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ABSTRACT

The cost of electric power consumed by a server computer is a significant component of its
total cost of ownership. Since database servers are essential in the era of Big Data, we
studied the performance and energy consumption of a small server. To achieve this, we
stored a large set of RDF (Resource Description Framework) data in a database (RDF4J)
running on consumer-grade hardware. Using realistic SPARQL language queries from Wiki
data and a low-cost power/energy meter, we measured the energy consumption of RDF
query processing. Our database management system responded to queries over a network
connection, demonstrating that the network processing overhead in query processing was
quite low (about 2 to 4%). We found that the most energy-efficient processing (queries per
Watt) could be achieved with a slightly larger degree of parallelism than the best throughput
(queries per hour). Moreover, we discovered that using a stripped-down version of the
operating system on which the database ran did not affect the energy consumption of the
query processing.
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1. Introduction

According to an estimate by the International Energy Agency (IEA) [1], the ITC
ecosystem in 2019 consumed about 8.9% of world electricity supplied for all purposes. Power
and cooling were between 25% to 33% of the total cost of ownership (TCO) of an enterprise

data center [2, 3]. Analysts estimate that in 2024, 147 Zettabytes of data will be generated,
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with the amount increasing each year [4]. New methods will be needed to manage the data,
store the energy needed and process the data. Indeed, energy-efficiency is one of the key
drivers in the UN Sustainable Development Goals 7 (Affordable and Clean Energy) and 13
(Climate Action).

Big Data has been loosely defined as “the information asset characterized by high
Volume, Velocity and Variety to require specific technology and analytical methods for its
transformation into value” [5]. The value can naturally be financial potential or other benefits
if the data can be analyzed. The challenge in managing big data lies in the ability to efficiently
locate, access, store, and integrate vast volumes of rapidly evolving data that exist in diverse
formats.

Here, we would like to promote an assumption by Martinez-Prieto et al: In the presence
of heterogeneous data, the more data integrated and managed under a common model, the
more interesting the knowledge generated may be, increasing the resulting dataset value
[6]. As a common model, the Resource Description Framework (RDF, see [7]) appears to
be a usable tool for Big Data integration. As discussed by Cruz and Xiao [8], data sources
can be heterogeneous in syntax, schema, or semantics. Syntactic heterogeneity is the result
of using different presentation formats for different data sources. Schematic heterogeneity
results from structural differences in the data sources and can mean naming concepts
differently in them. Ontologies, expressed in RDF and RDFS (RDF Schema) can alleviate
these problems. We can define an RDF statement as a pair of resources (nodes) connected
by a property (edge) [8]: a city (node) Rome is connected to its population (node) by a
property (edge) “has population”. Due to this format, RDF statements are often called
“triples”. RDFS is used to define the semantic relationships between properties and
resources by using namespaces (or prefixes). For example, the prefix
http://www.wikidata.org/entity/ defines the semantics of entities that can appear in statements
about them in the context of Wiki data (see below).

In this paper, we present a method for measuring energy efficiency of RDF queries
applied to non-trivial amounts of data. Our dataset is based on Wiki data — the data resource
behind Wikipedia’s articles. Wiki data contains data items described through property-value
pairs; for example, the item for "Rome" might have a property "population" with the value
"2,777,979" [9]. These statements can further be refined by “qualifiers” like the statement

above qualified as being an estimate by The Italian National Institute of Statistics in 2010.
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Furthermore, items and properties each possess their own dedicated Wikipedia pages (such
as “Rome” and “Population”) and are also associated with unique resource identifiers (URIs)
[9]. For example, the URI of Rome, Italy is http://www.wikidata.org/entity/Q220 and the URI
for population is http://www.wikidata.org/entity/Q1613416. Our RDF export of the data is an
RDF file of Wiki data, available at archive.org (https://archive.org/details/ wikidata-json-
20150706). This file contains more than 1 billion statements. The queries used in testing are
a set of 30 Wiki data sample queries from https://query.wikidata.org. The query language
used is SPARQL [10].

Though the terms energy and power are often used synonymously, power is measured
by Watts and energy by “Watts over time” like kilowatt hour (kWh).

As discussed by O’Neil [11], there are several types of database performance:
throughput, response time, and the appropriate cost per user. By convention, we use “queries
per hour” (QPH) as a measure for throughput and “average query processing time” as a
measure for response time. “Watts per query” (WPQ) or “energy efficiency” is used in this
paper for cost evaluation.

Our research objectives are:

® To evaluate the database performance of an RDF database management system

(DBMS) operating on a commodity hardware PC.

® To identify the energy-consuming software components in a database system and

determine their proportional power consumption.

® To analyze the differences in energy consumption when queries are executed in a
DBMS running under different operating systems.

The rest of the paper is organized as follows. In Section 2, we give a review of related
research. In Section 3, we describe the data, queries, and environment used for testing. In
section 4, we detail the actual tests and their results. Section 5 contains a summary of the

research and its benefits, a conclusion and directions for future research.

2. Related Work
In related research, Pickavet et al [12] gave a summary of power consumption with
different kinds of information and communications technology (ICT) devices. Their survey

includes energy consumption figures of TV sets, and video players but for the purpose of
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this research, the figures listed in Table 1 are the most relevant. Table 2 contains the

International Energy Agency’s estimate of Worldwide ICT Electricity Consumption by

equipment type [1].

Table1 ICT equipment and their power consumption

Type of equipment

Power consumption when active

Desktop PC with an LCD display 100 W

Laptop PC 30 W

Volume server 220 W

Mid-range server 700 W
High-end server 10 000 W

Table 2 Worldwide electricity consumption of ICT equipment, IEA estimate 2019

Type of equipment

Electricity consumption

Data centers 200 TWH
End users 550 TWH
Network equipment 250 TWH
ICT manufacturing 1000 TWH

Following Bianchini and Rajamony’s [3] example, a 200W server running for one year
would consume 1750 kWh. Based on the current U.S. electricity prices (17 cents/kWh) in
2024, the cost of running a 200W server for one year would be approximately $300.
However, Bianchini and Rajamony calculated that cooling the server for a year would
consume an additional 498 kWh.

The energy efficiency of PC hardware has improved since Pickavet's study. Park et al
[13] stated that an ENERGY STAR registered LCD monitor consumes 10 to 25 Watts in on-
mode. The ENERGY STAR Program [14] specifies requirements for typical annual energy
consumption (TEC) in kWh. Some energy-efficient PCs listed at the program’s web site have

TECs as low as 5.4. During our measurements, we recorded power consumptions between
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23.7 to 93.3 W. A PC hobbyist web page [15] gave the following measures for the
components of an office PC like the one we have used in our tests:

CPU Intel i5: 73 to 95 W,

Motherboard: 25 to 40 W,

RAM DDR3: 2 to 3 W,

Hard drive 3.3”: 6.5t0 9 W,

80 mm case fan: 0.6 to 1.8 W.

Barroso and Holzle [16] have promoted energy proportional computing: computers
should consume energy proportionally to the tasks they are performing. However (as of
2007), even an energy-efficient server still consumed about half its full power when doing
virtually no work. Lang et al [17] studied if processing (optimizing and executing) queries as
fast as possible is the most energy-efficient way to operate a database management system
(DBMS). They found that this is not the case due to low server utilization and the hardware’s
power/performance configurations.

Economou et al [18] presented a study of energy consumption of a server computer
(“blade”) and its hardware and software components. Further, they developed the Mantis
model to estimate a server's energy consumption.

Arenas et al [19] discussed the logical model of RDF databases and the SPARQL query
language but did not mention any actual RDF DBMS software implementations. Wylot et al
[20], on the other hand, described multiple methods of implementing RDF storage and
queries and listed DBMS’s that utilize them. Bizer and Schultz [21] introduced an RDF
benchmark and tested four different RDF storages. The Java-based Sesame [22] is a popular
RDF query processor and was discussed in their study. Sesame is the basis of the RDF4J
framework (including a DBMS) and the commercial GraphDB product. Nacional et al [23]
compared the performance of several RDF storage solutions (including RDF4J) with medical
publication data and further compared their performance with a MongoDB storage of the
same data. However, energy efficiency was not discussed in their study. Hernandez et al
[24], likewise, studied RDF retrieval using five different RDF DBMS’s (including GraphDB)
but did not study their energy efficiency. Notably, they used Wikidata in their study.

Shakhovska et al [25] provided a framework for Big Data processing based on a formal
model of Big Data. Big Data technologies like Hadoop [26] combine distributed processing

and storage methods.
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Queries with RDF data in Hadoop environments have been discussed by Schatzle et al
[27], Kawises and Vatanawood [28] and Husain et al [29]. Husain et al tested a limited set of
queries using a 10-node Hadoop cluster and RDF data with up to 1.1 billion triples. Niinimaki
et al [30] tested RDF query processing with many different node configurations in a Hadoop
cluster and improved the processing speed (compared to a single node solution) by 85%.

Concerning database query energy efficiency, the Transaction Processing Council
(TPC) releases benchmarks and tools aimed at measuring the “Watts per operation”
characteristics of database products [31]. Tsirogiannis et al [32], using the TPC benchmark
data, studied both hardware components and relational DBMS software methods in their
database energy efficiency tests. Niinimaki et al [33] measured the energy consumption of
a web-based database application and presented methods to improve its efficiency. Some
studies have addressed the energy efficiency perspective of using RDF data on the Internet
of Things context [34]. However, to our knowledge, there have not been studies measuring

the energy efficiency of RDF databases and comparing our results with others is difficult.

3. The Test Data, Queries and Environment

For our tests, we have used a publicly available large data set from the Wiki data [9]
project. This data set contains the statements of Wiki data, archived in June 2015
(https://archive.org/details/wikidata-json-20150706) in the Terse RDF Triple Language [35]
format. The data set had some mistakes like encoding of the percent sign in the URLs, but
after correcting those, the set contained 1 051 431 958 statements. The data size of the
storage for these statements was about 96 gigabytes. An example of the data is shown
below; the first item is about a volleyball player. Property P21 states her gender (Q6581072
is female), P31 — Q5 states she is human and P569 states her date of birth.

@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#> .

@prefix wikibase: <http://wikiba.se/ontology-beta#> .

@prefix skos: <http://www.w3.0rg/2004/02/skos/core#> .

@prefix schema: <http://schema.org/> .

@prefix wd: <http://www.wikidata.org/entity/> .
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@prefix wdt: <http://www.wikidata.org/prop/direct/> .
wd:Q702872 a wikibase:ltem ;

rdfs:label "Zhao Ruirui"@en ;
skos:prefLabel "Zhao Ruirui"@en ;

schema:name "Zhao Ruirui"@en ;

schema:description "pallavolista cinese"@it,

"Chinese volleyball players"@en,

wdt:P21 wd:Q6581072 ;
wdt:P31 wd:Q5 ;

wdt:P569 "1981-10-08T00:00:00Z" Mxsd:dateTime ;

Our thirty SPARQL queries are adopted from the sample queries of Wiki data. The
queries include “Cats in Wiki data”, “Number of humans in Wiki data”, “Chemistry Nobel
Prizes”, and “Persons whose gender is not known” (shown below).

SELECT ?human WHERE { ?human wdt:P21 ?gender FILTER isBLANK(?gender) . }

At the time of the writing, there were 326 sample queries in Wiki data. We have omitted
queries that did not produce an answer with the 2015 data that we used. For queries that
produced thousands of results, we have limited the number of results to 50. Some queries
were omitted or modified because they returned multimedia content that our primitive test
environments could not display. Three queries ran correctly but their running time was so
long (more than 1 hour in our environment) that they would have dominated the test. The
hardware and software environments for our test setup are shown below.

CPU: Intel 15-4590 @ 3.30 GHz

RAM: 8GB DIMM DDR3 Synchronous 1600 MHz

Motherboard (with an integrated video adapter): Dell 02YYK5

Hard drive: ST 500D M002-1DD142, 7200 RPM, average seek time 8.5 ms.

Operating system: Ubuntu Linux 18.04 kernel 4.18.0-15

Java: OpenJDK 11.0.7 2020-04-14
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RDF4J: 3.1.3

Web Server: Tomcat 8.5.39

The energy consumption was measured using a low-cost consumer grade power/energy
meter TS-863A.

To compare our test setup with a more professional server, we have used a higher-end
Linux system kindly provided by the Ludwig Maximillian University, Munich. This computer
was previously used in our database performance testing [23]. The software is similar to our
test setup and the hardware characteristics are shown below.

CPU: 24-core Xeon (E5-2620 v2 @ 2.10 GHz),

RAM: 32 GB DDR3.

We measured the query performance of this system and compared it with our test
system but unfortunately, we were not able to measure the energy consumption of the server

due to data center policies.

4. Test Results

We executed the queries using two methods: (i) a completely linear execution where
the RDF4J server is running in a “console” mode as a single process and (ii) a parallel
method where RDF4J is running as a server.

The linear method gave us an overall view of the queries, while the server method
corresponded to a more realistic database server environment.

The running times of the queries, using the linear method, are shown in the first column
of Table 3. The test was repeated only three times because there was very little variance
(0.1% of the combined time) in the execution times. The average combined execution time
of the queries was 6530 seconds (about 1 hour 49 minutes) and thus, the average execution
time for a query was 218 seconds. The longest running query (“largest cities”) took ca. 22
minutes and the shortest ones ca. 1/10 of a second.

For the parallel method, we used the RDF4J web applications (server and workbench)
running under the Tomcat 8 Java servlet HTTP server. Using this technology, we created
the repository as shown in Figure 1 and executed the “URL encoded” queries as shown
below (the query is “People whose gender is not known”). The queries were executed on a
separate computer connected to the server by a 1 Gbit Ethernet cable. The data transferred

over the network by the requests and responses was only 352 kB.
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curl http://192.168.10.120:8080/rdf4j-
server/repositories/webwiki?query=%20%20PREFI1X%20wdt%3A%20%3Chttp%3A%2F %2F
www.wikidata.org%2Fprop%2Fdirect%2F %3E%20%20PREFIX%20wd%3A%20%3Chttp%3
A%2F %2Fwww.wikidata.org%2Fentity%2F % 3E%20SELECT%20%3Fhuman%20WHERE %
20%7B%20%3Fhuman%20wdt%3AP21%20%3Fgender%20FILTER%20isBLANK%28%3Fg
ender%29%20.%20%7D

Even though using the web server allowed us to execute our queries in parallel, Table
3 column 3 contains the execution times of queries when they are run as a sequence of
HTTP requests. Comparing columns 2 and 3, we can observe that the overhead of running
the queries through the HTTP server is small. The difference in the average combined
execution times was 282 seconds (about 4%). Both the console and web-based systems
executed about 16 queries per hour. For our higher-end system this figure was about 700

queries per second.

New Repository

Type: Native Java Store v
ID: webwiki
Title: webwiki

Triple indexes: SpOC,posc
Evaluation mode:  Strict v

Create Cancel

Figure 1 Creating a web-based RDF database

Our first parallel benchmarking task was to find the best performance level, which is
defined as the number of parallel processes that gives the most responses per hour. For
this purpose, we created N query sets, i.e. files containing the URL encoded queries in a
random sequence. These files were then executed in parallel. The results with different
values of N are shown in Table 4.

We can see that parallel processing with two query sets is actually less efficient than
running the queries individually. However, the queries per hour figures improved as we
increased the number of parallel query sets. This continued until the resources were

exhausted. We first noticed this when we ran 6 query sets in parallel. When running multiple
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query sets in parallel, the server was quite overloaded. The average load figures were
between 7.1 and 8.9 with 7 query sets. When running the linear test, however, these figures
were between 0.4 and 1.2.

Having determined that the best throughput (queries per hour) was achieved when five
query sets were executed in parallel, our next task was to study the energy consumption of
the server hardware and software while running the queries.

The desktop PC used in our tests is a typical “small form factor” office PC with an
integrated VGA and Ethernet adaptors, and a 500 GB traditional SATA hard disk (not a solid
disk drive). This PC is not listed at energystar.gov, however a comparable model by the
same manufacturer has TEC ratings between 77.8 and 100.8 kWh. Using our power/energy
meter, the power consumption was 23.7W to 23.8W, when idle. The maximum reading of
the power meter was 93.3 W. Furthermore, we measured the energy consumption of the
system when it ran for one hour with and without the Tomcat web server and these tests
gave a figure of 24 W each. We could not determine a definite overhead for the Tomcat
process when it was not processing any queries. This is understandable since the Tomcat
process consumed only about 0.3% of the CPU power and 3.3% of the memory. We shall
later estimate the energy consumption of Tomcat using the proportion of CPU usage (in
Figure 2).

The results of energy measurements are shown in Table 5. The linear test was executed
using the “console” command of RDF4J. The parallel tests were executed by connecting a
client computer directly to the server, starting the Tomcat server in the server computer and
running the queries using the curl program in the client.

Table 5 indicates that the lowest Watts per query figure does not correspond with the
best performance — it was reached after running six or seven query sets in parallel.

Earlier, we noted that the performance difference was approximately 4% when running
a single sequence of queries using RDF4J alone compared to RDF4J in conjunction with
Tomcat. Next, we estimated Tomcat’s energy consumption overhead when running queries
in parallel. Figure 2 (made with the Python psrecord package) illustrates the CPU usage of
the service containing both Tomcat and RDF4J. The CPU levels were recorded during the
first hour of parallel testing with six query sets. The average CPU consumption was 17.9%.
The role of Tomcat during the process was to pass queries to RDF4J, receive the replies

and pass them to the client. We simulated the process by measuring the CPU consumption
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of Tomcat when retrieving 25 small static files under its control (25 since this is the QPH

figure for the server). During this experiment, the Tomcat process’s CPU consumption was

0.3%. Therefore, it is likely that the Tomcat component’'s energy consumption was about

0.3/17.9 which is 2% of the Tomcat+RDF4J combination.

Our final research question aims at finding out whether we can save energy by using a

different kind of operating system. We tested the Porteus Linux distribution [36] and the

preliminary findings were mixed. When the Porteus system was idle, it consumed about 20%

less energy than Ubuntu Linux. However, when running a database and replying to queries,

there was no difference between the energy consumption of the two operating systems.

Table 3 Queries and Their Linear Execution Times in Milliseconds

Query# Command line
1 703
2 44
3 455500
4 520919
5 4250
6 12350
7 704651
8 1281709
9 3008
10 576682
11 131
12 239821
13 42411
14 13019
15 1119
16 987
17 166
18 121215
19 13840
UNAJIU3YY

Web server
1377
74
517986
508632
4637
13403
793857
1333476
2829
598554
162
249979
44843
15444
1348
1160
181
135043
15312
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Table 3  Queries and Their Linear Execution Times in Milliseconds (continued)

Query# Command line Web server

20 45527 57866
21 5583 5625
22 14523 15079
23 783339 786481
24 662078 673351
25 670623 678277
26 4818 4690
27 313785 314466
28 37124 37362
29 89 103
30 43501 42185
SUM 6573515 6853785
H:MIN:S 1:49:33 1:54:13
AVG 219117 228459
QPH 16.4 15.75

Table 4 Parallel Processing

Num parallel | Average query processing time Average query set QPH
tasks (ms) processing time
2 494663 4h9min 14.48
3 542872 4h31min 19.89
4 620471 5h10min 23.21
5 709122 5h54min 25.35
6 945741 7h52min 22.84
7 1115723 8h53min 23.60
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Table 5 Energy Consumption During Testing

Type of test | Num queries | Time (h) | Energy consumption (kWh) | Watts | WPQ
Linear 30 1:50 0.05 27.38 0.91
Parallel-5 150 5:54 0.174 29.44 0.20
Parallel-6 180 7:52 0.218 27.66 0.15
Parallel-7 210 8:53 0.247 26.5 0.15
30 -
+ 400
25 A L 350
L300
20 A g
E; 250 E
S 15 g
g 15 200%
10 150 &
r 100
5 B
- 50
0 T T T T T T T T 0
0 500 1000 1500 2000 2500 3000 3500
time (s)

Figure 2 CPU and Memory Consumption of Tomcat + RDF4J

5. Summary and Future Research
In this paper, we answered the following questions:

® \What kind of database performance can we expect from an RDF database system

running in a commodity hardware PC?

® How can we identify the energy consuming software components in a database

system, and their proportional power consumption?

® Are there differences in energy consumption when the queries are executed in a
DBMS running under different operating systems?

The main benefits of our research are:

® Demonstrating that a commodity PC with a Linux operating system is feasible for
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processing RDF queries. However, it is observed that the execution of complex queries

results in significant processing delays.

® Demonstrating that the overhead of network data processing is small compared with
query processing.

® Demonstrating that a “lightweight” Linux distribution does not improve the energy
efficiency of query processing.

For our measurements, we have used a large set (more than 1 billion statements) from
Wiki data, and a set of 30 Wikidata example SPARQL queries. Our hardware environment
(the database server) was a simple desktop PC with integrated graphics, 500 GB hard drive,
8 GB memory and an Intel i5 CPU. The tests were run using a client PC computer connected
to the server directly by an Ethernet cable. We measured the energy consumption of the
tests with a consumer grade power/energy meter connected to a wall socket.

The results, based on our measurements, can be stated as follows:

The commodity hardware PC’s query processing performance was less than 3% of that
of our higher end system (24 core Xeon with 32 GB RAM).

We can measure the impact of a database management system (RDF4J) in the energy
consumption when processing queries with a system that contains RDF4J under the control of
a web server (Apache Tomcat). However, estimating the impact of the web server is more
difficult since its overhead is small compared with RDF4J, and we estimate it to be about 2%.

Changing the operating system to a more minimalistic Linux distribution reduces the
energy consumption when the system is running idle but does not have a real impact when
the system is processing queries.

We have run some initial measurements on our desktop PC using a solid-state disk
(SSD) and the performance improvement was notable. This is in line with Intel's reporting
quadruple database performance when using SSDs [37]. In our future research, we shall
provide figures for our setup with an SSD. Other future research will concentrate on “fine
tuning” the operating system and the Java environment for better performance and economy.
More challenging topics will expand the scope of the study with other types of databases
and retrieval systems. RDF processing can be compared with a more recent alternative:
graph databases with the GraphQL query language. RDF databases have been studied in

the context of Large Language Models, too [38]. Expanding this type of research could
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combine the ease of use of Large Language Models with the fact-based knowledge bases

implemented using RDF.
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