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A B S T R A C T   

This paper presents the design and implementation of a low-cost system oriented to the synchronised and real- 
time surveillance and monitoring of electrical parameters of different computer devices. To measure energy 
consumption in a computer system, it is proposed to use, instead of a general-purpose wattmeter, one designed 
ad-hoc and synchronously collects the energy consumption of its various nodes or devices. The implementation 
of the devised system is based on the confluence of several technologies or tools widely used in the Internet of 
Things. Thus, this article the intelligent objects are the power meters, whose connections are based on the low- 
cost ESP32 microcontroller. The message transmission between devices is carried out with the standard message 
queuing telemetry transport (MQTT) protocol, the measurements are grouped in a database on an InfluxDB 
server that store the sensor data as time series, and Grafana is used as a graphical user interface. The efficiency of 
the proposed energy monitoring system is demonstrated by the experimental results of a real application that 
successfully and synchronously records the voltage, current, active power and cumulative energy consumption of 
a distributed cluster that includes a total of 60 cores.   

1. Introduction 

An electric energy meter is a device that continuously detects the 
energy consumed by any electrically powered appliance or system. The 
meter continuously reads voltage (in volts) and current (in amps) from 
which the energy consumed over a given time can be determined. In 
electronic meters, the detected information can be displayed on an LCD 
or LEC screen. If the meter allows data to be stored and transmitted 
through a secure data communication network, to be processed 
remotely, it is said to be "smart"; in particular, if the transmission is done 
through the Internet, the meter is considered as an intelligent object of 
the Internet of Things, also referred to as the "Internet of Energy" by 
some authors (IoE) [1]. 

As indicated below (Section 2), different types of wattmeters have 
been commercialised and described in the bibliography, which are 
fundamentally oriented to measure the consumption at homes or resi-
dential houses (including billing), at industrial factories and at energy 
grids. The present work, unlike previous work, deals with the conception 
and design of a custom low-cost meter able to capture and transmit the 
voltage, current and power factor of computer systems such as PCs, 

workstations, servers, and distributed computer systems, in general, for 
later analysis. The developed system allows the monitoring of multiple 
devices in a synchronised and independent way, which makes it suitable 
for accurately measuring, for example, the energy consumption of a 
program that is running in parallel on different servers in a computer 
cluster. 

This system is based on the convergence of various conveniently 
coupled technologies. Indeed, the electrical data capture is carried out 
with a PZEM-004T board, implementing the connections by means of an 
ESP32 System-on-a-chip (SoC) where the transmission of messages is 
carried out with the standard MQTT (message queuing telemetry 
transport) protocol. MQTT is supported by any protocol that offers bi- 
directional ordered and lossless connections, and in particular TCP/IP. 
The measurements obtained are grouped as time series in an InfluxDB 
database, and Grafana is used as a graphical interface to visually consult 
data and graphs. 

The main contribution of this work lies in the development and 
implementation of an original low-cost system specifically oriented to 
the synchronised and real-time surveillance and monitoring of electrical 
parameters of different computer devices. The presented system also 
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includes a free cloud-based software application for the analysis of the 
captured data and graphical and textual presentation of the results. 

After this brief introduction, the rest of the paper is structured as 
follows: Section 2 refers reviews the different works in the literature 
related to the topic addressed. Section 3 presents the design and char-
acteristics of the proposed system. Then, Section 4 presents the 
appearance and functionality of the built system (data capture, calcu-
lation of power measurement metrics, meter configuration and messages 
transmission) and the user graphical user interface. Section 5 presents 
the experimental results. Finally, Section 6 provides the conclusions of 
the paper and Section 7 contains the bibliographical references. 

2. Related work 

There are a multitude of smart energy meters whose designs are 
focused on functions such as:  

1 Measure the global power consumption at homes and residential 
houses [2–14].  

2 Monitor individual consumption of different systems in smart 
homes (light, heating, cooling, and household appliances in 
general, etc.) [15–19].  

3 Obtain information on the electrical consumption of corporate 
and commercial building or zones [20–24], even combining IoT 
and Blockchain utilities to provide a decentralised and secure 
recording mechanism [25,26].  

4 Bill users for their electric consumption [27–37].  
5 Controlling pre-paid and recharge systems [38–41].  
6 Monitoring systems on renewable energy sources [10,42], as 

photovoltaic (PV) power plants [43–46]. 
7 Supervision in “smart grids”. According to the Institute of Stan-

dards and Technology (NIST) [47], the concept of smart grid or 
energy grid refers to the set of six aspects related to energy: bulk 
generation, transmission, distribution, customers, service pro-
viders, operations, and markets. This topic is highly relevant and 
for this reason it is widely discussed in the bibliography [2, 
48-63].  

8 Monitor energy consumption in Smart Cities [15,43,64]; such as, 
for example, public lighting [65–67]. 

9 Check the consumption and operation of other industrial appli-
cations [68], including, for example, functions such as moni-
toring of machines and motors [69–71] or smart irrigation 
systems [72].  

10 Evaluate the energy consumption of the execution of software 
programs. In order to perform this function there are, on the one 
hand, software-based approaches that are based on estimating 
the energy consumption of a system from data obtained at run 
time [73–76], and, on the other hand, hardware-based ap-
proaches, based on physical power meters connected to the entire 
computer or its hardware components (processor, memory, 
graphical card or peripherals) [73,77-80]. 

In recent years, a large part of intelligent measurement systems have 
been framed within the context or technology of Internet of the Things 
(IoT) [13,20,34,48,54,60,61,71,81,82,53,83-86]. 

A relevant aspect to consider is the communications technology used 
[87]. One of the first options for very long distances is to use GSM 
(global system for mobile communication) [88–91]; but to obtain high 
capacity in data communication you can also use other wireless net-
works such as ZigBee [15,92,93], wireless fidelity (Wi-Fi) [15,52,83] or 
IPv6 over low-power wireless personal area networks (6LoWPAN) 
[94–96]. One option to cover long distances is to use LPWAN (low--
power wide-area network) technologies [97–100] such as SigFox [101, 
102], Narrowband Internet of Things (NB-IoT) [103–105] and Long 
Range (LoRa), LoRa standing out among these for being an open tech-
nology, not requiring a contract with the owner company or acquiring a 

SIM card [16,46,66,67,90,44,66,66,106-109]. 
Although the previously referenced systems are based on the same 

principles, their design approach is largely determined by their scope of 
application, which determines the functions to be performed (billing or 
not, harmonic analysis, etc.) and parameters such as levels of measur-
able voltage and current, sampling frequency, accuracy, data commu-
nication, etc. By processing and analysing the data obtained from the 
energy smart meters, it is possible to estimate parameters such as the 
energy load at any given moment and to bill the consumption based on 
the days of the week or the time of consumption, as well as to obtain 
consumption patterns or profiles. With this information it is possible, for 
example, to make comparisons to optimize energy consumption, fore-
cast future loads, detect fraud and abnormal electricity consumption 
[110,111], establish electricity rate offers and design market strategies 
[112]. Also, to Identify in a non-intrusive way the energy consumption 
of the different systems (kettle, air conditioner, fridge, etc.) of a home by 
analysing the global information obtained by a single power meter 
[113]. 

Several good works have been published that carry out surveys or 
comparative studies on different types of meters, highlighting those of 
Rind [48], Suriyan [114], Sanchez-Sutil [66], Sadeeq [115], Karthick 
[20], Bedi [82], Alahakoon [112], Beaudin [116], Sun [2], Avancini 
[49], O’driscoll [68], Ageed [117], Viciana [21], Diouri [118], Baduta 
[119] and Islam [120]. These articles consider and compare parameters 
such as:  

a) Meter sensor type (physical principles and nature of measurements 
captured);  

b) measurement accuracy;  
c) measurement frequency (granularity);  
d) wireless technology used, GSM, Wi-Fi, LPWANN, etc.;  
e) wireless network coverage: LAN (Local Area Network), MAN 

(Metropolitan Area Network), WAN (Wide Area Network), or Satel-
lite network;  

f) use of the cloud with real-time data access with proprietary or public 
server;  

g) open source and low-cost hardware and software. 

Obviously, the selection of these parameters depends on the specific 
application to be developed. The meter presented herein has been 
designed to be as simple as possible, considering that the fundamental 
objective is to measure the consumption of computer equipment. Thus, 
current measurements are made by taking two samples per second, in 
real time. It is not interesting to use a higher sampling frequency because 
computer equipment uses switched DC power supplies whose high- 
capacity capacitors filter instantaneous consumption (spikes), making 
it impossible to measure. Consequently, harmonic analysis is not 
considered. 

As indicated in the Introduction, the main objective of this paper is 
the development and implementation of an original low-cost system 
specifically oriented to the synchronised and real-time surveillance and 
monitoring of electrical parameters of different computer devices. 

The analysis of the previously referenced bibliography has served to 
verify the non-existence of a smart energy meter fully compliant with 
the global set of specifications required here but, however, it has been 
useful to introduce concepts and improvements in different aspects of 
the definition of the system proposed here (Section 3). As previously 
seen, there are a multitude of smart meters designed for general use 
applications, or for specific uses other than those required in this paper, 
but none covers the objective of synchronously and efficiently 
measuring the energy consumption of the different nodes of a distrib-
uted server system working in parallel at a low cost and efficiently of a 
distributed system of servers working in parallel. Some meters require a 
Raspberry Pi (a small single-board computer) [45,121], which is 
currently quite expensive, thus increasing the cost per unit. The Vampire 
can be used individually from anywhere with a Wi-Fi connection. Other 
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papers mention M2M (machine-to-machine communication), storage, 
and visualization, but they don’t specify which programs they use for 
these purposes. In fact, they don’t show any graphs where the real-time 
measurements of all the devices can be seen simultaneously. 

Section 6 includes, as an example, experimental results that show the 
feasibility of the presented system for the analysis of energy consump-
tion of a heterogeneous distributed system made up of 7 nodes running a 
High-Performance Computing (HPC) application. 

It should be noted that there are low-cost power meters, but most of 
them do not send the information to a central node and only display the 
information on a screen. The ones with remote access usually require the 
use of a specific mobile application, and the time between samples 
cannot be controlled as it is predetermined by the manufacturer. Addi-
tionally, the sampling interval is often several seconds, the updates are 
asynchronous, and the precision is low. 

The proposed system considers the importance of synchronization 
between all measurements and to control the time between samples for 
greater precision. Furthermore, it uses the existing wireless infrastruc-
ture with the Eduroam Wi-Fi network [122,123] as the firmware has 
been designed to accept specific certificates and authentication mech-
anisms that are not typically included in conventional devices. More-
over, and associated application has been developed that facilitates the 
data capture for each experiment, allowing users to easily set the start 
and end of their experiments and retrieve the obtained data at a later 
time. 

3. Design and characteristics 

The Vampire meter comprises the following elements (Fig. 1):  

• Sensors, which depending on the design of the meter, can be of a 
different nature, based on different physical principles [119]: ther-
mocouple heater based, electromagnetic radiation based, Hall-effect 
sensor-based [124,125], shunt based [126], and diode sensor-based. 
In Vampire, a precision shunt resistor of 1 mOhm is used as a 
transducer which converts current into voltage.  

• Electronic module that provides the electrical measurements of the 
signals captured by the sensors. The Vampire uses the PZEM-004T 
board for this purpose, providing the following parameters in real 
time: RMS (Root Mean Square) voltage, RMS current, and calculates 
active power and total energy usage over time or accumulative 
power consumption in predetermined periods of time. The PZEM- 
004T [127–129] is a data acquisition and storage board containing 
a 16-bit A/D converter with differential inputs and programmable 
gain, and a SOP-24 V9881D energy measurement SoC chip what is 
especially useful to measure the voltage, current, power, energy, and 
frequency of an electrical signal [53,130].  

• A Main Control Unit (MCU) constituted by the ESP32 [131,132]. 
ESP32 is a family of low-cost, low-power SoC chips with 32-bit 
dual-core CPUs. The MCU makes it possible to access the outside of 
the meter via Wi-Fi, Bluetooth and USB, and has the ability to be 
updated over-the-air (OTA) updated. Also, it is responsible for 
transmitting the data in the form of time series through MQTT 
messages to a remote server. The MQTT (Message Queuing Telem-
etry Transport) [133] is a lightweight messaging protocol commonly 
used for IoT devices. It follows a publish-subscribe pattern, where 
there is a central messaging broker and multiple clients. The main 
function of the broker is to receive messages from publishers and 
distribute them to the clients. These messages are scalable with 
different quality of service (QoS) allowing great flexibility in their 
delivery. In the present case, the sensors act as MQTT publishers, and 
the server receives the data as an MQTT subscriber from all the 
sensors. The received data is then inserted into the real-time data-
base, InfluxDB.  

• OLED (Organic Light-Emitting Diode) technology screen on the 
meter itself that allows direct display of information concerning the 
status of the device and the measured values. 

The Vampire works in combination with a remote server, inter-
connected by the Internet to the MCU, whose objective is to group and 
store all the measurements to process or visualize them online or offline 
(Fig. 2). The data received within the MQTT messages, as it is done in 
[53], is collected and stored using the InfluxDB application. InfluxDB is 

Fig. 1. Simplified schema of Vampire.  

Fig. 2. Schematic of the complete system.  
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an open-source database manager designed to store sensor measure-
ments in the form of time series with which IoT, analytics, and cloud 
applications can be developed [134]. 

The graphical user interface shows in real time or off-line the mea-
surements stored in the database, under different formats. In the present 
case, Grafana is used, which is a web-based data analysis and visuali-
zation tool, fully compatible with InfluxDB. With Grafana it is possible to 
setup custom dashboards, notifications, and alerts from the 
measurements. 

The basic characteristics of the complete designed and built system 
are the following: 

Electrical specifications. The system measures or generates the 
following electrical parameters with the accuracies indicated: 
Input voltage: 80–260 V (± 0.1 V, 0.5%). 
Intensity: 0–10A (± 1 mA, 0.5%). 
Active Power: 0.4–2300 W (± 0.1 W, 0.5%). 
Power factor: 0–1 (± 0.01, 1%). 

Frequency: 45–65 Hz (± 0.1 Hz, 0.5%). 
Energy: 0–9999 kWh (± 1W⋅h, 0.5%). 

These design specifications have been made considering the purpose 
of the system conceived and the characteristics of the systems to be 
measured; Thus, for example, the maximum intensity indicated (10 A) is 
significantly lower than the one required by the computer equipment 
that is to be analyzed.  

• Completely autonomous with measured and observable information 
in real time.  

• Remote configuration and firmware upgrade.  
• Allows the monitoring of multiple equipment in a synchronised and 

independent way (useful for measurements in computer clusters).  
• Free and open system: Open-source software and hardware.  
• Sampling frequency of 2 Hz (500 milliseconds between samples).  
• 0.96″ OLED screen to view information concerning the device status 

and measurements.  
• USB, Bluetooth and Wi-Fi connections. The Wi-Fi uses Eduroam as a 

gateway. Eduroam is an Internet access roaming service designed for 
users in research and higher education.  

• InfluxDB database specifically for storing time series.  
• User interface based on Grafana, allowing to display and monitor the 

measures of multiple devices in a synchronised way. 

Fig. 3 shows different views of the meter. The external aspect of the 
Vampire when it is connected and ready to work is depicted in Fig. 3a. 
The system or device to be measured simply connects to the plug. Fig. 3b 
shows the meter`s OLED display, which provides in real-time the 
instantaneous power, cumulative energy consumed, voltage, frequency 
and power factor of the input signal, and the identification of the device. 
Finally, Fig. 3c shows the inside of the meter, where the ESP32 module 
and power supply can be easily seen on the left and center of the picture, 
respectively. 

Regarding the internal software, the Vampire saves in its flash 
memory various information such as firmware update parameters, three 
Wi-Fi configurations, Eduroam certificate, configuration for access to 
the MQTT broker, URL addresses for updates, and parameters related to 
times (between consecutive measurement captures, delivery of MQTT 
messages, and watchdog). In addition, a set of Python Scripts has been 
developed to control the operation of the system and obtain the results 
in a user-friendly way. They perform the following functions:  

1 Capture and transmit the data to the server. It should be noted that 
these scrips are executed in the MCU Meter.  

2 From the captured samples, they calculate the Power Measurement 
Metrics:  
a Active Power in watts (W),  
b voltage in volts (V),  
c intensity in amps (A),  
d power factor, and  
e energy consumed in real time, in watts-hours (W⋅h). 

The measured electricity values are captured every 500 ms, but the 
program can visualize the power metrics in larger intervals by grouping 
the average values of the samples (1.0 s, 1.5 s, 2.0 s, etc.). The 0.5 second 
sampling period is sufficient for the stated goal of measuring HPC pro-
cesses with significant execution times, and a shorter period does not 
provide more accurate information for a particular moment in time due 
to the use of switching power supplies in equipment with large capaci-
tors and inductors.  

1 Configure the meter and access to Bluetooth and Wi-Fi.  
2 Generate on the Vampire and transmit via Eduroam (Wi-Fi) MQTT 

messages containing the measures. These messages arrive at an 
MQTT broker contained in the server, where another program, 

Fig. 3. Different views and components of the Vampire meter.  
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Telegraf, extracts the measurements form the messages and stores 
them in the form of time series in the InfluxDB database (in accor-
dance with Figure 2). 

4. System use and user graphical interface 

This section describes how to: configure the system (Section 4.1), 
manage the measurements obtained by the meter (Section 4.2), and 
finally interpret the user interface (Section 4.3). 

4.1. Configuration 

The initial vampire configuration can be achieved by accessing it in 
three different ways:  

1) Via USB cable. 

A program (vampire.py) automatically detects the connection port 
and opens a terminal session with the computer. The configuration 
program allows the following commands to be executed: help, set, get, 
reset, update, status. The ‘set’ command supports the inclusion of 
different configuration parameters.  

1) Via Bluetooth connection: 

In this case, the configuration is done from a computer or mobile 
device. Each of the Vampires located in each of the nodes of the 

distributed system has a specific identifier or name based on the last 
digits of its MAC address (vampire-xxxxxx) that allows them to be 
differentiated from each other. 

Once the meter is paired with the configurator device via Bluetooth, 
the same commands and parameters as in USB configuration can be 
transmitted to the device.  

1) Through Wi-Fi with MQTT orders. 

Remote commands are sent to the energy meter as MQTT messages. 
The interconnection with the server is made once the device has been 
assigned a Service Set Identifier (SSID) within the Wi-Fi network. Once 
active, the system automatically sends data to the cloud server. There is 
also a command to update the firmware while the device is connected to 
the Internet. 

4.2. Measurement management 

All measurement devices send data that are stored in the MQTT 
server. The set of measurements corresponding to a specific Vampire in a 
certain period of time is called an "experiment". Each experiment is 
identified by a username and a sequential number, and as parameters 
the initial and final timestamps are established, determining the interval 
for which the measurements are to be obtained. The measurements 
stored in the database can be analysed in more detail, obtaining, for 
example, average, maximum, and minimum magnitudes of voltage in a 
time-period using different aggregation scales. A script is also available 

Fig. 4. Grafana dashboard used for Vampire monitoring. From top to bottom and left to right: active energy (W⋅h), instantaneous power (W), instantaneous power vs 
time, and device and experiment identifications. 
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to be able to export the results in CSV (Comma-Separated Values) 
format. The defined commands are: start, stop, info, get, and list, which 
are compatible with the following options:  

• -u user,  
• -e experiment name,  
• -d devices,  
• -o output file,  
• -p period (default 5 s) and  
• -f csv format (default). 

For example, the following command can be executed to start an 
experiment: “vampire start -u user -e experiment1”. 

4.3. Access to the graphic interface 

As previously indicated, in order to visualize the data, the web-based 
Grafana application is used, with which the user can setup custom 
charts, graphs dashboards, alerts, and notifications when connected to 
supported data sources, regardless of where they are stored [121,135, 
136]. This interface also allows you to view the data history, which 
makes it easy to retrieve experiments and data of interest. 

In Fig. 4 you can see, as an example, a screenshot of the design made 
for the Grafana interface corresponding to the results of the simulta-
neous measurements in 9 different devices. 

In the top, the accumulated energy consumption up to a specified 
time (W⋅h) and the instantaneous power (W) are shown in real-time. In 
the central part the waveforms of the instantaneous power signals over 
time are shown. By clicking on each of its signals their different char-
acteristics can be seen, and in the bottom part, the identifications of the 
Vampire used and the experiment being carried out are found the lower 
part. It also has menus to select parameters such as the stored time in-
tervals to be displayed, zoom of the time range to be displayed, refresh 
rate of the displayed data, etc. (Fig. 5). 

5. Experimental results 

Different tests have been carried out to evaluate the Vampire. To 
analyze the precision of the meter, its measurements have been 
compared with those obtained by another existing commercial meter, 
called openZmeter (abbreviated, oZm) [21,137,138]. This device is an 
efficient low-cost smart energy meter that has been designed to meet the 
requirements of the IEC 61,000 4 30 international standard and was 
calibrated with a standard resistor and a precision multimeter. 

Tests were carried out to measure, with both devices, the instanta-
neous power consumed in the following three cases: (a) executing the 
Linpack reference program [139] and (b) by two lightbulbs of known 
power (4 W and 25 W, respectively). The Linpack is a benchmark 
traditionally used as a reference application for comparative studies 
between the performance of different computer systems, and the version 
used here is the Linpack Xtreme released on Windows 10, version v1.1.5 
[78,140]. In the present case, the energy consumption measurements 
made when solving a dense system of 20,000 linear equations. 

Table 1 shows the results obtained, showing for each of the three 
cases (Linpack, 4 W lightbulb and 25 W lightbulb) and for each meter 
(Vampire and oZm), the time considered between two successive sam-
ples (sampling period, in seconds) the number of samples obtained for 
the measurements and the average power and standard deviation of 
those measurements (in watts). It can be seen that in all cases the dif-
ferences between the average powers obtained by the two meters are 
less than 1 watt. The small fluctuations observed can be attributed to the 
fact that the thousands of instantaneous measurements obtained are not 
synchronized between the two meters to the millisecond. Furthermore, 
with a constant load, as is the case with the two lightbulbs, the standard 
deviations of the measurements are ±0.04 and ±0.01 which are within 
the precision range of ±0.1 W guaranteed by the manufacturer of the 
PZEM-004T board (in Section 3). It is considered that the small differ-
ences between the average values are due to the fact that the LEDs 
include small switched sources, therefore not behaving as pure resistive 

Fig. 5. Parameters associated with time: a) stored time intervals to be displayed; b) zoom of the time range to be displayed.  

Table 1 
Comparative experimental results between the Vampire and openZmeter power 
measurements.   

Vampire openZmeter Difference 
(W) 

Sampling frequency 2 Hz 15,625 Hz  
Linpack  
Time interval considered: 1014 s 1014 s  
Number of samples: 2028 15,844  
Average power: 32.89 ± 9.42 

W 
32.62 ± 9.65 W 0.27 W 

4 W lightbulb  
Time interval considered: 725 s 727 s  
Number of samples: 1450 11,359  
Average power: 4.22 ± 0.04 W 4.06 ± 0.07 W 0.16 W 
25 W lightbulb  
Time interval considered 

(s): 
885 884  

Number of samples: 1770 13,812  
Average power: 24.9 ± 0.1 W 24.3 ± 0.1 W 0.6 W  
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loads. Note that the standard deviations obtained from the power con-
sumption in the execution of the Linpack (±9.42 and ±9.65 W) have a 
high value, corresponding to the fact that the load is not constant, since 
the power consumption depends on the instructions that are running at 
any moment (not all consume the same amount of power) and the 
specific hardware resources in use (number of active cores, for example). 

Among other real-world experiments, the Vampire have been used to 
measure the energy consumption of programs for EEG classification 
[141]. The dataset includes 178 EEG signals for training and another 
178 for testing, each with 3600 features, reported by the BCI laboratory 
of the University of Essex and corresponds to Brain Computer Interface 
(BCI) signals [142]. 

The application is based on the implementation of the K-nearest 
neighbours (KNN) algorithm to identify within the EEG signals three 
different motor-imagery movements (left hand, right hand, and feet). 
Therefore, the KNN algorithm deals with a 3-class classification prob-
lem. KNN has been chosen for two reasons: the first, because it is the 
method that currently obtains the best precision with the databases 
discussed here [141]. Secondly, because when testing different work-
load distributions and input parameters, such as the number of 

neighbours (K), the energy consumption of the procedure could vary. In 
this sense, it is interesting to study to what extent these parameters are 
capable of influencing the total energy consumption of the procedure 
and if the wattmeter is capable of recording them in case the differences 
are minimal. 

On the other hand, the application has been parallelized with C++

and the OpenMP library. OpenMP is a de facto standard for multi-core 
CPUs in shared-memory systems via multi-threading, providing a flex-
ible and simple tool for developing portable and scalable parallel ap-
plications [143,144]. For the experiments carried out in this work, the 
application has been executed on a 7-node heterogeneous cluster whose 
characteristics are shown in Table 2. 

Given the nature of the problem, all worker nodes (Wk1, …, Wkn) 
execute the same task in parallel, but with data blocks of different 
computational load. The workload can be assigned to nodes in the 
following ways:  

a) Static contiguous distribution. Consecutive blocks of data are 
assigned to each of the nodes: For example, worker Wk1 executes the 
task with data T1, T2 and T3. In parallel, worker Wk2 executes data 

Table 2 
Characteristics of the cluster used in the experiments.  

Node CPU RAM memory 

Model Total cores/threads Thermal Design Power, TDP (W) Frequency (MHz) Frequency (MHz) Size (GB) 

Master 2x Intel Xeon E5–2620 v2 12/24 160 2100 1600 32 
1 1x Intel Xeon E5–2620 v4 8/16 85 2133 
2 2x Intel Xeon ES-2620 v4 16/32 170 
3 to 7 2x Intel Xeon Silver 4214 24/28 170 2200 2933 64  

Fig. 6. Comparison of instantaneous power between the different workload distributions when using 7 computing nodes.  
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blocks T4, T5 and T6, while Wk3 executes data blocks T7, T8, and T9, 
and so on.  

b) Static strided distribution. Wk1 is assigned, for example, blocks T1, 
T4 and T7, while Wk2 is assigned blocks T2, T5, and T8, and Wk3 is 
assigned blocks T3, T6 an T9.  

c) Dynamic distribution. As the execution time of each task depends on 
the data and the specific processor of each node (it is a heterogeneous 
system), the execution of some tasks will take longer than others. 
With dynamic allocation, each node (Wk) is assigned a new block of 
data as soon as it becomes free without waiting for the other nodes to 
complete theirs. 

The energy measurement system presented has been used to compare 
the evolution of time and total energy consumption as a function of the 
workload. Figs. 6 and 7 show graphs of the results obtained with the 
Vampire meters and their effectiveness. Specifically, Fig. 6 plots the 
instantaneous power over the time when executing the KNN algorithm 
according to the distribution of the workload used. On the other hand, 
Fig. 7 shows the energy consumption (in W⋅h) and the speedup obtained 
as a function of the number of nodes in the distributed system and the 
workload used. 

It can be seen that the results are fully satisfactory since they allowed 
the measurement of the energy efficiency of a bioengineering applica-
tion capable of exploiting the qualities of distributed and heterogeneous 
parallel platforms considering energy efficiency as a fundamental 
parameter, unlike other works that focus only on the accuracy of the 
results and on the execution time. The figures show the result of the 
entire process, revealing its correct functioning which involves the 
capture of energy consumption measurements, their inclusion in MQTT 
messages, their retransmission with the Wi-Fi network, their recon-
struction into the form of time series in the InfluxDB database, and its 
graphical presentation accessible in Grafana. 

6. Conclusions 

The system developed, called "Vampire", periodically takes current 
samples from an electrical conduction line that supplies a load, transmits 
them to a server and from them various electrical parameters are ob-
tained and displayed. Vampire has been projected for synchronous 
monitoring of the energy consumption in a multi-node computer system. 

The implementation of the devised system is based on the confluence 
of various technologies and tools. Indeed, the PZEM-004T has been used 
as a current and input voltage meter with an accuracy of 0.5% and a 
resolution of 0.001 A and 0.1 V, respectively. The transmission of sensor 
data is carried out as messages with the standard MQTT protocol using 
the low-cost ESP32 microcontroller. The sensor data are grouped, stored 
and processed as time series in the InfluxDB database, a graphical user 
interface in the Grafana platform has been designed, and a Python 
application simplifies the time mark captures and retrieval of data. 

To verify the efficiency of the Vampire, its results were compared to 
the measurements obtained by openZmeter. For this comparison, two 

different were carried out. One of them measures the consumption of 
two bulbs of known power, while the other analyses the consumption of 
the computer after running the Linpack reference program. 

The results obtained in a real application consisting of the classifi-
cation of EEG signals to identify imagery movement of a person have 
also been shown. Classification is performed by running a parallelised 
version of the KNN algorithm on a distributed and heterogeneous par-
allel platform of 7 nodes of a cluster, with a total of 60 cores. The 
objective of this study was to compare the results obtained in various 
distributed configurations considering as fundamental parameters the 
accuracy of the results, the energy efficiency, and the execution time. 
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Juan José Escobar received the M.Sc. and Ph.D. degrees in 
Computer Engineering from University of Granada, Spain, in 
2014 and 2020, respectively. He is a Junior Lecturer at the 
Department of Software Engineering of the University of 
Granada. His-research interests include code optimization, 
energy-efficient parallel computing, and workload balancing 
strategies on heterogeneous and distributed systems, especially 
in issues related to evolutionary algorithms and multi-objective 
feature selection problems.  

Thomas Lampert has PhD in Computer Science from the 
University of York. He have held various research positions at 
the University of York and the University of Strasbourg, where 
he is now the Chair of Data Science and Artificial Intelligence. 
His-research interests are in the field of Artificial Intelligence, 
and more specifically in Machine Learning and Image and 
Time-Series Analysis in various fields of application (most 
recently in medical imaging and remote sensing). 

A.F. Díaz et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0133
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0133
https://www.influxdata.com/
https://www.influxdata.com/
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0135
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0135
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0135
https://grafana.com/
https://openzmeter.com/
https://openzmeter.com/
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0138
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0138
https://www.top500.org/project/linpack/
https://www.top500.org/project/linpack/
https://www.techpowerup.com/download/linpack-xtreme/(accessed
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0141
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0141
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0141
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0142
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0142
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0143
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0143
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0143
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0144
http://refhub.elsevier.com/S0743-7315(23)00164-8/sbref0144

	Vampire: A smart energy meter for synchronous monitoring in a distributed computer system
	1 Introduction
	2 Related work
	3 Design and characteristics
	4 System use and user graphical interface
	4.1 Configuration
	4.2 Measurement management
	4.3 Access to the graphic interface

	5 Experimental results
	6 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


