristic algorithms called Energy-aware MapReduce Scheduling
Algorithms (EMRSA-I and EMRSA-II) are proposed. These algorithms try to assign the tasks to the most energy
efficient slots while taking the deadline into account. Ref [8] also proposes an energy-aware task assignment
approach for Hadoop jobs in heterogeneous clusters. The goal is minimizing energy consumption without
performance degradation. Unlike [9] that supposes there is prior knowledge about energy consumption and
execution time of tasks, it assumes that there is no such information. Employing the ant colony optimization,
the proposed E-ant algorithm tries to schedule the tasks on the machines adaptively. The impact of jobs on each
other is also considered in E-ant. The pivotal difference between these two works and ours is that they do not
consider resource allocation and only focus on task assignment because they assume that all the resources in a
cluster (machines and their specifications) are given. Furthermore, they do not take into account the cost limit
set by the customer; deadline is the only constraint specified by costumer in these works. Not considering the

data placement and data shuffle stages is another difference between these two and our approach.



3 SYSTEM MODEL

In this section, we introduce MapReduce execution model we have considered in this work. An overview of
model is depicted in Fig. 1. The model has four stages: Creating HDFS and Copying Data to Allocated Nodes
(Data Placement), Executing Map Tasks, Shuffling Intermediate Data (Data Shuffle), and Executing Reduce Tasks and
Generating Final Output. In the following we explain each stage in more details.

Creating HDFS and Copying Data to Allocated Nodes (Data Placement). There are two approaches regarding data
placement. The first one supposes that data is already copied into HDFS. This approach is used for most on-
premises MapReduce clusters, but is not a general rule. The other approach, however, considers data placement
as a part of processing flow of MapReduce jobs and leverages it to improve the objective function. A large body
of research such as [14], [15] has focused on the data placement phase of MapReduce jobs, both in physical
clusters and cloud, which shows the importance and significance of the second approach. We also consider this
approach in our work.

In our work, we assume that Hadoop creates HDFS as the file system on the allocated nodes and then
copies the input data in the form of data blocks to it for processing. Same as several previous works [16], we
assume that data is stored in local storage system or cloud storage such as Amazon S3 in first place, which
have negligible processing power and are only used for storing data. Then, data is transferred from the storage
system to HDFS created on computing nodes (i.e., VMs in our work) to be processed.

Two scenarios for copying data to nodes exist: Distributing the data blocks uniformly between the nodes or
considering the computing capacity of each node and placing data blocks on it based on this capacity. In this
work we use the second scenario. Our heuristic algorithms first assign tasks to each machine while considering
data placement and data shuffle overheads, and then we arrange to copy the required data blocks of assigned
tasks to that machine. An API introduced for specifying data blocks placement policy in HDFS [17], which
is used in previous works such as [14], can realize the process of copying data blocks to specific machine we
determine in our approach. Regardless of selected scenario, the process of copying the data into HDFS is time
consuming and each node consumes energy during this process. Furthermore, the number of nodes allocated
for processing the job determines the copy time and consequently energy consumption. So, this stage must be
considered in resource provisioning and scheduling optimizations.

Executing Map Tasks. In the MapReduce programming paradigm, every job has two phases called Map and
Reduce which consist of a number of tasks. Each Map task processes a data block and produces some inter-
mediate data in the form of (key, value) pairs. The pairs with the same key are later combined by the so-called
Reduce tasks in the Reduce phase. The operations to be performed by each Map and Reduce task are provided
by the programmer. The intermediate data is initially stored on the node that has generated it. Each Map task is
executed by a Map slot and each VM has several Map slots. The number of Map slots can be configured offline
and remains fixed until the next offline change. It is commonplace to set the number of Map and Reduce slots
same as the number of VMs cores [9]. If the number of available slots is equal to the number of tasks, then all
the tasks can be executed in parallel. However, in most cases the number of slots is not sufficient for parallel

processing of all tasks. So, the tasks need to be scheduled on the slots. Since we have considered in our work
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that we first schedule Map tasks and then copy the data into nodes based on the arranged schedule, each node
has the data blocks of its assigned Map tasks and there is no need for data transfer between nodes during Map
phase.

Shuffling Intermediate Data (Data Shuffle). As briefly mentioned above, (key, value) pairs sharing the same key are
combined in the Reduce phase. Consequently, unlike Map phase, where each task processes a specific block on
the node and does not need data from other nodes, the tasks in Reduce phase may need intermediate data from
other nodes in order to complete their processing. Hence, the intermediate data needs to be transferred among
the nodes; this stage is called shuffle. Shuffling intermediate data imposes time overhead so we must consider
it similar to HDFS creating and copying. Since we do not have control over data that each Reduce task must
process, we consider the worst case scenario to make sure that deadline of job is met. The worst case scenario
happens when none of the nodes has the intermediate data needed for the Reduce tasks that are assigned to
it. Consequently, the data has to be transferred from other nodes, which leads to communication overhead and
extra energy consumption.

Executing Reduce Tasks and Generating Final Output. Execution of Reduce tasks is similar to Map tasks. Similar
to Map phase, Reduce phase also consists of several Reduce tasks which are executed by Reduce slots of VMs.
Each Reduce task processes a portion of intermediate data to generate final output and stores it in HDFS. In this
work, we assume that Reduce phase starts after both the Map phase and data shuffle phases are finished. While
itis a common assumption [9], other approaches [18] exist that try to reduce execution time by overlapping Map
phase and Reduce phase. It is an interesting direction for further investigations but is out of scope of this paper.
The main challenge to cover in that case is the modeling of execution time and energy consumption of Map and
Reduce tasks as well as the shuffle operation when overlapped; simple assumptions, such as their independence,
could have been used here but further and deep investigation is required to validate that assumption or find
out a proper model. Thereafter, our mathematical model in next section can be easily extended to cover the case

of overlaps as well.

Motivation. In the following, we demonstrate the need, and evaluate the opportunity, for a provisioning
and scheduling scheme that can minimize energy consumption considering cost limit, deadline and resource
availability with respect to system model introduced above. We demonstrate the wide gap regarding energy
consumption among the design points in the design space. We implemented a simple algorithm that repeatedly
generates random resource provisioning and scheduling solutions and reports the energy consumption of the
ones that meet the constraints (e.g., cost limit, deadline and VM availability). We ran this algorithm for all
medium-scale workloads described in section 6 for 200 times. The results for energy consumption are presented
in Fig. 2. Details of experiments setup for these results such as workloads, input data, VM specifications, power
measurement method, etc., are presented in section 6.1.

The big difference in energy consumption among obtained acceptable solutions clearly states that there
is great opportunity for energy saving within the valid solutions that can meet the constraints. The average
difference between maximum and minimum energy consumption over all applications is around 22% and

application InvertedIndex has the widest gap by 39.82%.
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4 PROBLEM FORMULATION

Considering the aforementioned system model in section 3, in this section we first present the notation used

in problem formulation. After that, we clarify the problem statement. Finally, the problem formulation is

represented.



TABLE 1
Notation
Symbol  Definition
SM Set of map slots
SR Set of reduce slots
M Set of map tasks
R Set of reduce tasks
SVM Set of available VMs
Tj; The execution time of each task on each slot (i € M UR,j € SM U SR)
E. The difference between energy consumption of slot j when executing task i
Given ) and its idle energy consumption (i € M U R,j € SM U SR)
Parameters VMCy The cost of each VM (k € SV M)
D Deadline of the job
MC Monetary cost limit of job
Sik Whether slot j belongs to VM k,or not (5 € SM U SR,k € SVM)
IBS Size of Input Blocks
MtoR Amount of intermediate data produced per unit input data
RDS Amount of data that each Reduce task must Process : RDS = (|M| x IBS x MtoR)/|R)|
1oP Difference between power consumption of machine in data shuflle and
data placement stages and its idle power consumption
NS Speed of network
Decision X Whether Map task i is assigned to slot j,or not,(: € M, j €, SM)
Variables Y Whether Reduce task i is assigned to slot j,or not,(i € R,j €, SR)
DPE Energy consumption of data placement stage
Determined =~ DSHE Energy consumption of data shuffle stage
During DPT; Data placement time of VM k
Optimization ~DSHTy  Data shuffle time of VM k
uT Up time of VMs cluste

Notation. The parameters we have used in our problem definition are presented in Table 1:

Problem Statement. We choose the type and the number of VMs of each type from among total VMs that the
cloud can provide, and also select the proper Map and Reduce slots from available sets (SM and SR) on available
VMs (SVM) for executing Map and Reduce tasks (M and R) and also schedule the tasks on selected slots in
order to minimize total energy consumption for the given MapReduce job. The allocation and scheduling must
be done considering job deadline (D) as well as the cost limit (MC) determined by the customer.

Similar to [9], we assume that energy consumption (Ej) and execution time (Tj) of each task on each slot
is profiled prior to allocation and scheduling since the jobs are executed periodically. It is common practice
to execute batch jobs periodically in order to process Big Data. For example, Google periodically creates the
inverted index of web pages using MapReduce. This kind of batch jobs makes it possible to use job profiling
approaches in order to extract the information about each Map and Reduce task of every individual job [9]. The
execution time of a task on different types of VMs can be obtained via reports produced by Hadoop for every
completed job.

While it is debatable how to profile the power consumption of VMs, several approaches are already proposed
for it such as [19]. In our experiment setup, the power consumption is measurable through power meter tool

embedded in servers that host the VMs. Finally, by having the execution time and power consumption, we can
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calculate the energy consumption of each task on each type of VM. This information can be gathered because
in the private or hybrid cloud, the cloud user is also (partially, in the hybrid case) the cloud provider and hence
has access to physical servers and Hadoop logs and can measure the power consumption of tasks as well as
their execution time. Note that a similar case occurs in a public cloud where the cloud provider provides Big
Data processing service; the cost limit (actually the agreed total service fee for the given amount of Big Data)
and the deadline are given by the service user, while the energy consumption and execution times of tasks are
measurable by the provider, and the former needs to be minimized for the same reason as in private or hybrid
clouds.

The cost of each virtual machine (VMCy) and its slots information (Sj) are the other given information. By
using the size of input blocks (IBS) and number of Map tasks that each machine should execute, we calculate
the amount of data that must be placed on each machine during data placement stage. MtoR estimates the
volume of generated intermediate data in Map phase based on the size of input data. Amount of data that each
Reduce task should process (RDS), is calculated using size of input data, MtoR and number of Reduce tasks.
Obviously, speed of network links (NS) is also given. The last given parameter (IOP) is the power consumption
of machines when they are in data placement or data shuffle stages since in these stages they only transmit and
copy data.

The decision variables in the problem are Xj and Yj which determine the proper slot for each task, and
consequently the type and the number of corresponding VMs, in order to achieve the desired goal.

Problem Formulation.The goal is to minimize the energy consumption of the four stages of system model i.e.,

energy consumption of tasks execution plus energy consumption of data placement and data shuffle:

Minimize » . Y EyXj+» Y EyYyj+DPE+DSHE 1)
ieM jeSM i€ERJESR

Subject to below constraints:

First, we must make sure that every task is assigned to one and only one slot: 1

Y Xy=1vieM )
JjESM

Z Yij:1,Vi€R 3)
JESR

After that, we should assure that execution time of tasks on the slots plus the time consumed for data

placement and data shuffle is less than the deadline:

UT < D, (4)

UT = Max(DPT\) + Maxz (Y T§Xy) + Maxz(DSHT\) + Maz(D  TyYy),¥j € SM,Vj' € SR,Vk € SVM
i€ M i€ER
According to system model introduced in section 3, all the stages should execute sequentially. First the data

placement stage should finish and it finishes when the data placement of the last machine is done. After that
the Map tasks should execute on the assigned slots. Then the intermediate data should be shuffled between all
the machines. Finally, the Reduce tasks should process the intermediate data and generate the final output.

As we mentioned earlier in section 3, instead of the conventional data distribution that HDFS tools usually
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apply when creating an HDFS file system, our optimization approach takes control of the data placement; we
first assign the tasks to machines and then arrange to copy the data to machines based on the assignment so
that each Map task has local access to the data it is to process. This is required for proper execution of Map
tasks and avoids creating slow tasks that impose extra and speculative task executions; lack of paying attention
to this important point is a major concern on validity of previously proposed techniques in this area. So we
can calculate the data placement time for each machine by dividing the volume of data to speed of network as
illustrated in (5):

Dienr 2jesm XiSk x IBS
NS

DPT, = Yk e SVM @)

In the case that data is already copied in HDFS such as the first approach described in data placement stage
of system model, we can simply assign zero to IBS parameter (Size of input block, see Table 1) which leads to
zero data placement time for VMs (DPTy = 0)

In data shuffle stage of system model, we consider the worst case scenario as explained in previous section.
So each machine should first send its generated intermediate data to other ones (first part of (6)) and then
receive its required intermediate data from them (second part of (6)).

Yienm 2jesm XiSk X IBS x MtoR " >icr 2 jesr YiSk x RDS
NS NS

After the data placement time and data shuffle time of each machine is obtained, we calculate the total

DSHT\ = Yk e SVM 6)

energy consumption of data placement and data shuffle stages as in (7) and (8):

DPE= Y DPT\ xIOP @)
keSV M

DSHE = Y DSHT\ x IOP (8)
keSV M

The next step is to calculate total cost of VMs and constrain it by the specified monetary cost. Since we
should pay for all the VMs from the beginning of execution time until the end, we multiply the uptime of
whole cluster by the monetary cost of each VM as in (9). Note that we should only pay for VMs that we have
selected from the set of available VMs, so we only consider the VMs that have executed at least one task (the

MIN function in (9)).

ST UTx VMCx Min(1,Y " Y XSp+ > > VyiSy) < MC ©)

keSVM iEM jESM iERjESR

Finally, we indicate the allowed values that the variables can get. These expressions imply that each task can
be assigned to only one slot and it is not possible to distribute a task among several slots. In the relaxed version
of our Integer Linear Program (ILP) formulation, we remove these two constraints so that such distribution
is allowed and the problem is converted to a Linear Programming (LP) problem to more rapidly solve and
get a lower bound of objective function. This relaxation converts the original optimization problem, which is

NP-hard, to a problem that can be solved in a polynomial time.



Xi = {0,1},Vi € M,Vj € SM (10)

Vi ={0,1},¥i € R,Vj € SR (11)

5 PROPOSED HEURISTIC ALGORITHMS

We designed two heuristic algorithms for resource allocation and task assignment of MapReduce applications
on cloud. The inputs of algorithms are the number of Map and Reduce tasks of the job, execution time and
energy consumption of each task on every type of VM, cost limit, deadline, and available resources (VM types
and number) in cloud. As the output, the algorithms choose VMs and assign tasks to slots of VMs in order to
reduce the energy consumption while satisfying the cost limit and the deadline set by the customers. Following

subsections describe the algorithms in more details.

5.1 Double Stage Provisioning and Scheduling

Double Stage Provisioning and Scheduling (DSPS) is our first proposed algorithm which tries to reduce the
energy consumption for executing the job while satisfying the desired constraints i.e., cost limit and deadline.
Since satisfying both constraints simultaneously increases the complexity of placement algorithm, int the first
step, we devised DSPS to address each constraint in one of its stages. It first tries to reduce the energy as
much as possible, while only satisfying deadline and ignoring cost limit. In the next stage, it eventually satisfies
the cost limit by modifying task placement obtained by previous stage. .Before describing the functionality of
algorithm, some parameters are introduced. Parameter emjy indicates the energy consumption of Map task i on
slots of VM k and er;, does the same for Reduce task i. Execution time of tasks on slots of different machines is
shown by tmj, and try for Map and Reduce tasks respectively. There are three deadlines in this algorithm. The
first one, Dpgs, is for data placement and data shuffle which are the first and third stages in Figure 1. Deadline
of Map and Reduce phases (second and forth stages of system model) is indicated by Deye. Finally, we have
total deadline which is submitted along with job and the sum of two deadlines must be equal to it: Dota1= Dpes
+ Deye. With total deadline being constant, we assign various values to Dpgs and schedule the tasks. Finally we
choose the schedule that yields minimum energy consumption. In the following, flow of algorithm is presented
and its Pseudo code is demonstrated in Algorithm 1.

The first line of algorithm gives different values to Dpgs and after that, the first stage of algorithm starts.
The first stage of algorithm assigns the tasks to machines in order to meet the deadline while minimizing the
energy consumption. Lines 2 to 14 correspond to this stage.

Two priority queues, Qn, and Q;, keep the order of VMs for Map tasks and Reduce tasks respectively. Maxpy,
stores the maximum time that a Map slot is busy executing Map tasks, among all the available Map slots. Max;
does the same for Reduce slots (lines 2 to 4). First step in this algorithm is to sort the VMs in Qp, and Q; in
ascending order in terms of energy consumption (line 5). The energy of each machine is calculated using (12).
After this step, the first VM in queue Qp, uses the least amount of energy to execute all Map tasks. The same is

true for Q.
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Qmlk].energy() = Zemik, Qr[k].energy() = Zerik,Vk e SVM (12)
i€l i€l

In each iteration of lines 6 to 14 a Map or Reduce task is assigned to a machine. This process continues until
all the tasks are assigned or there is no machine available for a task. After identifying the type of task in line 7
(in the rest of this subsection, we assume that the task is Map), lines 8 to 11 try to find an appropriate slot in
one of the machines for the task. Appropriate slot is one that if it processes the task, the deadline will not be
missed. Furthermore, the slot must consume the least possible energy for executing the task.

In the interest of not missing the deadline, the algorithm tries to assign the task to the slot that is the least
occupied (Qu[i]-MinTime() indicates the current minimum execution time of all the machine slots - see Fig.3).
Note that we assume the execution time and energy consumption of a task on any slot of a machine is the
same. Line 8 checks if the sum of the current execution time of that slot, the execution time of the new task and
maximum execution time of Reduce slots (if the task is a Map, otherwise, the Map slots) is less than Dey. The
reason for considering the maximum execution time of Reduce slots is that the Reduce phase starts after Map
phase and their execution time directly affects the total execution time. The process is depicted in Fig. 3. If the
condition is true, then it assigns the task to the specific slot of machine and updates the Maxy, if necessary (line
9). Otherwise, if the assignment of task to any slot of the current machine cannot meet the deadline, then it tries
another machine. If there is no machine that assignment of task to it can meet the deadline, then the scheduling
is impossible and algorithm terminates.

On account of energy consumption, the algorithm tries to select the machines from the head of queue Qy,
which is sorted in ascending order of energy. As it is stated in line 14, the same procedure is followed if the task
is a Reduce. This process is repeated until all the tasks are assigned. Then first stage is finished and algorithm
proceeds to second stage.

Second stage of algorithm starts from line 15 to line 22. This stage is put into action if the cost limit is not
met. The first step is to change the order of machines in Qp, and Q;. This time, we sort the queues in descending

order regarding per-slot cost of machines (line 15). Per-slot cost of machines (for Map tasks) is obtained by (13):

Qm([2].MinTime()
-
M Slot 1 MTask3‘ ‘ R Task 6 ‘ R Task 4 RSlot 1
VM2 ‘ VM2
MSlot2 | M Task1 ‘ | ‘ RTask2 | RSlot2
|
M Slot 3 | M Task 4 ‘ M Task 8 ‘ } ‘ RTask 1 R Slot 3
M Slot 4 M Task 6 | R Slot 4
VM1 | VM1
M Slot 5 M Task 2 ‘ } I ‘ RTask 3 R Slot 5
|
MSlot6 | MTasks | MTask7 | | | | RTask7 RTask5| RSlot6
| |

I » -l

MAXm o MAXr

Fig. 3. First stage of DSPS algorithm.



Algorithm 1 Double Stage Provisioning and Scheduling

1: for Dpgs = Diotat/10; Dpas < Diotal; Dres+ = Diotat /10
2: Qm: priority queue of VMs for Map tasks
: Q;: priority queue of VMs for Reduce tasks

3
4 Max, = 0, Maxm = O, i= 1, Dexe = Dtotal - Dp&s
5: Sort VMs in Qm and Qr in ascending order of energy consumption to run all Map and Reduce tasks respectively (emy , erix)
6: while 3¢t € M U R| t is not scheduled
7 ifte M

8 if Qm[i].MinTime() + tmi + Maz: < Dexe

9: assign t to Qm[i] and Update Maxy,
10: else

11: i++

12: if (i > |SVM])

13: SCHEDULING IS IMPOSSIBLE

14: elselDo the same for Reduce tasks (if (¢ € R))

15: Sort VMs in Qm and Q; in descending order based on their cost (Equation (13))
16: while Our scheduling cost + Placement & shuffle cost > Cost limit

17: fori=1to |SVM]|

18: S = {t | tis assigned to Qn[i] & t.StartTime() > Px Qmu[i]. MaxTime()}
19: Move tasks of S to Qm[i+1] if the movement does not violate Dexe
20: B Do the same for Reduce tasks

21: if Vi € SV M: S is empty & cost limit is not met

22: NO SCHEDULING FOR CURRENT Dpgg

23: if Our scheduling time + Placement & shuffle time < Dyoa

24: if Our scheduling energy + Placement & shuffle energy < Mingnergy

25: Mingnergy= Energy of new scheduling

SM tmy x VMCk]

i€l
number_of_slots|k]

Qmlk].cost() =

Yk e SVM 13)

The algorithm repeats lines 16 to 20 until it can modify the scheduling of previous stage to meet the cost
limit. In line 18, it generates a set, S, for each machine in Q,. S is the set of tasks which execute in the latest P
percent of machine running time. Note that t.StartTime() indicates the start time of task and when this value is
less than P*Qy, [i].MaxTime(), it means that the task lies in the latest P percent. Each time we move the tasks in
set S from the machine to a cheaper one, provided that deadline is not violated, until we can find a schedule
that meets the cost limit as well. The process is repeated for Reduce tasks in the same way. In this stage, if
the S is empty for all the machines and we could not meet the cost limit yet, then the algorithm is not able to
find a solution by current value of Dpgg so it returns to line 1 (lines 21and 22). In this algorithm, P is a tunable
parameter that we can manipulate to find the best choice. In our experiments, we change the P from 10% to
100% by 10% steps. Since algorithm tests different values of Dpgs , it compares the energy consumption of
scheduling yield by each value and selects the scheduling with minimum energy consumption (lines 23 to 25).

The first for loop, line 1, repeats for constant number of times (10 times), and hence, can be ignored in time
complexity analysis. Consequently, the two while loops, lines 6 to 14 and lines 16 to 20, determine the time
complexity of algorithm. We use M,, as the number of Map tasks, R, as the number of Reduce tasks, V,, as
the number of VMs, and finally S, as the maximum number of slots that a VM has. The time complexity of
first while loop would be O((M,, + R;,) X Vi, X Spae) and the time complexity of the second one would be

O(V,2 X Spnaz). Since these two loops are sequential, the maximum of them determines the time complexity of



14
whole algorithm: Maz(O((M,, + R,) X Vi, X Simaz), O(V,;2 X Spnaz)) - Since in most cases the number of tasks
is more than number of VMs, the first part of previous expression mostly determines the time complexity of

algorithm i.e., O((M,, + Ry,) X Vi, X Spaz)

5.2 Machine Valuation Provisioning and Scheduling

The second proposed algorithm, Machine Valuation Provisioning and Scheduling (MVPS), takes a step forward
and considers the both constraints simultaneously in one stage. It rates the machines according to their energy
consumption and cost. Then, based on the rating, it assigns the tasks to slots of machines. In this algorithm, the
three deadlines mechanism is again leveraged. The pseudo code is given in Algorithm 2. In each iteration of
the main loop, it first calculates the energy and cost of each machine for Map tasks and Reduce tasks separately
similar to (12) and (13). After that, it stores the results in four arrays Aem, Aer, Acm and A respectively for
energy and cost of machines for Map and Reduce tasks. Then, it normalizes the values in arrays (lines 2 to 3).
Then the algorithm calculates the value of each machine using previously created arrays. To rate the machines,
we use parameter o to determine the share of energy and cost in the value of machine. To find the best answer,
in our implementation, we increase the o from 0 to 1 by 0.01 steps. In this step, we calculate the value of
machines for Map tasks and Reduce tasks separately and store the results in Qn, and Q; (lines 5 and 6). The
machines with lower value are better candidates for assigning tasks to. Hence, we sort the Qp and Q; in
ascending order (line 7). Lines 8 to 17 are exactly as the first stage of DSPS algorithm i.e. lines 6 to 14 of it. In
this part, the focus of algorithm is on assigning the tasks to slots of VMs in order to meet the deadline. When
the scheduling is done, it is evaluated against the cost limit. If it can satisfy the cost limit and use less energy
than current minimum energy consumption, then we accept it as the new schedule and update the minimum
energy consumption (lines 20 to 23). Otherwise, we ignore it and repeat lines 4 to 17 by one step increased. If
the « is one and algorithm still could not find a solution, it means scheduling is not possible for current Dpgs
so it starts from line 1 again (lines 18 and 19).

The first while loop of DSPS repeats in MVPS. So, the time complexity of while loop of MVPS, lines 9 to 17,
is again O((M,, + Ry) X Vi, X Siag). The for loop in line 4, which the while loop is nested within, repeats for
100 times. Hence, we can ignore it in time complexity since it repeats for a constant number of times. the other
expression that might contribute in time complexity of MVPS, is the sort operation of line 7. the time complexity
of this sort can be considered as O(V,, x logV},). Consequently, the time complexity of MVPS is the maximum of
time complexity of while loop and sort operation: M ax(O((M,, + R,,) X Vi, X Spaz), O(Vy, x logV,,)). Note that
here, we again ignore the first for loop. It is very exceptional that the logarithm of the number of VMs would
be greater than the number of tasks multiplied by the maximum number of slots. Hence, the first part of Max

expression certainly determines the time complexity of algorithm.

6 EVALUATION OF PROPOSED APPROACH

For evaluating the proposed algorithms, we used real world MapReduce workloads from MapReduce appli-
cations and datasets from PUMA benchmark suit [11]. We executed the MapReduce applications on VMs and

measured information about the execution time and power consumption of their Map and Reduce tasks. Then,



Algorithm 2 Machine Valuation Provisioning and Scheduling

1: for Dpgs = Diota1/10; Dpees < Diotal; Dpgs+ = Diotat/10

2:

3
4
5:
6:
7~
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:

Creating arrays Aem, Acm, Aer, Aer; for energy and cost
Normalize the arrays, Dexe = Diotal - Dpas
fora=0,a<1,a+ =0.01
Qmlk] = Aem[k] X a + Aem[k] X (1 — @),Vk € SVM
Qrlk] = Aer[k] X @ + A[k] X (1 — @),Vk € SVM
Sort Qm and Q; in ascending order
Max; =0, Maxy, =0,i=1
while 3t € M U R| t is not scheduled
ifte M
if Qm[i].MinTime() + tmi + Maz: < Dexe
assign t to Qu[i] and Update Maxn,
else
i++
if (¢ > |SVM))
SCHEDULING IS IMPOSSIBLE
elselDo same for Reduce tasks (if (t € R))

if o = 1 & a valid solution is not found yet
NO SCHEDULING FOR CURRENT Dpgg
if Our scheduling time + Placment & shuffle time < Digtal
if cost of new schedule < cost limit
if energy of new schedule < Mingpergy
Mingnergy= Energy of new scheduling

we used simulations to assess the proposed algorithms. The flow of our evaluation is the same as previous

works such as [9]. We compare the proposed algorithms against several rivals as below:

EM: Baseline algorithm we call Energy Minimization (EM) focuses on energy consumption and solely
tries to decrease it as much as possible without considering cost limit and deadline. So, it may violate
them.

Makespan: The other rival is Makespan Minimization (MSPAN). It tries to minimize the makespan
of MapReduce jobs while satisfying the cost limit and is employed in a large body of MapReduce
scheduling researches [20], [21], [22]. Since the emphasis of MSPAN is on minimizing makespan, it does
not pay attention to energy consumption.

EMRSA: Energy-aware MapReduce Scheduling Algorithm [9], is a recently introduced algorithm whose
aim is to minimize the energy consumption while meeting the deadline of jobs. This algorithm does not
take into account the cost of job in scheduling. The original algorithm assumes that the machines and
their specifications are given and fixed, so it does not propose any resource allocation or VM selection
mechanism. But for fairness in comparisons, we have extended this algorithm and added resource
allocation mechanism to it the same as our algorithms. Furthermore note that EMRSA algorithm only
considers the Map and Reduce phases of MapReduce applications in its system model but does not take
into account the data placement and data shuffle stages.

EMRSAPS: To address the issue of not considering data placement and shuffle stages in EMRSA
algorithm, we introduce EMRSAPS (EMRSA plus), enhanced version of EMRSA, which considers those

stages as well.
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e ILP and LP: Finally, the results of ILP and LP are presented to demonstrate how much the results of
our algorithms are close to the optimal solution (ILP solution) and the lower bound (LP solution) of the
objective function. It is noteworthy that since to the best of our knowledge there is no previous algorithm
(even the above ones) addressing exactly the same problem as ours, the ILP/LP solutions is the golden

solver to which we compare.

6.1 Experiments Setup

To obtain workloads energy and timing data, we deployed nine different types of VM. Hadoop version 1.2.1 is
used for executing MapReduce applications. We have employed Hadoop 1 in our work due to its compatibility
with PUMA benchmark suit. However, the system model we have used in our work for MapReduce (see Fig.
1) is applicable to both Hadoop 1 and Hadoop 2. In other words, we have data placement, Map phase, data
shuffle, and Reduce phase in all the MapReduce applications irrespective of the Hadoop version. YARN in
Hadoop 2 is responsible for managing the resources and uses containers instead of Map/Reduce slots of earlier
versions of Hadoop. However, it has no effect on the flow of MapReduce applications, and hence, our approach
works for newer versions of Hadoop that employ YARN as well.

We ran MapReduce applications with different number of tasks on the nodes and gathered the required
information (execution time and energy consumption of Map and Reduce tasks) to obtain required information
of the workloads. Hadoop generates logs for executed jobs and we obtain the execution time of Map and Reduce
tasks from the logs. While execution time of Map tasks is predictable since they process equal sized data blocks,
it seems more complex for Reduce tasks because their input data size is not usually known in advance. The
default hash partitioner of Hadoop addresses this concern by trying to uniformly distribute intermediate data
between Reduce tasks. We have used this partitioner and it could successfully balance the data between Reduce
tasks. Moreover, many methods such as [23] are presented to mitigate the data skew in Reduce phase and make
the execution time of Reduce tasks more predictable, if hash partitioner is not applicable.

HDEFS replicates each block three times by default for improving the reliability of the system in the presence
of failures and mitigating the impact of stragglers using speculative execution. However, Hadoop lets the user
decide on the number of replications because it wants to help users with different objective functions (e.g.,
reliability, energy consumption, and cost) to achieve their goals, and hence, three replications is not a firm
requirement in Hadoop. In our work, we consider one instance for each data block to reduce the time, and
consequently, energy consumption and cost of data placement stage. But, the time of extra replications can be
easily added to current formulation by slightly modifying (5) and add the time of extra replications to the data
placement time of each VM. How to distribute the extra replications among VMs is an interesting direction for
future work.

Since failures and speculative execution happen during runtime, we do not consider them in our work. Our
approach is static and is applied before Hadoop starts copying the data and launching the tasks, and hence,
failure and speculative execution are out of scope of our work. Other static approaches such as [7], [9] do not

consider failures and speculative execution too. But, dynamic approaches such as [24] take them into account.
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For measuring the power consumption, and consequently the energy consumption of each task, we use
the built in power meter of server (HP DL380 G6) and subtract the idle power of server from its power when
running the VMs in order to obtain the energy consumption of VMs. In our measurements, all the underlying
physical servers are considered homogeneous. Hence, energy consumption of VMs, when executing a task, is
the same on different physical servers. However, in a heterogeneous environment, the energy consumption
of VMs might be different on each server type. Consequently, the energy consumption profiling should be
conducted for different physical server types, or alternatively, a relationship between energy consumption of a
VM on different server types should be investigated. We implemented the proposed algorithms as well as the
rivals in C++. The ILP and LP solutions of problems are obtained using GAMS 23.5.2 [25]. Prior to presenting
the results of experiments, we present the VM types and the workloads in more details.
VM Instances. The VM specifications are obtained from Google Cloud [12] and are presented in Table 2. The
numbers of Map slots and Reduce slots are considered equal to the number of VMs cores. We chose these VM
types since the resources available in our physical servers could only cover these cases. We have used VM
specifications from Google Cloud because we wanted to have valid reference for hardware specifications (e.g.,
RAM, CPU) and monetary cost of VMs. This information is only available for public clouds and we could not

find any information about VM configurations of private or hybrid clouds.

Workloads. We have chosen eight MapReduce applications from PUMA benchmark suit as workloads in our
experiments (the abbreviated form of application name is followed in parentheses which are used later in the

plots):

o Adjacency-List (Adjlist): for each vertex of a graph, produces the list of its neighbors. The results can be
used in algorithms such as PageRank.

o Classification (Classif): uses the data of movie rating and classifies the movies into clusters.

o Histogram-Movies (HisMov): gets the movie rating data as input and generates the histogram of movies.

e Inverted-Index (InvInd): generates the mapping of word to document for a set of documents and their

constituent words.

TABLE 2
Specifications of the VM Types We Used from Google Cloud [12]

CPU | Mem | Map Slot | Reduce Slot | Cost

YMIPe | (cB) | @ ® | 6/m
nl-standard-1 1 3.75 1 1 0.038
nl-standard-2 2 7.5 2 2 0.076
nl-standard-4 4 15 4 4 0.152
nl-highmem-2 2 13 2 2 0.096
nl-highCPU-2 2 1.8 2 2 0.058
nl-highCPU-4 4 3.6 4 4 0.116
nl-highCPU-8 8 7.2 8 8 0.232

nl-highCPU-16 | 16 144 16 16 0.464
gl-small 1 1.7 1 1 0.021




TABLE 3
Workloads Characteristics

Small-scale Workloads Medium-scale Workloads Large-scale Workloads
Application Block Size ||Map | Reduce | CostLimit| Deadline | InputSize || Map | Reduce | CostLimit | Deadline | InputSize || Map | Reduce | CostLimit | Deadline
(MB) @] ¢ (cent) (s) (GB) @] ¢ (cent) ©) GB) [|®] @ (cent) ©)

Adijlist 170 7 8 25 300 1.16 70 80 115 2500 11.6 140 | 160 130 12500
Classif 256 24 0 0.5 150 6 120 0 6 600 30 240 0 58.33 2000
HisMov 128 16 0 0.1666 100 2 240 0 35 350 30 480 0 33.33 2000
InvInd 256 17 2 0.9 350 4.25 100 | 16 10 1800 25 200 32 100 7500
RanInvInd 215 13 10 25 400 273 130 | 100 16.66 2000 27.3 260 | 200 200 9000
Selfjoin 205 9 6 15 250 1.8 135 | 90 10 1800 27 270 | 180 135 13500
SeqCou 256 6 8 1 180 15 60 80 8.33 600 15 120 | 160 75 5000
WorCou 256 17 2 15 350 425 100 | 16 9.5 1400 25 200 | 32 90 7500

e Ranked-Inverted-Index (RanInvInd): for a list of words and number of their repetitions in documents,

generates the decreasing list of documents that given words appears in them.

o Self-Join (Selfjoin): gets the association of k fields and generates it for k+1 fields.

e Sequence-Count (SeqCou): finds the number of all individual sets of three successive words

e Word-Count (WorCou): calculates the number of appearance of each word in a set of documents

We have generated three sets of workloads for each application above: small, medium and large scale.

For input data of workloads, we have used the same data sets provided by PUMA benchmark suit for each

application. The characteristics of each workload such as number of Map and Reduce tasks, volume of input

data, the size of data block that each Map task must process, and cost limit and deadline determined for each

job by user of jobs are presented in Table 3. As can be seen, some workloads do not have Reduce tasks. That

means in these workloads, only one Reduce task with a very short execution time exists which is discarded. For

each workload, the execution time and energy consumption of tasks on every type of VM is obtained using the

mechanism described at the beginning of this subsection. We have implemented Tree topology for network. In

these experiments, each VM has its own virtual network port with specific bandwidth. Same as some previous

works [6] we do not consider interference between VMs that are co-located on the same physical machine.

However, for future works, we intend to consider it too.

TABLE 4
Number of Availabe VMs from each VM Type Considered in Our Experiments for each Workload

Workloads

VM Type

Small Medium Large

nl-standard-1

nl-standard-2

nl-standard-4

nl-highmem-2
nl-highCPU-2

nl-highCPU-4

nl-highCPU-8
nl-highCPU-16

gl-small
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Fig. 4. Total energy consumption of algorithms for different workload sizes.

6.2 Experimental Results

In this subsection, three categories of result are depicted: Energy, Cost and Deadline. Each algorithm is given
as input the number of Map and Reduce tasks, cost limit, and deadline of workload as Table 3, as well as the
execution time and energy consumption of each task on every type of VM. Since the proposed algorithms are
designed for the cloud, they need to be aware of accessible resources in the form of maximum available number
of instances for each VM type. This could be relaxed to very high numbers (virtually infinity) in case of large
public cloud providers such as Amazon and Google, but for private and hybrid clouds this is another constraint
which is determined by the cloud provider computing capacity at the time of job submission. In experiments,

for each workload we have considered the number of available VMs from each type as Table 4.

6.2.1 Energy

In this subsection we compare the algorithms regarding total energy consumption. The results are illustrated in
Fig. 4 for all three categories of workloads (small, medium, large).

As can be seen in Fig.4, in small scale workloads, the total energy consumption of EMRSA, EMRSAPS,
and EM in a number of applications such as InvInd is less than even the solution obtained by ILP. Since
EMRSA and EMRSAPS do not consider cost limit and EM ignores both cost limit and deadline, their provided
solution violates those limits but instead their energy consumption is less than ILP which satisfies both
constraints; EMRSAPS violates cost limit by 75.44% and EM violates cost and deadline limits by 17.9% and
8.92% respectively on average in this case; more details of these violations are provided in Sections 6.2.2 and
6.2.3. However, the results are different in medium and large scale workloads. As mentioned before, since the
ILP cannot find the solution for medium and large scale workloads in a reasonable time, we use LP instead of
ILP. LP finds the lower bound solution. Regarding our proposed algorithms, DSPS and MVPS, results show that
they perform better than MSPAN. However, they cannot conquer EMRSA and EM because DSPS and MVPS
consider both cost limit and deadline, whereas EMRSA and EM ignore one or both of them. MSPAN is the
most inferior algorithm in terms of energy consumption because it only focuses on reducing makespan and
satisfying cost limit, but does not consider energy. In the following paragraphs, we analyze the results in more

details. Details of energy improvement comparison are presented in Fig. 5
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In small scale workloads, DSPS can reduce energy compared with MSPAN up to 20.56% for SeqCou and
10.42% on average. Comparing MVPS with MSPAN, the maximum energy saving is 20.64% for Selfjoin and
the average is 12.08%. To evaluate how close the results of proposed algorithms are to the optimal solution,
we compare them with ILP. In applications InvInd, Classif and SeqCou, the DSPS algorithm shows remarkable
performance and increases the energy consumption only by 0.39%, 0.46% and 2.08% respectively compared
with ILP. The average energy consumption of DSPS is 4.6% higher than ILP and the MVPS algorithm increases
the energy consumption about 2.56% on average compared with ILP. The significance of this algorithm can be
seen in Selfjoin, RanInvind, and SeqCou where it exceeds ILP by only 0.43%, 1.41%, and 2.08% respectively.
These results confirm our algorithms are performing very well, and little improvement opportunity is left to
further extract.

In medium scale workloads, DSPS demonstrates the best performance against MSPAN in InvIind with
reducing energy by 15.1%. The average energy reduction is 9.77%. The average energy reduction of MVPS
compared with MSPAN is 11.48% and it shows the highest reduction in Adjlist by 17.4% reduction. Finally, in
large scale workloads, the MVPS outperforms MSPAN up to 24.22% (Selfjoin) and 14.02% on average. The DSPS
algorithm obtains maximum energy reduction in Selfjoin by 24.1%. The average energy reduction compared

with MSPAN is 11.33%.
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Fig. 5. Comparing the energy improvement of DSPS and MVPS against ILP and MSPAN

6.2.2 Cost

While energy is definitely an important factor in cloud, as discussed in Section 1, the cost limit and the
deadline submitted for the job are also two critical concerns to adhere to as determined by the contract or
SLA signed between the provider and the user. Thus, for the problem statement addressed in this paper,
scheduling algorithms such as EMRSA and EM are not practical. Below, the experimental results to evaluate
the algorithms in terms of cost limit are presented to quantify the cost overshoots of these algorithms.

In this subsection, we present monetary cost of VMs for each algorithms schedule and compare them with
the cost limit specified for each workload given in Table 3. Total cost for each algorithm in different workloads
is depicted in Fig. 6. The first obvious observation regarding Fig.6 is that the EMRSA and EM algorithms
usually violate the cost limit and this is the reason behind their better energy improvement shown in previous
subsection. The average and maximum cost violation of EM, which is cost- and deadline-oblivious, in different
workloads is (respectively): 17.9% and 90.1% in small scale, 13.78% and 83.75% in medium scale, and 6.1% and

60.91% in large scale workloads.
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Similarly, the average cost violation of EMRSA in small, medium and large scale workloads is 36.33%,

52.21%, and 29.2% respectively. In large scale workloads, the EMRSA violates the cost limit in seven out of eight

applications and maximum violation occurs in Classif by 79.14%. In medium scale workloads, the highest cost

violation occurs in Classif by 122.06%. Finally, for the small scale workloads, the worst case violation occurs

for RanInvind by 119.53% cost violation. As expected, our proposed algorithms, DSPS and MVPS, as well as
MSPAN always satisfy the cost limit in all the workloads.

6.2.3 Deadline

Finally, we analyze the performance of algorithms in terms of meeting the given deadline. User, who submits
the job, determines the deadline too. We compare the performance of algorithms in terms of execution time
of scheduled job with each other as well as with deadline. The results related to total execution time of each
workload under different algorithms scheduling are presented in Fig. 7.

As the Fig.7 indicates, algorithms that cannot always meet the deadlines are EMRSA and EM. Note that since
the EMRSA does not consider placement and shuffle time, it cannot meet the deadline. However, our improved
version of it, EMRSAPS, is able to always meet the deadline. The average deadline violation of the EM for
small scale, medium scale, and large scale workloads is 8.92%, 91.53%, and 78.91% respectively. The maximum
deadline violation occurs in RanInvInd by 41.77% for small scale workloads, in SeqCou By 178.5% for medium
scale workloads and again in RanInvInd by 190.43% for large scale ones. Unlike the EM, the MSPAN algorithm
demonstrates significant performance in terms of execution time. As can be seen, the MSPAN algorithm not
only meets the deadline in all situations, but also it decrease the execution time way below the deadline. Our
two proposed algorithms DSPS and MVPS as well as EMRSAPS, always meet the deadline. However, they do
not decrease the execution time in the way MSPAN does. The reason is that since their aim is decreasing the
energy consumption instead of execution time, they prefer energy efficient, yet slow, machines rather than fast

but energy-hungry ones.

6.2.4 VM Selection and Task Assignment Details

In the following we show which VMs are selected by each algorithm from the set of available VMs. Then,

we demonstrate how the tasks are assigned to selected VMs. The execution time of each phase (placement,
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Fig. 6. Total cost of each algorithm as well as cost limit violation.
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Fig. 7. Deadline violation of each algorithm.

Map, shuffle, and Reduce) is also illustrated. Fig. 8 presents the aforementioned information for small scale
workloads. We compare our proposed algorithms against makespan and ILP. The vertical axis indicates the
selected VMs. Horizontal axis illustrates the time. Within an algorithm, duration of placement (red) and shuffle
(blue) phases are the same for all the VMs; however the Map phase and Reduce phase have different lengths
depending on the number of tasks on each VM. The number inside the Map and Reduce rectangles shows the
number of tasks that the VM executes. For example in WorCou application, DSPS algorithm has selected two
VMs from N1-standard-1 type, one VM from N1-highCPU-4 and one from G1-small (see Table 2 for VM types).
WorCou application has 17 Map tasks and two Reduce tasks in small scale (see Table 3). N1-highCPU-4 has
executed 12 Map tasks and 2 Reduce tasks. N1-standard-1 VMs have executed two and one Map tasks and
finally the G1-small has executed two Map tasks.

Investigating the behavior of ILP, which finds the optimal solution, indicates that 1) while ILP tries to reduce
the number of selected VMs (on the contrary of MSPAN), it tries to distribute the tasks uniformly on VMs so
they finish their job at the same time. 2) ILP chooses N1-highCPU-4 and N1-highCPU-2 VM types more than
others. We can conclude that these VM types are more energy efficient than other ones. Generally, tracing the
VM selection pattern of ILP can help identify the energy efficient VM types. Exploring the results of DSPS
and MVPS and comparing them with ILP, reveals that there is still room for improvement in these algorithms

regarding VM selection and task assignment.

6.3 Sensitivity Analysis

We first evaluate the effect of network bandwidth on energy consumption. Since the bandwidth can affect
the duration of data placement and data shuffle stages, we change it from default value of 1GB to 100MB
and then 10GB to see how their share in total energy consumption changes. We present the results of ILP for
small scale workloads in Fig. 9. Increasing the bandwidth, decreases the data placement and data shuffle times
and consequently their share in total energy consumption. The results show that the data movements on the
network are responsible for consumption of an important share of total energy in most networks, and hence,
they must be taken into account to obtain a practical solution for VM provisioning and scheduling.

Regarding deadline, we have changed it from 120 seconds to 743 seconds , and the cost limit starts from

0.033 cents to 3.263 cents. The normalized results for the two proposed algorithms, DSPS and MVPS, with
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Fig. 9. Network sensitivity analysis.

respect to ILP are presented in Fig. 10. As can be seen, for some deadlines and cost limits, there is no solution
and consequently no point is plotted in the figure. The plots show that beyond a certain amount of relaxing the
deadline or cost limit, our algorithms converge to ILP in most cases. The other information these figures reveal
is that in some cases, at very tight deadline or cost limits, our algorithms fail to find a feasible solution despite

its existence. This warrants further work and analysis for further improvement.

7 CONCLUSION AND FUTURE WORK

We proposed two algorithms, DSPS and MVPS, to tackle the problem of MapReduce batch jobs scheduling
in cloud. These two algorithms reduce energy consumption while satisfying the cost limit and deadline
determined by the customer. Extensive set of simulations using real world workloads demonstrate that the
proposed algorithms can find near optimal solutions for the problem. As workloads, we used eight applications

from PUMA benchmark suit in three different scale classes of small, medium and large. To find the optimal
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Fig. 10. Cost and Deadline Analysis.

and lower bound solutions, we use ILP and LP respectively. Comparing DSPS and MVPS with several rivals
indicates that our algorithms can find valid and energy efficient schedules.

As directions for further research, other requirements such as dependability can also be considered as a
constraint for the problem and added in terms of new set of constraints. Collocation of VMs on a server
and the resulting resource contention among them is another impact of using clouds for Big Data computing.
This interference can affect the overall performance of the cluster responsible for executing Big Data application.
Addressing this issue is part of our future work in extending the techniques presented in this paper. Considering
soft deadline instead of hard deadline for provisioning and scheduling is another interesting direction for future

work.
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