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Resumen 

 

RESUMEN 

El presente proyecto abarca el diseño e implementación de una plataforma 

hardware que integra algoritmos críticos de procesamiento en aplicaciones para Big Data 

sobre un SoC de la serie Xilinx Zynq, mejorando de forma significativa su eficiencia con 

respecto a implementaciones software del mismo tipo. De forma específica, se ha diseñado 

una plataforma MapReduce aplicada al algoritmo WordCount, cuya arquitectura permite 

el reemplazo de bloques IP para modificar la aplicación de una plataforma a otra, siempre 

y cuando cumpla un esquema del tipo MapReduce. 

Este trabajo comienza haciendo referencia a los aspectos claves del concepto de Big 

Data y técnicas para el análisis de datos masivos en sistemas modernos. Con ello se abarca 

el modelo de programación MapReduce, para procesar y generar grandes cantidades de 

datos por medio de técnicas de paralelismo sobre clusters. Seguidamente se abarca la serie 

Xilinx Zynq y la metodología de diseño empleada para la creación de plataformas flexibles 

y configurables para desembocar en las herramientas empleadas en el presente proyecto, 

entre las cuales se destaca el entorno de desarrollo de sistemas basados en IP, Xilinx Vivado 

Design Suite. 

Finalmente, el proyecto se ha sometido a una fase de validación con objeto de 

estimar los parámetros del sistema final, entre los cuales se subrayan parámetros de 

latencia, throughput y nivel de utilización del sistema MapReduce. En base a estos 

resultados, se concluye que la plataforma diseñada representa una buena solución en lo 

que respecta al análisis de datos masivos para aplicaciones Big Data debido a su alta 

velocidad de cómputo, bajo consumo de potencia y nivel de utilización y en última instancia 

debido a su flexibilidad a ser adaptado a otras aplicaciones del tipo MapReduce de 

características similares.  





Abstract 

 

ABSTRACT 

This aŀǎǘŜǊΩǎ thesis comprises the design and implementation of a hardware 

platform that integrates critical algorithms of Big Data application processing on a Xilinx 

½ȅƴǉ ǎŜǊƛŜǎ {ƻ/Σ ƛƳǇǊƻǾƛƴƎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛǘΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛƴ ŎƻƳǇŀǊƛǎƻn to software 

implementations. Specifically, a MapReduce platform has been designed using the classic 

WordCount application to establish a generic architecture that allows for easy IP block 

substitution to modify the application into another, if it complies with the MapReduce 

outline. 

This work starts presenting key aspects of the Big Data concept and techniques for 

massive data analysis in modern systems. Through this, we cover the MapReduce 

programming model, for large data processing and generation through parallelization on 

clusters. Following up, the used Xilinx Zynq Design Methodology is explained, that allows 

for the design of flexible and configurable platforms, leading finally into the tools used in 

this thesis, among which we emphasize the Xilinx Vivado Design Suite for SoC FPGA. 

Lastly, the designed prototype is put through a validation phase to estimate the 

performance parameters of the system, i.e. latency, throughput and utilization of the 

MapReduce system. Based on these results, we conclude that the designed platform is a 

good solution with respect to massive data analysis for Big Data applications, due to its high 

computing speed, low power consumption and utilization and ultimately due to its 

flexibility to be adapted for other MapReduce applications of similar characteristics. 
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Chapter 1.  INTRODUCTION 

In this first chapter, the reader is presented with the necessary background and 

motivations that condition the work done in this thesis, including the objectives pursued 

by the authors and the structure that the current document holds. By careful reading of 

this chapter, the reader acquires a basic knowledge about the origins and expected results 

of this work. 

1.1. BACKGROUND 

1.1.1. Global IP traffic 

Every day we use devices and systems that take advantage of data oriented 

infrastructure such as mobile phones, tablets and t/Ωǎ, that process and generate large 

volumes of information. This includes traffic from social networks, search engines, e-mail 

exchange systems and a data derived from sensor monitorization systems used in public 

transport and infrastructure, vehicles such as airplanes, cars, etc.Χ [1], [2]. Figure 1 shows 

global Internet Protocol (IP) derived traffic, which is in continuous growth, with a 2020 

forecast of 30.4 to 34.9 % traffic generated by North America and Asia Pacific regions, based 

on a 22 % Compound Annual Growth Rate (CAGR) in between the years 2015 and 2020 [2]. 

This implies global IP traffic of a volume around 110 exabytes (ρπρψ ÂÙÔÅÓ) per month, in 

2017 only [2]. 
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Figure 1. ð Global IP traffic growth forecast per region [2]  

To provide a satisfactory level of Quality of Service (QoS) and guarantee efficient 

network traffic, it is necessary to understand the underlying behaviour of IP networks and 

ƛǘΩǎ Řŀǘŀ ǇǊƻŎŜǎǎƛƴƎ ǎȅǎǘŜƳǎ ŀƴŘ ǘŜŎƘƴƛǉǳŜǎ, as the global IP traffic grows larger each day 

[3]. 

1.1.2. An introduction to Big Data and Map-Reduce 

The term Big Data is understood as the traffic of information that flows in 

immeasurable quantities between sources, including social networks, public databases, 

mobile devices, bank and insurance transaction data, etc.Χ ŀǎ ƛǘ ƛǎ ǎƘƻǿƴ ƛƴ Figure 2. 

 

Figure 2. ð Big Data sources 
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Ultimately, Big Data is collected, structured, organized and indexed for its analysis 

and useful data extraction; since the elements that compose the datasets itself have no 

value on their own, we use sophisticated algorithms, comprised in the Data Mining and Big 

Data Analysis fields, to find recurring patterns and conceive useful information [1]. 

A classic approach to information processing in Big Data for large cluster 

organization is the MapReduce (MR) programming model, as proposed by Google and used 

to process vast amounts of data using a high amount of processing units [4]ς[7]. The 

MapReduce Algorithm comprises two main phases: the mapping phase, where the data is 

processed and translated to useful information as a so called key-value (KV) pair, and the 

reduce phase, where the key-value structured data is merged based on a given criteria [6], 

[7]. This criterion ŎƻǳƭŘ ōŜ ŀ ǊŜǇŜǘƛǘƛƻƴ ŎƻǳƴǘƛƴƎ ǎȅǎǘŜƳ ƻŦ ŜƛǘƘŜǊ ǘƘŜ ƪŜȅΩǎ ƻǊ ǾŀƭǳŜΩǎΣ ŀ 

combination of both or arithmetic operations of any of them, as it depends on its ultimate 

application. A generic MapReduce architecture, that complies with the afore mentioned 

explanation, is shown in Figure 3. In this example, the data is firstly split into multiple data 

chunks and given to the mapping stage. Once the mapping is done, the information is 

shuffled and given to the reduce stage, where every reduce element represents a reduce 

criterion or application. The data is merged at the end of the reduce stage, to comprise 

useful, processed information. 

 

Figure 3. ð Basic MapReduce architecture [6]  

The MapReduce framework finds a wide range of applications, from matrix 

arithmetic (Matrix Multiplication), text processing (String Matching, Word Count), image 

processing (RGB Histogram) and a variety of Machine Learning (ML) and Artificial 

Intelligence (AI) kernels (Linear Regression, PCA, Kmeans, etc.Χύ [4]ς[6]. 
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Systems dedicated to data processing, analysis and organization, are computation 

intensive, which implies a non-negligible computation derived latency, high memory 

storage requirements and high power consumption. For this reason, it is necessary to 

design and develop custom solutions that try to attack these problems [6], [8], [9]. 

In order to address this need, as a result of recent research and developments in 

the field, it has been concluded that hybrid architectures, between General Purpose 

Processor (GPP) machines and Field-Programmable Gate Arrays (FPGA) on a single System 

On a Chip (SoC) based platform can address this problem, creating solutions with high 

computing capability and low power consumption [6], [8], [9]. 

1.1.3. FPGA based flexible platforms 

From an architectural point of view, we can distinguish two main implementation 

types: software based programs and solutions on a multicore GPP or hardware based 

implementations on Application-Specific Integrated Circuits (ASIC) or FPGA [6], [9]. In 

between both of the presented solutions, FPGA based platforms implement efficiently 

complex electronic systems with low power consumption, although its flexibility is inferior 

to other applications, such as Digital Signal Processors (DSP), Graphics Processing Units 

(GPU) ƻǊ DttΩǎΣ ŀǎ ƛǘ ƛǎ ǎƘƻǿƴ ƛƴ Figure 4. 

 

Figure 4. ð Flexibility and efficiency trade -off  for different computation solutions  [10]  

To achieve maximum flexibility between general purpose and particular solutions 

for a given system, we can incorporate GPP processors altogether with an FPGA core, thus 

Efficiency 

F
le

xi
b
ili

ty
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creating a system with the computation capability of addressing the desired task. Such a 

device is considered a FPGA based SoC. 

From a commercial point of view, we can find configurable platforms of this kind 

(GPP + FPGA) from multiple different companies on the market in the field of 

programmable devices. This thesis focuses on solutions provided by Xilinx, particularly 

focusing on the Zynq All Programmable (AP) SoC series.  

Xilinx Zynq-тллл !t {ƻ/Ωǎ, are made up of two main blocks: first, an ARM Cortex-A9 

MPCore operating at a maximum frequency of 1 GHz, and secondly, a 7 series Xilinx FPGA 

made through ¢{a/Ωǎ ςψȤÎÍ HPL process [11]. Additionally, the mentioned SoC integrates 

multiple high-speed transceivers and peripherals to allow for a wide range of solutions with 

a single device [12]ς[14]. Figure 5 shows the architecture of the Zynq-7000 All 

Programmable SoC device. 

 

Figure 5. ð The Zynq-7000 All Programmable SoC architecture 

As shown in the previous figure, the Zynq-7000 devices are composed of 

Programmable Logic (PL, yellow) and the Processing System (PS, blue). The Zynq PL owns 

ƛǘǎ ŦŜŀǘǳǊŜǎ ǘƻ ǘƘŜ т ǎŜǊƛŜǎ CtD!Ωǎ ŦǊƻƳ ·ƛƭƛƴȄ ŀƴŘ ƛǎ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ t{ ǘƘǊƻǳƎƘ ǎǘŀƴŘŀǊŘ 
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Advanced Microcontroller Bus Architecture (AMBA) Advanced eXtensible Interface (AXI) 

and Accelerator Coherency Port (ACP) interfaces.  

This MŀǎǘŜǊΩǎ ¢ƘŜǎƛǎ uses the ZC706 Evaluation Kit, which employs two 32 bit ARM 

Cortex A9 Central Processing Units (CPU) and a 7 series Kintex FPGA [15]. The employed 

device (XC7Z045 FFG900-2, Figure 6) has enough resources to integrate a Big Data platform. 

 

Figure 6. ð ZC706 Board Features 

1.1.4. State of the art 

Previous work has been done in the MapReduce acceleration through FPGA based 

solutions. One of the most important contributions is the fairly recent work done by 

Diamantopoulos and Kachris in [6] by substituting high power consuming multi-core 

processors involved in MapReduce tasks with Virtex-т CtD!Ωǎ, improving the overall 

throughput by a factor of 4.3 and reducing power consumption by a factor of two orders 

of magnitude. Diamantopoulos and Kachris propose the so called HLSMapReduceFlow, a 

reconfigurable MapReduce accelerator that can be scaled up to data centers with high 

programming efficiency by using the Vivado HLS design flow [6], as presented in Figure 7. 
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Figure 7. ð HLSMapReduceFlow dataflow architecture [6]  

In this case, the input data is split into fragments for the MapReduce architecture 

located in the FPGA hardware, and merged once the data reaches the end of a reduce 

stage. The mentioned MR architecture is put through a thorough verification phase by 

using Histogram, Matrix Multiplication, String Match, Linear Regression, PCA, Kmeans and 

Word Count applications. Simple applications (Word Count or Linear Regression) achieve 

an average computing time reduction by a factor of 2 while power consumption is reduced 

by a factor of 25 for all applications. 

This architecture is fairly typical in such applications, as shown in [16] by Ranger, 

Raghuraman, Penmetsa et al., and used to present the Phoenix programming API, based 

ƻƴ DƻƻƎƭŜΩǎ aŀǇwŜŘǳŎŜ ƳƻŘŜƭ [7]. The Phoenix implementation bases itself on the same 

basic principles upon which the MapReduce framework is constructed, which is: the map 

function processes the input data and generates a set of intermediate Key-Value pairs, and 

the reduce function merges the intermediate pairs which have the same key [16]. Phoenix 

differs from the original MR framework in that it targets shared-memory systems such as 

multi-core chips.  

!ǎ ƻŦ ǘƻŘŀȅΣ tƘƻŜƴƛȄΩ modern iteration receives the name of Phoenix++, which 

addresses limitations of the original Phoenix implementation, such as an improvement to 

the key-value storage, and correction to an inefficient combiner behavioural code that 

caused memory access overhead and an improvement to the overall MapReduce task 

chunking [17]. tƘƻŜƴƛȄҌҌ ƘƻǿŜǾŜǊΣ ŜƳǇƭƻȅǎ ǘƘŜ ǎŀƳŜ ōŀǎƛŎ Řŀǘŀ Ŧƭƻǿ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀǎ ƛǘΩǎ 

original, as presented in Figure 8. 
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Figure 8. ð Basic data flow architecture for Phoenix  [17]  

Phoenix and Phoenix++ utilize similar verification techniques as the aforementioned 

work by Diamantopoulos and Kachris in [6], by using Histogram, Linear regression, Kmeans, 

PCA and Word Count applications in order to estimate the efficiency of the 

implementation.  

Although it is evident that Phoenix++ has its applications in shared-memory systems 

with predominantly a software implementation, we want to stress that the frameworks 

behaviour, approaches to latency and throughput issues and means of verification, serve 

as a backbone to this work to implement a hardware based MapReduce solution. 

Another recent work done in the field of software implementations of a MapReduce 

framework, is presented in [18] by Lu, Zhan, Huynh et al., where an optimized MR 

framework is used on an Intel Xeon Phi processor and compared to the Phoenix++ model, 

evaluating both performances with the mentioned applications. Cao, Cui, Shi et al. [19] 

employ the MapReduce framework on a back-propagation (BP) neural network in 

combination with a Particle Swarm Optimization (PSO) algorithm to improve the PSO itself, 

optimize the design of the MR related tasks and therefore achieve a higher classification 

accuracy. Aly, Montréal, Shaban et al. [20] apply a MapReduce framework, employed on a 

Google Cloud Platform (GCP) to analyse data generated by industrial systems. Melia is a 

scalable MR framework utilized oƴ hǇŜƴ/[ ōŀǎŜŘ CtD!ΩǎΣ as developed by Wang, Zhang, 

He et al. [21], that uses MapReduce + OpenCL to reduce significantly power and time 

consumption, as their Altera Stratix V GX FPGA is compared to CPU and GPU 

implementations with the same functionality and application.  
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