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Resource management in data centres continues to be a critical problem due to increased infrastructure
complexity and dynamic workload conditions. Workload and energy consumption prediction are
crucial for efficient resource management decisions in cloud data centres. Existing solutions only
consider forecasting the usage of virtual machine resources such as CPU and memory; they do
not consider provisioned resources (CPU and memory) and disk, network transmission rates, which
significantly affect the energy consumption of the host as well. VM-level energy consumption can be
estimated for automated energy management decisions in modern data centres. However, it is not easy
to measure energy for VM devices such as CPU, memory, and disk at the software level. In this way,
we propose an ML-based model to predict load and energy to aid resource management decisions.
For modelling workload predictions, we investigated several distinctive ML algorithms such as Linear
Regression (LR), Ridge Regression (RR), ARD Regression (ARDR), ElasticNet (EN) and deep learning
(DL) algorithm like Gated Recurrent Unit (GRU). The model’s predictions are measured using standard
evaluation metrics like root mean square error (RMSE). We have discovered that GRU has performed
very well by accomplishing the most negligible RMSE value for all the workload performances based
on experimental results. For energy state estimation, we propose four diverse clustering algorithms,
including, semi-supervised affinity propagation based on transfer learning (TSSAP), CLA based on
transfer learning (TCLA), kmeans based on transfer learning (TKmeans), P-teda based on transfer
learning (TP-teda) to discover similar groups of VMs dependent on features that may influence energy
consumption as opposed to estimating it for each VM. The TSSAP has acquired promising clustering
accuracy with 87.48% and 53.80% in identifying the VM classes which have been calculated using
standard metric such as micro-precision for the chosen workload in compassion to affinity propagation
(AP) and the average of other proposed clustering algorithms respectively.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction the CPU and memory consumption of a cluster could not exceed

60% leaving a large resource inefficiency in Cloud data centres [3].

Cloud computing is an Internet-based computing paradigm
that is capable of providing on-demand services to the end-users
through virtualization of hardware resources in data centres [1].
Resource management is often a difficult task in a data centre
due to multitenant users, changing workload conditions, and ex-
tremely complex infrastructures. The modern data centres com-
prise highly non-linear workloads. For instance, in an IBM survey,
average CPU and memory usage of cloud workloads vary between
17.76% and 77.99% [2]. According to a study conducted by Google,
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Consequently, the workload’s non-linearity usage patterns result
in inconsistent performance, high energy consumption, and de-
graded quality of services (QoS). In addition, it raises operating
costs and causes service providers to lose revenue. Since data cen-
tres are expensive to build and operate, it is necessary to optimize
resource usage. An intelligent resource prediction approach can
effectively resolve the issue to increase resource usage and reduce
operating costs while ensuring the application’s Quality of Service
(Qos).

A prediction mechanism produces insights into the future
demand of a particular resource such as CPU, memory, disk and
network based on rich historical workload. These predictions can
be used to deal with non-linear resource utilization and energy
consumption in the data centres and aid resource management


https://doi.org/10.1016/j.future.2021.10.019
http://www.elsevier.com/locate/fgcs
http://www.elsevier.com/locate/fgcs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.future.2021.10.019&domain=pdf
mailto:tahseen.khan240@gmail.com
mailto:tian_wenhong@uestc.edu.cn
mailto:silager@student.unimelb.edu.au
mailto:rbuyya@unimelb.edu.au
https://doi.org/10.1016/j.future.2021.10.019

T. Khan, W. Tian, S. Ilager et al.

decisions such as resource provisioning and VM consolidation etc.
For instance, a resource provisioning mechanism based on these
future insights can deal with efficient resource allocation (i.e., al-
locating more or fewer resources to VMs based on their needs).
Furthermore, decisions can be more proactive than current reac-
tive approaches (e.g., provisioning required resources beforehand
to improve QoS and avoid bottlenecks such as resource bootup
time). In this regard, ML techniques can be used to make work-
load predictions [4]. ML-based predictions are ideal because they
are derived from real features and capable of learning highly
non-linear workload behaviour caused by multiple factors in data
centre environments. Recent resource prediction works focuses
on CPU, and memory usage and ignore provisioned (requested)
resources such as CPU and memory [5,6]. When a new VM is
instantiated on a host, these provided resources also make a
significant contribution to energy consumption [7]. Furthermore,
they ignore resource metrics like disk throughput, which has
a direct impact on a host’s energy consumption [8]. Another
essential metric to consider when consolidating virtual machines
to save resources is network throughput [9]. Furthermore, many
machine learning algorithms have been used to accomplish this
task, but no single machine learning algorithm can address any
non-linear workload well. As a consequence, using an ensemble
learning method that involves several machine learning algo-
rithms to predict both provisioned and used non-linear workloads
with various metrics such as provisioned CPU, provisioned mem-
ory, CPU usage, memory usage, disk throughput, and network
throughput would be advantageous.

Along with workload forecasting, energy estimation is crucial
in data centre resource management. Energy consumption is a
massive challenge in data centres, and data centre providers
intend to minimize overall energy consumption through efficient
resource management. The hosts in modern data centres have
various sensors to monitor energy at the host level. Recent re-
search [10,11] have focused on calculating energy consumption
for each virtual machine (VM) using various power models. How-
ever, it is not easy to calculate the energy consumption of VMs
at the software level. For instance, the energy consumption of
memory is determined based on the events raised by each VM
on each core’s last level cache (LLC). We need to collect these
LLC metrics to determine energy consumption, which makes cal-
culating the energy of each VM a difficult task [12]. Therefore,
instead of calculating energy for each VM, we chose to look at
patterns of similar VMs in different energy-consumption states.
This is done by examining the available features related to energy
consumption and using clustering analysis to identify VMs with
similar patterns.

In this work, we use real work workload traces to build the
prediction models. We mainly use Bitbrains data [13], which
includes provisioned and used resource performance of several
thousand VMs hosted in distributed Clouds. We propose pre-
diction modelling for two tasks, i.e, workload prediction and
energy state estimation of VMs, respectively. Our system model
consists of two parts: Resource Management System (RMS) and
the Prediction Module. We present an implementation of the
Prediction Module in this paper. In this regard, we investigate
various machine learning techniques for workload prediction, and
the best models are chosen for further RMS actions. We use an
ensemble learning approach to deal with energy state estimation
and propose four different clustering methods to consider the
best performing algorithm among semi-supervised affinity prop-
agation based on transfer learning (TSSAP), CLA based on transfer
learning (TCLA), kmeans based on transfer learning (TKmeans),
and P-teda based on transfer learning (TP-teda). Based on our
experiments, the TSSAP outperformed other methods by achiev-
ing the highest accuracy in clustering. Furthermore, we use the
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Univariate selection method with the ChiSquare (?) test to select
the highly relevant features related to energy-consuming states in
this method. Afterwards, we use t-Distributed stochastic neigh-
bour embedding to cluster these features in the two-dimensional
plane (t-SNE). Eventually, this clustered data is transferred to
a different domain for further clustering analysis by using four
clustering algorithms such as AP [14], CLA [15], Kmeans [16] and
P-teda [17].

In summary, the key major contributions of this work are as
follows:

e We propose an intelligent prediction modelling based on
machine learning for two tasks: workload prediction and
energy state estimation.

e We explore different ML algorithms for workload prediction
in nonlinear conditions using features comprising provi-
sioned and utilized resources from a cloud hosting dis-
tributed data centre. The features include performance met-
rics, such as provisioned CPU, provisioned memory, CPU
utilization, and memory utilization, disk throughput and
network throughput.

e We present a novel approach to VM-level energy state esti-

mation using an ensemble learning approach that includes

four different proposed clustering methods for identifying
similar groups of VMs based on VM-level features that may
affect energy consumption.

In our workload prediction models, GRU provides the least

RMSE values for all features.

In our energy state estimation models, TSSAP obtains a

significant accuracy of 53.80% to identify VMs’ classes in

comparison to other clustering models.

The rest of the paper is organized as follows: Section 2 dis-
cusses the relevant literature for this project. Section 3 explains
the motivations for this work as well as the implications of re-
source management in the cloud. A resource management model
is proposed in Section 4. The used cloud workload traces are
described in Section 5. Section 8 is where performance and results
are analysed. Finally, Section 9 concludes the paper and provides
the future directions.

2. Related work

Machine learning-based prediction has been extended to a
wide range of applications. Workload prediction and E-state pre-
diction are two tasks performed by our model. The important
work associated with both tasks is mentioned below. Tables 1 and
2 show a comparison of our research with related work.

First, we discuss related work for the proposed model’s first
task. In the proposed system Resource Central, Cortez et al. [5]
used the Random Forest method to predict CPU utilization in
released traces of Microsoft Azure VM workload (RC). This sys-
tem obtains VM features and learns these behaviours offline
using machine learning before providing online prediction to
various resource managers via a client-side library. Islam et al.
[18] proposed an evolutionary approach to build an effective
prediction model for CPU utilization for adaptive resource pro-
visioning in the cloud, based on the machine learning algorithm
Linear Regression (LR). It can help e-commerce applications with
dynamic and proactive resource management scheduling and
capacity planning. They used a dataset generated by the TPC-W
benchmark. Barati and Sharifian [19] used a tuned support vector
regression method in Google cloud workload traces to predict
CPU and memory utilization for the purpose of proactively re-
source provisioning to keep resource utilization and service level
agreements (SLAs) at an acceptable level. Farahnakian et al. [20]
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Table 1
A comparison on resource parameters and algorithms with related work.
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Study Provisioned resources Utilized resources Algorithms
Provisioned Provisioned CPU Memory Disk Network
CPU memory utilization utilization throughput throughput

Cortez et al. [5] X X v X X X RF

Islam et al. [18] X X v X X X LR

Barati and Sharifian [19] X X v v X X t-SVR

Farahnakian et al. [20] X X v X X X LR

Farahnakian et al. [21] X X v X X X KNNR

Abdelsamea et al. [22] X X v v X v MR

Farahnakian et al. [6] X X v v X X Regression method

Proposed model v v v v v v LR, RR ARDR EN, deep

learning (GRU)

Table 2
A comparison on power model and algorithms with related work.

Study

Kansal et al. [23]

Chen et al. [24]

Wen et al. [25]

Krishnan et al. [26]

Quesnel et al. [27]
Aldossary and Djemame [10]
Gu et al. [11]

Proposed model

Power Model

=
=

MRS NENENENENEN
X X X X X X X

<

used Linear Regression to predict short-term future CPU utiliza-
tion based on each host’s historical data. This process was used to
determine whether a host was overloaded or underloaded based
on predicted future CPU usage during live VM migration. When a
host becomes overloaded, some VMs migrate to other hosts, and
when it becomes underloaded, it switches to sleep mode to save
energy. This process is known as VM consolidation. Farahnakian
et al. [21] used the k-nearest neighbour regression method to pre-
dict CPU utilization in a real-world PlanetLab workload. The CPU
utilization performance of over a thousand VMs was recorded
at 5-min intervals for this workload. This prediction was used
to reduce energy consumption during the VM consolidation pro-
cess. In order to reduce energy consumption, Abdelsamea et al.
[22] used multiple factors such as CPU, memory, and bandwidth
utilization instead of just CPU utilization for prediction using
Multiple Regression from real workload traces in the VM consoli-
dation process. Farahnakian et al. [6] used a regression method
to predict CPU and memory utilization from two real work-
load traces, Google cluster and PlanetLab. They consider both
current and future resource utilization to determine whether a
host is overloaded or not during the VM consolidation process,
avoiding unnecessary VM migration and lowering a host’s energy
consumption.

The related work for the model’'s second task is discussed
here. Kansal et al. [23] proposed Joulemeter, a virtual machine
power metring system that measures energy consumption at the
VM level using VM resources at runtime. They presented power
models that used VM resources such as CPU, memory, and disk
in the virtualized platform to measure energy at the VM level.
In the GreenClouds project, Chen et al. [24] presented a linear
energy model that represented the behaviour of a single host
and included different components, such as CPU, memory, and
HDD, all of which contribute to the total energy consumption of a
single host. Because VM energy consumption cannot be measured
by any power sensor, Wen et al. [25] proposed a VM power
metring method based on performance events counter values
from resources such as the CPU and memory. Krishnan et al.
[26] looked into the feasibility and challenges of developing mod-
els for black-box online monitoring in VM power metring, and
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presented a linear model to track the system’s power. Quesnel
et al. [27] presented a linear model for calculating total energy
consumption based on static and dynamic resource consumption.
In the TANGO project, Aldossary and Djemame [10] presented
an energy-based cost model that takes energy consumption as
the main parameter in relation to the actual resource usage of
VM. Gu et al. [11] presented a tree-regression-based method for
estimating the power consumption of VMs on the same host. For
each VM, Jiang et al. [28] presented a two-dimensional lookup
table. CPU utilization, last level cache (LLC) miss rate, and the
power value computed from CPU utilization and LLC miss rate
are all included in the table.

3. Motivation: Intricacies in cloud data centre’s resource man-
agement

Resource management is a critical component in a distributed
cloud data centre operations. The presence of multi-tenant users
and their heterogeneous workloads makes estimating the work-
load level and energy consumption. In cloud data centres, the
hosts have varying numbers of virtual machines over time. As
a result, the host experiences variable workloads and energy
consumption. It is crucial to analyse the non-linearity of VM
workloads, examine host characteristics such as whether they are
over-utilized and under-utilized, and take resource management
decisions accordingly (e.g., resource provisioning and VM consol-
idation). The data-driven methods based on machine learning are
being researched to save energy and optimize resource usage. The
parameters like CPU, memory, disk and idle power all contribute
to a host’s total energy [8]. To accurately estimate the energy
consumption of the host, all the necessary contributing elements
should be considered.

The CPU has a significant impact on the host’s energy con-
sumption, particularly when running CPU-intensive applications.
The authors in [23] ran a series of tests and discovered that
in mixed workloads, the CPU consumes 58% of the total host’s
energy. According to other studies [29] and [23], memory ac-
counts between 20% to 30% of the total energy by a host due to
memory accessing and page swapping at the host level. However,
measuring the power of each VM at the VM level is difficult due
to the need to collect LLC (last level cache) events raised by each
VM on each core [12]. In the case of disks, however, energy is
generated by spinning platters and disk head movement. [23]
also presented a linear energy model based on disk read and
write throughput in their research. Resource provisioning and
VM consolidation are the two main ways to deal with energy
efficiency. VM consolidation aims to improve resource utilization
and energy efficiency by consolidating VMs to fewer hosts via
VM migration while ensuring SLAs [30]. Intelligent predictive VM
consolidation is being used these days, which is considered to
be more efficient. Network throughput, on the other hand, is an
important metric that can help with VM consolidation to save
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Fig. 1. fastStorage: CPU Usage [%] sample at 5 min interval.

energy indirectly by reducing resources [9]. According to a study,
by 2020, 51,774 GB/sec of internet traffic will be generated as a
result of computing as a service via cloud computing, which will
have an impact on cloud networks [31]. As a result, in the case
of dynamic VM placement, this factor will affect VM migration
time and violate SLA [32]. However, some researchers considered
predicting CPU utilization only in the case of VM consolidation to
save energy [ 1]. Therefore, the above facts indicate that elements
such as memory and disk throughput and network throughput
should also be considered for prediction in VM consolidation to
save energy.

Furthermore, resource provisioning is the allocation of physi-
cal resources based on an estimation to improve resource utiliza-
tion and energy efficiency. This estimation based on the predic-
tion of future resource behaviour can better deal with efficient
resource provisioning. This estimation, based on future resource
behaviour predictions, can help with resource provisioning more
efficiently. For a prediction-based estimate in resource provi-
sioning, the majority of researchers focused solely on the use
of physical resources like CPU, memory, storage and network
bandwidth [33]. However, the current study does not take into
account both provisioned and utilized resources when making
predictions. In [7], the power models show that when a host
instantiates a new VM, provisioned CPU and memory have a
linear relationship with energy consumption. As a result, resource
provisioning based on estimating the combined provisioned and
utilized resources can provide a better perspective for laaS service
providers to save energy.

To understand the intricacies of power consumption of a host,
we did a case study on workload traces. We obtained CPU usage
(%) of two different VMs sampled at 5-minute intervals in a
fastStorage trace obtained from Bitbrain’s data set as shown in
Fig. 1. If a host’s peak CPU utilization exceeds a fixed threshold
(e.g., 80%) [34], it is considered over-utilized, and if it falls below a
selective threshold (e.g., 30%) [1], it is considered under-utilized.
We looked at 1250 VMs’ fastStorage data over a month. For ex-
ample, in Figs. 1a and 1b, peak CPU utilization is between 80% and
100% and 3.5% to 4% for two different VMs, respectively. The CPU
capacity for both of these VMs in the same trace is the same. As
a result, it is clear that during a given month, CPU utilization for
VM-1 reached up to 97.87%, while CPU utilization for VM-2 could
not exceed 3.8%, indicating that a host is either over-utilized or
under-utilized in this long run. According to [8], the CPU has a
direct linear relationship with the total energy consumption of
the host. It means that if a host’s VM’s CPU is over-utilized, it
consumes a lot of energy, and if it is under-utilized, its processing
power is wasted, yet spending a large amount of energy in terms
of idle power.
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In terms of energy efficiency, both cases such as workload
forecasting and energy state estimation are critical for a data
centre and must be addressed. As a result, observing the energy
of each VM for the total energy of a host would be appropriate.
Each component of a host, such as the CPU, memory, and disk,
contributes to the total energy of the host [8]. Thus, monitoring
energy of hosts can benefit from the visibility of energy consump-
tion at the VM level, but measuring energy consumption of VM
devices at the software level is extremely difficult. LLC (last-level-
cache) events raised by each VM on each core must be collected at
the VM level, making it more difficult to measure [12]. As a result,
rather than measuring the energy of each VM, we decided to
analyse the patterns of similar VMs that are suffering from over-
utilization and under-utilization. Clustering analysis can be used
to look for VMs that have similar patterns. The research is going
towards automation Thus, to learn these states by the machine
automatically, we use a machine learning approach such as clus-
tering, which automatically finds similarities between features
and divides data into similar and dissimilar categories. Based on
the factors discussed above, we consider the four different cases
of peak CPU utilization as low, medium, high, and critical, respec-
tively, 0%-40%, 40%-70%, 70%-95% and above 95%. The cases low
and (high, critical) correspond to under-utilized and over-utilized
i.e., low and high, critical energy-consuming states denoted by
“E-state” (see Table 5). This type of analysis is carried out by
observing which VMs are correctly divided using four proposed
clustering methods. Our approach is not limited to these ranges;
it can be seen by experimenting with different ranges based on
the workload’s observations.

4. System model

A cloud platform is made up of several physical machines that
provide end-users with on-demand services, and applications are
deployed on these physical machines using virtualisation tech-
niques. Fig. 2 depicts an overview of our system model. We chose
a data-driven, machine-learning approach that uses historical
application workload to learn from the past and predict the future
workload level and energy states of VM. ML algorithms learn
from historical data and help to make decisions in data-driven
approaches.

Our work focuses on two types of tasks: (1) workload predic-
tion, to which we investigate various machine learning methods
and select a model with the lowest RMSE value. (2) E-state
prediction, i.e., determining which virtual machines are in low
and high energy-consuming states, we propose four different
clustering methods for categorizing virtual machines based on
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features related to energy consumption. To deal with these two
tasks, we use real workload traces that include various features,
including provisioned (CPU, memory) and used resources (CPU,
memory, disk, and network throughput). The proposed model’s
main component is the Prediction Module. The Resource Man-
agement System (RMS) can take decisions for different resource
management tasks in cloud data centres; also, it makes energy
management decisions with the help of the Cluster Management
System from the Prediction Module. We only present the im-
plementation of its Prediction Module in this paper. Our future
work will include the performance of RMS for resource provision-
ing, VM consolidation, and other management functions based
on the output of the Prediction Module. Therefore, the follow-
ing subsections discuss the critical components of its Prediction
Module.

5. Workload traces

The ML-based prediction system is as good as the data used
to train and training data can include application and physical
level features to train the model in the data centre domain [35].
Physical resource includes host-level resource usage such as CPU,
Memory, 10, and so on, and application features include CPU
cycles, cache metrics, and so on. We use two traces represen-
tatives collected from a distributed cloud hosting data centre
and released by [13] that contains business-critical workload. A
business critical workload is obtained from a service provider
that specializes in managed hosting and business computation
for enterprises. The details of this business-critical workload are
shown in Table 3 and the definition of each feature is shown in
Table 4. The vCloud Operation tools record seven performances
per VM in these traces, which are sampled every five minutes.

These two traces collect data for 1750 virtual machines (VMs)
across over 5000 cores and 20 TB of memory, accumulating over
5 million CPU hours in four months of operation, making them
long-term and large-scale time series. The first trace, fastStor-
age, contains 1250 virtual machines (VMs) connected to storage
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Table 3
Distributed cloud data centre’s trace for this work.
Trace VMs  Collection Memory CPU Collection
period cores interval
fastStorage 1250 30 days 17729 GB 4057 5 Min
Rnd 500 90 days 5485 GB 1444 5 Min
Table 4

Definition of features in workload trace.

Features Definition (Average)

Rcpy Provisioned CPU capacity [MHZ]

Ucpu CPU usage [MHZ]

Rinemory Provisioned memory capacity [kB]
Unemory Memory usage [kB]

Dt Disk read throughput [kB/S]

Dt Disk write throughput [kB/S]

N;” Network received throughput [kB/S]
N Network transmitted throughput [kB/S]

area network (SAN) storage devices, and its performance was
tracked for a month. The second trace, Rnd, contains 500 virtual
machines (VMs) connected to much slower Network Attached
Storage (NAS), and the performance of these traces has been
monitored for three months. The dataset is smoothed by taking
the average of each performance recorded for each VM [36]. We
compute 1250 entries as the average of each feature for each VM
in fastStorage trace for one month, and 500 entries for Rnd for
three months. As a result, we have a total of 1500 entries for Rnd.

6. Workload estimation using prediction algorithms

We choose regression-based methods for our workload pre-
diction because we want to estimate a numerical output variable
like CPU utilization, which have also been used in earlier work
on non-linear workloads such as (Linear Regression (LR), Ridge
Regression (RR)) [33], ARD Regression (ARDR) [37], ElasticNet
(EN) [38]. We also choose a deep learning method, recurrent
neural networks (RNNs) with gated units, commonly known as
gated recurrent units (GRUs) [39], as it outperforms traditional
RNNs with other units [40]. For fastStorage and Rnd traces, we
always consider the average of each VM resource over one month
and three months of data and make predictions for these VMs
based on this. The reason for selecting the average value has
been discussed in Section 2. Furthermore, the peak CPU utiliza-
tion in red rectangular boxes is rapidly decreasing after a short
time interval, as shown in Fig. 1(a), so it would be feasible and
efficient to use the average of each VM to train the ML model
and forecast the average prediction value of each VM provisioned
and used resources based on this learning. To implement all of
the ML methods, we use the sci-kit learn [41] and the Keras [42]
package to implement the deep learning method GRU. In this
implementation, the parameters for each of the ML methods are
set to their default values. The parameters for RR are set to
o = 0.2 and normalize = true. To predict the target variable,
all ML-regression methods are trained with multiple features. For
example, if the target variable is set to average CPU utilization,
the remaining features are chosen from the traces to train the ML
regression methods. Furthermore, we use the Root Mean Square
Error (RMSE) metric to assess the goodness of fit of various meth-
ods, which is a standard evaluation metric in regression-based
problems [43].

The RMSE can be defined as the dissimilarity forecasted value
of a network and the actual value. It can be stated mathematically
as follows:

(1)
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In Eq. (1), P; is actual value and 131- is the forested output variable
by prediction network, and T is the total number of predictions.
As a result, the model will be more accurate if the RMSE values
are lower. In addition, the model is examined to be more precise
if its RMSE value is adjacent to O.

Tables 6 and 7 show the performance of various ML-regression
methods and deep learning method. These results represent the
RMSE value for different features (see Table 4) of the selected
traces. We can see from these tables that the deep learning
method GRU has very low RMSE values, implying that residuals
or prediction errors are lower and predictions are more accurate.
Furthermore, different regression techniques have produced sim-
ilar results. Because GRU results are more promising and have
the lowest RMSE value. Therefore, we concentrate more on this
algorithm to explore it further and explain it in Section 6.1 below.

6.1. Learning with Gated Recurrent Unit (GRU)

Gated Recurrent Unit (GRU) is introduced by [39] is the gated
recurrent unit (GRU). In this mechanism, we train the model with
80% of the target variable, such as CPU utilization, and the trained
model predicts with 20% of the target variable. The equations that
define the GRU architecture are as follows:

ur = o(Wyx; + Uyhi—1 + by),

T:t =o(Wix; + Urhe_1 + b)), 2)
h; = tanh(Wyx; + Uphy_11¢ + by),

he = uche_1 + (1 — uh

The vectors u; and r¢, for example in Eq. (2), correspond to the
update and reset gates, respectively. The state of the vector at
time ¢ is represented by h;. The activation function of both gates
are sigmoid function which is represented by o. This function is
in charge of limiting the range of values for u; and r; from 0 to 1.
Furthermore, a hyperbolic tangent tangent function evaluates the
candidate state h;. The GRU network is fed with input x; (in our
case, a vector of CPU usage (Ucpy) values) and the feed-forward
connections W, W;, and W}, as well as the recurrent weights U,
U,, and Uy. Before non linearities in the network, the trainable
bias vectors by, b,, and by are included.

In addition, the Pandas and Numpy [44] libraries are used to
load workload traces as a pandas data frame and convert integer
values to floating-point values that are more suitable for working
with a neural network. The data is re-scaled from 0 to 1 using the
MinMaxScaler. The dataset is then converted to a different shape
using the original dataset and the look-back parameter assigned
to 1, which denotes the number of previous time steps to be
used as input variables to predict the next period [33]. Besides,
this model consists of one input layer, one hidden layer, and one
output layer with one input, five neurons, and one output forecast
as optimized results are obtained with five neurons. In addition,
the model can be trained with more neurons to achieve better-
optimized performance. Eventually, the model is compiled using
mean square error as a loss function and Adam optimizer [45]
and the network is trained for epochs = 100 and batch_size =
64. We have optimized performance for these hyperparameters
as discussed in Section 8.2. We also use the validation_data pa-
rameter in the training phase, which is the data on which the loss
and any model metrics are evaluated for validation at the end of
each epoch, but the network is not trained on this data. After the
model has been fitted, the RMSE is used to evaluate the model’s
performance on test data.
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Table 5
E-states with CPU utilization.
Peak CPU utilization (%) E-state
0-40 Low
40-70 Medium
70-95 High
Above 95 Critical
Table 6
fastStorage: RMSE values of different algorithms in predicting different
features.
Features GRU LR RR ARDR EN
Repy 3.46 417.66 1899.17 418.29 605.21
Ucpy 0.44 911.95 1002.97 1886.30 923.67
Rinemory 9.29 9448342.05 7930792.37 8929672.01 9089470.08
Unmemory 37242 365978.61 384364.48 366817.80 366030.14
D 0.37 3176.39 3192.39 3245.52 3183.62
Dt 0.06 325.19 323.77 338.36 324.26
Nt 0.33 53.17 54.18 68.22 53.37
Nt 0.23 93.83 93.22 101.90 94.21
Table 7

Rnd: RMSE values of different algorithms in predicting different features.

Features GRU LR RR ARDR EN

Repy 5.22 449.59 1541.14 442.51 449.59

Ucpy 1.79 754.13 772.98 1134.96 766.42
Rimemory  9.85 24629258.91 25318293.39 24638065.90 24616865.76
Unemory  1262.93 441097.03 440 142.87 433219.81 437761.33
Dt 1.59 746.05 722.07 744.29 750.16

Df[f 0.76 407.76 396.37 435.44 403.39

N,‘h 0.9 664.48 670.55 666.83 664.10

Nt 0.61 603.97 604.41 605.55 609.79

7. VM energy state estimation using clustering algorithms

We propose four clustering methods to form similar groups of
VMs. we predict the energy state of a VM such as low, high and
critical. These models would help various resource management
decisions to increase the resource efficiency.

These techniques are based on the four clustering algorithms
listed below:

e AP [14]: This is an exemplar-based algorithm which is used
to propose TSSAP.

e CLA [15]: Every data point in this algorithm is given a mass
and is linked to a special force called the local resultant force
(LRF) generated by its neighbours.

e Kmeans [16]: This algorithm aims to group n data points
into K classes, with each data point being a neighbour of
the cluster centre closest to it.

e P-teda [17]: This algorithm is designed to handle high-
frequency data. This method incorporates the TEDA theory
concept and inherits all of its benefits.

In all of these methods, we use the [46] transfer learning
approach to learn robust clusters for the target domain using
knowledge from a source domain. Therefore, we provide the
same source domain knowledge to all methods, as discussed
in Section 7.1.1 for TSSAP. Apart from transfer learning, we re-
strict the affinity propagation (AP) algorithm to produce sev-
eral clusters equal to the actual number of clusters and per-
form some additional additions such as semi-supervised learn-
ing using pairwise [47] and non-matrix factorization [48]. Thus,
semi-supervised affinity propagation based on transfer learning
(TSSAP), CLA based on transfer learning (TCLA), kmeans based
on transfer learning (TKmeans), and P-teda based on transfer
learning are the names given to the proposed methods (TP-teda).



T. Khan, W. Tian, S. Ilager et al.

—
c
=N
=
s
=3
)
2
)
©n
o
@
a
=
)
=1

Pass S and p in AP's
Input

Obtain NMF in a and b
on similarity S

Compute smilarity S
and preference p

Compute availability
and responsibility

Compute pairwise
constraints

Update similarity S by a]—)[

Update similarity S by Restrict AP to produce
pairwise constraints clutsers equivalent to K

E-state

Fig. 3. Workflow of TSSAP.

Because TSSAP has produced promising clustering results, we will
primarily focus on this method in the following subsections to
explain it in detail.

TSSAP is a semi-supervised clustering method that can use a
small amount of supervised data in the form of partial labels to
provide some supervision to unsupervised data in order to form
more accurate similar clusters. Since the results are promising,
this information about similar clusters is sent to the CMS. It
separates the clusters of VMs into Low, High, and Critical energy-
consuming states before submitting them to the Broker, which
then sends these three clusters to the RMS for further analysis.
Fig. 3 depicts the proposed model. This method’s operation has
been described in detail below.

7.1. Transfer learning-based semi-supervised AP

7.1.0.1. Transfer learning. Transfer learning is a type of learning
that focuses on learning robust classifiers for a target domain us-
ing knowledge from a source domain [49]. We use the univariate
feature selection method, in which the best features are chosen
using univariate statistical tests like the chi-square test [50]. It is
used in the context of feature selection on a labelled dataset to
see if the class label is independent of a given feature.

Definition 1. If a feature has m different values and k classes, the
chi-square score x? is calculated as follows:

m K
=y 3)
— = Vij
i=1 j=1
where vj is the number of samples with the iy, value and
n;.n;
vj = —2 (4)

The number of samples that take the i, value of a feature is b;
in this case. The number of samples in the jy class is nj, and the
number of samples in the input data is n.
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We use t-Distributed stochastic neighbour embedding (t-SNE)
[49] to reduce high-dimensional features to two-dimensional fea-
tures via a matrix of pair-wise similarities after obtaining the best
features that are most related to class labels. It effectively divides
data into clusters, and we further cluster these divisions using
modified AP method that improves clustering accuracy.

Definition 2. Given a set of n high-dimensional data points
(¥1,¥2, ..., yn), the conditional probability p;; that corresponds
to similarities between two data points y; and y;, for i # j,

exp(—llyi — yjll* / 2vi%)
Zk#i exp(—Ilyi — yill® / 2v:?)

The Gaussian variance for data point y; is v;. This algorithm
then uses the gradient descent algorithm to minimize the sum of
Kullback-Leible divergence. Furthermore, the variance of the t-
Distribution is chosen as the parameters centred on the data point
y; in high-dimensional space. Since the density of data changes,
it is impossible to find a single optimal value for all data points.
t-SNE produces a user-defined perplexity value with p; such that,

pji = (5)

perp(pi) = 2"(py) (6)

where h(p;) is the Shannon entropy of p; and defined as,

h(pi)=—Y LloglL 7)
J

where L = pj);.

7.1.0.2. Modified AP. In AP, the input parameters are similari-
ties S(i,j) between data points and preference p, which is the
median or minimum of calculated similarities. As a result, two-
dimensional features derived from the t-SNE operation were
used to calculate input similarities using Euclidean distances like
S(i,j) = —llx; — x;|| and preference, p = min(S). The number of
classes in data is not used as a parameter in AP, which results
in a random number of exemplars. It could have an impact on
AP’s clustering performance. Therefore, in AP’s input, we pass
this supervised information, such as the number of classes K,
along with S(i,j) and p. The real-valued messages a(i, k) and
r(i, k) are then computed by AP. We use non-matrix factorization
(NMF) [48] to update similarities at this point.

Definition 3. Assume we have a X matrix with m features and n
samples. NMF decomposes matrix X into two matrix A(m x q) and
B(q x n) such that,

X ~ AB (8)
In detail, it can be expressed as,
X=AB+e 9)

The matrix norm of X — AB is computed as e. X is made up
of similarities between data points calculated using the S(i, j)
Euclidean distance. As a result, the NMF method is applied to
S(i,j), which is decomposed into A and B. These elements are
upgraded repeatedly in order to reduce the estimation error X ~
AB. Various operations, such as Euclidean distance, can be used to
calculate the distance between AB and X,

1
deuc(A, B) = 5IIX — AB|? (10)
and similarities S(i, j) is updated with matrix A, such that
531, j) = A(i, ) (11)

To provide more supervision to the updated similarities from
NMF, we use semi-supervised learning. Semi-supervised learning
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bridges the gap between unsupervised and supervised learning
by incorporating both labelled and unlabelled components. When
unlabelled data is combined with supervised data, the learning
rate increases. Semi-supervised clustering has recently gained
popularity, in which little supervision is provided by using var-
ious side information methods such as instance-level constraints,
partial labels, and relative distance comparisons to increase pre-
cision in unlabelled data partitions. This method makes use of
the instance-level constraints introduced by [47] to improve the
accuracy of the results. These constraints indicate that two data
points must link must — link if they are in the same cluster, but
cannot link cannot — link if they are in different clusters.

Definition 4. Assume that a data set Y = {y1,y2, ..., yn} exists,
and that the cluster information is represented by a set y C Y xY,
where y m; U ¢, and that for (i,j) € (1,2, ..., n),

m ={yi,y)) € Y x Y: y; and y; € same cluster}

12
a={yy) € Y x Y:y and y; € different clusters} (12)

The constraints for each pair of data points were determined
using 30% of the actual labels, and the similarities obtained from
NMF were updated again using these constraints. Similarities
S(i, j) for two data points (y;, y;) are updated with 1 or 0 if they

are in the same cluster or not, respectively, for (i, j) € (1, ..., n),
such that,
Wi, y)) e m = S(i,j) = 1&(yi, y;) ¢ m = S(i,j) =1 (13)

Finally, using this similarity matrix as shown in Eq. (13), a
fine set of potential exemplars is obtained. We also limited AP
to producing a random number of exemplars by using a small
amount of supervised data K that is passed into AP’s input. The
accuracy of clustering improved as a result of this. The TSSAP
pseudo code is shown in Algorithm 1:

Algorithm 1: Pseudo code of the proposed clustering
approach TSSAP

Input: Features, labels, No. of clusters K
Output: E-state

1R=[]temp=[1.X=[Lfi=[Lfa=1L
/* Transfer Learning

2 fi < x?(Feature, labels)

3 Select highest 4 in x? score features from f;

4 x < tsne(f,, euclidean)
/* Semi-supervised AP

5 S(i,j) < Euclidean(x;, x;)

6 p < min(S)

7 Pass S(i, j) and p in AP’s input
/* Execute AP, iter = 10 times

8 Compute A(i, k) and R(i, k)

9 (a, b) < nnmf(S(i, j))

10 S(i,j) < a(i,j)

11 § < .3(lables)

12 for i = 1 to length(s) do

13 forj =i+ 1 to length(s) do

14 if (x;, x;) € ¢; then

15 | S@i,j) <0

else

L S(i,j) <1

/* where C denotes cannot-link constraints

*/

*/

16
17

18 return idx
19 E-state < idx
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7.1.1. Learning with semi-supervised affinity propagation based on
transfer learning (TSSAP)

We chose one month of fastStorage trace data for the proposed
method’s learning, which includes the performance of 1250 VMs
running in a distributed data centre. As discussed in Section 2, the
data from these VMs was analysed based on peak CPU utilization
and labelled into different ranges. These ranges correspond to
various energy-consuming states, as peak CPU utilization largely
determines under- and over-utilization, i.e., low and high, critical
energy consumption in the case of VMs assigned to hosts. As a
result, the features of the 1250 VMs are used as the proposed
method’s input. As a result, it would be practical and appro-
priate to analyse similar patterns based on these performances
and observe the results with these ranges. The first step in the
proposed method is to analyse the features using the univariate
selection method. This method’s SelectKBest uses a x? test with
k = 4 to select the best 4 features with a x? score. We use t-
Distributed Stochastic Neighbour Embedding (t-SNE) to cluster
the selected features such as Repy, Ucpy, Rimemory, and Umemory in
a 2-dimensional plane after capturing the best features related
to defined E-state. The data is then transferred to the modified
AP model’s input, which more precisely clusters the data into
different energy-consuming states.

Predicted Class L2220 WM Cluster(Rcpy . Ucpus Rmemorys Umemory)  (14)

E-state

In detail, this information is used to compute a similarity matrix
using pairwise euclidean distance with n number of data points,
resulting in a n x n similarity matrix S. Following that, the
preference parameter p is set to p min(S) / iter x 0.3,
with iter denoting the iteration number, which is iter 10.
To improve accuracy, the preference parameter p can be tweaked
with different input values. In our case, p = min(S) / iter x 0.3
provides optimal performance. The parameters S and p, as well as
the number of classes (K) and labels labels, are passed into AP’s in-
put for further calculations in order to evaluate the final clusters.
Furthermore, TSSAP provides predicted labels for VM partitions.
i.e., each VM'’s predicted energy consumption states out of 1250
VMs. These predicted labels are compared to actual labels using
standard evaluation criteria such as micro-precision. This metric
is chosen because it compares the actual labels to the predicted
labels to assess the accuracy of clustering approaches [51]. As a
result, it also applies to our situation, because we define different
ranges based on peak CPU utilization.

If a data set has K classes and n data points, the micro-
precision Mp is defined as in Eq. (15):

1 K
MPZEZ:CI'
i=

where n is the number of data points and ci is the number of data
points assigned to the corresponding class in cluster i. The value
of MP is in the range 0 < MP < 1, with 1 representing the best
possible clustering result with actual class labels. As a result, if
the MP value of the clustering model is closer to 1, it is thought
to be more accurate.

(15)

8. Performance evaluation

In this section, we assess the performance of the proposed
model in conjunction with the prediction module, as well as
compare the results.
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8.1. Experimental setup

The tests are performed on a machine with an Intel(R) Core
(TM) i3-4030U CPU running at 1.90 GHz and 4 GB of main
memory. The proposed model’s Prediction Module accomplishes
two tasks: (1) implements various prediction algorithms using
PyCharm Community 2020.2, and (2) predicts E-state using the
proposed clustering methods implemented using PyCharm Com-
munity 2020.2 and Matlab R 2019a.

We use the sci-kit learn [41] package to implement all ML-
based regression techniques. Furthermore, we use the Keras [42]
deep learning library to implement GRU. We use a real-world
dataset from Bitbrain [13], which we discuss in Section 4. This
dataset was chosen because it contains both provisioned and used
resources that meet the requirements of our first targeted task,
and most importantly, it contains real-world cloud infrastructure
usage patterns. Since the model requires the most promising
predictions among all the prediction algorithms implemented, all
of the prediction algorithms are evaluated using RMSE to observe
the least residual errors of the predictions with actual data. For
the second task, we use Pycharm 2020.2 to extract knowledge
from one-month data of the fastStorage trace using Pycharm'’s
chiSqure test and Matlab’s t-sne. The data is then fed into four
different clustering algorithms in Matlab’s programming tool,
including modified AP, CLA, Kmeans, and P-teda. To identify the
most promising results, all of the proposed clustering methods
are evaluated using micro-precision. We primarily focus on TSSAP
results in Section 8.2 because it has produced the most promising
clustering results in comparison to other proposed methods in
our case.

8.2, Analysis of results

The prediction Module is used in the proposed model to han-
dle two tasks: workload prediction and E-state prediction. First,
we will go over the workload prediction results. The prediction
module is capable of experimenting with various machine learn-
ing methods in order to provide workload predictions for various
workload types. We investigate different machine learning (ML)
methods and a deep learning method, such as LR, RR, ARDR, EN,
and GRU, for predictions on different types of workload, including
provisioned (Rcpy, Rmemory) and utilized (Ucpy, Umemory, D, D, NI,
N). The lower the RMSE, the more accurate the forecast. The
parameters for each ML method and GRU are detailed in Sections
Section 6, while the outcomes of predicted cases in terms of
performance measure are shown in Tables 6 and 7 for fastStorage
and Rnd traces, respectively. These tables show the RMSE values
achieved using the various methods. Tables 6 and 7 show that
none of the ML algorithms, LR, RR, ARDR, and EN, fit the dataset
well and produce consistent predictions. By observing results, it
is concluded that when workload feature has a small digit value,
the RMSE value is very less. For example, Repy, Ucpy, DI, D, NI,
Nf“ have smaller digit values than Riemory and Unemory, and so have
lower RMSE values. It may be deduced that none of these models
are capable of making accurate and reliable predictions.

However, in comparison to other ML approaches that have
very big RMSE values indicating poor performance, the deep
learning method GRU acquires very few RMSE values for all fea-
tures. GRU, in particular, is better than ML regression algorithms
at modelling workload time series. One of the most important
features of GRU is the presence of two vectors that determine
what information should be sent to the output. They are unique
in that they can be taught to retain knowledge from the past
without washing it away over time or removing information that
is unrelated to the forecast.

As a result, GRUs perform better because they can keep track
of context-specific temporal dependencies between workload
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Table 8
GRU model training at different hyper parameters.
Epochs batch_size Train score Test score
10 32 2.09 0.81
40 32 1.77 0.39
100 32 1.76 0.46
10 64 2.66 1.26
40 64 1.79 0.52
100 64 1.76 0.44

features for a longer time while making future predictions. The
results also show that when the dataset is large, GRU provides
superior accuracy. With more data, the model can extract more
patterns and change the layer weights more precisely, but with
traditional regression approaches, the smaller the data, the higher
the accuracy. As the tables show, a large dataset reduces the
accuracy of traditional regression methods.

Furthermore, by using a better infrastructure such as a GPU
cluster, we can expect to obtain lower residual errors in predic-
tion provided by GRU with a larger training dataset and more
hyper parameter tuning. We are not interested in using hyper
parameter tuning to get the best model possible; instead, we
want to provide a generic model that can be applied to other
models. However, we used different hyper parameter values, such
as epochs and batch size, to train the GRU model. The iterations
over which the input data is provided are referred to as the
epochs. The batch size parameter specifies the number of samples
to be updated per gradient update; it is set to 32 by default.
Table 8 shows how the model is trained using various hyper
parameters.

If the model is well trained on the data, it is thought to provide
better performance. Table 8 clearly shows that the model trained
at epochs = 100 has the least trained RMSE score in both batch
sizes, 32 and 64. Per gradient update, the number of samples
is specified as 32 or 64. The case where batch size is 64 will
obviously train the model faster than the case where batch size is
32. For these reasons, we choose the epochs = 100 and batch size
= 64 tuning case for all features in order to train the model with
the best performance. We chose to represent GRU results visually
because the results have been found to be promising. Figs. 4 and
5 show visual representations of GRU results for fastStorage and
Rnd. For fastStorage and Rnd, the total samples are 1250 and
1500. The model is trained with 80% of the data and tested with
20%. As a result, 250 and 300 samples for testing results for both
traces can be clearly seen. Both figures clearly show the actual
(blue) and predicted (red) data. The training and validation loss
graphs for each feature of both traces are shown in Figs. 6 and
7 during epochs = 100. We can see from the loss plots that the
model performs similarly on both training and validation data.
If these two loss plots begin to move consistently, the learning
should be stopped. At epoch = 100, all subfigures in Figs. 6 and
7 have a consistent movement, indicating that the model has
learned very well. The model can be trained more efficiently by
fine-tuning hyperparameters.

Now we will talk about the results of the E-state estima-
tion. We propose four different clustering algorithms to cluster
similar types of VMs based on their energy-consuming state,
i.e. E-state, and compare the forecasting results obtained by the
proposed methods. We select one-month data from fastStorage
traces, which includes 1250 VMs with various features such as
Repus Rmemorys Ucpu, Ucpy, DI, D, NI NI As discussed in Sec-
tion 2, we also define different energy-consuming states. We
use the univariate selection method on these features, along
with the x?2 test, to find the best four features to use on these
range labels, and to ensure that they are independent of other
features. During this test, the variables Repy, Ucpy, Rmemory and
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Unmemory appear with the highest x? score of 3.234e*>, 3.644e*>,
1.374e*°, and 1.032¢*3, respectively. We can see that provisioned
resources like Repy and Ripemory also have an impact on the en-
ergy consumption of a host. As a result, the proposed clustering
algorithms use these selected features to find similar groups of
VMs based on these features, which have provided good preci-
sion and accuracy. As shown in Fig. 8, the proposed clustering
algorithms, TCLA, TKmeans, and TP-teda have achieved 12.48%,
50.88%, 51.20% and 66.48% accuracy on the selected dataset.
Furthermore, among all of them, TSSAP has the greatest clustering
accuracy of 66.48%. TSSAP is proposed by using the AP clustering
technique, which has an accuracy of 8.32%. As a result, TSSAP
outperforms AP by 87.48% and outperforms the average of other
proposed approaches by 53.80% since it incorporates two types
of learning, transfer learning and semi-supervised learning, into
its functionality. The accuracy of transfer learning improves as we
learn the optimal features that have the largest impact on energy
consumption. Furthermore, we use little side information such as
the number of classes to limit the AP technique to produce the
actual number of VM clusters rather than a random number of
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VM clusters. The semi-supervised technique pairwise constraints
has also contributed to an increase in accuracy. The 66.48% ac-
curacy indicates that nearly 831 of the 1250 virtual machines
are correctly identified in energy-consuming states. Although,
because CPU and memory are the largest energy consumers in a
host [7], we chose only the best four features by performing a x?
test. However, disk throughputs also contribute to a host’s energy
consumption; therefore, if more features are taken into account,
the precision of finding similar VMs can be increased. Instead of
using the x? test and the t-SNE, we can increase accuracy by using
several state-of-the-art clustering works and various types of ML
techniques to analyse the features. We are mostly interested in
putting our new idea for dealing with energy consumption into
practise, which is to find similar VMs based on features that affect
energy consumption primarily at the VM level.

9. Conclusions and future work

In this work, we studied workload and energy state estimation
in cloud data centres. Because of the high non-linearity of data
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Fig. 7. Rnd: GRU-Model train vs Validation Loss.

centre workload, predicting workload in advance has become
difficult and existing ML-based workload prediction solutions,
primarily consider the utilization metrics CPU and memory ignor-
ing other important parameters. When a new VM is instantiated
on a host, along with actual usage level, provisioned resources
like CPU and memory are also responsible for energy consump-
tion. In addition, host’s energy consumption is also influenced by
disk and network throughput. Energy consumption visibility is a
crucial component of data centre energy management. The host
in modern data centres has several built-in sensors to monitor
energy consumption, but the virtualized platform does not. More-
over, measuring the energy consumption of VM resources such as
CPU, memory, and disk at the software level is difficult. However,
the current study proposes energy models that use VM resource
performance of CPU, memory, and disk to measure energy at the
VM level. To calculate memory energy consumption, however, we
must collect the last level cache (LLC) events raised by each VM
on each core, which is extremely difficult to obtain, making the
measurement even more difficult.
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In this regard, we proposed a machine learning-based model
with a Prediction Module that deal with the above two tasks.
We explored different ML algorithms such as LR, RR, ARDR, EN,
and a deep learning method GRU. Based on best performing
model, its predictions helps RMS making efficient decisions. In
the second task, instead of measuring the energy consumption
of each VM, we came up with a novel idea of grouping similar
VMs into different groups based on features that affect energy
consumption. We chose clustering analysis as the method of
choice for this task because it is a powerful tool for analysing
data similarities. To that end, we proposed TSSAP, TCLA, TKmeans,
and TP-teda as four different clustering algorithms for identifying
similar groups of different energy-consuming states (E-state). Our
model's main benefits include the following: (1) It is evaluated
using real workload traces that include both provisioned and uti-
lized resources, and all metrics performances such as provisioned
CPU, provisioned memory, CPU utilization, memory utilization,
disk throughput, and network throughput, (2) It is efficient and
adaptable because it can select the best results from a variety
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Fig. 8. Clustering accuracy comparison for E-state evaluated using micro-
precision.

of machine learning methods and (3) It makes use of semi-
supervised and transfer learning techniques to help group similar
VMs more accurately.

In future, we intend to implement the RMS component of our
model for resource provisioning and VM consolidation based on
the best performing results of different ML methods proposed in
this work. We will also investigate more sophisticated models in
order to improve workload prediction accuracy and performance
across all metrics. Specifically, we will investigate different clus-
tering and learning methods, such as kernel learning instead of
pairwise constraints.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This research is partially supported by NSFC with ID
(61672136 and 61828202) and Melbourne-Chindia Cloud Com-
puting (MC3) Research Network.

References

[1] Sun-Yuan Hsieh, Cheng-Sheng Liu, Rajkumar Buyya, Albert Y Zomaya,
Utilization-prediction-aware virtual machine consolidation approach for
energy-efficient cloud data centers, ]. Parallel Distrib. Comput. 139 (2020)
99-109.

Robert Birke, Lydia Y Chen, Evgenia Smirni, R Birke, LY Chen, E Smirni,
Data centers in the wild: A large performance study, IBM Research, Zurich,
Switzerland, 2012.

Charles Reiss, Alexey Tumanov, Gregory R Ganger, Randy H Katz,
Michael A Kozuch, Heterogeneity and dynamicity of clouds at scale: Google
trace analysis, in: Proceedings of the Third ACM Symposium on Cloud
Computing, 2012, pp. 1-13.

D. Jeff, ML for system, system for ML, keynote talk in workshop on ML for
systems, NIPS, 2018.

Eli Cortez, Anand Bonde, Alexandre Muzio, Mark Russinovich, Marcus Fon-
toura, Ricardo Bianchini, Resource central: Understanding and predicting
workloads for improved resource management in large cloud platforms,
in: Proceedings of the 26th Symposium on Operating Systems Principles,
2017, pp. 153-167.

Fahimeh Farahnakian, Tapio Pahikkala, Pasi Liljeberg, Juha Plosila,
Nguyen Trung Hieu, Hannu Tenhunen, Energy-aware VM consolidation in
cloud data centers using utilization prediction model, IEEE Trans. Cloud
Comput. (2016).

12

3

[4

[5

[6

331

[7

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Future Generation Computer Systems 128 (2022) 320-332

Philippe Roose, Merzoug Soltane, Derdour Makhlouf, Kazar Okba, Predic-
tions & modeling energy consumption for IT data center infrastructure, in:
Advances in Intelligent Systems and Computing, Vol. 912, 2018, pp. 1-11.
Weiwei Lin, Wentai Wu, Haoyu Wang, James Z Wang, Ching-Hsien Hsu,
Experimental and quantitative analysis of server power model for cloud
data centers, Future Gener. Comput. Syst. 86 (2018) 940-950.

Rachael Shaw, Enda Howley, Enda Barrett, An energy efficient anti-
correlated virtual machine placement algorithm using resource usage
predictions, Simul. Model. Pract. Theory 93 (2019) 322-342.

Mohammad Aldossary, Karim Djemame, Energy-based cost model of
virtual machines in a cloud environment, in: 2018 Fifth International
Symposium on Innovation in Information and Communication Technology
(ISIICT), IEEE, 2018, pp. 1-8.

Chonglin Gu, Pengzhou Shi, Shuai Shi, Hejiao Huang, Xiaohua Jia, A tree
regression-based approach for VM power metering, IEEE Access 3 (2015)
610-621.

Y. Zhao-Hui, J. Qin-Ming, Power management of virtualized cloud
computing platform, Chinese J. Comput. 6 (2012) 015.

Sigi Shen, Vincent van Beek, Alexandru losup, Statistical characterization
of business-critical workloads hosted in cloud datacenters, in: 2015 15th
IEEE/ACM International Symposium on Cluster, Cloud and Grid Computing,
IEEE, 2015, pp. 465-474.

Brendan ]. Frey, Delbert Dueck, Clustering by passing messages between
data points, Science 315 (5814) (2007) 972-976.

Zhigiang Wang, Zhiwen Yu, CL Philip Chen, Jane You, Tianlong Gu, Hau-San
Wong, Jun Zhang, Clustering by local gravitation, IEEE Trans. Cybern. 48
(5) (2017) 1383-1396.

Anil K. Jain, Richard C. Dubes, Algorithms for Clustering Data, Prentice-Hall,
Inc., 1988.

Xiaowei Gu, Plamen P. Angelov, German Gutierrez, Jose Antonio Iglesias,
Araceli Sanchis, Parallel computing teda for high frequency streaming data
clustering, in: INNS Conference on Big Data, Springer, 2016, pp. 238-253.
Sadeka Islam, Jacky Keung, Kevin Lee, Anna Liu, Empirical prediction
models for adaptive resource provisioning in the cloud, Future Gener.
Comput. Syst. 28 (1) (2012) 155-162.

Masoud Barati, Saeed Sharifian, A hybrid heuristic-based tuned support
vector regression model for cloud load prediction, J. Supercomput. 71 (11)
(2015) 4235-4259.

Fahimeh Farahnakian, Pasi Liljeberg, Juha Plosila, Lircup: Linear regression
based CPU usage prediction algorithm for live migration of virtual ma-
chines in data centers, in: 2013 39th Euromicro Conference on Software
Engineering and Advanced Applications, IEEE, 2013, pp. 357-364.
Fahimeh Farahnakian, Tapio Pahikkala, Pasi Liljeberg, Juha Plosila, Energy
aware consolidation algorithm based on k-nearest neighbor regression for
cloud data centers, in: 2013 IEEE/ACM 6th International Conference on
Utility and Cloud Computing, IEEE, 2013, pp. 256-259.

Amany Abdelsamea, Ali A El-Moursy, Elsayed E Hemayed, Hesham EI-
deeb, Virtual machine consolidation enhancement using hybrid regression
algorithms, Egypt. Inform. J. 18 (3) (2017) 161-170.

Aman Kansal, Feng Zhao, Jie Liu, Nupur Kothari, Arka A Bhattacharya,
Virtual machine power metering and provisioning, in: Proceedings of the
1st ACM Symposium on Cloud Computing, 2010, pp. 39-50.

Qingwen Chen, Paola Grosso, Karel van der Veldt, Cees de Laat, Rutger
Hofman, Henri Bal, Profiling energy consumption of VMs for green cloud
computing, in: 2011 IEEE Ninth International Conference on Dependable,
Autonomic and Secure Computing, IEEE, 2011, pp. 768-775.

Chengjian Wen, Xiong Long, Yang Yang, Fan Ni, Yifen Mu, System power
model and virtual machine power metering for cloud computing pricing,
in: 2013 Third International Conference on Intelligent System Design and
Engineering Applications, IEEE, 2013, pp. 1379-1382.

Bhavani Krishnan, Hrishikesh Amur, Ada Gavrilovska, Karsten Schwan, VM
power metering: feasibility and challenges, ACM SIGMETRICS Perform.
Eval. Rev. 38 (3) (2011) 56-60.

Flavien Quesnel, Hemant Kumar Mehta, Jean-Marc Menaud, Estimating the
power consumption of an idle virtual machine, in: 2013 IEEE International
Conference on Green Computing and Communications and IEEE Internet
of Things and IEEE Cyber, Physical and Social Computing, IEEE, 2013, pp.
268-275.

Zhixiong Jiang, Chunyang Lu, Yushan Cai, Zhiying Jiang, Chongya Ma,
VPower: Metering power consumption of VM, in: 2013 leee 4th Interna-
tional Conference on Software Engineering and Service Science, IEEE, 2013,
pp. 483-486.

Robert Basmadjian, Nasir Ali, Florian Niedermeier, Hermann De Meer,
Giovanni Giuliani, A methodology to predict the power consumption of
servers in data centres, in: Proceedings of the 2nd International Conference
on Energy-Efficient Computing and Networking, 2011, pp. 1-10.


http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb1
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb2
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb2
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb2
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb2
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb2
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb4
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb4
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb4
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb6
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb7
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb7
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb7
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb7
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb7
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb8
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb8
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb8
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb8
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb8
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb9
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb9
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb9
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb9
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb9
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb10
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb11
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb11
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb11
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb11
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb11
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb12
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb12
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb12
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb13
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb14
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb14
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb14
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb15
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb15
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb15
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb15
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb15
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb16
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb16
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb16
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb17
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb17
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb17
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb17
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb17
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb18
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb18
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb18
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb18
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb18
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb19
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb19
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb19
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb19
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb19
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb20
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb21
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb22
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb22
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb22
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb22
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb22
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb24
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb25
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb26
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb26
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb26
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb26
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb26
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb27
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb28

T. Khan, W. Tian, S. Ilager et al.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

Zhihua Li, Xinrong Yu, Lei Yu, Shujie Guo, Victor Chang, Energy-efficient
and quality-aware VM consolidation method, Future Gener. Comput. Syst.
102 (2020) 789-809.

Cisco Visual Networking, Cisco global cloud index: Forecast and
methodology, 2016-2021, White Paper., Cisco Public, San Jose, 2016.
Akshat Verma, Puneet Ahuja, Anindya Neogi, Pmapper: power and
migration cost aware application placement in virtualized systems,
in: ACM/IFIP/USENIX International Conference on Distributed Systems
Platforms and Open Distributed Processing, Springer, 2008, pp. 243-264.
Mahesh Hariharasubramanian, Improving application infrastructure pro-
visioning using resource usage predictions from cloud metric data
analysis (PhD thesis), Rutgers University-School of Graduate Studies, 2018.
N.T. Hieu, M.D. Francesco, A. Yld-Jdaski, Virtual machine consolidation with
multiple usage prediction for energy-efficient cloud data centers, IEEE
Trans. Serv. Comput. 13 (1) (2020) 186-199, http://dx.doi.org/10.1109/TSC.
2017.2648791.

Kaicheng Zhang, Akhil Guliani, Seda Ogrenci-Memik, Gokhan Memik,
Kazutomo Yoshii, Rajesh Sankaran, Pete Beckman, Machine learning-based
temperature prediction for runtime thermal management across system
components, IEEE Trans. Parallel Distrib. Syst. 29 (2) (2017) 405-419.
Waheed Igbal, Josep Lluis Berral, Abdelkarim Erradi, David Carrera, et
al., Adaptive prediction models for data center resources utilization
estimation, IEEE Trans. Netw. Serv. Manag. 16 (4) (2019) 1681-1693.
Masoumeh Tajvidi, Cloud Resource Provisioning for End-users: Scheduling
and Allocation of Virtual Machines (PhD thesis), UNSW, Canberra, 2019.
T. Deepika, P. Prakash, Power consumption prediction in cloud data center
using machine learning, Int. J. Electr. Comput. Eng. (IJECE) 10 (2) (2020)
1524-1532.

Kyunghyun Cho, Bart Van Merriénboer, Caglar Gulcehre, Dzmitry Bah-
danau, Fethi Bougares, Holger Schwenk, Yoshua Bengio, Learning phrase
representations using RNN encoder-decoder for statistical machine
translation, 2014, arXiv preprint arXiv:1406.1078.

Junyoung Chung, Caglar Gulcehre, KyungHyun Cho, Yoshua Bengio, Empir-
ical evaluation of gated recurrent neural networks on sequence modeling,
2014, arXiv preprint arXiv:1412.3555.

Fabian Pedregosa, Gaél Varoquaux, Alexandre Gramfort, Vincent Michel,
Bertrand Thirion, Olivier Grisel, Mathieu Blondel, Peter Prettenhofer, Ron
Weiss, Vincent Dubourg, Jake Vanderplas, Alexandre Passos, David Courna-
peau, Matthieu Brucher, Matthieu Perrot, Edouard Duchesnay, Scikit-Learn:
Machine Learning in Python, Vol. 12, JMLR.org, 2011, pp. 2825-2830.
Nikhil Ketkar, Introduction to keras, in: Deep Learning with Python,
Springer, 2017, pp. 97-111.

Rich Caruana, Alexandru Niculescu-Mizil, An empirical comparison of
supervised learning algorithms, in: Proceedings of the 23rd International
Conference on Machine Learning, 2006, pp. 161-168.

Polina Lemenkova, Processing oceanographic data by Python libraries
NumPy, SciPy and Pandas, 2019.

Diederik P. Kingma, Jimmy Ba, Adam: A method for stochastic
optimization, 2014, arXiv preprint arXiv:1412.6980.

Fuzhen Zhuang, Zhiyuan Qi, Keyu Duan, Dongbo Xi, Yongchun Zhu,
Hengshu Zhu, Hui Xiong, Qing He, A comprehensive survey on transfer
learning, Proc. IEEE (2020).

Kiri Wagstaff, Claire Cardie, Clustering with instance-level constraints,
AAAI[TIAAI 1097 (2000) 577-584.

Joel E. Saylor, K.E. Sundell, G.R. Sharman, Characterizing sediment sources
by non-negative matrix factorization of detrital geochronological data,
Earth Planet. Sci. Lett. 512 (2019) 46-58.

Jayesh Soni, Nagarajan Prabakar, Himanshu Upadhyay, Visualizing high-
dimensional data using t-distributed stochastic neighbor embedding
algorithm, in: Principles of Data Science, Springer, 2020, pp. 189-206.
Suchi Vora, Hui Yang, A comprehensive study of eleven feature selection
algorithms and their impact on text classification, in: 2017 Computing
Conference, IEEE, 2017, pp. 440-449.

Zhi-Hua Zhou, Wei Tang, Clusterer ensemble, Knowl.-Based Syst. 19 (1)
(2006) 77-83.

332

Future Generation Computer Systems 128 (2022) 320-332

Tahseen Khan obtained Bachelor of Science (Honours)
in Physics and Master in Computer and Applications
from Department of Physics and Department of Com-
puter Science, Aligarh Muslim University, India. He is
currently pursuing Ph.D. in School of Information and
Software Engineering, University of Electronic Science
and Technology of China, China. His research interests
include machine learning, deep learning and their ap-
plications in different areas such as Computer Vision
and Cloud computing.

Prof. Wenhong Tian has a Ph.D. from Computer Sci-
ence Department of North Carolina State University,
USA. He is a professor at University of Electronic
Science and Technology of China. His research interests
include dynamic resource scheduling algorithms and
management in Cloud Data Centres, machine learning
and deep learning algorithms for computer vision and
natural language processing. He published about 70
journal and conference papers, and 3 English books in
related areas. He is a member of ACM, IEEE and CCF.

Shashikant Ilager is a Research Scholar in the CLOUDS
Laboratory at the University of Melbourne, Australia.
He completed his Ph.D. at the University of Melbourne
in 2021. His research interests covers the boundaries
of large scale Distributed Systems and Machine Learn-
ing. He published several papers in leading journals
and conferences including IEEE Transactions on Parallel
and Distributed Systems, IEEE Transactions on Mobile
Computing, and IEEE/ACM International Symposium on
Cluster, Cloud and Internet Computing (CCGRID). He
is a recipient of Best Paper award from CCGRID 2020
conference for his work on energy efficient frequency scaling techniques in
Graphical Processing Units (GPUs).

Prof. Rajkumar Buyya is a Redmond Barry Distin-
guished Professor and Director of the Cloud Computing
and Distributed Systems (CLOUDS). Laboratory at the
University of Melbourne, Australia. He is also serving
as the founding CEO of Manjrasoft, a spin-off company
of the University, commercializing its innovations in
Cloud Computing. He served as a Future Fellow of the
Australian Research Council during 2012-2016. He has
authored over 625 publications and seven textbooks,
including “Mastering Cloud Computing” published by
McGraw Hill, China Machine Press, and Morgan Kauf-
mann for Indian, Chinese and international markets, respectively. He has also
edited several books, including “Cloud Computing: Principles and Paradigms”
(Wiley Press, USA, Feb 2011). He is one of the highly cited authors in computer
science and software engineering worldwide (h-index=150, g-index=331, 118600
citations). Microsoft Academic Search Index ranked Dr. Buyya as #1 author in
the world (2005-2016) for both field rating and citations evaluations in the
area of Distributed and Parallel Computing. “A Scientometric Analysis of Cloud
Computing Literature” by German scientists ranked Dr. Buyya as the World’s
Top-Cited (#1) Author and the World’s Most-Productive (#1) Author in the
Cloud Computing. Recently, Dr. Buyya is recognized as a “2016 Web of Science
Highly Cited Researcher” by Thomson Reuters and a Fellow of IEEE for his
outstanding contributions to Cloud computing and Scopus Researcher of the
Year 2017 with Excellence in Innovative Research Award by Elsevier. He has
been recently recognized as the “Best of the World”, in Computing Systems
field, by The Australian 2019 Research Review. For further information on Dr.
Buyya, please visit his cyberhome: www.buyya.com.


http://refhub.elsevier.com/S0167-739X(21)00415-5/sb30
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb30
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb30
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb30
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb30
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb31
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb31
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb31
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb32
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb33
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb33
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb33
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb33
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb33
http://dx.doi.org/10.1109/TSC.2017.2648791
http://dx.doi.org/10.1109/TSC.2017.2648791
http://dx.doi.org/10.1109/TSC.2017.2648791
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb35
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb36
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb36
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb36
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb36
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb36
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb37
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb37
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb37
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb38
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb38
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb38
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb38
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb38
http://arxiv.org/abs/1406.1078
http://arxiv.org/abs/1412.3555
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb41
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb42
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb42
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb42
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb44
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb44
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb44
http://arxiv.org/abs/1412.6980
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb46
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb46
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb46
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb46
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb46
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb47
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb47
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb47
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb48
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb48
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb48
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb48
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb48
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb49
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb49
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb49
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb49
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb49
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb50
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb50
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb50
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb50
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb50
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb51
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb51
http://refhub.elsevier.com/S0167-739X(21)00415-5/sb51
http://www.buyya.com

	Workload forecasting and energy state estimation in cloud data centres: ML-centric approach
	Introduction
	Related work
	Motivation: Intricacies in cloud data centre's resource management
	System model 
	Workload traces
	Workload estimation using prediction algorithms
	Learning with Gated Recurrent Unit (GRU)

	VM energy state estimation using clustering algorithms
	Transfer learning-based semi-supervised AP
	Learning with semi-supervised affinity propagation based on transfer learning (TSSAP)


	Performance evaluation
	Experimental setup
	Analysis of results

	Conclusions and future work
	Declaration of competing interest
	Acknowledgments
	References


