Master of Science in Computer Science «g\‘»“'skaq
October 2019

Dictionary-based Compression Algorithms in
Mobile Packet Core

Lakshmi Venkata Sai Sri Tikkireddy

Faculty of Computing, Blekinge Institute of Technology, 371 79 Karlskrona, Sweden



This thesis is submitted to the Faculty of Computing at Blekinge Institute of Technology in
partial fulfillment of the requirements for the degree of Master of Science in Computer Science.
The thesis is equivalent to 20 weeks of full-time studies.

Contact Information:

Author(s):

Lakshmi Venkata Sai Sri Tikkireddy
E-mail: latil 7@student.bth.se

External advisor:
1. Erik Vargas (erik.vargas@ericsson.com)

2. Nils Ljungberg (nils.ljungberg@ericsson.com)

University advisor:
Siamak Khatibi
Department of Telecommunications

Faculty of Telecommunications Internet : www.bth.se
Blekinge Institute of Technology Phone  :+46 455385000

SE-371 79 Karlskrona, Sweden Fax - +46 455 38 50 57 B
il


mailto:erik.vargas@ericsson.com
mailto:nils.ljungberg@ericsson.com

ABSTRACT

Context: With the rapid growth in technology, the amount of data to be transmitted and stored is
increasing. The efficiency of information retrieval and storage has become a major drawback, thereby
the concept of data compression has come into the picture. Data compression is a technique that
effectively reduces the size of the data to save storage and speed up the transmission of the data from
one place to another. Data compression is present in various formats and mainly categorized into lossy
compression and lossless compression where lossless compression is often used to compress the data.
In Ericsson, SGSN-MME is using one of the data compression technique namely Deflate, to compress
each user data independently. Due to the compression ratio between compress and decompress speed,
the deflate algorithm is not optimal for the SGSN-MME’s use case. To mitigate this problem, the deflate
algorithm has to be replaced with a better compression algorithm.

Objectives: This research is performed on several dictionary-based lossless data compression
algorithms to find a suitable compression algorithm for the SGSN-MME's use case. To achieve this
goal, we need to find out the type of data that is required for creating a dataset for the compression
algorithms. After the dataset creation, various dictionary-based algorithms are examined to find the
suitable dictionary-based algorithm for the use case and compare the performance of the found algorithm
when using/not using a pre-defined dictionary.

Methods: In this research, an experiment is performed to evaluate the performance of different
dictionary-based algorithms based on compression ratio and time for compression. For this experiment,
the data is provided by Ericsson AB, Gothenburg. The dataset consists of the user data from SGSN-
MME. The selected dictionary-based algorithms namely LZ4, Brotli, Zstandard are evaluated based on
their performance compared to Deflate based on the compression factors such as compression ratio and
compression speed.

Results: On observation and analysis of the experiment, Zstandard with dictionary was better in
performance when compared with the compression factors such as compression ratio and compression
speed.

Conclusions: This research is concluded by identifying a suitable dictionary-based algorithm. The
conclusion of the research is decided by showing the identified algorithm performs better than remaining
selected algorithms [.Z4, Brotli and Deflate.

Keywords: Data Compression, Lossless compression, L.Z4, Brotli, Zstandard, Deflate, Dictionary-
based compression.
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1 INTRODUCTION

With the support of software and hardware, there is rapid growth and development in technology that
facilitates the information to spread around the world instantly through the internet [1]. Many of today's
cellular subscribers are smartphone users with frequent access to various contents including transmitting
and receiving the information. The volume of this information is becoming exponentially increased.
Due to the immense load to the storage and communication systems, there can be a shortage of storage
and data congestion in communication [2]. Thereby, the significance of data compression is also
increasing.

Compression is the process of converting a data set into a code to save the need for storage and
transmission of data making it easier to transmit data [1].

The data compression desires to reduce the size of the data with the increasing cost of computational
efforts [3]. With compression there comes the concept of saving time and storage in the memory. Figure
1 shows the process of data compression.

Data before Data compression using a Data after
compression compression technique compression

Figure 1: The process of data compression.

In general, figure 1 describes the process of data compression-- the size of data when uncompressed;
then the data being processed by a compression method; resulting in the compressed data with a size
smaller when compared to the uncompressed data.

Data compression is classified into Lossy compression and Lossless compression:

e Lossy compression-- accuracy of the data is lost to an acceptable level. It is used where the
applications can tolerate errors. This is chosen whenever information is easily predictable.
Usually, the audio and image formats like Mp3 and JPG use this kind of compression [4].

o Lossless compression-- reduces the redundancy part of the data without any loss in the
information [5]. Since it is reversible and suitable for data integrity, it is used for the
applications where the difference in a single bit of the information between original and
decompressed data is not tolerated [6]. Lossless compression is used for the large datasets to
transmit in the given time, to increase the storage capacity.
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DATA COMPRESSION TECHNIQUES

' l

Lossy Compression Lossless Compression
JPEG MPEG MP3 Run-length Huffman Lempel-Ziv

Figure 2: Various compression techniques.

In the lossy compression, there is an acceptable level of loss in the information thereby the decompressed
information cannot produce the information as same as the original information. Whereas in lossless
compression, there is no loss of information in the decompressed information. Lossless compression
algorithms are such as Shannon Fano, Huffman, Lempel Ziv, arithmetic encoding, and run-length
encoding where the performance of each compression technique is different were often used for
compressing any type of data.

1.1 Problem statement:

Digital communication is the process of transmitting and receiving multimedia data [7]. In Digital
Communications the complete data should be transmitted within a given time and as a result, if the data
is large, the transmission of the data takes longer to complete. Significant improvement in data
throughput can be achieved if the data can be effectively compressed before transmission [3]. Also, data
compression increases the allocation channel capacity for the transmission. In the cellular network,
SGSN is the primary component that makes use of GPRS via a radio network. The SGSN routes the
incoming and outgoing IP packets addressed to and from any of the GPRS subscribers which are
physically located within the geographical SGSN. The key functionalities of the SGSN are ciphering
and authentication, session management and communication setup to the mobile subscribers, mobility
management and connection to other nodes [8]. Also, SGSN collects the charging data to each mobile
subscriber such as the actual usage of the radio network and GPRS network resources [9].

In recent years, using mobile devices become part of the lifestyle. According to the present internet
usage statistics 2019, there are now 4.38 billion internet users in the world [10]. The core network of
many mobile users will get accessed utilizing SGSN. Therefore, large data traffic will be handled by the
SGSN. Due to the continuous keep-alive messages which are generated by smart devices, there is a rapid
growth in signaling traffic. While connecting to the internet, all generation (2G, 3G, 4G) traffic will get
passed through the Serving GPRS Support Node (SGSN) which is responsible for GPRS authentication
[11]. Here the 4G traffic gets migrated to another node known as Mobility Management Entity (MME).
MME is the key control-node for the Long-Term Evolution (LTE) access network. MME does not need
any hardware for specialized packet forwarding because it is purely a control plane element [12].
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Ericsson is using the node which integrates both the SGSN and MME functionalities which is known as
SGSN-MME which is the world’s most widely deployed SGSN/MME [13]. This node is helpful to serve
the traffic from all generation networks via the same node. Each SGSN node can handle about 18 million
user data. The main aim of Ericsson SGSN-MME nodes is to guarantee 99.9999% uptime. Ericsson
SGSN-MME takes responsibility for paging and tagging procedure including retransmissions for an idle
mode User Equipment (UE). The MME also provides the control plane function for mobility between
LTE and 2G/3G access networks with the S3 interface terminating at the MME from the SGSN [14]. It
is realized using the Erlang (Ericsson's implementation of the MME) run time system. The MME is
responsible for handling millions of UEs (basically mobile phones) and keeps track of these UEs over
time. It uses Erlang ETS (Erlang Term Storage) tables to store each UE context.

At present, the Ericsson's SGSN-MME is using Deflate to compress each UE context independently.
deflate is a data compression algorithm which is a combination of Huffman code and LZ77. Due to the
ratio between compress and decompress speed, the DEFLATE algorithm is not optimal for the SGSN-
MMEs use case (each UE Context is compressed twice and decompressed once). Hence, the Deflate
Compression Algorithm needs to be replaced with a better algorithm which is having the best
compression speed, and high compression level.

For this research, the aim is to replace the existing DEFLATE algorithm with a suitable dictionary-based
compression algorithm and develop the dictionary to increase the compression speed. The following
research questions are formulated to achieve the goal of this research.

e RQI1: Which algorithm among the different dictionary-based algorithms suitable for the use
case?

Motivation: The motivation for formulating this research question is that, as there exist more
than one dictionary-based compression algorithms, there is a need to choose one among the
different algorithms which suit the use case and can be replaced with the DEFLATE.

e RQ2: How effective will the developed dictionary compress the data concerning the
compression ratio, compression/decompression time and space savings?
Motivation: The motivation for formulating this research question is that, to analyze the results

after comparing the algorithms and measure how effective is the dictionary working in the
replaced algorithm in terms of compression ratio, speed and space savings.

This research focuses mainly on these dictionary-based compression algorithms. The detailed discussion
on the dictionary-based algorithms is done in the following section.
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2 RELATED WORK

Lossless compression is a process where no data is lost while compression and the replica of the original
data can be retrieved from the compressed data [15]. This type of compression helps in increasing the
storage capacity and speed transmission of the data. There are compression factors to measure the
performance of the compression done by the lossless compression algorithms. They are [16]:

o Compression Ratio: This helps us to know how much and to what extent the size of the
compressed file is reduced. This is calculated using the formula:

uncompressed size

Compression ratio = -
compressed size

e Compression Time: The time taken for the algorithm to compress the file.

e Compression Speed: It is the ratio of uncompressed size and the time taken to compress.

uncompressed size

Compression Speed = —
time taken to compress

e Space Savings: This calculates the reduction of the file size relative to the uncompressed file.

compressed size

Space savings =1 — -
uncompressed size

The lossless compression is categorized into two types: entropy-based and dictionary-based encoding.
Here we more concentrate on dictionary-based encoding algorithms because the algorithms that exist in
real-time are a combination of both entropy and dictionary. These algorithms are categorized as
dictionary-based lossless compression algorithms. Figure 3 shows the different types of lossless
compression algorithms.

Lossless Compression

Y Y

Dictionary
Entropy based
py based
! v
l l Y Y Y Y
. . . Deflate
Huffman Code Arithmetic Brotli LZ4 (Zlib) Zstandard

Figure 3:Types of Lossless Compression Algorithms.
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2.1 Entropy-Based Encoding

The entropy encoding is a coding scheme that allows prefix-free codes to symbols to match code lengths
with the probabilities of the symbols that occur in the input. It compresses the data by replacing the
fixed-length input symbol with the equivalent variable-length prefix-free output codeword [17]. The
most common entropy encoding compressions include Huffman Coding and Arithmetic Coding.

2.1.1 Huffman Coding

Huffman coding is an algorithm developed by David A. Huffman in the year 1952 [18]. Huffman
algorithm is a lossless compression that converts fixed-length codes to prefix-free variable-length codes
achieving the shortest possible codeword length for a symbol which can be greater than its entropy [7].
This algorithm is based on ASCII characters generally represented by 8 bits. Huffman Coding is not
always optimal among all the compression methods [18].

2.1.2 Arithmetic Coding

Arithmetic coding is an entropy coding used in lossless compression where the encoding uses the
probability of each symbol that is to be transmitted. In arithmetic coding, a group of symbols that form
a message is encoded into a single decimal number in the interval of real numbers between 0 and 1
which makes easier for transmission [19]. One of the advantages of arithmetic coding is its optimality
and flexibility to combine with any model which provides the sequence of probabilities. But the
disadvantage of arithmetic coding is its poor error resistance which means a single bit error in an
encoded file causes the entire decoded file degraded [20].

2.2 Dictionary Based Encoding

The dictionary-based encoding is to exploit repeating instruction sequences with the usage of a
dictionary [21]. The dictionary-based compression optimizes the choice of phrases to maximize the
performance of compression [22]. The dictionary-based compression uses a strategy that is easily
understandable and familiar for the programmers i.e., it uses indexes into large databases to retrieve
information from large amounts of storage. They encode variable-length strings of symbols as single
tokens. In real-time, we are using software tools [23] like WinZip [24], 7Zip [25], PeaZip, Info-Zip,
WinRAR to decompress the downloaded zip (compressed) files or to zip (compress) a normal file.

Dictionary-based compression techniques bring efficiency in compression and a quick decompression
mechanism. The basic concept is to use the commonly repeated instruction sequences by using a
dictionary [21]. These repeating sequences are replaced with a codeword which points to a specific
index of the dictionary that contains the pattern.

There are various dictionary-based compression algorithms are such as Lempel-Ziv (LZ4), Brotli,
Deflate and Zstandard [26]. As we discussed before, these algorithms are a combination dictionary and
entropy encoding. The most commonly used dictionary-based algorithm in the above-mentioned
algorithms is LZ77. LZ77 is one lossless algorithm that belongs to the Lempel-Ziv (LZ) family. Also,
it is the most commonly used algorithm among the LZ family.

The working of this LZ77 is done by replacing the repetition as an encoded pointer to the previous
occurrence and accompanied by the number of characters to be matched using a sliding dictionary which
holds the data that represents the previously encoded sequence [27]. The input sequence is parsed by the
encoder through a sliding window consisting of two parts-- a search buffer and a look-ahead buffer. The
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search buffer holds the portion of the recently encoded sequence. Whereas the look-ahead buffer holds
the next portion of the sequence which is to be encoded.

When the algorithm searches a sliding window for the longest match with the look-ahead buffer, a
pointer to the match is delivered. When there is a possibility of no match, the output cannot contain only
the pointers [27]. Therefore, the pointer is always delivered in a triple (o, 1, ¢) where ‘o’ is offset to the
match, ‘I’ is the length of the match, and ‘c’ is the next symbol after the match. When there is no match,
a null-pointer and the first literal of the look-ahead buffer are delivered [28].

22.1 LZ4

LZ4 is the lossless compression which belongs to the family of LZ77 developed by Yann Collet in the
year 2011 [29]. It is shown as the fastest compressing algorithm among the LZ family. It is available in
various programming languages and scalable with multi CPU cores with a compression speed greater
than 500 MB/s per core. Also, LZ4 is known for its fastest decompression than compression speed in
the LZ family.

Begin
_).. Input 4 bytes <
Y

Calculate the hash value

Y

7 Read the Ref and save IP

Y

Read the Ref 4 bytes

N
No \‘\\
Match? >

Ye

Backward matching

Calculate the literal and

match length »  Output _the data

X

-
Yes ™ No

/ ~.
End W

Figure 4: Flow chart of the LZ4 algorithm.

The algorithm searches for the recurring data strings from the preceding strings and replaces it by the
token. Now to find the offset of the preceding string and match the length, it makes use of the dictionary
which is created on-the-fly. LZ4 is a compressed data format with a series of sequences. Each sequence
has a one-byte token divided into two 4-bit fields [5]. The sequence consists of the token holding the
length of unmatched and matched literals, literal length indicates the length of the compressed data and
the value is equal to the value of the length of uncompressed minus 15, offset represents the address of
the current data minus the address of the prior data and the match length which is the length of the
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matching data. LZ4 algorithm follows five steps [30]-- (1)hashing, (2)matching, (3)backward matching,
(4)parameter calculation, (5)data output.

2.2.2 Brotli

Brotli is a lossless compression algorithm developed with the aggregation of the LZ77 lossless
compression algorithm, Huffman coding and second-order of context modeling. Jyrki Alakuijala and
Zoltan Szabadka, Google employees developed to reduce the size of the compressor of the Web fonts
and released in the year 2013 [31]. Brotli mainly compresses the data on the Internet optimizing the
resources used at the time of decoding, which results in maximum compression density. The
characteristics that bring uniqueness to Brotli from other LZ-family compressors are:

1) Using Pseudo-optimal Shortest Path scheme from Zopfile [32] for long runs of literals and hybrid
parsing of the input in LZ-phrases.

2) Imposing locality references with relative encoding distances, re-use of entropy codes, using
second-order models from Huffman encoding of LZ-phrases.

3) Using a static dictionary to improve compression of small files.

4) For reducing the compressed space and cache-misses at decompression by optimizing the number
of Huffman models, proper block splitting and clustering symbols distributions.

The Brotli encoder library has 12 quality levels (0-11), where higher the level slows the compression
with a better compression ratio and effective compression. A Brotli compressed file consists of a set of
meta-blocks which holds up to 16MB. Each meta-block is divided into two parts-- a data part and a
header part. The data part of the meta-block stores the L.Z77-compressed input and the header holds the
required data to decode the data part. Most of the web browsers-- Google Chrome, Microsoft Edge,
Mozilla Firefox and Web servers-- Apache HTTP Server, Microsoft IIS prefer Brotli for its better
performance [33].

2.2.3 Deflate

Deflate is a combination of LZ77 and Huffman coding defined by Phil Katz. Deflate is one of the most
popular compression algorithms. It is used in the popular Zip and Gzip formats, Transport Layer
Security (TLS) protocol version 1.0 to 1.2, HTTP/1.x, Secure Shell (SSH), Zlib, PNG, etc. Deflate was
patented by U.S. Patent [34]. There are many implementations of Deflate where the most commonly
using implementation of deflate is Zlib.

As said Deflate is a combination of LZ77 with Huffman Coding. LZ77 helps the algorithm to describe
the stream of data with distance-length pairs and literals [35].

Compression in Deflate is accomplished in two steps [35]:

1) The matching and replacement of duplicate (repeated) strings with pointers.

2) Replacing symbols with new, weighted symbols based on the frequency of use.

The first step is achieved through LZ77 which makes use of a sliding dictionary that consists of the list
of recently used strings. When the encoder finds a string that does not exist in the dictionary, the string

is emitted as a literal sequence of bytes. If the encoder finds a match from the dictionary, the string is
replaced by a pointer to the matching string in the dictionary and the length of the match [36].
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The second step of Deflate uses Huffman Coding to encode the output of LZ77. The algorithm replaces
the most occurring literal with the least number of bits and least occurring literals with the most number
of bits [7]. When the output of LZ77 is a null-pointer and the next literal in the look-ahead buffer, the
code for the literal is produced. While decompressing, the decoder will know whether the code is for
literal or not and decodes it. Otherwise, it reads the next code to retrieve the match length and output
the matched sequence. Because Huffman codes are prefix-codes, the decoder knows where the code
ends even if the codes having the variable number of bits [34].

2.2.4 Zstandard

Zstandard (zstd) is a lossless compression algorithm designed by Yann Collet at Facebook and released
as open-source free software on 31 August 2016 [37]. The implementation of Zstandard is done in C.
Zstandard is a combination of entropy coders, Huffman Coding and Finite State Entropy [38] which
makes to perform well on modern CPUs [39] and improves upon the trade-offs made by other
compression algorithms and has a wide range of applicability with very high decompression speed [40].
Zstandard combines the dictionary-matching from LZ77 with a large search window and entropy coding
from FSE and Huffman.

FSE is a new breed of entropy where it is used for fast tabled Asymmetric Numeral Systems (tANS).
Asymmetric Numeral System (ANS) is from the family of entropy encoding where it combines the
rati0o of Arithmetic coding and Huffman coding. the basic idea of ANS is to encode information into a
single natural number x. In the tabled ANS (tANS), variant, a finite-state machine is constructed for
operating large alphabets. This tANS stores the entire behavior of this natural number X into a table that
yields a finite state machine [41] .

Zstandard compression provides levels for compression ranging from 1 (fastest) to 22 (slowest in
compression speed but best in compression ratio). Zstandard has no inherent limit and can address the
terabytes of memory [37].

Zstandard is a multi-threaded implementation for both compression and decompression. Zstandard aims
at the real-time compression scenarios and was developed to provide a better compression ratio
compatible with that of the Deflate (Zlib) algorithm [40]. Its compression and decompression are both
faster than Zlib. It has a better compression ratio compared to LZ4, Brotli, and Zlib (Deflate) [39].

Compressor Compression Ratio Compression Speed
Zstandard 2.87 430MB/s
Zlib (Deflate) 2.74 110 MB/s
LZ4 2.10 720 MB/s
Brotli 2.70 400MB/s

Table 1: Ratio vs Speed Comparison [42]

The above table shows the comparison of the Zstandard, Deflate, Brotli, and LZ4 in terms of
compression ratio and compression speed on a dataset experimented by Facebook. Where the
compression ratio indicated the ratio of uncompressed size and the compressed size of the dataset;
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compression speed indicates how fast the compression was done by these algorithms on the dataset. The
dataset taken for the experiment done by Facebook is a Silesia compression corpus that provides a data
set of files that covers the typical datatype used nowadays for compression. On observing the values in
the table, the compression for Zstandard is comparatively more than the other algorithms which means
the compression of the data is more effective compared to others. Whereas for compression speed, LZ4
compresses the data faster than the others. But Zstandard can trade compression speed for stronger
compression ratios [41]. Also, Zstandard, at the default setting, shows substantial improvements in both
compression speed and decompression speed, while compressing at the same ratio as zlib [40].

Figure 5 illustrates that, according to Facebook benchmarks, Zstandard outperforms zlib for any
combination of compression ratio and bandwidth. The x-axis is a decreasing logarithmic scale in MB/s
and the y-axis is the compression ratio achieved. From the graph, zstd is the fastest compression
algorithms with the highest compression ratio while maintaining a substantial decompression speed
advantage [40].

16
zlib *-zstd
Figure 5: Zstd vs Zlib (deflate) [40]

Dictionaries can have a large impact on the compression ratio of small files, so Zstandard can use a user-
provided compression dictionary. It also offers a training mode, able to generate a dictionary from a set
of samples [37]. When using a one-time created pre-shared dictionary with Zstandard, the original
compression ratio improves from 2.8 to 6.9 which is a significant improvement of Zstandard [40].

From this literature review, the RQI, to find a suitable replaceable dictionary-based compression
algorithm for the use case can be answered. From the results of benchmarks of Facebook, it is found
that Zstandard better performs than any other compression algorithms. Hence, Zstandard has chosen to
replace Deflate and experiment on the dataset. The methodology, dataset creation, and experimentation
are discussed in detail in the following sections.
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3 METHOD

A research paradigm is classified into two types, which are qualitative research and quantitative
research. The qualitative research is concerned with determining the causes observed by subjects in the
study and understanding their view of the problem. On the other side, the quantitative research focuses
on identifying the cause-effect relationship or comparing two or more groups [43]. To perform this
research, both qualitative research and quantitative research methods are used. The reason for using
qualitative research is that to answer the RQ1, a systematic literature review is required to study different
dictionary-based compression algorithms and choose a suitable algorithm for the use case. The reason
for using quantitative research is that there are two various algorithms to be analyzed in this research.
Also, the research questions can be answered using quantitative data.

There are three strategies in quantitative research— survey, case-study, and experiment. A survey is a
technique of collecting information regarding a variable under study, from a large number of population
(people). A case study is a method where an individual, an even, or a place of significance is studied in
depth [44]. Survey and case studies are used in both qualitative and quantitative research [45]. The
reason for choosing the Experiment is that the survey is a more descriptive method and case-study cannot
be used while comparing various methods. Therefore, the Experiment is chosen to answer one of the
research questions.

For answering RQ1, a study is related work is done to choose a suitable algorithm for the use case.
While for answering RQ2, an experiment is conducted to compare the selected algorithm with and
without the developed dictionary on the dataset and find the performance of the algorithm concerning
compression ratio, time and space savings.

The population of the experiment will be the UE contexts of the SGSN-MME. And the subjects or
sampling of the population will be the UE contexts of each mobility procedure which can be selected
randomly. These UE contexts can be accessed through Ericsson's working environment.

To answer the formulated research questions, there is a need to construct the hypothesis for a clear
explanation of the experiment done.

Hypothesis: According to the use case, deflate is not optimal. So, there is a need to replace the deflate
algorithm with another suitable dictionary-based algorithm where Zstandard is chosen to replace deflate
according to the background work done in section 2. Therefore, to know the performance of this chosen
algorithm is the same or different while using/not using the developed pre-defined dictionary when
compressing the data.

o Null Hypothesis: The performance of the chosen algorithm (Zstandard) that can replace Deflate
using/not using the developed pre-defined dictionary is the same.

e Alternative Hypothesis: The performance of the chosen algorithm (Zstandard) that can replace
Deflate using/not using the developed pre-defined dictionary is different.

For experimentation, we need dependent and independent variables which are as follows:

o Independent Variables: The various dictionary-based algorithms and the dataset will be the
independent variables that can be controlled and changed.

e Dependent Variables: The quality of the compression on the UE contexts which can be
measured through compression ratio, speed, and space savings will be the dependent variables
of the experiment.
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3.1 Experiment Workspace

For experimentation, a software environment is needed where Ericsson uses the Citrix for the work
environment. Citrix is desktop-visualization which creates software for all the individuals working in
an enterprise to work and collaborate remotely [46].

The enterprise applications, desktops and data from a single pane which are managed by the IT
administrations can be enabled using Citrix Workspace. It provides various access controls to build a
secure digital boundary which is hosted on any cloud, from any network. Therefore, providing IT
administrators a significant level of enterprise security [47].
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Figure 6: Citrix Overview

Citrix is an integrated workspace which enables the individuals to unify the components in one place
[48]:

e Access Control: web and SaaS application, identify federation (Citrix Gateway Service
Standard).

e Endpoint Management: management of physical endpoints, performance management, mobile
application management and productivity applications.

e Content Collaboration: access to files and workflows.
e Analysis: Citrix Analytical access control, content collaboration.

e Delivery of the applications and virtual desktops (Windows, Linux).
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3.1.1 Why Citrix and how it helps

Digital Transformation requires businesses to provide a superior employee experience for higher
productivity and stringer security for data loss prevention. Citrix Workspace alone provides a user-
centric experience where all the components need to work are amassed in one unified application.
Thereby, providing conditional access and simple based performance on user context and IT-designed
policies [49]. Citrix Workspace completely accumulates all the applications and data across all
applications--both on-premises and cloud--to deliver the right experience to the right user at the right
time.

Citrix helps in dealing with a regularly expanding rundown of SaaS, web and portable applications
running on any number of mists is unwieldy and builds your security dangers. Citrix Workspace
empowers IT to proactively oversee security dangers in the present appropriated, crossover multi-cloud,
multi-gadget situations [50]. No one but Citrix can completely total all applications and information
overall applications—both on-premises and cloud—to convey the correct understanding to the correct
client at the perfect time.

Ericsson has a private workspace in Citrix which is known as GSN Workspace (GSNWS). Having
access to the GSNWS,; the content of SGSN is accessible. Since we are doing in the Erlang programming
language, the programs consisting of modules are compiled in the Erlang shell resulting in an object
code which is must be loaded in the Erlang Runtime System. The command ‘c(module)’ given in the
Erlang shell understands to compile and load the module [51].

3.2 Dataset

Now proceeding with the experimentation to compare the algorithms, we need a dataset. Since our use
case is to find a suitable algorithm that compresses the data from SGSN-MME, a sample dataset from
the same SGSN-MME can be used as the dataset.

Ericsson SGSN-MME is the world's most deployed SGSN/MME. It consists of a wide range of
customer-requested features and has a proven achievement as an excellent in-service performance (ISP)
even at its high traffic conditions. With the help of the Ericsson Blade System MkX platform, SGSN-
MME is capable of predicting the most aggressive traffic growth. When the SGSN-MME is deployed
in a pooled configuration, it can support up to 36 million users per node and up to 2300 million users
providing higher scalability [52].

The SGSN-MME supports multi-access certain functionalities such as authentication, communication,
management functions, migration from one place to another and set up for subscribers [52]. The SGSN-
MME is integrating new functionalities with its rapid growth, which facilitates new innovative business
opportunities and cost reductions.

The data from each user/subscriber which is transmitted in and out via SGSN-MME is known as the
User Equipment (UE) data. These UEs are recorded and stored in the Ericsson database which is known
as the Erlang Term Storage (ETS). In this ETS the data is stored in the form of tables where each row is
a record representing UE content.

Erlang is a multi-paradigm--concurrent and functional programming language developed by Ericsson.
Initially, it is used as the proprietary software within Ericsson but later, was released as free and open-
source software [53]. Erlang is supported and maintained by the Open Telecom Platform (OTP) product
unit at Ericsson. In Erlang, everything is processed and the processes are strongly isolated. The creation
and destruction of processes is a lightweight operation and share no resources.
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Erlang Term Storage (ETS) is the storage space that allows the Erlang programs to store data in a huge
amount in an Erlang runtime system with a constant access time that is proportional to O(logN) for an
ordered set of stored data [54]. ETS is a key-value database where the data in ETS is organized as a set
of dynamic tables [55]. Each table is created by a process with access rights and automatically destroyed
when the process is terminated.

The data from the ETS table from SGSN-MME is taken as a sample dataset for the experiment to find
a suitable algorithm to compress the same data from the SGSN-MME.

3.3 Dataset Pre-processing

After the selection of the dataset, it must be transformed into a suitable form to input the compression
algorithms. Data pre-processing is a technique that helps to transform the raw data into a
suitable/understandable format. It prepares the raw data for further process. This section details how the
data is being pre-processed to run the compression algorithms on the dataset.

As we discussed in the before section about the dataset, the data is from the SGSN-MME. The dataset
consists of 10 segments files (segX) and each file contains 512 tables (segX 0 to segX 511) with
different sizes.

To use this data on the compression algorithm, it must be processed into a single table. Using erlang, all
the tables in the segment file are converted into a single table and stored in a .mbin file. So every segment
file consisting of 512 tables is converted to a single table and saved as a segX.mbin file. Our dataset
consists of 10 segment files—segl.mbin, seg2.mbin,....segl0.mbin. The table/file consists of records
where each record represents a UE content. This is all done in the Erlang shell using the Erlang
programming language in the GSNWS created in Ericsson's Citrix workspace.

The dataset with 10 files is ready to use for the compression algorithms, after converting every segment
into a single table and stored as a file. As we are comparing the performance of the chosen algorithm
using/not using developed pre-defined dictionary, an efficient pre-defined dictionary is developed using
Erlang programming language for all these segment files (.mbin files). These dictionaries are saved with
an extension of .dict i.e., segl.dict, seg2.dict,... segl0.dict.

Then the further experimentation is done on these files, to achieve the goal of the experiment.

3.4 Experimentation

The experiment was designed as a randomized complete blockchain design. The experiment design uses
one subject (segment file) to all treatments (Zstandard with the dictionary and Zstandard without the
dictionary) and the order in which the subjects use the treatments are assigned randomly.

The experiment investigates the effectiveness of different algorithms which will come under the design
type one factor with more than two treatments. Here the factor is the compression algorithm and the
treatments are Zstandard, Zstandard with the developed dictionary. The experiment was conducted on
Ericsson's SGSN-MME user data.

After the pre-processing of the dataset taken from SGSN-MME, the dataset is ready to use for
experimentation. In this research to answer the first research question, a deep background work has been
done. In section 2, a detailed discussion of the dictionary-based algorithms is done. This section
concludes that the Zstandard algorithm is the best and fastest compressor and decompressor compared
to the other algorithms. Therefore, Zstandard has chosen to replace deflate and experiment to compare
the performance when using a pre-defined dictionary.

22



As discussed before, a dictionary is created using Erlang [56] for the Dataset. Now as the dataset consists
of 10 files (segl - seg10) which are to be compressed, for each segment file, a dictionary is created using
the dictionary code developed in Erlang and this dictionary file saved as a segl.dict,.... segl0.dict file.

Now the Zstandard is accessed in Erlang from the Zstandard bindings [55]. Then the dataset is given to
the compression using these dictionary files and without the dictionary files.

This is the experimentation done with the compression algorithm on the SGSN-MME user data. The
results from the experiment are analyzed using the factors compression ratio, compression speed and
space savings of the Zstandard algorithm both with and without (normal) the dictionary.

3.5 Statistical Tests

The experimentation which is the comparison of the algorithms is done manually and the obtained data
is used to compare the effectiveness of the compression. Since the comparison is done manually,
statistical tests are performed to get valid conclusions from the experimental data [43]. The statistical
test used is the Friedman test.

Friedman Test: It is a non-parametric test for analyzing randomized complete block designs. The basic
idea of the Friedman test is to rank the algorithms based on the experimental data. The best performance
gets the rank1, the second gets rank?2,... rank n [57]. The average of the rank will be assigned if there is
a tie between the algorithms.

Motivation: Friedman test is mostly used for comparing k algorithms for n datasets where k > 2 and it
is the most efficient statistical method for testing the multiple classifier performances [57] [58]. In this
experiment, there are two algorithms tested on 10 datasets.

The Friedman test statistic can be calculated by [58],

k
12
FM = m;(Rl - Tl(k + 1) / 2)2

Where R is the sum of the ranks, k is the number of algorithms and n is the number of datasets. After
calculating the FM statistic, the critical value of k at n at o = 0.05 is measured. If the critical value is
higher than the test statistic then, the Null hypothesis is said to be True or else the null hypothesis is
rejected.

If the null hypothesis is rejected, then we can perform the post-hoc test for determining the algorithms
that performed significantly different. For conducting the post-hoc test, the Nemenyi test is selected.
The motivation for choosing this test is because the Nemenyi test is the most efficient post-hoc test used
when the statistical test of multiple comparisons has rejected the null hypothesis that the performance
of all algorithms is the same [59].

Nemenyi Test: Nemenyi test is the most efficient post-hoc test used for comparing all algorithms to one
and other and calculates the critical difference [57]. The performance of the algorithms is said to be
significantly different if the average ranks differ at least the critical difference [57]. The critical
difference is calculated by,
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k(k + 1)

CD = q« en

Where g« depends on the significance level of o< as well as k [57].
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4 RESULTS AND ANALYSIS

The results of the experimentation are as follows.

4.1 Result for Zstandard without the Dictionary(normal)
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Figure 7: Compression of Zstandard (normal)
Figure 7 shows the comparison of the original size of the file and the compressed size of the compressed

file while without using the dictionary during the compression with Zstandard where the Y-axis
represents the size of the files and the X-axis represents the segment files.

4.2  Result for Zstandard with the Dictionary
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Figure 8: Compression of Zstandard using the Dictionary
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Figure 8 shows the comparison of the original size of the file and the compressed size of the compressed
file while using the dictionary during the compression with Zstandard where the Y-axis represents the
size of the files and the X-axis represents the segment files.

4.3 Results for Comparison between the Compressed Size
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Figure 9: Comparison of the compressed sizes

Figure 9 shows the comparison of the compression sizes between Zstandard without the dictionary and
Zstandard using the dictionary on all the 10 segment files where the Y-axis represents the compressed
size and the X-axis represents the segment files.

4.4 Comparison of Algorithm Results

Test Cases Zstd Zstd_dict
1 2.21 9.98
2 2.11 9.72
3 1.75 8.96
4 2.29 10.27
5 2.05 9.59
6 221 9.98
7 2.34 10.46
8 2.26 10.06
9 2.19 9.89
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10 1.64 8.82
Average 2.11 9.77

Table 2: Comparing the ratios of the algorithm results.

The above table consists of the compression ratios of each segment file when compressed with Zstandard
using/not using the pre-defined dictionary. Then the average of these ratios is calculated and represented
in the table. The average compression ratio of Zstandard when using the dictionary is greater than
without using the dictionary. Which means that the dictionary has performed effectively on compressing
the dataset. Therefore, Zstandard using the dictionary compresses better than Zstandard without using
the dictionary.

4.5 Compression Ratio
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Figure 10: Zstd vs Zstd_dict in terms of compression ratio (average)

Figure 10 shows the compression ratio of Zstandard (normal) and Zstandard using the dictionary where
the Y-axis represents compression ratio and the X-axis represents the dataset. After using both Zstandard
with and without a dictionary on the dataset, the compression ratio of Zstandard was 2.11 and the
compression ratio for Zstandard using the dictionary was 9.77. This is a significant improvement in the
compression ratio when using the pre-defined dictionary. Therefore, Zstandard using the dictionary
compresses better than Zstandard without using the dictionary.
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4.6 Results for Compression Speed
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Figure 11: Zstd vs Zstd_dict in terms of compression speed (average)
Figure 11 shows the compression speed between Zstd and Zstd dict where Y-axis represents the
compression speed and X-axis represents the dataset. Where the Zstandard using dictionary has higher

compression speed compared to Zstandard without using the dictionary. Thereby, Zstandard using the
dictionary takes less time to compress the dataset.

4.7 Compression Speed vs Ratio
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Figure 12: Compression Speed vs Ratio
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Figure 12 is the representation of the compression speed vs compression ratio where the X-axis
represents compression speed and the Y-axis represents compression ratio. On observing the graph, both
speed and ratio are better for Zstandard using the dictionary.

4.8 Result for Space Savings
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Figure 13: Zstd vs Zstd_dict in terms of space savings (average)

Figure 13 shows the space savings after compressing the file where the Y-axis represents space savings
and the X-axis represents the dataset. Zstandard saves 52% space in the storage after compressing the
dataset whereas Zstandard using the dictionary saves 89.7% of storage space. Compression using the
pre-defined dictionary, there is approximately 90% savage in the memory.

From the above results, we can conclude that Zstandard using the developed pre-defined dictionary
performs more efficiently than without using the dictionary.

4.9  Statistical Tests

To get valid conclusions from the experimental results obtained, Friedman and Nemenyi tests are
performed on the ratios obtained for the algorithms.
The hypothesis is,

Null hypothesis (H() — The performance of the algorithm using/not using the dictionary is the same.

Alternate hypothesis (H1) —The performance of the algorithm using/not using the dictionary is
different.
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TEST CASES Zstd Zstd_dict
1 2.21(2) 9.98 (1)
2 2.11(2) 9.72 (1)
3 1.75 (2) 8.96 (1)
4 2.29 (2) 10.27 (1)
5 2.05 (2) 9.59 (1)
6 221 (2) 9.98 (1)
7 2.34(2) 10.46 (1)
8 2.26 (2) 10.06 (1)
9 2.19 (2) 9.89 (1)
10 1.64 (2) 8.82 (1)
Sum of the Rank 20 10

Table 3: Ranks of the test case ratios for the algorithms.

The table shows the ranks for the compression ratios obtained for each segment file compressed with
Zstandard using/not using the pre-defined dictionary. For each segment file, the highest ratio is given
rank 1 and the other is given rank 2. Then the total and average of these ranks are calculated for further
calculations.

From the table,n =10,k =2 and R; = (20, 10). Now the Friedman statistic (FM) calculated using these
values was FM = 10.

As we discussed in section 3.5, if the critical value is less than the Friedman statistic, the null hypothesis
can be rejected. Here from the statistical tables [60], the critical value (CV) for k = 2 and ¢ = 0.05
is 3.84, i.e., FM > CV. So, the null hypothesis can be rejected.

Since the null hypothesis is rejected, we can perform the post-hoc test for determining the algorithms
that performed significantly different. So we perform the Nemenyi test as discussed before. This test
calculates the critical difference (CD) formula where g, depends on the significance level of o as well
as k. From [57], fork = 2and ¢ = 0.05, g, = 1.96. Then calculating the critical difference (CD) for
k =2,n=10,and q, = 1.96, the critical difference, CD = 0.619.

The average ranks of the algorithms,

ALGORITHMS AVERAGE RANKS
Zstd 2
Zstd_dict 1

Table 4: Average ranks of the Algorithms
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The difference between the average ranks of (Zstd, Zstd dict) is higher than CD value, i.e., Zstd dict
performs significantly better than Zstd (2—1 =1 > 0.619). Hence, we can conclude that the
performance of the algorithms is significantly different. By comparing the average ranks of the
algorithmes, it is found that Zstandard with dictionary has top rank performance and Zstandard without
the dictionary has last rank performance. From these results, Zstandard using the dictionary has high
performance and is a suitable algorithm for compressing the data from SGSN-MME.
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5 DISCUSSION

5.1 Answers for Research Questions

RQ1: Which algorithm among the different dictionary-based algorithms suitable for the use case?

From the background work, we found the various dictionary-based lossless compression algorithms.

They are:
o LZ7Z4
e Brotli
e Deflate
e Zstandard

In the literature review, various dictionary-based compressed algorithms like LZ4, Brotli, Deflate, and
Zstandad are briefly discussed. From the recent benchmarks of Facebook (Table 1), it is proven that
Zstandard has a better compression ratio and speed than the others. Therefore, Zstandard is said to be a
better compression algorithm compared to the other compression algorithms concerning compression
ratio and time/speed and can replace the Deflate.

An experiment is conducted on this Zstandard algorithm using/not using the developed pre-defined
dictionary on the created dataset from the SGSN-MME. To evaluate the performance of the algorithm,
a comparison between the Zstandard using/not using the pre-defined dictionary is done. The comparison
is done concerning the compression factors which are compression ratio, time/speed, and space savings
[42].

RQ2: How effective will the developed dictionary compress the data concerning compression
ratio, compression/decompression time and space savings?

After answering the RQ1, Zstandard is found to be a suitable algorithm to replace the Deflate. Now the
implementation of the Zstandard with a developed dictionary from the dataset is done. Then the results
are analyzed using the compression factors-- compression ratio, compression time/speed, and space
savings (section 4).

From the analysis of the results, the Zstandard algorithm with a developed dictionary compresses the
dataset more effectively than without using the dictionary. As we can see in the graphs in results (section
4), the average compression ratio for the Zstandard without the dictionary is 2.11 whereas the average
compression ratio for the Zstandard with the dictionary is 9.77 on the created dataset. Also after
performing the statistical tests, it is concluded that Zstandard with dictionary has performed better
thereby concluding the developed dictionary works effectively.

5.2 Validity Threats

The main question concerning the experiment result is "how valid the results are" [43]. It is very much
important to consider the threats of validity for every research and results [61]. For research, the validity
is concerned with the question of how the conclusion might be wrong [61]. There are four types of
validity threats for quantitative research like an experiment, they are Construct validity, Conclusion
validity, Internal validity and external validity [43].
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5.2.1 Construct validity

The construct validity is concerned about the relationship between the theory and the observation [43].
This validity threat deals with the design of the experiment [43]. To mitigate this treats the hypothesis
of the experiment is defined and figured out the experiment design upfront.

5.2.2 [External validity

External validity refers to the extent to which the results of the research can be generated [43]. External
validity threat concerns the ability to generalize the results of the experiment from the outside of the
experiment setting. If the results which are obtained from this study can be generalized to the extent of
the study that will be referred to as the external threats of the study [43]. The external validity is the
condition (Subjects, Objects and the design type which is chosen) which limits the ability to generalize
the experimental results to the industrial setting [43]. For any research, the external validity will not
have the high-risk factors because this experiment is done in the single industrial environment (Ericsson)
and the fixed dataset is used [SGSN-MME dataset] where the results cannot be generalized.

5.2.3 Conclusion Validity

Conclusion validity threats deal with the issues which will influence the ability to conclude the
relationship between the treatment and experiment results properly and correctly [43]. To mitigate these
validity threats the statistical tests are conducted to draw the experiment results.

5.2.4 Internal Validity

Internal validity is total deals about how the dependent variable gets affected by the independent
variable. The internal validity threats will affect the independent variables regarding causality [43]. In
this experiment, the independent variables are the compression algorithm and the dataset. To mitigate
the internal validity threats the dataset used must be gathered carefully. The data pre-processing for the
dataset is also done and continuous analysis of the datasets is done. The compression algorithm was
selected carefully to mitigate these threats.
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6 CONCLUSION AND FUTURE WORK

The main goal of this research is to find a suitable dictionary-based compression algorithm that can
compress the user data from Ericsson's SGSN-MME for the use case (compress twice and decompress
once). Also, to find the effectiveness of the developed dictionary when used on this suitable algorithm
for further compression of the user data of SGSN-MME. In this research, a suitable dictionary-based
algorithm is found by experimenting. The algorithms used in this research are LZ4, Brotli, Deflate, and
Zstandard.

Strong background work is done and selected Zstandard to be a suitable algorithm for the use case.
Developed a dictionary from the dataset and used it in the Zstandard for better results. The
experimentation is done on the algorithm Zstandard two times with and without the dictionary. The
evaluation of the algorithms in this experiment is done with the comparison between the performance
of the algorithm concerning the compression factors such as compression ratio, time/speed, and space
savings.

According to the results of the experiment, it was found Zstandard using the dictionary to be the better
algorithm among the others. When compression factors such as compression ratio, time/speed, and space
savings are analyzed and compared, Zstandard using the dictionary shown a significant improvement in
compression ratio where reduction of the compressed file size is six times better to the Zstandard without
using a dictionary.

When the developed dictionary is used on the Zstandard, there is a drastic difference in compression
ratio and space savings. But it takes more time to build the dictionary for every segment file of the
dataset which is the major drawback for the Zstandard using the dictionary. Also, the user data which is
to be stored in every segment of SGSN-MME can be increased/changed day by day and the dictionary
should be updated whenever the data is compressed, which becomes inconvenient for the Ericsson.
Since the user data of Ericsson's SGSN-MME is large and due to the regular changes in data, the
Zstandard using a pre-defined dictionary was not feasible for its use case (compress twice and
decompress once).
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