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1.1 Context

WE live in an era where data volumes are so huge and grow so fast that, in their popular
yearly report, IDC Research1 calls them the Digital Universe [62], stating that by 2020

there will be “nearly as many digital bits as there are stars in the [physical] universe”. The same
study estimates that the digital universe will reach 44 zettabytes by that year, while Facebook
alone reported a daily production of 4 PB in 2014 [142]. Moreover, such data come in the most
diverse shapes and from the most geo-distributed sources ever. The data explosion calls
for computing resources with correspondingly expanding storage and processing power,
and for applications capable of highly-scalable, distributed computation in order to leverage
those resources.

Countless scientific and business applications deal already with (very) large fractions of
that digital universe. With some datasets reaching the order of petabytes, these applications
require high-end environments to run; traditionally, they are hosted either in supercomputers
or clouds. Modern supercomputers reach performances in the order of tens of petaflops [133];
however, the access to one of these computing colossus is somewhat exclusive since pur-
chasing and maintaining a supercomputer is out of the budget for an average company/in-
stitution. Furthermore, even when a supercomputer is available, its service is restricted and
prioritized to limited groups of users.

1International Data Corporation Research.
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Clouds, on the other hand, have emerged as a cost-effective alternative for intensive
computing. In most cases, they consist of several datacenters (or sites) scattered in different
geographic areas. They offer the possibility to lease a large, dynamic amount of federated
resources for just the necessary period of time, and at relatively affordable prices; while
keeping hardware management transparent to the user. Computing clouds have enabled
both business and academia to expand their potential to carry out large-scale computations
without impacting their finances.

These large-scale applications usually consist of lots of processing threads running si-
multaneously on multiple machines. A common approach to implement such applications
is using the well-known MapReduce programming model [39], which allows to perform
parallel computations over partitions of a large dataset and then merge the obtained partial
results. However effective this model is for numerous problems, it does not match many
other cases where, for instance, the application flow includes heterogeneous dependency
patterns, or data are produced/stored in several geographic locations.

In order to overcome the limitations of MapReduce, an increasingly adopted practice is
to use workflows. A workflow is a more abstract model to formally specify an application as a
directed graph, where vertices denote computational tasks and edges the data dependencies
between such tasks. With this loosely-coupled model we are able to clear the expressiveness
barrier for multi-step computational tasks; yet, a critical issue remains: large-scale applica-
tions are not only complex to model, but also resource-greedy. Many of these applications
process petascale volumes, the ALICE experiment at the CERN, for example, requires the
capacity to store up to 1.25 GB every second [26], let alone the capacity to analyze those
data. Thus, in the practice, for several scenarios it turns impossible to run an application in
a single location; either because the data/computation are just too large/extensive to fit in
the available resources, or perhaps because all the data needed are rather dispersed over the
globe. As a result, a new factor comes into play: multisite processing.

To date, some cloud providers offer means to communicate between datacenters, e.g.
data buses [79], or dedicated networks [5], partially bypassing the overhead of manually
setting inter-site network configurations. However, a more concerning drawback in multi-
site processing is that inter-site network latencies are orders of magnitude higher than those
within a single datacenter. As workflows require large amounts of data to be transferred
from a task to the next one, what in a single site could take no time by using shared file
systems, might translate into severe network congestion and delays in a multisite setting,
especially when IP traffic is predicted to increase threefold over the next five years [34].

There is no doubt that clouds have facilitated multisite deployments to an extent; still,
several challenges arise to cope with the foregoing handicaps and enable workflow execu-
tion across datacenters. Specifically:

1. How to minimize the communication overhead between datacenters?
2. How to realize workload balancing between datacenters to avoid bottlenecks?
3. How to optimize cloud resource usage to reduce costs?
4. What strategies to use for big data storage and transfer?
5. How to group tasks and datasets together to minimize transfers?

While all of these challenges steer and motivate the present thesis, our contributions,
introduced in the next section, target in particular items 1, 2 and 3. Challenges 4 and 5 have
been addressed in previous theses [134, 71] within the same project as ours: “Z-CloudFlow:
Data Workflows in the Cloud” of the Microsoft Research – Inria Joint Centre.
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1.2 Contributions

Our research contributions are summarized below. The first two correspond to work carried
out within the Z-CloudFlow project. The last one is related to an internship at Argonne Na-
tional Laboratory, USA, in the context of the Joint Laboratory for Extreme Scale Computing
(JLESC) and the Data@Exascale associate team.

Improving Cloud Workflow’s Performance Through Adaptive Distributed
Metadata Management

In a typical run of a large-scale application, the dataset gets to be partitioned in many chunks
for parallel processing. In the case of workflows, the input data often consist of a significant
amount of rather small files, and grows as the workflow progresses and intermediate data
are generated. In either case, huge loads of metadata are required to keep track of each
data unit (files, chunks, records) and of the whole execution state. Such metadata overload
can easily saturate state-of-the-art file systems, which are mostly designed for single-site
premises and metadata are managed in a centralized server (if any). The scenario gets more
complex if the application is deployed in a multisite cloud: each metadata update has to be
registered to a potentially remote centralized server through a high-latency network. Even
if these updates are done in batches, it is unquestionable that the performance of the appli-
cation will significantly drop.

In order to reduce that impact, we explored design strategies that leverage workflow
semantics in a 2-level metadata partitioning hierarchy that combines distribution and repli-
cation. We implemented such strategies in a multisite cloud to support workflow execu-
tion and validated our approach across four datacenters using synthetic benchmarks and
real-life applications. We were able to obtain as much as 28 % gain in execution time for a
parallel, geo-distributed real-world application and up to 50 % for a metadata-intensive syn-
thetic benchmark, compared to a baseline centralized configuration. This work addresses
challenge 2, and has been published in [Cluster2015].

Enabling Efficient Propagation of Frequently Accessed Workflow Metadata

With the massive volumes of data handled nowadays by large-scale computing systems, an
analogous increase in the load of metadata has brought their designers’ attention to their
metadata handlers. The number of metadata operations grows exponentially with the num-
ber of data items; as a consequence, poor or non-existing metadata management strategies
generate bottlenecks that might impact the system’s performance. Dedicated metadata man-
agement is the key to success in some file systems [132]; however, their solutions apply
mostly to single-site, HPC infrastructures to date.

As we are concerned with multisite cloud workflow applications, this contribution ex-
tends the aforementioned hybrid decentralized/distributed metadata handling model, tack-
ling challenge 1. We analyzed workflow metadata by their frequency of access and denote
hot metadata to the most frequently required (conversely, cold metadata). We developed an
approach that enables timely propagation of hot metadata while delaying cold metadata op-
erations. This action reduces network congestion by limiting the number of operations sent
through high latency networks, thereby improving the overall workflow execution time.
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Moreover, we coupled our design with a workflow execution engine to validate and tune its
applicability to different real-life scientific scenarios. Our results revealed a consistent im-
provement of over 20 % for highly parallel workflow jobs, which are a constant in large-scale
processing. A paper describing this contribution was accepted to [BigData2016].

Evaluating Elasticity Factors for Smart Appliances in Private Clouds

A key characteristic of clouds is elasticity, i.e. the ability to provision and de-provision com-
puting resources (usually virtual machines) in response to the current workload. In general,
the new machines are instantiated from images pre-configured with the required software
and settings, called appliances. Workflows can significantly benefit from elasticity, as the
number of allocated machines could be dynamically adjusted according to the resource us-
age of each task, avoiding charges for idle time. In order to achieve this dynamic response,
we must first identify the parameters that burst/decrease resource consumption in an ap-
plication. Spotting and analyzing such parameters will allow to model their behavior along
the execution, with the ultimate goal of predicting the right timing for elastic scaling.

In this contribution we leveraged a social analysis workflow application to pinpoint elas-
ticity factors, which relate to challenge 3. We provided and tested private cloud resources for
enabling spatial (geo-tagged) data synthesis. Specifically, the application evaluates Twitter
data to estimate individuals’ home and work relocation, and correlate them with unemploy-
ment rates. We realized an analysis of the different stages of the application in terms of
data loading and replication, execution time and parallelism. Then, we presented details
into tuning these configuration parameters to extract the best performance. We identified
under-utilized resources, tradeoffs for data partitioning and replication, and points of re-
source saturation for up to 42 days of data (~80 GB); all of which are factors that elicit elastic
scaling. This work has been presented in [SC2015].

1.3 Publications

Papers in International Conferences

[BigData2016] Luis Pineda-Morales, Ji Liu, Alexandru Costan, Esther Pacitti, Gabriel Anto-
niu, Patrick Valduriez and Marta Mattoso. Managing Hot Metadata for Scientific Work-
flows on Multisite Clouds. In IEEE International Conference on Big Data, Dec 2016,
Washington, United States.

[Cluster2015] Luis Pineda-Morales, Alexandru Costan and Gabriel Antoniu. Towards Multi-
site Metadata Management for Geographically Distributed Cloud Workflows. In IEEE Inter-
national Conference on Cluster Computing, Sep 2015, Chicago, United States.

Posters in International Conferences

[SC2015] Luis Pineda-Morales, Balaji Subramaniam, Kate Keahey, Gabriel Antoniu, Alexan-
dru Costan, Shaowen Wang, Anand Padmanabhan and Aiman Soliman. Scaling Smart
Appliances for Spatial Data Synthesis. In ACM/IEEE International Conference in Super-
computing, Nov 2015, Austin, United States.
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[Cluster2014] Luis Pineda-Morales, Alexandru Costan and Gabriel Antoniu. Big Data Man-
agement for Scientific Workflows on Multi-Site Clouds. In PhD Forum, IEEE International
Conference on Cluster Computing, Sep 2014, Madrid, Spain.

1.4 Organization of the Manuscript

The rest of the manuscript is organized as follows.

The first part provides the necessary context to our research in data-intensive workflows
on clouds. In Chapter 2 we first characterize different sorts of large-scale applications. Then,
we focus on the cloud computing paradigm and principles and explain the types and levels
of services available. Finally, we give an overview of workflows and their features, together
with a survey on the state-of-the-art workflow management systems, highlighting the main
challenges addressed by this work.

The second part consists of the three contributions of the thesis. In Chapter 3 we present
several alternative design strategies to efficiently support the execution of existing workflow
engines across multisite clouds, by reducing the cost of metadata operations. In Chapter 4
we take one step further and explain how selective handling of metadata, classified by fre-
quency of access, improves workflows performance in a multisite environment. Finally, in
Chapter 5 we look into a different approach to optimize cloud workflow execution by eval-
uating execution parameters to predict elastic scaling.

The third part presents the implementation and evaluation details of our contributions.
In Chapter 6 we first present a distributed metadata registry that implements the different
hybrid strategies for metadata storage. Then, we add a filter that discriminates metadata
by access frequency and couple it with a workflow management system. Afterwards, in
Chapter 7 we provide an extensive evaluation of our system, comparing it to state-of-the-
art baselines, covering both synthetic and real-life workflows in public and private multisite
clouds.

The fourth part contains Chapter 8, which concludes this thesis and provides a perspective
of future research directions in the field.
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Chapter 2
Background: Data-Intensive

Scientific Workflows on Clouds

Contents
2.1 Large-Scale Data-Intensive Applications . . . . . . . . . . . . . . . . . . . . 9

2.2 Cloud Computing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Scientific Workflows on Clouds . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 Challenges Addressed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

BIG DATA is the buzzword that is driving the way we do business and science. If we
randomly pick a knowledge domain, we will find data being generated in massive

amounts and at an increasing rate, in industry and research alike. The large-scale appli-
cations that handle these volumes of data require appropriate programming models that
allow for heavily-parallel computing and process automation. Moreover, robust infrastruc-
tures are needed to uphold the implicit computing and storage demands.

The present thesis is motivated by that need for efficient techniques/resources to support
data-intensive applications, as we elaborate in this chapter. In order to set a context for
our research agenda, we first provide some examples of large-scale applications in different
domains and discuss the inherent challenges of big data processing. Then, we introduce
cloud computing, a suitable infrastructure model for big data processing. Finally, we direct
the focus of this manuscript towards a specific category of loosely-coupled, formally-defined
applications: workflows.

2.1 Large-Scale Data-Intensive Applications

The concept of large-scale computing is certainly relative to a time window. The computing
capacity supplied by the five IBM System/360 mainframes that calculated the trajectory of
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Genomics. DNA sequencing is a key process in biological research and its related fields.
Notably, the ability to sequence human genome is leading to advances in diagnosis and
treatment of diseases. Currently, one individual’s genome represents approximately 100 GB.
Since the first full sequences achieved at the beginning of the millennium, the progress in
sequencers technology has made the cost of obtaining one genome drop from 1 million to
1 000 dollars [99]. In addition, top genomics institutes are now able to produce 2 000 genomes
a day [114]. These numbers have triggered ambitious public-health initiatives, aiming to
sequence up to 1 million genomes [53, 118] in favor of research for cancer and rare diseases.
Such projects would reach the order of petabytes solely for genome storage. The field of
genomics calls for computing infrastructures that can keep up with its data explosion.

2.1.2 Commercial Applications

Facebook is at the moment the largest social network, it serves an average of 1.23 billion
daily users [47], who generate as many as 4 million likes per minute [23] and 350 million
photo uploads per day [130]. Facebook uses a social graph store, TAO [22], to display every-
one’s personalized news feed, which contains thousands of individual objects. Friendships,
likes, check ins, tags, and comments are stored as edges of an enormous graph. TAO ac-
cesses tens of petabytes of small data, performing billions of queries per second across eight
globally distributed data centers [142]. With a ratio of 500 reads for every write, Facebook
strongly relies on caching to reduce the overload in their storage systems [98]. The proper
operation of Facebook is ensured through real-time analysis and performance monitoring
done entirely in memory, using hundreds of servers of 144 GB RAM each [1].

Aeronautics is yet another industry in which data are massively produced and critical
processes require real-time data analysis. The Airbus A350 is equipped with 6 000 sensors,
generating 2.5 TB of data per day and this value is expected to triple in their new aircraft se-
ries [75]. The engines capture details all along their operation, in order to assess the impact
of environmental conditions during the flight. Continuous monitoring of the aircraft com-
ponents coupled with advanced data analytics drive predictive maintenance [37], i.e. timely
replacement of faulty parts, which would otherwise take months. On a tightly related busi-
ness, Heathrow airport, the most congested on Earth, is using big data processing to improve
the connection times of 75 million passengers per year [38]. Big data is thereby helping aero-
nautics to reduce costs, improve safety and provide a better user experience.

As we can see from the above scenarios, big data brings about scientific and business
progress. However, this positive impact comes at a cost: computer scientists face several
challenges in their journey to design a new generation of systems for data-intensive com-
puting. Systems that have to make immediate decisions, highly accurate measurements, or
provide safety features, while dealing with overwhelming volumes of heterogeneous data.
In the remainder of this section we discuss such challenges.

2.1.3 Challenges of Data-Intensive Applications

The 3 (or 5) Vs. Big data is defined by three key characteristics: volume, velocity and
variety [148], often called the 3Vs. These features represent also some of the main challenges
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for large-scale data processing. Some authors add variability and veracity to complete a
5-element set. We make a focus on the core three.

Volume. In many fields, data recording devices (scanners, radars, sensors or applications)
are evolving faster than the infrastructures to process such data. Measurements are
more accurate and data production is cheaper; this is added to the apex of social media
that has turned humans into an endless source of data (crowdsourcing). Consequently,
much larger volumes of data are generated. Until recently, the main volume-related
concern was how to store the data (what structure, what infrastructure). However, the
growth in data volumes has gone beyond that challenge, to the issue of when to process
them. Due to the lack of proper infrastructure, it is taking much longer to analyze the
data than to obtain it. Genomics data can be sitting in a storage for over one year before
being analyzed [114], which is clearly slowing down scientific discovery.

Velocity. One issue related to velocity was discussed above: data are produced so fast that
the underlying infrastructure can not keep the pace to process it. Another concerning
challenge is the speed at which a system has to react to the data production. A large
number of applications are moving from static batch processing to real-time processing
of sequences of events (streams) [14]. These scenarios require immediate response as
the data are being generated, and range from “simple” video-on-demand services like
Netflix or YouTube [116], to discovery-enabling devices like ATLAS, to vital on-flight
analysis in aircrafts. All of them rely on highly-reactive systems that process events in
milli- to microseconds to perform correctly.

Variety. Data are generated in the most diverse formats: from plain text to multimedia
files, using generic exchange languages (like XML) or proprietary layouts. They can
be stored in relational or NoSQL databases, or simply as binary objects. Using the
Facebook example we can observe that this data variety can happen within a single
scenario: from live streams to static media and friends databases; from 4-GB, two-hour
videos [48], to tiny likes. Integrating and interoperating all these sorts of data represen-
tations might require complicated mechanisms of data conversion.

Dispersion. The data used by a single application might be produced and stored in many
distant locations. In the case of Facebook, for example, data are stored in multiple data
centers in US and Europe. They require specialized infrastructure and proprietary tools for
performing high-speed queries on those data across several locations. Seismological sensors
are dispersed over wide geographic areas reporting events in near-real time. More simply, an
experiment might need combine data from different remote sources. Due to the high-latency
networks used to transfer those data (usually through the public Internet), the capacity for
processing and analysis is often hindered by the capacity to gather them.

Durability. Data durability is crucial at any scale; many systems ensure it through different
techniques for data replication [144, 129]. These methods were efficient for years, but with
very large datasets, replica control is a challenge. Moreover, data replication implies that
the limit of the storage capacity is reached much faster, facing the users with a dilemma of
whether to pay for additional storage or define eviction policies to discard the least relevant
data.
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I/O. Sometimes, big research centers actually have the resources to deal with massive data
processed at high speeds. It is then, when neither storage capacity nor computing power
are an issue, that I/O throughput can turn into a performance bottleneck. The most efficient
machine, processing data kept in the largest storage system, will be always limited by the
speed at which these data are read/written. Some mechanisms are tackling this challenge
by using dedicated cores for I/O [44].

Security. It is often impossible for organizations to store their large volumes of data in their
own premises. Hence, they are forced to lease storage space from a third party. Usually,
the data transfers to the leased infrastructure is done through the public Internet, leaving
the data vulnerable to attacks. This implies the overhead of encrypting/decrypting data
for companies dealing with sensitive data like banking details, or health records used, for
example, in genomics studies.

How to leverage infrastructures? Large-scale applications need specialized infrastructures
to run. Depending on the data size and the available budget, an application can be deployed
to small or mid-sized clusters of commodity machines. However, two infrastructures are
preferred (or even required) for applications processing data in the order of hundreds of
terabytes or more, and whose execution requires a large amount of computing power: su-
percomputers and clouds.

HPC. Supercomputers are processing titans. They consist of arrays of multi-core computing
nodes, enhanced with performance-boosting features (e.g. GPUs) and interconnected
by very high-speed networks. Supercomputers are conceived to execute millions of op-
erations per second, the world’s top supercomputers reach now the order of petaflops.
As such, they can process huge amounts of data in reasonable periods of time. A
wide range of large-scale scientific applications involving simulations, visualization
and analytics are hosted in supercomputers: climate simulations for disaster predic-
tion, biomolecular systems, or physics from sub-atomic particles to galaxies [18].

However, having this power requires significant upfront and periodic monetary in-
vestments: supercomputers themselves are fairly expensive (“low-cost” machines
starting at half a million dollars [35]), the room to place them requires devices that
ensure adequate conditions of humidity and temperature, the operation of the whole
infrastructure generates elevated electricity bills, and the maintenance involves hiring
the services of an expert. Moreover, if the data to process is distributed in different
locations, the power of the supercomputer is limited by the speed of the networks
that bring the data closer. Supercomputers are the norm for extreme scale computing;
however, they do not fit every class of problems and, in particular, they do not fit every
budget.

Cloud. Cloud computing has emerged as an affordable alternative to supercomputers. In
a cloud, users can rent computing resources for limited periods of time. Clouds elim-
inate all the burden of setting up and maintaining a supercomputer, enabling their
users to focus only on their business/research. Additionally, many cloud providers
have premises in different locations, what allows to process data closer to where they
are stored or generated.
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In this thesis we adopt cloud computing as our base infrastructure model. This deci-
sion comes from the fact that our target applications handle data which are naturally
dispersed, what makes them more suitable for clouds than for supercomputers. In the
next section we make a thorough review of the concept of cloud computing.

The choice of an infrastructure depends on several factors: the organization’s budget,
for sure, but also the nature of the problems to be addressed, the business goals and the
expected evolution of the project/company. Expanding organizations continuously evaluate
the tradeoff between using the services of a cloud provider or investing in privately owned
infrastructures [67].

2.2 Cloud Computing

Cloud computing is a model for on-demand access to a pool of computing, storage and net-
work resources through the Internet. These resources can be elastically provisioned and re-
moved as needed and users are billed only for the capacity used on a pay-as-you-go basis [78].
The cloud provider administers the resources and establishes service level agreements (SLAs)
to guarantee the availability and quality of their service. The paradigm of cloud computing
is revolutionizing the worlds of business and academia.

• Clouds have opened the possibility to manipulate large, powerful and dynamic collec-
tions of resources, eliminating upfront expenses like infrastructure purchases, and long-
lasting expenses like electricity or maintenance bills.

• Cloud providers offer fully-managed platforms for data processing, storage and anal-
ysis, allowing users to deploy applications faster and focus on their market goals rather than
on infrastructural design.

These conditions have enabled organizations to perform large scale data manipulation
that previously was financially unviable and, as a consequence, accelerated business devel-
opment and scientific discovery.

2.2.1 Types of Cloud Services

Depending on the degree of abstraction and control that they present to the user (Figure 2.2),
cloud services are categorized in three levels of what is often called the cloud computing stack,
as each builds on top of the previous one.

IaaS — Infrastructure as a Service. It is the bottom layer of service, users are given the ca-
pability to create and manage raw processing (virtual machines), storage or network
components; but also the responsibility for any additional configuration required to
operate them. The cloud provider maintains a catalog of infrastructure resources, such
as operating system images, disks or dedicated networks, from which the resources
can be pooled. While warranties exist in terms of availability and fault tolerance, there
is no liability for the provider with respect to the interconnectivity of the components
or their correct performance with a given application.
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Figure 2.2 – Degree of user control in the different levels of the cloud stack.

PaaS — Platform as a Service. At this level, the users have access to a variety of computing
platforms, in which they can create or execute their own applications. These platforms
are generally managed by the provider, under certain security and availability agree-
ments. These warranties are ensured through some encryption and/or replication
techniques, but transparently for the users. An example of these services is Azure’s
HDInsight [80], which features tools for creating Hadoop clusters for the Apache Big
Data processing stack (Pig, Hive, Spark, etc.).

SaaS — Software as a Service. It presents the highest level of abstraction for the users and
requires minimum back-end configuration. Software applications (sometimes called
services) are hosted on top of fully managed platforms and their underlying infrastruc-
tures. These applications are usually accessible through web browsers, web services,
or custom interfaces like a smartphone app. One example of SaaS standing on top of
the other layers is Microsoft Office 365, which uses Azure Cloud’s PaaS (Azure Active
Directory) for authentication [81], and IaaS (Azure Blobs) for storage [82], in a trans-
parent way for their users.

2.2.2 Cloud Deployment Models

According to the accessibility of their resources, we distinguish three deployment models
for clouds: public, private and hybrid. We present them hereunder and list representative
examples or scenarios for each of them.

Public Clouds

Public clouds are multi-tenant environments open to the general public. They are owned
and operated by third-party providers which are in charge of the maintenance of the infras-
tructure. Users normally require an account and a payment method as the resources are
charged in a pay-as-you-go fashion. The allocation units vary from provider to provider and
depending on the resource, virtual machines can be charged per hour or per minute, while
storage is billed in GB or PB/month [83].

Three companies lead the market of public clouds: Amazon, Microsoft and Google. At
the IaaS level, they all provide services for computing and storage, accessible through a
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dashboard, APIs and command line. At the PaaS level, they offer fully managed frameworks
to create, host and scale applications. In addition, each of them has particular features that
make them global referents.

Amazon Web Services. Also known by its acronym, AWS, Amazon Web Services [6] is a
suite of cloud computing services owned by Amazon.com, providing solutions at the
IaaS and PaaS levels. Launched in 2006, it could be consider as a pioneer provider of
public cloud resources. Amazon Elastic Compute Cloud (EC2) [7] is among its most
popular services, it provides virtual machines for leasing, with user-controlled geo-
location and redundancy. Amazon Simple Storage Service (S3) [8], is a scalable object
storage accessible through web services interfaces (REST, SOAP) and the BitTorrent
protocol. Both EC2 and S3 are part of the IaaS layer. On the PaaS side, Amazon’s Elastic
MapReduce (EMR) [9] was also the first public fully-managed Hadoop platform.

Microsoft Azure. Initially released as Windows Azure and later renamed for strategic pur-
poses, Azure [84] offers the three levels of service with global presence. The bottom
IaaS provides a large OS image repository and a range of virtual machine sizes for
different computation purposes. Azure Storage [85] accounts for diverse solutions
for every need: raw disk storage for I/O intensive applications, binary large objects
(BLOBs) for unstructured data, distributed file systems, and NoSQL tables, to name
a few. Interesting PaaS include the aforementioned HDInsight [80] for Hadoop-based
applications and Azure App Service [86], a common platform to create different types
of applications (API, web, mobile and business workflows). Finally, SaaS is delivered
through many of Microsoft’s popular products, such as Office 365, Xbox and Skype
which are (partially) powered by Azure.

Google Cloud Platform. Google was the last of the three top providers to release their pub-
lic cloud [55]. One distinctive feature of their IaaS Compute Engine is the possibil-
ity to create low-cost, preemptible virtual machines for fault-tolerant batch jobs [56].
Google had a breakthrough by making available a cloud version of their proprietary
Bigtable [32], a distributed storage system for structured data used in many of their
products, like Google Maps and Google Analytics. Another prominent PaaS is Big-
Query [57], a scalable data warehouse for analytics which is becoming increasingly
popular, probably due to Google’s reputation in data analytics.

Private Clouds

The use of this cloud infrastructure is exclusive to a single tenant (company, organization),
whether the resources are hosted within the tenant’s premises or at a third-party provider.
Private clouds customers trade the higher cost of dedicated infrastructure for specific fea-
tures.

Security. The infrastructure can be restricted to other users through firewalls or custom au-
thentication methods, or might be even physically isolated.

Availability. The tenant has control on the whole cloud without the need to book or compete
for shared resources.

Customization. Sometimes, lower level custom configurations are not allowed in shared
infrastructures. A private cloud allows to further personalize the resources.
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Some literature consider Community Clouds as category on its own. Community clouds
are private clouds shared by a group of users with common interests (e.g. business, research).
The infrastructure is usually hosted on the premises of one of the members of the community
and the costs are shared or subsidized. An example of said type of clouds is Chameleon [31],
shortly described below.

Private clouds are sometimes managed with proprietary applications; however, a recur-
rent practice is to use public cloud managing software like OpenStack, which we briefly
characterize next.

Chameleon. The Chameleon testbed [31] is a facility for scientific experimentation, it is de-
ployed at two locations, one at the University of Chicago and another at the Texas Ad-
vanced Computing Center (TACC), interconnected by a 100 Gbps network. It accounts
for ~650 multi-core nodes, and 5 PB of disk space. It offers two levels of infrastructure:
reconfigurable bare-metal and OpenStack KVM virtual environment. As opposed to
commercial clouds, Chameleon, conceived for scientific use, incorporates features and
levels of control for advanced users, such as: customizable kernels, testbed versioning,
isolated partitions, InfiniBand network or GPUs.

OpenStack. Although not a cloud provider itself, OpenStack [105] is an open source, rapidly
growing, and frequently used cloud operating system, featuring a set of open source
software for controlling a pool of resources in a private cloud. The resources can be
managed and monitored via a web browser dashboard or an API. OpenStack has a
modular architecture consisting of a set of core services for computing, networking,
storage and identification, plus optional pluggable services for enhanced performance
(e.g. containers or elastic map-reduce) [106]. The largest OpenStack cloud is operated
by the CERN, with over 190k cores [107].

Hybrid Clouds

As their name suggests, hybrid clouds combine resources from both private and public
clouds. The bond between these distinct infrastructures is generally not a feature of a cloud
provider and has to be implemented through proprietary mechanisms. Scenarios that moti-
vate the use of hybrid clouds include:

• Temporary bursts experimented in a private cloud with otherwise steady usage. In
this case, additional resources need to be outsourced from a public cloud to guarantee
that the service performance is attained during the burst.

• Organizations that use public clouds but where confidentiality agreements prevent
them from transferring sensitive data off-premises and thus a secure private cloud is
required as well to process these data.

2.2.3 Single- and Multisite Clouds

The facility where a cloud infrastructure is physically hosted is called a datacenter or cloud
site. A datacenter is the largest building block in the cloud hierarchy; it is composed by a
number of computing units (usually racks) interconnected through a set of switches using
high speed networks. These computing units consist of tens to hundreds of multi-core nodes
and their corresponding disk storage.
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Figure 2.4 – The MapReduce programming model.

Each provider handles their datacenters in different ways to allow them to meet ser-
vice or business goals. AWS reports having 16 regions, each subdivided in what they call
availability zones (42 in total, consisting of one or many datacenters) [10]; these zones are in-
terconnected by private fiber-optic networks for low latency and fault tolerance. Azure, on
the other hand, is available in 34 regions around the world (Figure 2.3). The use of the India
regions is limited to customers with business presence in the country. Azure services in Ger-
many is provided under a data trustee model: customer data remains in Germany under the
control of a third party [87].

Nowadays, many big data applications are deployed to multisite clouds, either to dis-
tribute parts of their execution closer to where the data resides, or because the capacity of a
single site is not enough for their needs.

2.2.4 Data Processing on the Cloud: MapReduce

Cloud applications handling big volumes of data need to process them in parallel to optimize
resource usage. These applications usually consist of a large number of computing threads
running simultaneously in as many cores as there are available. A typical way to define such
applications is by means of the well-known MapReduce model [39], introduced by Google
in 2004. MapReduce hides the lower level details of parallelization, fault tolerance and load
balancing, making applications simple to program, by means of a pair of methods applied
to partitions of the input dataset.

The MapReduce Model

MapReduce is a highly-scalable programming model for parallel processing of very large
datasets. Google’s first implementation of MapReduce ran on clusters of commodity ma-
chines. As its name suggests, the model consists of two functions, map and reduce, which are
defined by the user.

Map. The map function is applied to every input pair of data to produce one or several
intermediate key/value pairs.

Reduce. The reduce takes from the intermediate pairs a set of values that share a common
key, merges these values and produces (normally) a smaller set of values.
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Figure 2.5 – A Hadoop cluster, divided into two logical layers: MapReduce and HDFS.

The regular flow of the MapReduce execution is as follows (Figure 2.4): (1) The input
data are partitioned in many chunks. (2) The data are passed on to several workers which
perform the map function on each data record. (3) The intermediate key/value pairs are
shuffled by key and stored in intermediate files. (4) Pairs with the same key are passed to a
workers which perform the reduce function. (5) The final partial results are grouped if needed.

MapReduce’s scalability and facility to deploy in clusters of small machines (even PCs)
have made it the most adopted model for processing large-scale applications. There are
several implementations of MapReduce, the most popular being Apache Hadoop, since
Google’s own version was not publicly available.

Apache Hadoop

Hadoop [59] is an open source framework for large-scale computing. A Hadoop cluster
consists of one master node and several slave nodes (Figure 2.5) that execute user-defined
jobs. The original core components of Hadoop are a MapReduce engine and a distributed
file system, HDFS [20].

The MapReduce layer is the execution engine, consisting of a single master JobTracker and
one TaskTracker per node. The JobTracker splits the job in several tasks and schedules
them to the TaskTrackers, monitoring and re-scheduling them in case of failure. The
JobTracker provides mechanisms for location-aware optimization, assigning tasks to
the closest node to where the data resides. The TaskTrackers are the actual executors
of the map and reduce methods, they read data from and write data back to HDFS.

The HDFS layer handles file system metadata and application data separately. The master
NameNode stores the namespace hierarchy, as well as attributes and permissions of files
and directories. The data is split into blocks of customizable size, these blocks of data
are replicated in several DataNodes (one per node). The mapping of block to DataNodes
is also maintained at the NameNode. Read requests are managed by the NameNode,
which determines the closest node to the requester that holds the required data block.
To write a new block, the NameNode nominates a set of DataNodes and the block is
written in a pipeline way.
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The term Hadoop is loosely used to refer also to other Apache projects for scalable com-
puting and storage linked to Hadoop, like Cassandra, Spark, Pig or Hive [59]. Hadoop
YARN [138] is a more recent version of Hadoop, where job and resource management are
decoupled. As mentioned in Section 2.2.2, fully-managed platforms to create Hadoop clus-
ters are readily offered by the three major cloud providers. These platforms allow to easily
manage and execute Hadoop jobs, and they include several of the projects from the Hadoop
ecosystem.

Limitations

Despite the large number of big data applications that follow a MapReduce pattern, there are
several scenarios in modern large-scale computing that the model can not handle properly.
We identify two in particular: multisite processing and application’s expressiveness.

Multisite Processing. As we previously stated, many applications are deployed to multi-
site clouds for several reasons (e.g. data proximity, insufficient resources). MapReduce
was conceived to run on clusters of commodity hardware, in single-site infrastructures.
Some implementations have managed to bridge MapReduce across multiple datacen-
ters [141, 147]. However, we recall that MapReduce stores large intermediate files in
disk between the map and reduce phases. In a multisite setting, where high-latency
inter-site networks are the norm, writing and shuffling the key/value pairs for the
reduce phase would incur very time-consuming data transfers. Additionally, the file
system would stay in an inconsistent state during the periods where such transfers take
place. As a result, the execution of multisite large-scale applications could actually be
hampered rather than improved by MapReduce.

Application’s Expressiveness. While the MapReduce model provides an scalable solution
for numerous applications, it restricts the users to a pair of consecutive operations.
Consequently, applications with complex dependency patterns are not possible to
model as MapReduce jobs. For example, gather data from different sources, hetero-
geneous transformations running in parallel over the same data, or even applications
where only a map or a reduce operation is necessary (without the burden of interme-
diate shuffling).

In order to overcome these limitations, a more abstract model for describing large-scale
applications is becoming increasingly popular: workflows. Workflows are defined as loosely-
coupled sequences of jobs, what allows them to be deployed to multiple datacenters.

2.3 Scientific Workflows on Clouds

A workflow is the automation of a multi-step business process in whole or in part [60],
in which data are transferred and transformed along different stages called jobs. The con-
cept of workflow emerged from business domains, as a model to define complicated pro-
cesses. A business workflow is composed by several procedures linked together to achieve
a business goal, passing information from one participant to the next. In an analogous way,
the scientific community has adopted this model in order to face the challenge to represent
and manage increasingly complex distributed scientific computations. This gave way to the
emergence of scientific workflows.
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2.3.1 Overview: The Scientific Workflow Model

A scientific workflow (SWf) involves individual data transformations and analysis steps,
and mechanisms to link them according to the data dependencies among them [40]. As
mentioned above, scientific workflows arose from the need to model complex, distributed
applications. As a consequence, scientific workflow management typically involves dealing
with the large volumes of data associated to such applications, as we recall from Section 2.1.1.

Business workflows are defined with a low level of abstraction. They allow to model
event-based interactions, which trigger activities in response to some business action [74],
e.g. send a confirmation email to the customer when a purchase has been successful. Their
goal is to automate tasks to reduce human involvement in the process and reduce lags. In
contrast, scientific workflows are conceived with a higher abstraction; each job represents a
scientific process or computation. Scientists are provided with a workflow execution plat-
form and a language (set of “rules”) to define data dependencies between several applica-
tions. These platforms are called Scientific Workflow Management Systems (SWfMS), and are
presented in Section 2.3.2.

Scientific workflows have enabled a new paradigm in collaborative research. Thanks to
workflow definition rules and workflow management systems, data collected from diverse
sources and distributed locations, transformed by different applications from various sci-
entific domains, can now be combined and analyzed, leading to multidisciplinary science
breakthroughs.

The focus of this thesis is on scientific workflow applications. Along the manuscript,
the generic term “workflow” is used to refer to a scientific workflow. For practicality, the
acronyms SWf and SWfMS are used in several sections.

Workflow Modelling

Anatomy of a workflow. Scientific workflows are modelled as directed acyclic graphs
(DAG), in which vertices represent data processing jobs and edges represent dependencies
between them (Figure 2.6). A job (J) is the highest level of granularity. It depicts a piece of
work (computation) that forms a logical step within a workflow representation. Workflow
jobs may process multiple data fractions, depending on how the input data is split. Thus,
one job can actually consist of several executable tasks for different pieces of input data. A
task (T) is the representation of a job within a one-time execution of this job, which processes
a data chunk (D), i.e. there is a task for each unit of data to be processed. Each task might (or
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<workflow>

<!-- Jobs -->

<job id="job1" exec="foo.cc" />

<job id="job2" exec="bar.jar" />

<job id="job3" exec="merge.py" />

<!-- Dependencies -->

<child ref="job3">

<parent ref="job1" />

<parent ref="job2" />

</child>

</workflow>
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Figure 2.7 – A simple representation of a workflow (based on Pegasus DAX).

might not) output a new data chunk. The collection of output chunks form the dataset to be
passed on to the next job.

Workflow representations. Scientific workflows are formally specified using different lan-
guages or building rules which are in most cases unique to a SWfMS. A common approach is
to use XML documents with a system-specific schema [145], where each job and dependency
is defined by a tag (Figure 2.7). Some systems also provide APIs to facilitate the workflow
definition [42].

Each language has particular features that make them outstand. However, they still
present some limitations for advanced users. For instance, they need to accommodate sci-
entific process descriptions at multiple levels [40]: different scientists might have different
degree of interest in a computation and required more in-detail workflow specifications.
More importantly, a prevailing issue is the diversity of languages itself. The heterogeneity in
workflow representation tools hinders cross-platform sharing and collaboration practices.

Core Workflow Features

Several characteristics define and are common to most of the scientific workflows. The fea-
tures listed hereunder are a representative sample of them, which motivated part of our
work during this thesis.

Common control-flow patterns. While some authors provide an extensive list of specific
job dependency patterns [121]; in general, all of them agree that at least there are four basic
flow patterns between workflow jobs [111, 101]. Further studies [127] show that the work-
flow applications are typically a combination of these patterns.

Pipeline. Also known as sequential or serial execution. Means that the execution of a job is
enabled after the execution of a single preceding job.

Scatter. Called also parallel split, or broadcast. Indicates the divergence of a branch into two
or more parallel branches that can run concurrently.
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Gather. join or synchronization. Represents the convergence of two or more branches into
one. The job where all the branches gather, cannot begin its execution until all the
previous have finished.

Parallel. Means that two jobs do not actually have data dependencies and therefore can be
executed in parallel. The possibility to specify this pattern is not available in every SWf
definition language.

Provenance management. Provenance is the metadata that captures the derivation history
of a dataset [70], including the original source, intermediate data, and the workflow steps
that were applied to them. It is used for workflow analysis and reproducibility. The number
of provenance parameters recorded and the way they are handled vary from system to sys-
tem, but every SWfMS keeps track of provenance metadata. Taverna, for example, stores it
as a graph [15], and distinguishes between process-related and data-related provenance. On
the other hand, MTCProv [51] records domain-specific provenance in the Swift SWfMS.

Many small files. Workflows generate and access a huge number of relatively small
files [25]. This follows the fact that each job is parallelized into many tasks, which pro-
cess a fraction of the data. The natural question is: what is a small file? Several scientific
domains such as climatology, astronomy, and biology generate data sets that are most con-
veniently stored in small files: 20 million images hosted by the Sloan Digital Sky Survey with
an average size of less than 1 MB [97], up to 30 million files averaging 190 KB generated by
sequencing the human genome [19].

Write once, read many times. During an experiment, workflow applications typically gen-
erate a large number of files, that are no longer updated given the acyclic quality of scientific
workflows. Instead, these files can be read many times by subsequent tasks when a scatter
pattern is defined. This characteristic allows to relax concurrency conditions: after a file or
data chunk has been created, it can be accessed simultaneously.

Porting Workflows to Clouds

Many existing workflows were conceived to run on top of HPC systems, they are normally
deployed to a cluster of nodes where non-sequential jobs run concurrently, and use parallel
file systems to exchange data between jobs in different nodes [64].

In order to leverage the cloud-specific characteristics, workflows have been gradually
ported to the cloud. As opposed to other infrastructures like clusters or grids, clouds of-
fer the possibility to provision additional resources on demand. Whenever the number of
workflow jobs exceed the number of available resources, new nodes could be provisioned
so that parallel jobs could be executed simultaneously, avoiding queuing delays. In addi-
tion, cloud virtualization allows platform-dependent workflows to be executed regardless
of the underlying infrastructure. Nevertheless, bringing workflows to clouds involves sev-
eral adaptations.

As we have seen previously on this chapter, clouds have emerged as convenient infras-
tructures to host large-scale applications, and workflows are not the exception. With the
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right configuration, a cloud environment can be adapted to behave, to some extent, as an
HPC infrastructure (Section 2.2.3). First, clearly all the cloud nodes have to be deployed to
the same datacenter, so that network latencies are low. Also, the cloud provider should allow
to group the nodes in a subnetwork which enables a virtual cluster [50]. In order to expand
their capabilities (and market) to host cluster-based applications, some public clouds have
implemented solutions for scalable, virtual HPC clusters [88, 113].

Additionally, we recall that workflow jobs communicate through storage systems, usu-
ally an HPC parallel file system, such as Lustre [104] or GPFS [125]. Cloud storage is gen-
erally based on services managed independently of the nodes, like S3 [8]. Using this kind
of external storage would turn the workflow highly inefficient, since a large number of files
would be taken out and into the cluster. A reasonable workaround is to deploy a virtual file
system within the cluster, for instance PVFS [24].

The cloud-workflow adaptation effort has been done also in the other direction. Some
SWfMS have bridged this gap and have developed cloud-enabled versions of their systems,
for instance Pegasus [42] and SciCumulus [103], so that the migration to the cloud is done
transparently and effortlessly for their users.

Workflow Limitations on Single-Site Clouds

The adaptation of workflows to the cloud discussed above corresponds to single-site clouds.
Enabling cloud workflows represents a step forward in terms of portability and scalability.
Nevertheless, executing large-scale scientific workflows on a single datacenter has its own
limitations.

Datacenter capacity. Workflows operate large volumes of data. In a cloud workflow, frac-
tions of these data are stored locally on each node as part of a virtual file system. In order to
efficiently process those data, hundreds of task must run concurrently in the virtual cluster,
what requires a very large computing and storage capacity. However, clouds establish usage
quotas per resource and/or per datacenter [89, 58]. These quotas ensure a fair use of the re-
sources, protect users from unexpected spikes in usage, and are set according to the client’s
financial capabilities. As a result, large-scale workflows might easily exceed their resource
allocation in an single datacenter.

Data dispersion. Workflows have enabled multidisciplinary collaborations, this often
means that the jobs that integrate them are executed in different institutions far away from
each other. Moving data from their original location to a single host datacenter might be
costly or even represent a security risk. There are situations where data must be processed
in a specific location due to government regulations; we recall the case of Azure Germany,
where all user data stays in the country to meet EU data protection requirements [87]. Addi-
tionally, even data from a single organization might be originated from distributed sources:
Facebook contents generated all around the world about a certain topic are stored in the
closest datacenter from where it originated.

In both cases, there is a motivated need to deploy a workflow to more than one datacenter.
Whether to meet the required computing or storage power, or to process data closer to where
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it resides, multisite scientific workflows stand out as a solution that enables to balance per-
formance and cost as they execute. Generally, these multisite workflows are hosted in public
clouds, which provide a larger number of widely distributed datacenters.

It is evident that the functionality and efficiency of an HPC infrastructure cannot be mim-
icked across geo-distributed datacenters. Still, for the aforementioned situations, multisite
workflows are likely the best, if not the only solution.

2.3.2 Scientific Workflows on Clouds: State of the Art

In this section we briefly summarize some of the most popular workflow management sys-
tems, with a focus on scientific WfMS. We then discuss their limitations in order to highlight
the challenges that we address in this thesis.

Workflow Management Systems

Workflow management systems (WfMS) are platforms that provide a set of tools to config-
ure, run, and monitor workflows.

Commercial WfMS. There are several proprietary workflow management tools for busi-
ness. Their main objective is to turn repetitive tasks into multi-step workflows. They allow
to create data flows between commercial applications to receive notifications, synchronize
devices or collect data. Examples of these applications are Microsoft Flow [90] and SAP
Business Workflow [74]. While these business platforms reduce overhead in everyday tasks,
their capabilities are limited:

• They do not support large-scale processes.
• They offer a limited number of building blocks (usually proprietary applications).
• There is no room for user defined blocks, what greatly limits their target market.

Commercial WfMS are widely used for business processes nowadays; however, they sig-
nificantly differ from scientific workflows in their purpose, degree of autonomy and volumes
of data, as we have mentioned before.

Scientific WfMS. Scientific workflow management systems (SWfMS) are used in many
science fields nowadays, from bioinformatics, to astronomy and social sciences. They coor-
dinate the operation of every component of a workflow at different levels of granularity (e.g.
scheduling a full job to a specific execution node, or re-executing individual tasks that failed).
They incorporate simple rules and syntaxes to define workflow jobs and data dependencies,
so that the transitions between jobs are fully automated and users can focus on extracting
value from their data. Most SWfMS offer generic services like provenance metadata man-
agement, and provide a language for workflow definition. However, every SWfMS has its
own specificities; we list a selection of systems and their key features hereunder. While all
of them were originally designed for running on HPC infrastructures, they all support cloud
execution today.

Pegasus. Pegasus [42] is a platform to execute workflow applications in different environ-
ments, from desktop machines to clouds. Although initially not conceived for clouds,
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Pegasus now runs on top of infrastructures like Amazon EC2, Google Cloud and
Chameleon. Workflows in Pegasus are described using DAX language (DAGs in XML),
that can be generated manually or through a simple multi-language API. Pegasus out-
stands for its robust error-recovery capabilities: upon an error, Pegasus tries to recover
by retrying tasks or the entire workflow, by providing workflow-level checkpointing,
by re-mapping portions of the workflow, by trying alternative data sources for staging
data, and, ultimately, by providing a rescue workflow containing a description of only
the work that remains to be done [110]. In terms of execution, Pegasus features storage
clean-up as the workflow is executed, in order to free space to enable data-intensive
workflows to run on storage-constrained resources. Pegasus provides automatic run-
time provenance storage and several tools for provenance analytics such as pegasus-
statistics and pegasus-plots.

Swift. Swift [143] is a system for reliable specification, execution, and management of large-
scale workflows. Swift supports multi-task applications, where tasks are coupled by
disk-resident datasets. Swift combines a scripting language for high-level specifica-
tion of complex computing processes, and an execution engine capable of dispatching
millions of tasks running on supercomputers or even multisite grids. Swift scripts use
a C-like syntax to describe data, application components and their relations. They are
written as a set of composed functions. Atomic functions specify the execution of exter-
nal programs. High-level functions are composed as graphs of subfunctions. In Swift,
the structure of a workflow can be constructed and expanded dynamically. Swift intro-
duced mapped types, which represent data residing in a file, they can be seen as pointers
to files and they can be used to identify files that have to be transferred to remote sites
or passed to applications. Swift provides a step-by-step tutorial for deployment on
clouds [131].

Taverna. Taverna [145] is an open-source and domain-independent SWfMS. It provides a
workbench for fully graphical workflow design with drag-and drop-components that al-
lows easy creation of new workflows or load and modification of existing ones. Seman-
tically annotated components can be shared among workflows. It also features a wide
range of tools for workflow execution, including: failover and retry, customizable job
looping, intermediate data viewing, workflow debugging, pause/resume or cancel the
execution. One Taverna’s key characteristics is that it allows to interact with a running
workflow through an interaction service. Once the service is invoked from within the
workflow, it uses a web browser for interaction. Taverna keeps track of workflow data
and execution provenance. It does not manage provenance of workflow editing (ver-
sioning control); however, it does keep track of workflow definition metadata in terms
of authorship [4]. Projects for next-generation sequencing have been run using Tav-
erna and Amazon EC2 Cloud [13]. Taverna has recently been accepted and is currently
transitioning to the Apache incubator.

Chiron. Chiron execution engine [100] is implemented in Java, and was also designed for
HPC environments. It integrates PostgreSQL to provide reliable execution manage-
ment. Chiron stores control and provenance metadata on the database system. A
particularity of Chiron engine is accounts for six workflow algebraic operators, which
allow for optimization, dynamic scheduling and runtime workflow steering. The op-
erators are Map, SplitMap, Reduce, Filter, SRQuery and JoinQuery. The last two apply
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relational algebra queries directly on the database. Chiron extensions include SciCu-
mulus [103], an encapsulation of Chiron to the cloud, which implements elasticity and
adaptivity according to the workflow execution and the current state of the environ-
ment. Most notably, another extension is Multisite Chiron, a multisite manager running
on geo-distributed clouds like Microsoft Azure [72]. Chiron is the base SWfMS used in
this thesis.

Limitations

Scientific workflow management systems were not intended for cloud infrastructures, much
less for multisite clouds. The above systems are examples of a continuous effort to port
workflows to clouds; still, most of them concern only single-site architectures. SWfMS lever-
age HPC-like cloud infrastructures, which are generally virtual clusters with a shared file
system. However, workflow data are often so huge and widespread that they need to be
distributed to many cloud datacenters for storage and processing, as previously exposed.
Multisite workflow execution brings some limitations into play.

No shared-data system. The first limitation is directly related to the workflow model.
Workflows communicate through files that one job writes to the file system so that the next
job can read them. There are no (virtual) clusters or local networks across datacenters, and
so parallel or distributed file systems cannot be used. The closest approach to a shared stor-
age is to use the cloud’s provider global storage (e.g. S3 [8] or Azure Blobs [85]) which are
usually accessible via URIs or APIs. This solution, however, requires to change the logic of
the workflow, add external libraries to connect to the storage service and make a two-step
operation to write or read a file, adding significant overhead. First, the file is created in
the local file system of the node, then it is transferred to the storage service (similarly for
file reading). Other possibility is directly transfer files through standard protocols like SCP,
but this would require additional effort from the developers to take care of the full transfer
process (including fault tolerance). Moreover, inter-site data transfers are billed.

High-latency networks. If handling file transfers were not enough, multisite management
also implies that these data transfers have to be done through the high-latency networks
that interconnect datacenters. Inter-site communication (from control messages to big file
transfers) usually happens via the public Internet. This has the “usual” implications: an in-
creased latency due to the shared network combined with the physical distance, an unstable
throughput depending on the concurrent usage, and the possible loss, theft or corruption of
the data. To cope with this limitation, public cloud providers provide some dedicated, se-
cure, high-speed inter-site networks. AWS connects its availability zones within a region with
fiber-optic links [10], but this is not possible across regions. Azure offers ExpressRoute [91],
a service for private connections bypassing the public Internet. A fixed monthly fee for the
connection plus additional fees per gigabyte for outbound transfers are charged, though.

Centralized management. Workflow management systems, usually include a master node
from where all the execution is orchestrated. Jobs are scheduled, the execution is monitored
and provenance and other metadata are collected. In a single-site infrastructure, latencies
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are negligible and having a centralized management of these aspects might not impact the
total makespan. On the other hand, handling a multisite execution in a centralized node
can become a bottleneck. Control messages and metadata updates have to traverse low-
speed networks; what used to take microseconds might take orders of magnitude longer
across datacenters (see Figure 3.1). Task-data co-scheduling turns inefficient: two co-located
jobs sharing file in the same datacenter, might need to query a distant centralized metadata
server to find out the file location. Furthermore, with the very large number of files handled
by today’s workflows, a centralized management of the execution, data, and provenance,
the workflow performance could degrade even in a single-site cluster.

2.4 Challenges Addressed

Some SWfMS support multisite workflow processing to the best of their capabilities. Pega-
sus [33] proposes three heuristics for partitioning the workflow in sub-workflows consider-
ing storage constraints. Multisite Chiron [72] is a more recent approach which in addition
to scheduling adapts the provenance model to a multisite environment. Nevertheless, there
are several challenges to multisite workflow execution that remain unaddressed. This thesis
focuses on two of them, as described next.

2.4.1 Metadata Management

A workflow’s execution generates a significant amount of metadata, e.g. scheduling meta-
data (i.e. which task is executed where), data-to-task mappings, and file metadata. Most
of today’s SWfMS handle metadata in a centralized way. File-specific metadata is stored
in a centralized server, either own-managed or through an underlying file system, while
execution-specific metadata is normally kept in the execution’s master entity. Controlling
and combining all these sorts of metadata translate into a critical workload as scientific
datasets get larger. The CyberShake workflow, for instance, runs more than 800 000 tasks,
handling an equal number of individual data pieces, processing and aggregating over 80 000
input files (200 TB) [63]. With many tasks’ runtime in the order of milliseconds, the load of
parallel metadata operations becomes very heavy, and handling it in a centralized fashion
represents a serious performance bottleneck.

Managing metadata in a centralized way for such scenarios is not appropriate. On top
of the congestion generated by concurrent metadata operations, remote inter-site operations
cause severe delays in the execution. To address this issue, some file systems rely on the use
of decentralized metadata servers [132].

State-of-the-art SWfMS have put relatively low attention to their metadata handling
strategies, even in a single-site setting. Particularly, multisite workflow metadata management
support is seldom addressed, if at all; this is likely due to the lack of solutions for multisite
workflow execution, in general.

• Pegasus metadata are stored in the same database as workflow data [112]. Concurrent
access of the same database for data and metadata might yield very poor performance,
especially in multisite clouds. Our goal is to optimize metadata access through multiple
decentralized metadata servers.
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• Taverna considers metadata “a first class citizen” and distinguishes between workflow
specification metadata and workflow execution metadata (provenance) [15]. It also
provides services for maintenance and curation of metadata. Our interest is not to
curate the metadata, but rather to bring it as early as possible to where it is needed.

We claim that efficient, decentralized metadata management significantly improves the
performance in a multisite workflow execution. Chapters 3 and 4 propose two different
techniques to achieve it: a hybrid distributed/replicated metadata registry, and selective
handling of relevant metadata. This is the main challenge targeted in our thesis.

2.4.2 Elastic Usage of Resources

Elasticity is one of the driving features that brought workflows to cloud environments. The
possibility to enhance virtual clusters with on-demand resource (de)provisioning allows
workflows to expand beyond their original limits, without incurring much larger invest-
ments. Several studies contemplate the elasticity component as a design principle. In [120],
the authors propose an algorithm for resource provisioning and scheduling for workflows,
accounting for cloud elasticity and heterogeneity under deadline constraints. In [146], ex-
cessive workers are removed to meet the master’s capacity and avoid resource waste. Na-
gavaram et al. [95] use Pegasus for dynamic allocation for a large-scale biology application.
All previous cases provide what we could call classic elastic scaling: new virtual machines
are added to meet a growing demand for resources.

In Chapter 5, we present a study of application parameters that steer elasticity, towards the
implementation of a system for smart elastic scaling for workflows. Smart scaling aims not
only to determine when to provision, but also which resource to instantiate (in terms of size,
configuration and location), according to the current and the foreseen state of an application.
We believe that smart scaling can optimize the resource usage in a cloud, while improving
the workflow execution. The study was carried out in collaboration with ANL.3

3Argonne National Laboratory, USA.
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THE cloud site or datacenter is the largest building block of a cloud. It contains a broad
number of interconnected compute and storage nodes, providing computational power

available for rent. Clouds, particularly public ones, are generally made up of several sites
scattered over the planet. An application that is deployed across several of these datacenters
is known as multisite application.

Large-scale workflows benefit from multisite distribution, as they can aggregate re-
sources beyond the limit of a single datacenter. Besides the need for additional compute re-
sources, workflows have to comply with several cloud providers requirements, which force
them to be deployed on geographically distributed sites. For business safety and load bal-
ancing, public clouds impose limits of maximum cores or virtual machines per user within
a datacenter [89]; any application requiring more compute power likely needs to be dis-
tributed across several sites.

3.1 Problem: Huge Latency for Remote Metadata Access

Metadata are now bulkier, more complex, but also more relevant in any large-scale appli-
cation; and workflow metadata are not the exception. Indeed, the size of the metadata can
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Figure 3.1 – Average time for file-posting metadata operations performed from a node the
West Europe datacenter. The metadata server is respectively located within the same

datacenter, the same geographical area and a remote region (log scale).

be proportionally large for a small file in a workflow. The shift towards multisite workflow
processing is greatly handicapped by the limited metadata support for such scenarios. Most
files in even the largest workflows are small, with median file sizes in the orders of kilo-
or megabytes, yet generated in large numbers. This means that metadata access has a high
impact (sometimes being dominant) on the overall workflow I/O. Conventional cluster file
systems are optimized mainly for scaling the data path and lack proper support for the ge-
ographical distribution of the metadata. In such cases, the common approach is to use a
single metadata server or a federation of metadata servers within a single site, serving the
whole multisite application. Even VMs accessing data on their local datacenter may need
to yield expensive remote calls to the datacenter where the metadata registries are located.
Users have to set up their own tools to move metadata between deployments, through di-
rect endpoint to endpoint communication (e.g. GridFTP [2], scp, etc.). This baseline option
is relatively simple to set in place, using the public endpoint provided for each deployment.

The major drawback in this setting is the high latency between sites. The numerous
metadata requests have to traverse the slow WANs connecting the datacenters (which in
most cases are the property of the ISPs, so out of the control of the cloud providers), limiting
drastically the achieved throughput of the workflow. A simple experiment conducted on the
Azure cloud and isolating the metadata access times for up to 5 000 files (Figure 3.1) confirms
that remote metadata operations take orders of magnitude longer than local ones. This has a
high impact on the overall workflow makespan, particularly for workflows handling many
small files, when the metadata operations are very frequent. Clearly, this paradigm shift
calls for appropriate metadata management tools, that build on a consistent, global view of
the entire distributed datacenter environment.
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3.2 Solution: Adaptive Decentralized Metadata Handling

❛❛ We propose to evaluate different meta-
data handling strategies, that result from
exercising distribution and replication
techniques across the available data-
centers. ❜❜

Workflows contain a variety of job relations,
that can be as simple as a sequence of data
dependencies between jobs, or as complex
as a mixture of multiple inputs, parallel jobs
and multiple outputs. However, some com-
mon data access patterns can be identified
from these graphs: pipeline, gather, scatter, and parallel, as described in Section 2.3.1; work-
flow applications are typically a combination of them.

Given the unlimited possible combinations of data access patterns, a single approach to
mitigate the potential metadata bottleneck in multisite environments will certainly not fit
all. Therefore, we propose to evaluate different metadata handling strategies, that result
from exercising distribution and replication techniques across the available datacenters. In
the next section we introduce our design principles, driven by recent workflow workload
studies on traces from several applications domains. We opt to keep all metadata in memory,
in a uniform DHT based cache, distributed across cloud datacenters and following a 2-level
hierarchy: metadata are first partitioned to the datacenters where they are likely to be used
(leveraging information from the workflow execution engine) and then replicated to other
datacenters.

We analyze four configurations for improving concurrent metadata and workflow file
I/O performance in multisite clouds. We characterize each of these approaches according
to their performance with a given workflow pattern in order to design a lightweight and
scalable geographically distributed metadata service. The strategies include:

• A baseline setup with a centralized server.
• A distributed layout with metadata replicated on each site.
• A set of decentralized handlers with no replication on the metadata.
• A hybrid approach with decentralized handlers, adding local replication.

Out of these strategies, the first one has been previously applied to separate workflow
engine implementations [100] and therefore we use it as a baseline. The remaining three
are novel proposals in the context of geo-distributed workflows. We discuss all of them in
section 3.4.

3.3 Design Principles

In this section we delve into the design space of our proposed strategies and audit the trade-
offs between different design decisions. In essence, our proposal consists of a hierarchical
metadata partitioning in order to hide the latency and reduce I/O through three simple
strategies: full replication, full distribution and an intermediate, hybrid approach.

Hybrid Distributed/Replicated DHT Based Architecture

Keeping workflow metadata on a single server is straightforward to implement but the large
number of requests in a typical scientific workflow would easily saturate its resources. Dis-
tributing the metadata to multiple nodes seems the natural approach, yet the non-trivial
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endeavor is how to make this distribution. Most existing works on metadata partitioning
simply consider the namespace partitioning and the distribution of shares to servers (as de-
tailed in Section 2.3.2). Such pure partitioning approaches may bring potential performance
and scalability problems when used in geo-distributed scenarios, like multisite clouds. For
instance, it is difficult to apply updates, since these may incur costly communications among
geographically distributed servers.

We propose a hybrid approach mixing distribution and replication of metadata to ad-
dress these problems. First, we divide the metadata servers into datacenters based on their
location information. Within each datacenter, metadata are distributed to the servers, then
it is replicated to different datacenters. With this approach, updates can be applied by only
updating shares in one datacenter and propagating them to other datacenters. However,
distributing metadata into multiple physical nodes poses new challenges such as load bal-
ance and fault tolerance. In this setting and depending on the data structures used (e.g.
trees, hashes), the time complexity for search operations can vary drastically. We argue that
hashing is a good option for metadata scattering as distributed hash tables (DHT) [52] have
proved to be highly scalable in practice with a constant-time query cost. Also, a flat names-
pace implemented by hash tables exposes a simpler and less error-prone interface avoiding
expensive operations required by others data structures (e.g. distributed trees). Thus, the
hybrid approach in conjunction with the DHT can significantly reduce the user perceived
response latency for update accesses.

Uniform In-Memory Caching

A key observation from the workflow traces is that traditional workflow metadata design
incurs an excessive number of disk operations because of metadata lookups: the file’s meta-
data must be read from disk into memory in order to find the file itself. While insignificant at
a small scale, multiplied over millions of small files, using disk I/O for metadata is a limiting
factor for read throughput.

We therefore opted to keep all metadata in memory, which we make practical by reducing
the per file metadata. That is we only store the information necessary to locate files and
we don’t keep additional POSIX type metadata, like permissions, since they are normally
not used in a scientific workflow, i.e. during the workflow execution the files produced are
used by the same user(s). To store the metadata, we rely on a dedicated cache, uniformly
distributed across all workflow’s datacenters. As opposed to existing distributed caches
(e.g. Memcached [49]) which aggregate memory resources from the actual deployment of
the application, we argue in favor of a separate cache layer. This allows the data tier to scale
independently and guarantees non-intrusiveness on the workflow execution. Our standard
cache tier provides high availability by having a primary and a replica cache. If a failure
occurs with the primary cache, the replica cache is automatically promoted to primary and
a new replica is created and populated.

Leverage Workflow Metadata for Data Provisioning

Adequate data provisioning is crucial when scientific workflows run on geographically dis-
tributed clouds. A task might require a very large file stored at a distant location. If the
data are not in place, idle execution times occur, impacting the workflow’s makespan. It is
therefore essential to know in advance what data would be needed, when and where.
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Workflow execution engines exploit the workflow’s metadata (i.e. data provenance, data
dependencies between tasks) for smarter task scheduling strategies [100]. We claim that
a similar approach can be adopted to optimize data provisioning. By efficiently querying
the workflow’s metadata, we can obtain information about data location and data depen-
dencies which allow to proactively move data between nodes in distant datacenters before
it is needed, keeping idle times as low as possible. In this contribution we study the first
step towards such optimizations: a reliable metadata management service that ensures that
metadata operations are also carried out efficiently across multisite clouds.

Eventual Consistency for Geo-Distributed Metadata

Scientific applications running in a single site benefit from infrastructural elements - such
as high speed communication channels, shared memory or multicore architectures - to im-
prove execution time and optimize resource usage while ensuring a consistent state at any
given time. Part of this optimization concerns metadata operations. Today, metadata up-
dates and lookups have been improved up to take a few microseconds, with middleware
able to carry out hundreds of thousands of metadata operations per second [119]. Unfor-
tunately, in a multisite cloud, said elements are usually not present and thus even simple
metadata operations might take long time to propagate, particularly when the datacenters
are geographically distant. In order to maintain a fully consistent state of the system, all
nodes would have to wait until the newest operations are acknowledged by every member
of the network. This is evidently inefficient considering the potentially long (physical and
logical) distance between instances and the large number of metadata operations generally
performed.

Therefore we argue for a system where every metadata update is guaranteed to be even-
tually successful, but clearly not in real-time. That is, rather than using file-level eager meta-
data updates across datacenters, we favor the creation of batches of updates for multiple
files. We denote this approach lazy metadata updates: it achieves low user-perceived response
latency and high scalability in a widely distributed environment by asynchronously propa-
gating metadata updates to all replicas after the updates are performed on one replica. Yet,
this lazy approach only guarantees eventual consistency, meaning that if any other tasks try
to access the distant metadata at the same time, the result will be undefined.

However, eventual consistency is perfectly in line with the observations from the work-
flows traces. The typical data access pattern is write once/read many times, with readings
occurring in two situations. For intermediate results, data are used as input for the next
task(s) in the workflow, but in these cases the engine scheduler takes care to schedule the
task close to the data production nodes (i.e. in the same datacenter) so the metadata updates
are instantly visible here. For final results, data might be accessed from remote locations,
but typically this a posteriori analysis takes places long after the workflow execution has
finished, leaving enough time for the lazy updates of the metadata to propagate. So, in both
cases, the eventual consistency is not affecting the application performance or coherence.

Eventual consistency is, in practice, the default consistency model for multisite dis-
tributed systems (e.g. Facebook’s graph store TAO [22]), where machine failures and net-
work partitioning are a virtual certainty.
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3.4 Strategies for Multisite Metadata Management

In the remainder of this manuscript we identify as metadata registry the instance or set of
distributed instances in charge of managing metadata entries (shown as red diamonds in
Figure 3.2). Every metadata registry instance is reachable by every node in the network.
For the sake of practicality, we denote as a read the action of querying the metadata registry
for an entry, and as a write the publishing of a new entry. Note that since a metadata entry
can be created by one node and subsequently updated by others, a write operation actually
consists of a look-up read operation to verify whether the entry already exists, followed by
the actual write. File metadata entries are stored following a key-value approach, where the
key is determined by a unique name of a file and the value indicates the node(s) where it is
located.

We analyze the impact of high latencies as a consequence of the physical distance be-
tween an execution node and the corresponding metadata registry instance to/from where
it will write/read an entry. The choice of an instance will depend on the management ap-
proach that we select; such approaches are described later in this section. Independently
of the approach, in the following we use the following terms to qualify physical distance
between a node and a metadata registry:

a) local — the node and the metadata registry are in the same datacenter;
b) same area — the node and the registry are in different datacenters of the same geo-

graphic area (e.g. both datacenters are located in Europe);
c) geo-distant — the datacenters are in different geographic areas (e.g. one in Europe, the

other one in the US).
Both b) and c) situations can also be referred to as remote. Our design accounts for several

datacenters in various geographic regions in order to cover all these scenarios. We have fo-
cused on four metadata management strategies, detailed below and depicted in Figure 3.2.
In all cases, each datacenter is represented by a gray box, which contains a number of exe-
cution nodes (orange circles) and may contain an instance of the metadata registry as well
(red diamonds). Solid lines connecting nodes and metadata registries denote metadata op-
erations (reads or writes). The dashed lines represent a very large physical distance between
datacenters; the ones on the “same side” of the line fit the same area scenario, whereas data-
centers on “different sides” are geo-distant.

3.4.1 Centralized Metadata (Baseline)

In workflow management systems like Pegasus, metadata are managed and stored in the
same database as the workflow data itself [112]. Even popular specialized distributed file
systems rely on a centralized metadata server. In HDFS [20], for instance, in order to simplify
the architecture of the system, all metadata handling is left to a single NameNode. As opposed
to Pegasus approach, this dedicated node does not store any user data.

Following HDFS architecture, we first consider a single-site, single-instance metadata
registry, independent of the execution nodes, arbitrarily placed in any of the datacenters
(Figure 3.2a), which will serve as a state-of-the-art baseline. In this setup, the application pro-
cesses are run on nodes which are distributed both locally and remotely with respect to the
site of the metadata registry. In the case of non-local accesses to the centralized metadata,
high-latency operations may occur. While a centralized server guarantees a higher level of
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Figure 3.2 – Strategies for geographically distributed metadata management.

metadata consistency, it can quickly turn into a bottleneck as the workload increases. The
purpose of this approach is to establish the (low) threshold at which these bottlenecks de-
velop.

3.4.2 Replicated Metadata (On Each Site)

Our second strategy builds on the observation that local metadata operations are naturally
faster than remote ones. Given a set of distributed datacenters, we place a local metadata
registry instance in each of them, so that every node can locally perform its metadata opera-
tions. At this point, metadata information is processed quickly, but it would only be known
at local level. Then, we propose to use a synchronization agent, a worker node whose sole task
is to replicate across the network the content of the local metadata registries.

The synchronization agent systematically queries all registry instances for updates, and
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leverages non-metadata-intensive periods to perform batch synchronizations in all meta-
data registries. In this way, neither the execution nodes nor individual metadata registries
are concerned with remote operations. The strategy is depicted in Figure 3.2b: the synchro-
nization agent is presented as a blue triangle and can be placed in any site. The dotted lines
between the agent and the registry instances represent the synchronization communication.

3.4.3 Decentralized, Non-Replicated Metadata

In our previous replicated approach, we took advantage of non-metadata-intensive computa-
tion time to maintain a synchronized distributed metadata registry. Even if a metadata reg-
istry instance is locally deployed in each datacenter, this strategy is still centralized in that
it relies on a single synchronization agent, which can become a potential bottleneck, partic-
ularly in the case of a metadata-intensive workflow. Even a multi-threaded synchronization
agent might not provide a sufficiently fast synchronization to keep resource-waiting idle
time at its lowest. Taking this into consideration, our third strategy favors decentralization,
based on a distributed hash table (DHT). We maintain an instance of the metadata registry
in each of the active sites. Every time a new entry is written to the metadata registry, we
apply a hash function to a distinctive attribute of the entry (e.g. the file name) to determine
the site where the entry should be stored by computing a simple modulo operation between
the obtained hash value and the number of available sites, the hashing is indicated by an h
in Figure 3.2c. A similar procedure applies for read operations to identify the metadata reg-
istry instance in charge of a given entry. Note that in this case the metadata are partitioned
across the registry instances, so the contents of these instances are no longer identical in this
strategy: each instance stores a share of the global set of metadata entries.

This approach involves remote operations: on average only 1/n of the operations would
be local, where n is the number of sites. However, we notice two main improvements with
respect to a centralized approach. First, as the registry is now distributed, metadata manage-
ment is done in parallel by several instances, dividing the number of operations per instance
and reducing the metadata-related idle time per node. Second, hash functions guarantee
that identical input strings will always produce identical hash values; hence, we can con-
sistently determine the location of an entry from the hash value of its distinctive attribute.
In this way, read operations require a single, direct lookup in a specific site, thus metadata
operations remain of linear order, even when the registry is distributed.

3.4.4 Decentralized Metadata with Local Replication

Our last proposal aims at further leveraging the distributed setting of the metadata registry
described above. As observed in Figure 3.1, local metadata operations take negligible time
in comparison with remote ones, especially when the total number of operations becomes
large, which is the case of data-intensive applications. Keeping this in mind, we propose to
enhance the DHT-like approach with a local replica for each entry (Figure 3.2d).

Every time a new metadata entry is created, it is first stored in the local registry instance.
Then, its hash value h is computed and the entry is stored in its corresponding remote site.
When h corresponds to the local site, the metadata are not further replicated to another site
but will only stay at that single location. For read operations we propose a two-step hierar-
chical procedure: when a node performs a read, we first look for the entry in the local meta-
data registry instance; with local replication, assuming uniform metadata creation across the
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Figure 3.3 – Decentralized metadata: local replicas avoid costly remote read operations.

sites, we have twice the probability to find it locally than with the non-replicated approach.
Only if the entry is not available locally, it is then searched for in its remote location, deter-
mined by its hash value. Compared to the previous scheme (without replication), we expect
that, overall, the gain (in terms of latency and bandwidth) due to an enhanced probability to
successfully look up metadata locally will be higher than the extra overhead added by local
replication to the previous scheme.

To illustrate the benefits of local replication, we take the following interaction example
involving two nodes n1 and n2 running in the same site s1: n1 writes an entry to the metadata
registry, read by n2, the location of the entry being determined by a hash function. Assume
that the hash value places the entry in a geo-distant site s2. Two situations may occur:

• In the non-replicated approach, both read and write operations would be remote and
take up to 50x longer than a local operation (Figure 3.3a).

• With local replication, the write operation keeps a local copy and the subsequent read
is performed locally, saving one costly remote operation and making reads up to
50x faster (Figure 3.3b).

3.5 Discussion

In this section, we address two questions that arise from applying our strategies to different
multisite workflows: first, which of the proposed strategies works better for each type of workflow?
Then, how is a workflow actually partitioned for multisite execution?

3.5.1 Matching Strategies to Workflow Patterns

Following the previous design considerations and the various existing workflow patterns,
it is expected that no single hybrid strategy will outperform the rest. For instance, we have
witnessed from our preliminary tests (as shown in Figure 3.1) that a centralized approach
performs just as well as decentralization when a workflow operates at small scale, i.e. using
few nodes, managing at most 500 files each, running in a single site. Low latencies of intra-
datacenter transfers coupled with the proximity of metadata servers enable a high through-
put and reduce the access time. In such a scenario, the effort of putting in place a distributed
metadata handling mechanism is likely not worth it. Therefore, we pose the question of what
strategy would best match what type of workflow? To answer it, we reason about the common
workflow characteristics (Section 2.3.1) and hypothesize the following situations, that are
experimentally validated in Chapter 7.
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First, we believe that the replicated metadata registry with a centralized synchronization
would perform at its best in a scenario where metadata operations are not so frequent within
a task, for instance, a workflow which deals with few, very large files. With tasks taking
long enough time to process large files, the agent would have sufficient time to synchronize
the registry instances and to provide consistency guarantees that enable easy reasoning on
concurrency at application level.

Then, the decentralized strategies are expected to perform at their best with workflows
managing a large number of small files. These strategies are of our particular interest, since
this kind of workflows occur more frequently in large-scale applications. The non-replicated
approach is foreseen to target workflows with high degree of parallelism (e.g. following a
scatter/gather pattern), where tasks and data are distributed across datacenters. As we men-
tioned, access to metadata remains linear across sites; thus, we anticipate that the scalability
and the throughput of the workflow will be preserved even for increased workloads.

Finally, we envisage that the locally replicated will fit better for workflows with a larger
proportion of sequential jobs (e.g. with pipeline patterns). Workflow execution engines
schedule sequential jobs with tight data dependencies in the same site as to prevent un-
necessary data movements [72]. With this approach, we ensure that when two consecutive
tasks are scheduled in the same datacenter the metadata are available locally. Even when a
task is scheduled in a remote site, it will still be able to access metadata in linear time via the
hash value.

Details of the implementation and experimental evaluation of this proposal are provided
in Part III of this manuscript.

3.5.2 Distributing Workflows Across Datacenters

In general, workflow management systems are intended to operate in computer clusters or
grids, and their design sometimes can be extended to run on a single cloud site. In most
of the cases, however, multisite execution is not supported. Deploying workflows to sev-
eral datacenters involves pondering a number of tradeoffs; we particularly distinguish two:
partitioning and scheduling.

Partitioning. Breaking down a workflow is the first step for multisite processing; the work-
flow’s performance relies on a well balanced distribution of the jobs. In a common homoge-
neous computing cluster, the workload can be evenly allocated to the available nodes, how-
ever, in a multisite cloud this naïve distribution is not enough. Factors as heterogeneity of
the resources, size of the dataset and network throughput come into play, and so “balancing”
the workload might depend on what we expect to optimize.

One approach is to minimize inter-site data transfer. Because of the low throughput on
inter-site networks, transferring large files will slow down the execution and should be
avoided. This solution will attempt to co-locate jobs where the estimated volume of data
in the dependency is large. Another option is to balance jobs according to a site’s comput-
ing capacity, which applies to heterogeneous environments, i.e. where there are computing
nodes with different characteristics. in this partitioning, jobs with heavier workload are as-
signed to datacenters with more computing power. In case all jobs have similar behavior,
then a larger number of jobs is allocated to the more powerful resources. These and other
partitioning techniques are further discussed in [73].
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Scheduling. Workflow management systems running on single-site clouds apply dy-
namic load balancing algorithms to optimize metrics like makespan, reliability or financial
cost [102]. However, in a multisite environment the scheduler needs to manage and syn-
chronize several datacenters.

An efficient way to address multisite scheduling consists of a 2-tier scheduler that ex-
ploits two degrees of granularity: job and task. In the first inter-site tier, a global scheduler is
in charge of watching over the whole workflow execution; it distributes jobs to the available
datacenters according to one of the mentioned criteria (minimize data transfer, balance com-
puting power). The second tier works at intra-site level, a local scheduler assigns tasks of a
job to the executing nodes of the datacenter, and reports its activity and status to the global
scheduler [72].

Within the same research project as the present work, a more in-depth work on multisite
workflow scheduling has been realized in parallel by Liu [71]. While we have benefited from
Liu’s contributions during our collaboration, this thesis does not tackle specific problems of
multisite scheduling.

3.6 Conclusion

In multisite workflows, the file information is not limited to its name, size, and path to lo-
cation; it also includes its physical location (machine/site), a list of jobs that link to it and a
history of modifications and reads. Altogether, metadata are no longer of a negligible size.
This fact dragged our focus to the overloaded and often disregarded metadata handlers,
and brought our efforts to relieve such burden with straightforward solutions. However
deceptively simple these design principles and strategies might seem, they have proven ef-
fective in other big data contexts: Kademlia DHT [76] is a key component in geo-distributed
systems like BitTorrent [140]; whereas dedicated distributed caching such as Redis [123] or
Alluxio [68] (formerly Tachyon) are nowadays widely used in industry and science [124, 3].
Our goal in this contribution is to bring together these well-known concepts in a smart and
adaptive way to a previously unexplored area: multisite workflow metadata management.
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IN earlier chapters we have stressed the importance of proper metadata handling in multi-
site, large-scale applications, and we proposed a set of metadata management strategies

that cover the most common workflow dependency patterns. The goal was clear: to reduce
the congestion typically present in centralized metadata servers by distributing the work of
metadata coordination across multiple sites. Also, by using the right approach for each type
of workflow, we anticipate a decrease in the execution makespan, generally affected by the
high-latency inter-site communication.

As a next step we want to build on top of our previous ideas and not only distribute the
metadata managing effort, but also give priority to relevant metadata in order to process
it earlier. To this end, our focus is to explore the metadata access frequency, and identify
fractions of metadata that do not require multiple updates. The goal is to enable a more
efficient decentralized metadata management, reducing the number of (particularly inter-
site) metadata operations by favoring the operations on frequently accessed metadata, which
we call hot metadata.
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4.1 What is “Hot” Metadata?

❛❛ We define hot metadata as the metadata
that are frequently accessed during the
execution of a workflow, which should
be promptly available to the metadata
server(s) of the system. ❜❜

The term hot data refers to data that need
to be frequently accessed. They are usu-
ally critical for the application and must
be placed in a fast and easy-to-query stor-
age [54]. A typical approach is to keep these
data in main memory while moving infre-
quently accessed (cold) records to a secondary storage, like flash [66]. In an analogous way,
we transfer this concept to the context of workflow metadata management, and we define
hot metadata as the metadata that are frequently accessed during the execution of a workflow,
which should be promptly available to the metadata server(s) of the system. Conversely, less
frequently accessed metadata will be denoted cold metadata and will be given a lower prior-
ity over the network as we explain later in this chapter. The term “hot metadata” has been
previously used with similar semantics for flash file systems [109] or distributed caching
for grid systems [126], but it had not been applied to scientific workflows. In a multisite
workflow execution environment, we distinguish two types of metadata as hot: task and file
metadata.

Task Metadata are the metadata corresponding to the execution of tasks, these metadata
include the specific execution command for each task and its possible arguments, start
time, end time, current status and execution location (site/node). Task hot metadata
enable the SWfMS to search and generate executable tasks. During the execution, the
status and site of the tasks are queried often in order to search for new tasks ready
to execute and to determine if a job is finished. Accordingly, a task’s status has to
be updated several times along the execution. Therefore, it is important to propagate
these metadata quickly to each site.

File Metadata that we consider as “hot” for a workflow execution are those relative to the
size, location and possible replicas of a given piece of data, which can be a file, or a
block of a file, depending on the data size and the workflow engine’s data partitioning
mechanism. Knowledge of file hot metadata allows the SWfMS to place the data close
to the corresponding execution task, or vice-versa. This is especially relevant in multi-
site settings: timely availability of file metadata would permit to move data before it is
needed, hence reducing the impact of low-speed inter-site networks. In general, other
metadata such as file ownership or permissions are not critical for the execution and
thus regarded as cold metadata.

The next section describes how the concept of hot metadata translates into architectural
design choices for efficient multisite workflow processing.

4.2 Design Principles

Several key choices set up the foundation of our architecture. The first consideration, that
spans over our different contributions, is the fact that, in a multisite cloud, aiming for a sys-
tem with a fully consistent state in all of its components at a given moment will strongly
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Figure 4.1 – Relative frequency of metadata operations in Montage.

compromise the performance of the application. Therefore, we retain the principle of even-
tual consistency in hot metadata management. Two additional decisions complement our
principles: separate processing and adaptive storage for hot and cold metadata.

Separate Management of Hot and Cold Metadata

We studied sample executions of the Montage workflow (described in section 7.1), run-
ning 820 jobs and 57 000 metadata operations. They reveal that in a centralized execution,
32.6 % of them are file metadata operations (storeFile, getFile) and 32.4 % are task metadata
operations (loadTask, storeTask), as shown in Figure 4.1a. In contrast, in a distributed run,
up to 67 % are file operations, and task operations represent 11 % (Figure 4.1b). These sim-
ple runs make evident that a significant percentage correspond to metadata that will not be
needed right away or that is used for statistical purposes (mostly monitoring and node/site
related operations); yet, in modern workflow execution engines all metadata are handled in
the same way.

Following our characterization of hot metadata from Section 4.1, we require a model that
ensures that:

a) hot metadata operations are managed with high priority over the network, and
b) cold metadata updates are propagated only during periods of low network congestion.

For this purpose, the metadata servers should include a component which discriminates
operations as cold or hot before propagating them through the network. Our proposal to
incorporate such metadata filter in the architectures of workflow management systems is
presented in Section 4.3.

Adaptive Storage for Hot Metadata

Job dependencies in a workflow form common structures, e.g. pipeline, data distribution
and data aggregation [17]. SWfMS usually take into account these dependencies to schedule
the job execution in a convenient way to minimize data movements (e.g. job co-location).
Consequently, different workflows will yield different scheduling patterns. In order to take
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Figure 4.2 – Multisite workflow execution architecture with decentralized metadata
management. Dotted lines represent inter-site interactions.

advantage of these scheduling optimizations, we must also dynamically adapt the work-
flow’s metadata storage scheme. However, maintaining an updated version of all metadata
across a multisite environment consumes a significant amount of communication time, in-
curring also monetary costs. In order to reduce this impact, we will apply adaptive storage
strategies to our hot metadata handlers during the workflow’s execution, while keeping cold
metadata stored locally and synchronizing such cold metadata only during the execution of
the job. These strategies are based on those presented in Chapter 3. In the next section we
recall our decentralized adaptive strategies and explain how hot metadata management is
tailored in each of them.

4.3 Architecture

Previously we proposed hybrid approaches combining decentralized metadata and replica-
tion to optimize large-scale multisite workflow execution. In this section, we elaborate on
top of such strategies into three fundamental lines:

1. We present an architecture for multisite cloud workflow processing which features
decentralized metadata management.

2. We enrich this architecture with a component specifically dedicated to the manage-
ment of hot metadata across multiple sites.

3. We explain how hot metadata awareness can be adapted to our hybrid strategies.

A description of protocols for hot metadata read and write completes the section. Our model
handles both file and task hot metadata. The specifics of the implementation of our ar-
chitecture coupled with a multisite workflow execution engine, as well as a experimental
evaluation of its efficiency, are provided in Part III of this manuscript.
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Figure 4.3 – The hot metadata filtering component.

4.3.1 Two-level Multisite Architecture

The basis for our workflow engine is a 2-level multisite architecture, depicted in Figure 4.2.
Each level follows a master/slave model, as described below.

1. At the inter-site level, all communication, data transfer and synchronization is handled
through a set of master nodes (M), one per site. One site acts as a global coordinator
(master site) and is in charge of scheduling jobs/tasks to each site. Every master node
holds a metadata store which is part of the global metadata storage (shown in a grey dot-
ted circle) that implements one of our distributed strategies and is directly accessible
to all other master nodes.

2. At the intra-site level, our system preserves the typical master/slave scheme widely-
used today on single-site workflow management systems: the master node schedules
and coordinates a group of slave nodes which execute the workflow tasks. All nodes
within a site are connected to a shared file system to access data resources. At this
level, all metadata updates are propagated to other sites through the master node, which
classifies hot and cold metadata as we explain next.

4.3.2 Filter for Hot and Cold Metadata

Cold metadata operations must be identified before they are propagated to other sites
through potentially slower networks. Therefore, we propose to add a filtering component,
located in the master node of each site (Figure 4.3). When a master node receives a new
metadata operation from a slave, the filter separates hot from cold metadata according to the
criteria defined before, favoring the propagation of hot metadata and thus alleviates conges-
tion during metadata-intensive periods. The cold metadata are kept locally in the meantime
and transferred later to the master site (dotted line), which holds monitoring and statisti-
cal metadata. The storage location of the hot metadata is selected based on one metadata
management strategy, as we develop in the coming section.

4.3.3 Decentralized Hot Metadata Management Strategies

We consider the three alternatives for decentralized metadata management explored in the
previous chapter. In the following lines, we address their application to hot metadata. As
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Figure 4.4 – Metadata Protocols.

exposed in Figure 3.2, all three scenarios include a metadata server in each of the datacen-
ters where execution nodes are deployed. Unlike the former design, where the metadata
registries where isolated entities, in this new 2-level architecture such metadata stores are
now located in the master node of each site (Figure 4.2). The strategies differ in the way hot
metadata are stored and replicated. We shortly recall their specificities below and explain
how hot metadata entries are processed.

Local without replication (LOC). Every new hot metadata entry is stored at the site where
it has been created. For read operations, metadata are queried at each site and the site
that stores the data will give the response. If no reply is received within a time thresh-
old, the request is resent. This strategy will typically benefit pipeline-like workflow
structures, where consecutive tasks are usually co-located at the same site.

Hashed without replication (DHT). Hot metadata are queried and updated following the
principle of a distributed hash table (DHT). The site location of a metadata entry will
be determined by a simple hash function applied to its key attribute, file-name in case
of file metadata, and task-id for task metadata. We expect that the impact of inter-site
updates will be compensated by the linear complexity of read operations.

Hashed with local replication (REP). We combine the two previous strategies by keeping
both a local record of the hot metadata and a hashed copy. Intuitively, this would
reduce the number of inter-site reading requests. We expect this hybrid approach to
highlight the trade-offs between metadata locality and DHT linear operations.

4.3.4 Multisite Hot Metadata Protocols

The following protocols illustrate our system’s metadata operations. As we mentioned, meta-
data operations are triggered by the slave nodes at each site, which are the actual executors
of the workflow tasks.

Metadata Write. The process is depicted in Figure 4.4a: a metadata record is passed on from
the slave to the master node at each site (1). Upon reception, the master node will filter
the record to determine if it corresponds to hot or cold metadata (2). Hot metadata are
assigned by the master node to the metadata storage pool at the corresponding site(s)
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according to different metadata strategies presented above (3a). On the other hand,
cold metadata are kept locally and propagated asynchronously to the coordinator site
during the execution of the job (3b).

Metadata Read. Each master node has access to the entire pool of metadata stores so it can
retrieve hot metadata from any site. The read process (shown in Figure 4.4b) is as fol-
lows: First, a slave issues a read request (1). When a read operation takes place in a
remote location, a master node sends a request to each metadata store (2) and it pro-
cesses the response that comes first (3), provided such response is not an empty set
(which would mean that such store does not keep a copy of the record). This mecha-
nism ensures that the master node gets the required metadata in the shortest time.

4.4 Discussion

4.4.1 Challenges for Hot Metadata Management

There are a number of implications in order to effectively apply the concept of hot metadata to
real workflow management systems. At this stage of our research, we have applied simple
yet efficient solutions to these challenges. In the next lines we present two common questions
that derive from the definition of hot metadata.

How to decide which metadata are hot? In this contribution, we have empirically chosen
task and file metadata as hot, since they have statistically proven to be more frequently ac-
cessed by the workflow engine that we use (cf. Section 4.2). However, a particular SWf might
actually use other metadata more often. Since workflows are typically defined in structured
formats (e.g. XML files), another way to account for user-defined hot metadata would be
to add a property to each job definition where the user could specify which metadata they
consider as hot. Moreover, hot metadata could be identified dynamically by the workflow
engine by running training executions of the application, but this remains an open issue.
Either way, an interesting next step in the research agenda is to implement an environment
allowing for both user-defined and dynamically-identified hot metadata. In the next section
we briefly discuss said dynamicity of hot metadata.

How to assess that such choice of hot metadata is right? Intuitively, a given selection of
hot metadata would render the workflow execution faster; however, in reality this evalu-
ation is not trivial in a multisite environment. Metadata are much smaller than the appli-
cation’s data and handling them over networks with fluctuating throughput may produce
inconsistent results in terms of execution time. Nevertheless, an indicator of the improve-
ment brought by an adequate choice of hot metadata, and which is not time-bounded, is
the number of metadata operations performed. In our experimental evaluation (Chapter 7) we
present results in terms of both execution time and number of tasks performing such opera-
tions.

4.4.2 Towards Dynamic Hot Metadata

Scientific applications evolve over their execution. This means that at a given point, some
data might no longer be as relevant as they were initially; in other words, hot data become
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cold, or vice-versa. In the case of hot to cold data, file systems might remove them from
the fast-access storage or even delete them; conversely, data that become relevant can be
promoted to fast storage. Some frameworks assess the data “temperature” offline, i.e. they
perform a later analysis on a frequency-of-access log to avoid overhead during the opera-
tion [66], however, this method is only useful when there are subsequent runs. More in-
terestingly for us, online approaches maintain a rank on the frequency of access to the data
alongside the execution, for example in adaptive replacement cache [77]. This phenomenon
certainly occurs also at the metadata level; so, how could we handle these “temperature”
changes in a multisite workflow execution engine? We look into the two situations.

Promoting Cold to Hot Metadata. User-defined hot metadata as discussed above would
not allow metadata to be dynamically promoted, since an XML workflow definition file is
rather static. However, we can build on this idea and integrate the described online rank-
ing: given a workflow defined through an XML file (or any other definition language), a
list of metadata attributes could be passed to the execution engine in the same file; then,
the engine would monitor the access frequency of each of such attributes and periodically
produce a ranking to verify whether an attribute is required more often, and thus promote it
to hot metadata. The maximum number of attributes allowed as hot metadata could be also
dynamically calculated according to the aggregated size of the metadata stores.

Downgrading Hot to Cold Metadata. Less frequently accessed metadata could also be
identified using the same attribute ranking approach as above. Upon identification, de-
grading some metadata to cold would also require a collection mechanism that ensures that
metadata previously considered hot are removed from fast-access storage. Moreover, this
action should take place during not-congested periods, or at the end of the execution so that
it does not incur overhead. Taking one step further, we can consider an algorithm that de-
termines the probability that metadata could become hot again later in the execution based
on historical data; such metadata could be left in the storage, preventing I/O congestion.

To avoid interfering with the workflow scheduling and execution processes, these scenar-
ios should ideally be implemented transparently within the metadata storage system. We
consider them as a potential extension to our work, but we do not implement them.

4.5 Conclusion

In this chapter we proposed an improvement to metadata handling for geo-distributed
workflows, namely distinguish hot from cold metadata through a filter located in each master
node. A characterization of a multisite 2-tier architecture to handle hot metadata comple-
ments our contribution. In Chapter 6, we present details on how our hot metadata manage-
ment strategies are implemented into a workflow execution engine. Then, in Chapter 7, we
evaluate their performance using real-world workflows, with a zoom on multi-task jobs.
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IN the previous two chapters we presented strategies for metadata-driven optimization of
workflows on clouds. The improvements were twofold:
• Decentralized management as opposed to the centralized state-of-the-art solutions.
• Hot metadata identification for a more efficient execution.
These solutions can be validated in workflow execution engines as we will present in the

next part of this manuscript (Chapters 6 and 7); also, they use synthetic scientific workflows
constructed through formal definition rules (e.g. an XML file). For the sake of completeness,
it is of our interest to broaden our scope to real-world workflow applications, which are more
loosely defined and are not necessarily executed in a specialized workflow management
system. This chapter comments on our experience with one such workflow: a sequence of
jobs to process geo-tagged data for social analysis. These data are often sourced from streams,
whose throughput changes dynamically along time. The scientific workflow is currently in
use by a community devoted to geospatial innovation.

The work introduced next corresponds to a Summer internship at Argonne National Lab-
oratory and represents a part of a larger project that went on after the internship was over.
Our involvement was at an early stage and therefore the results are preliminary observations
towards the implementation of the solution described.
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5.1 Dynamic Data Streams: Motivations and Challenges

❛❛ Dynamic data streams and their compu-
tation requirements are unsteady. ❜❜

Streams are continuous sequences of data,
generated simultaneously by a large num-
ber of sources, and usually in small sizes
(order of kilobytes) [11]. Examples of streams are log files in a system, online gaming ac-
tivity records, or weather sensors’ measurements.

The number and size of dynamic data streams produced today by sensing and experi-
mental devices as well as social networks is rapidly growing. This is simply because there are
more users and sensors generating such data, or due to an increasing complexity in the data
structures, e.g. more accurate environmental measuring. Currently, around 6 000 tweets are
produced every second [137], and satellites orbit the Earth generating 3.5 TB of geographic
data every month [96]. With the growth in these major data sources, scientists are given
an unprecedented opportunity to explore a variety of environmental and social phenomena
ranging from understanding of weather and climate to population dynamics; with applica-
tion in as diverse problems as natural disasters mitigation, unemployment assessment and
health care. A large percentage of these data streams correspond to data embedded with
geographic location information, denoted spatial data.

One of the main issues is that dynamic data streams and their computation requirements
are unsteady: sensors or social networks may generate data at highly variable rates, pro-
cessing time in an application may significantly change from one stage to the next one, or
different phenomena may simply generate different levels of interest and thus require more
(or less) accurate data. Computing clouds allow us to cope with such dynamicity by allocat-
ing computational resources on demand, for short periods of time, at an acceptable cost, and
within a controlled environment.

Using clouds to process dynamic data streams is not straightforward, though. An appli-
cation may yield a different performance depending on the hosting infrastructure, thus we
require to pay special attention to how and where to schedule cloud resources for these data.
We identify two scenarios of such data dynamism.

• Data fluctuates in size and processing needs:

– Streams generate data at varying rates.
– Even within a single computation, the dataset size varies along stages. Interme-

diate data can be much larger than the original input.

• More users are coming to work with the data:

– Several users connected to a platform simultaneously to run different computa-
tions.

– The number of concurrent users and their needs are unpredictable.

To handle this variability, there are few mechanisms for automatic elastic provisioning
in public clouds (e.g. Azure Autoscale [92], Amazon Auto Scaling [12]), yet they use rather
naïve scaling techniques in the sense that all the virtual machines are created from the same
image. We aim for a smart scaling approach that enables us to choose the source image from a
catalog, selecting the right resource according to the application’s current performance and
computing needs.
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In several cases, these data are not only unpredictably generated, but also produced and
stored in different geographic locations, for instance, the Earthscope project for seismology
and geophysics accounts for 1200 stations all over the USA, producing about 1 TB of data
every six weeks [46]. Therefore, it is not enough to simply deploy a new virtual machine
as a response to bursts in data generation (elastically), we also need to provision them close
to the data. The aforementioned auto-scaling cloud services do not take data location into
account.

To summarize, several challenges arise with location-aware, smart elastic provisioning.

1. Under which conditions is the above naïve scheduling approach enough (i.e. schedule
a new resource from the same image and wherever there is available space)?

2. Can we model an application’s performance in a given infrastructure? Which parame-
ters are relevant for this purpose?

3. What is the impact of data locality? With multiple data sources and large datasets,
what is the tradeoff to schedule close to the data?

As explained in the next section, our contribution to this project has a focus on the second
challenge, with the objective to identify key parameters that enable to model the perfor-
mance of distributed workflow applications. Later, in Section 5.3, we present the use case
workflow that backed up this work.

5.2 Towards Smart Elastic Provisioning on Clouds

There are two stages of the project in which we got involved: First, we devised and executed
experiments to identify scalability triggers in a real-world workflow, which can be modelled
for smart scaling. Then, we participated in the conception of an architecture for an elastic
provisioner that incorporates models and policies to select the right image from a catalog. It
is important to mention that the implementation of the provisioner was out of our scope due
to time constraints; however, in Section 5.2.2 we discuss how this would be achieved.

5.2.1 Evaluating Scalability Factors for Smart Appliances

Generally, in a scalable application running on the cloud, the new virtual machines are in-
stantiated from images pre-configured with the required software and settings, called appli-
ances. An appliance consists of an image containing the application plus the necessary addi-
tional software and environment configurations; every new instance is a copy of the original
appliance. Sometimes, in order to host powerful applications, these appliances correspond
to costly large machines with terabytes of storage, tens of cores or hundreds of gigabytes
in memory. Significant grows in data generation or concurrent requests would well justify
the creation of a new large VM; however, a small data burst in the execution might only
require resources a little beyond those limits and for a short period. With the current naïve
approach, a big VM would still be instantiated even for the second case, incurring unnec-
essary expenses, especially when cloud resources are charged/reserved in a per-hour basis.
Also, as we previously mentioned, resource scaling in popular clouds does not take into
account data location.
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Figure 5.1 – Smart appliances will include a performance model.

To avoid the above situation, the project’s aim is to produce smart appliances. As shown
in Figure 5.1, a smart appliance will incorporate a module where the performance of the
application could be modelled. This module would predict the optimal size and configuration
for an appliance at the moment of provisioning. The goal is to generate a statistical model of
the application, based on historical data; to this end, several steps are required:

1. Find parameters which affect the application’s performance.
2. Collect a representative training data set for several scenarios.
3. Run the application with different values for the parameters of interest.
4. Identify a suitable basis function to model.

We tackled the first three steps of this process through the development and execution of
an experiment plan. We analyzed different stages of our use case application (described in
Section 5.3) in terms of data uploading time, data replication, execution time and parallelism.
The realization of this plan allowed us to present details into tuning these configuration
parameters to extract the best performance, identifying under-utilized resources, tradeoffs
for data partitioning and replication, and points of resource saturation.

An in-depth report on the setup and results of these experiments, carried out on two sites
of the Chameleon cloud [31], is given in Section 7.4. A plausible next step would be to inte-
grate smart appliances into a full system for elastic provisioning. Our second contribution
was a proposal for such a system, which we portray below.

5.2.2 Designing a Smart Elastic Provisioner

Jointly with a team of expert application users, we devised an architecture for smart elastic
cloud provisioning. We took into account the two mentioned factors that generate variability
in resource usage: data arrival bursts and concurrent user requests. The proposed architec-
ture is depicted in Figure 5.2 and is composed by the following elements.

Data Storage. Data streams produced by sensors, scanners or mobile devices arrive at dif-
ferent rates to the cloud system. Data can be handled by different storage services, to
match the size of the data and the application’s specific needs. For example, in-memory
relational [108] or NoSQL [123] storage can be used for immediate data access.

Portal. Users of different applications submit requests through a portal, which can be a
web or a command line interface. The number of concurrent users/requests is unpre-
dictable; therefore, the portal should be able to scale accordingly, to guarantee that all
requests are cared for. Such requests are forwarded to the provisioner for scheduling
and resource allocation.
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Figure 5.3 – A workflow for spatial data synthesis (analysis of urban dynamics).

according to: (i) where the data is located; (ii) what the predicted data growth is (growth
is difficult to predict, but the models could give an approximate); or (iii) what the expected
time to completion is, based on the input size.

A similar approach can be taken to deal with bursts of concurrent users. A base pol-
icy will determine the expected amount of users at a given time, to foresee the required
resources. On the other hand, smart policies will help to respond to irregular peaks of con-
current users. The provisioner will base on models of: (i) resources needed per user for a
given application; or (ii) computing capacity required by an application with a given size of
input data.

5.3 Use Case: Spatial Data for Urban Dynamics

In this project we worked closely with members of the CIGI Laboratory1 from the University
of Illinois at Urbana-Champaign, a group of scientists devoted to generate tools that enable
spatial data (geo-tagged data) visualization and analysis. They provide a framework, Cyber-
GIS [36], for integrating interoperable and reusable software, linking large cyberinfrastruc-
tures to achieve scalability with respect to the size of the problems, the amount infrastructure
resources, and the number of concurrent users.

Specifically, our use case was in the context of the DIBBs project, focused on spatial data
synthesis for understanding urban dynamics. The application evaluates data streams obtained
through the Twitter API, processing millions of records representing days of geo-tagged
tweets. The data is used to estimate individuals’ home and work relocation, by identifying
users’ trajectories and top visited locations, to then correlate them with unemployment rates
in a delimited region. The application consists of four phases, illustrated in Figure 5.3 and
defined as a workflow by the DIBBs team, as follows.

Filtering. First, the duplicated, retweeted or corrupted tweets are identified and discarded.
Then, irrelevant or sensitive information such as tweet text and URLs is filtered out.

Classification. The dataset is narrowed down to those tweets created within a specified area
(e.g. a neighborhood, a city or a state), by looking into their geographic coordinates.
Once the relevant tweets have been selected, tweets are classified by unique users.

Clustering. A clustering algorithm is run for every user, it groups tweets generated at neigh-
boring locations, within meters from each other. The objective is to pinpoint the top
frequented locations.

1CyberGIS Center for Advanced Digital and Spatial Studies. CyberInfrastructure and Geospatial Information
Laboratory, UIUC. http://www.cigi.illinois.edu/.

http://www.cigi.illinois.edu/
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Visualization. Using GIS and maps APIs, the clustered tweets can be displayed in a virtual
map to visually identify the corresponding location or place of interest. It can take
data both from the classification and the clustering phases. This stage had not been
fully developed by the time this work was carried out.

Since the last two phases were not yet available, we leveraged releases of the filtering and
classification jobs for our experimental evaluation (Section 7.4).

5.4 Discussion: Metadata Role in Data Location-Aware Elasticity

In the formulation of our problem we asked ourselves what is the impact of data locality in
smart scaling, basing on the case where data are produced/stored in several geographic lo-
cations. Ideally, a new resource must be created as close as possible to the data that it will
use. To make decisions on elastic provisioning in this data-sensitive way we need informa-
tion about the data, in particular, data location and data size metadata.

In previous chapters we tackled the problem of multisite metadata handling, specifically
for geo-distributed cloud applications, through a set of metadata registries that implement
hybrid storage strategies. A similar approach could be embedded to the smart scaling ar-
chitecture, metadata can be tracked and provided to the resource provisioner as an input for
allocation decisions, using distributed metadata handlers.

• An instance of the metadata registry should be included in each cloud site in the sys-
tem, such instance will keep track of the available data in that site and will update the
provisioner continuously.

• Data-driven policies should be added to the Policies module, they will serve the provi-
sioner to decide on the most data-wise convenient site to deploy a new resource.

The improvement brought by implementing this approach could be tested in three scenarios
using a geo-distributed application.

• Naïve resource provisioning without data location awareness.
• Location-aware with a centralized metadata server.
• Location-aware with distributed metadata server.

This notion of embedding multisite metadata handlers for smart scaling has been discussed
with our hosts at Argonne National Laboratory. It is out of the scope of this contribution
due to time constraints, but will be considered for the implementation of the smart elastic
provisioner.

5.5 Conclusion

We presented an experience with a real-world workflow on the cloud. This collaboration
helped us learn actual challenges of deploying such applications to cloud infrastructures.
Beyond improving the overall execution time, which was our target in earlier chapters, in
this project we faced scalability and, implicitly, fault tolerance issues. Timely provisioning
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of cloud resources improves the workflow’s performance and in some cases, as we will see
in our experimental evaluation (Section 7.4), prevents it from crashing. Smart elastic cloud
scaling will allow an application to respond to arbitrary changes in the processing/storage
needs; but more importantly it will help to optimize the cloud resources utilization while
maintaining the expected performance and service level.

This chapter concludes the list of contributions brought by this thesis. The remaining of
the manuscript details the implementation and evaluation of these ideas.
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Implementation and Results
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AFTER presenting our three contributions, this chapter represents the preamble to the
validation of our proposals. Here, we introduce the implementation aspects of the two

architectures proposed in this thesis.
The first section explains how workflow metadata is distributed to multiple decentral-

ized registries. We describe how each of these registries can communicate with the entire
set of execution nodes and how the metadata is stored and retrieved from them. The second
section details how we incorporated distributed metadata handling to a multisite scientific
workflow management system. The appended metadata management module implements
the hot metadata protocols and interacts with several components of the system, providing
efficient access to hot metadata and controlling the delayed propagation of cold metadata.

6.1 Distributed Metadata Registry

Our metadata management strategies, proposed in Chapter 3, are designed as a general pur-
pose multisite metadata handling paradigm and not aimed to a specific cloud platform. The
execution nodes can be mapped to regular virtual machines, and the metadata registries re-
quire in memory key/value store, which can be a generic, open solution such as Redis [123].
For validation purposes, in this implementation we use the Microsoft Azure Cloud [84] as
a concrete example to demonstrate how to implement them in practice at Platform-as-a-
Service (PaaS) level. We rely on the Azure SDK v2.5 for .NET which provides the necessary
libraries for accessing and manipulating Azure features. The architectural overview of the
metadata middleware is shown in Figure 6.1 and its components are discussed below.
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Figure 6.1 – Metadata Registry modules and interaction.

The Metadata Registry stays at the core of our implementation, as it serves as communi-
cation channel and distributed synchronization manager between all nodes in the network.
From previous experimental evaluations on Azure, we know that in-memory storage access
outperforms regular table or BLOB storage by a factor of 10 [135], thus we opted to imple-
ment the registry on top of the Azure Managed Cache1 service [93]. Azure Cache provides
a secure dedicated key/value cache that can be accessed remotely by means of a URI. Azure
Cache allows to store any serializable object in the value field of an item. In order to guar-
antee the durability of our records, least-recently-used eviction and object expiration time
properties were disabled. To allow concurrent access to the registry we chose the optimistic
concurrency model of Azure Cache, which does not pose locks on the registry object during a
metadata operation, leveraging the workflow’s characteristic that data are written only once.
The metadata registry has been implemented in C# and is composed by three elements.

The Cache Manager is an interface with Azure Cache by means of the external .NET library
WindowsAzure.Caching. It exposes a set of internal put and get methods to carry out
(cache-managed) metadata operations. The manager creates a connection to a cache
service specified by a URI; several URIs can be configured in a pool of cache clients
as shown in Listing 6.1. Using multiple cache clients gives the possibility to create
connections to different caches from a single manager, what is particularly needed for
the metadata replication. The cache manager is an independent module with sim-
ple put/get interfaces, this allows to explore different cache alternatives without affect-
ing the application, for instance, Azure Managed Cache could be replaced with Redis
Cache [123].

The Registry Entry is the fundamental metadata storage unit. The Cache Manager is able to
put (write) and get (read) Registry Entries from the Azure Cache registry. Every entry
is a key/value pair and can contain any piece of metadata provided it is serializable and
has a unique identifier; in that way a registry can store heterogeneous entries. For
our implementation we took the base case of a file, where the key identifier is the file’s
name and the value field is a set of file locations within the network (site, node). The
scope of the registry can be easily extended by defining additional constructors for
other serializable custom objects.

1By the time this manuscript was produced, Azure Managed Cache has been replaced by Azure Redis Cache
as the recommended Azure Cache service.
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<dataCacheClients>

<!-- West Europe cache client-->

<dataCacheClient name="weu">

<autoDiscover isEnabled="true" identifier="luiscacheweu.cache.windows.net" />

</dataCacheClient>

<!-- Central US cache client -->

<dataCacheClient name="cus">

<autoDiscover isEnabled="true" identifier="luiscachecus.cache.windows.net" />

</dataCacheClient>

</dataCacheClients>

Listing 6.1 – Defining multiple cache clients.

The Architecture Controller component allows to switch between metadata management
strategies. The desired strategy is provided as an input parameter and thus can be
dynamically modified as new jobs are executed. According to the selected approach,
the controller will request the cache manager to create as many connections as needed.
The modularity of our design allows us to add or remove strategies on the fly, using a
simple plug-and-play approach, without altering the application flow.

The Execution Nodes are Virtual Machines running on the Azure cloud. We designed
three types of instances based on Azure’s PaaS-level abstractions Web Roles and Worker
Roles, which are grouped in a Cloud Service.

• The Worker Nodes execute the application tasks, they create put/get requests for the
metadata registry. They are implemented as background engines on top of Azure
Worker Roles.

• The Control Node manages the application execution. Implemented as an Azure Web
Role, it includes a simple web interface to enter configuration parameters. It launches
the execution of the application by sending control messages to all the Worker Nodes.
Control messages are sent using Azure Queues.

• The Synchronization Agent is a Worker Node in charge of synchronizing the metadata
registry instances in the replicated strategy. It sequentially queries the instances for
updates and propagates them to the rest of the set.

6.2 DMM-Chiron

In order to validate our two-layer architecture presented in Chapter 4, we have developed
a prototype multisite SWfMS that implements hot metadata handling. It provides support
for decentralized metadata management, with a distinction between hot and cold metadata.
We denote our prototype Decentralized-Metadata Multisite Chiron (DMM-Chiron). Its op-
erational architecture is shown in Figure 6.2 and is described next.
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Figure 6.2 – Layered architecture of DMM-Chiron.

6.2.1 Baseline: Multisite Chiron

This work builds on Multisite Chiron [72], a recently released workflow management system
specifically designed for multisite clouds. Multisite Chiron is implemented in Java, but it can
execute any Unix-compatible application. A full description of this approach, including its
focus on multisite scheduling, is provided in [72]. We present a list of its components.

Textual UI. Multisite Chiron exploits a textual UI to interact with users, the workflow con-
figuration parameters and the workflow definition are passed as XML files.

Job Manager. The job manager analyzes the submitted scientific workflow in order to iden-
tify unexecuted jobs, for which the input data is ready. The same module generates the
executable task as an execution plan on the provenance database.

Multisite Task Scheduler. It is located at the coordinator site. Its function is to distribute
the tasks to the available sites. At the moment, the multisite scheduler does not sup-
port data-location awareness; therefore, the scheduling considers other load balancing
techniques as explained in [72].

Single-Site Task Scheduler. Following a 2-layer hierarchy, a second scheduler distributes
tasks to the computing nodes, this is done in a round-robin fashion, assuming that all
nodes of the subnetwork have equal computing capacity and have access to the shared
file system.

Task Executor. They are the actual computing nodes in charge of running the assigned tasks.
Every update to the workflow’s metadata originates from them.

Metadata Manager. Along the execution, metadata is handled by the metadata manager
at the master site. Since the metadata structure is well defined, we use a relational
database, namely PostgreSQL [115], to store it.
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Shared File System. All data (input, intermediate and output) are stored in a shared file
system at each site. For this implementation we chose to install NFS [122] in every
master node, which is mounted as local in each of the slaves.

Multisite File Transfer. Is in charge of file transfers between two different sites. As we pre-
viously mentioned, this is done through the public Internet, exploiting a peer-to-peer
model for data transfers.

Multisite Message Communication. Exists at the master node of each site. It ensures the
synchronization with other sites and the master site. For this implementation, control
messages are transmitted leveraging Azure Bus [79], a lightweight service accessible
from any location through an URI or API.

To implement and evaluate our approach to decentralized hot metadata management.
DMM-Chiron incorporates multisite metadata protocols and a filter for hot metadata. We
mainly affect two modules of the system: the Metadata Manager and the Job Manager.

6.2.2 Metadata Manager

The metadata management service, as proposed in the architecture of our system (Fig-
ure 4.2), is a component present in every site where the SWfMS is deployed. It is physi-
cally located within the master node of each site. The metadata manager includes a share of
the metadata store and the logic to handle it. This logic is composed by two hot metadata
elements, namely protocols and filter, that we briefly recall.

The hot metadata protocols were defined in Section 4.3.4. They establish the actions to take
upon the reception of a metadata update from a slave node. After classifying the up-
date as hot or cold, the master node decides whether to propagate it immediately to
the whole network (hot) or reserve it for later propagation (cold).

The hot metadata filter consists of a set of policies to determine if a given piece of metadata
(and its corresponding updates) is hot or cold. For this implementation, the policies
are static rules according to historical data of our applications. However, this compo-
nent can be enhanced with different, dynamic rules or algorithms that determine the
“temperature” of metadata, as discussed in Section 4.4.

The metadata manager provides the necessary metadata values for the job manager to
generate an execution plan, both file and task hot metadata are required for this process.

6.2.3 Job Manager

The Job Manager is the process that generates the execution plan in the provenance database.
The execution plan is the list of executable tasks per job, including their corresponding ex-
ecution command, parameters and the location of the input data (file hot metadata). The job
manager also tracks the execution state of a job. If the execution of a job is finished, its de-
pendent jobs may be launched. For a job to be finished it is necessary that all its tasks are
marked as finished. A task goes through several stages: from created, to ready for execution,
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to running, and finally it will be finished. The SWfMS requires to monitor and update the
status of each task in near-real time (task hot metadata), and the number of tasks can easily
reach tens of thousands. When tasks a running in remote locations, there is an expected
delay for these updates to be reflected across the multiple datacenters of the system. This
would impact the performance and execution time of the workflow: the job manager might
not be aware that a job is finished because the execution information is not updated quickly.

From the previous description we can clearly identify the impact of hot metadata. A
quick file metadata propagation allows the job manager to know in advance the location of
a file and prepare the execution plan. If the file is located in a remote site, the command and
parameters to access it are different to a local one. Job-related hot metadata, on the other
hand, allow to control the execution flow of the application, specifically by determining the
status of each task.

Originally, the verification for job completion was done on the metadata stored at the
coordinator site. In DMM-Chiron we implement an optimization according to one of the hot
metadata management strategies (Section 4.3.3): for LOC, the local DMM-Chiron instance
verifies only the tasks scheduled at that site and the coordinator site confirms that the exe-
cution of a job is finished when all the sites finish their corresponding tasks. For DHT and
REP, it is the master DMM-Chiron instance of the coordinator site which checks each task of
the job across the different sites.

6.3 Conclusion

In this section we have presented implementation details of the two middleware prototypes
used in this thesis. Our solutions are based in well-know computing concepts and tools.
Nevertheless, we have tailored them to support multisite execution of scientific workflows
through efficient metadata management. We used in-memory caching services for quick
access of workflow metadata. The location of these metadata was determined through dis-
tributed hash tables to reduce search time. As other multisite systems, our metadata registry
relies on an eventual consistency model. Hot metadata is a concept that has been used for
caching and file systems in grids.

Overall, we have orchestrated these tools and notions in service of workflow manage-
ment systems, to bridge the gap between single- and multisite execution. The next chapter
introduces a series of experiments where our prototypes are evaluated across different sce-
narios.
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THIS section assembles an extensive evaluation of the performance of our decentralized
metadata management strategies. We first review the infrastructure and use cases

adopted for the experiments. Then, in Section 7.2 we look into the gains brought by handling
workflow metadata using our decentralized multisite approach, as opposed to a typical cen-
tralized management (proposed in Chapter 3). Later, in Section 7.3, we validate the added
benefits of a selectively handling decentralized metadata based on their access frequency
(hot metadata, detailed in Chapter 4), implemented in a real workflow management engine.
Additionally, in Section 7.4, we report on the experiments conducted to identify thresholds
for elastic scaling using a real-world workflow, introduced in Chapter 5.

7.1 Experimental Setup

7.1.1 Infrastructure

Two cloud platforms lie at the foundation of this thesis: Microsoft Azure [84] as a public
cloud, and Chameleon [31] as a private one. In section 2.2.2 we gave a general overview
of their main features. Now, we present some additional characteristics of them, related
to the series of experiments in this chapter. The specific cloud configuration used for each
experiment is defined at the beginning of the corresponding section.
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Microsoft Azure was our testbed for the majority of experiments. A significantly large
amount of resources was made available to us thanks to our partnership with Mi-
crosoft Research through the Z-CloudFlow project1. Additional resources were ob-
tained from an Azure for Research Award2. We recall that Azure’s datacenters are dis-
tributed across 34 geographic regions, providing infrastructure proximity for clients
mostly anywhere on Earth. Our experimental evaluation was conducted using data-
centers in Europe and the US. We used small to mid-sized virtual machines, with a
maximum of 8 cores per node. Azure Table key/value storage [85] was chosen for
logging, since it handles concurrent writes from several nodes in a transparent way.
Additionally, we leveraged Azure’s PaaS solutions for several purposes, as we will
detail later: Azure Managed Cache [93] for the metadata registries, Azure Cloud Ser-
vices [94] for workflow management, and Azure Bus [79] for control messages.

Chameleon Cloud is the de facto infrastructure at the Nimbus team, with whom we collabo-
rated during a summer internship at Argonne National Laboratory [31]. As mentioned
previously, Chameleon is a testbed open and enhanced for scientific projects. It in-
cludes ~650 nodes (~14,500 cores), 5 PB of storage and is distributed over 2 sites, ANL
in the Chicago Area, and TACC3 in Austin, Texas, connected through a 100 Gbps net-
work. Its infrastructure is composed by 12 standard cloud units (48 node racks), nine
of them with bare-metal reconfigurability and three with OpenStack KVM, which pro-
vides easy access to educational users. Most of the experimentation was carried out
on their bare-metal units (called CHI), running CentOS7. On a side note, it is worth to
mention that Chameleon went publicly available right at the time of the internship, and
several of its current features were under development or did not exist back then. For
instance, CentOS was the only available image. Also, part of our experiments helped
to test new functionalities like leases management.

7.1.2 Use Cases

Two scientific workflows supported our study for the first two contributions of this thesis.
Both were defined following Chiron’s algebra [100]. We describe them briefly.

Montage is a toolkit created by the NASA/IPAC Infrared Science Archive and used to gen-
erate custom mosaics of the sky from a set of images [41]. Additional input for the workflow
includes the desired region of the sky, as well as the size of the mosaic in terms of square
degrees. We model the Montage SWf using the proposal of Juve et al. [63] as shown in Fig-
ure 7.1. The mProjectPP job projects single images to a specific scale. mDiffFit performs an
image difference between a single pair of overlapping images. mConcatFit uses least squares
to fit a plane to an image. mBgModel uses the image-to-image difference parameter table
to interactively determine a set of corrections to apply to each image to achieve a “best”
global fit. mBackground removes the background from a single image. Using the output of
both mProjectPP and mBgModel. mImgTbl prepares the information for putting the images

1Z-CloudFlow - Data Workflows in the Cloud. Microsoft Research - Inria Joint Centre https://www.msr-inria.
fr/projects/z-cloudflow-data-workflows-in-the-cloud/.

2Microsoft Azure for Research Awards https://www.microsoft.com/en-us/research/academic-program/
microsoft-azure-for-research/.

3Texas Advanced Computing Center.

https://www.msr-inria.fr/projects/z-cloudflow-data-workflows-in-the-cloud/
https://www.msr-inria.fr/projects/z-cloudflow-data-workflows-in-the-cloud/
https://www.microsoft.com/en-us/research/academic-program/microsoft-azure-for-research/
https://www.microsoft.com/en-us/research/academic-program/microsoft-azure-for-research/
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Figure 7.1 – The Montage workflow.
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Figure 7.2 – The Buzz workflow.
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together. mAdd generates an output mosaic and the binning of the mosaic is changed by
mShrink. Finally, mJPEG creates a JPEG image from the mosaic.

BuzzFlow is a data-intensive SWf that searches for trends and measures correlations in
scientific publications [43]. It analyzes data collected from bibliography databases such as
DBLP or PubMed. Buzz is composed of thirteen jobs, as shown in Figure 7.2. FileSplit gathers
the information from bibliography databases. The Buzz job uses the gathered information to
identify buzzwords, i.e. a word or phrase that can become popular for a specific period of
time. WordReduce organizes these publications according to buzzword and publication year
and computes occurrences of the buzzwords. YearFilter selects buzzwords that appeared in
the publications after a specific time. BuzzHistory job creates a history for each buzzword.
FrequencySort computes the frequency of each buzzword. With this information, Histogram-
Creator generates some histograms with word frequency varying the year. Top10 selects ten
of the most frequent words in recent years. ZipfFilter selects terms according to a Zipf curve
that is specified by word frequency values. CrossJoin job merges results from Top10 and
ZipfFilter. Correlate computes correlations between the words from Top10 and buzzwords
from ZipfFilter. Using these correlations, TopCorrelations takes the terms that have a correla-
tion greater than a threshold. Finally, GatherResults presents these selected words with the
histograms.

The use case corresponding to the contribution presented in Chapter 5 has not been de-
fined under the same algebraic approach, nor has been evaluated under the same criteria,
as we will elaborate in Section 7.4. This use case, involving an application for spatial data
analysis, was detailed in Section 5.3. Henceforth, we focus on the results of the evaluation of
our three contributions.

7.2 Decentralized Metadata Management on the Cloud

This first set of experiments evaluates the strategies presented in Chapter 3. The main goal
is to highlight the benefits of implementing distributed metadata management for multisite
scientific workflows, as opposed to the usual centralized approach. Therefore, the experi-
ments compare our three strategies: replicated, decentralized non-replicated, and decentral-
ized replicated (Section 3.4), to the centralized solution.

Cloud Configuration

Our testbed consisted of nodes distributed in four Azure datacenters: two in Europe, North
(Ireland) and West (Netherlands), and two in the US, South Central (Texas) and East (Vir-
ginia). We used up to 128 Standard_A1 virtual machines, each consisting of 1 core and
1.75 GB of memory. For the Metadata Registry we deployed one Basic4 512 MB instance
of Azure Managed Cache per datacenter. All experiments are repeated at least five times
and the reported figures are the average of all runs. To hinder other factors such as caching
effects and disk contention, the metadata entries posted to the registry (e.g. create, update or
remove) correspond to empty files.

4The Basic cache was the base offer of Azure Managed Cache, Premium offers would reach up to 150 GB.
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Figure 7.3 – Average execution time for a node performing write metadata operations.

7.2.1 Impact of Metadata Decentralization on Makespan

We claim that the efficiency of our decentralized strategies becomes more evident in large-
scale settings. The goal of the first experiment is to compare the performance of our imple-
mentation to the baseline centralized data management as the number of files to be processed
increases. For this purpose, we keep a constant number of 32 nodes evenly distributed in
our datacenters (i.e. 8 nodes per datacenter), while varying the number of entries to be writ-
ten/read to/from the registry. To simulate concurrent operations on the metadata registry,
half of the nodes act as writers and half as readers (i.e. 4 readers and 4 writers per datacen-
ter). Writers post a set of consecutive entries to the registry (e.g. file1, file2, etc.) whereas
readers get a random set of files (e.g. file13, file201, etc.) from it. We measure the time re-
quired for a node to complete its execution, and obtain the average time for completion of
all the nodes for each strategy. Figure 7.3 shows the results.

We observe that for a rather small number of processed entries, none of our strategies
significantly outperforms the centralized baseline in terms of overall execution time. They
represent a gain of slightly more than 1 minute in the best case, which is rather low in our
context. We infer that for small settings — up to 500 operations per node — a centralized ap-
proach remains an acceptable choice, since the effort of implementing a distributed solution
would not be compensated by a meaningful gain. However, as the number of operations
grows, the improvement achieved by our strategies becomes more evident. Full metadata
replication brings an average gain of 15 %; we attribute this simply to the fact that the meta-
data management duty is now distributed. In particular, the decentralized strategies (with
and without replication) yield up to 50 % time gain compared to the centralized version. In
the figure, the grey bars (linked to the right y-axis) indicate the aggregated number of opera-
tions in one execution. At the largest scale, a 50 % gain represents 18.5 minutes in a test with
320 000 metadata operations.
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Figure 7.4 – Percentage of operations completed along time by each of the decentralized
strategies: non-replicated and with local replication. Workload: 5 000 operations per node.

Decentralized strategies: completion time vs. speedup. An interesting observation is that
both decentralized approaches seem to overlap. The time for completion in each strategy de-
pends on the time taken by the last active node to execute its very last operation. The curves
in Figure 7.3 do not reflect then the progress of the nodes activity before their completion. For
that reason, we do not clearly see an advantage of one decentralized strategy over the other.
Therefore, in Figure 7.4 we zoom on the internal execution of the two decentralized strate-
gies (non-replicated and locally replicated), by analyzing their progress towards completion.
We also show as reference the average progression of the generic centralized approach.

We notice that during most of the execution, particularly between 20 % and 70 %
progress, we get a speedup of at least 1.25 using local replication. This remark is crucial
for data provisioning in a distributed scientific workflow: the time gain implies that data
location information can be known by the whole network in anticipation, and represents the
possibility to move the data between sites before it is needed.

The centralized approach has a fairly good start on average. However, as the execution
advances, it slows down in a near-exponential behavior, reaching up to twice the time for
completion compared to the decentralized ones. This delay is due to the increasing overload
of operations on the centralized metadata registry, doubled by the accumulated latency of
distant nodes performing remote operations.

Impact of the geographical location of a datacenter. Finally, we focus on the best and
worst performance of the decentralized approaches shown in Figure 7.4. In most of the
points plotted beyond 30 % of operations completed, we noticed that the difference between
the fastest and slowest executions is in the order of minutes (vertical “error” bars), which
is beyond 10 % of the execution time. To understand this significant variation, we made a
careful analysis of the results log per site. We noticed a clear impact of the distance between
sites on the metadata handling performance. If we consider a site’s centrality as the average
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Figure 7.5 – Metadata throughput as the number of nodes grows.

distance5 from it to the rest of the datacenters, the best performance in both cases corresponds
to the nodes executed in the most central datacenter, East US. Conversely, the slowest exe-
cutions came from the least central datacenter, South Central US. This observation could be
extrapolated to a complete multisite workflow execution. If the coordination component
(scheduler, manager) were placed in the most central datacenter, control messages would be
delivered faster, hence improving the workflow’s makespan.

7.2.2 Scalability and Concurrency Sensitivity

In our next experiment, we evaluate the performance of our strategies when the number
of nodes increases. Note that since each node acts also as a metadata client, this scaling
translates into an increased concurrency as well. First, we measure the metadata through-
put when increasing the number of nodes from 8 up to 128, with a constant workload of
5 000 operations per node. In Figure 7.5 we observe that the decentralized implementations
clearly win: they yield a linearly growing throughput (given in operations per second), pro-
portional to the number of active nodes. We only notice a performance degradation in the
replicated scenario, intensified beyond 32 nodes. We assert that as the number of nodes
grows, the single replication agent becomes a performance bottleneck; however, in smaller
settings of up to 32 nodes, it still behaves efficiently.

To get a clearer perspective on the concurrency performance, we measured the time taken
by each approach to complete a constant number of 32 000 metadata operations. Our results
(Figure 7.6) were consistent with the previous experiment, showing a linear time gain for
the centralized and decentralized approaches and only a degradation at larger scale for the
replicated strategy.

5Distance determined in terms of latency between datacenters, which generally generates a ranking similar
to physical distance. Latencies obtained from http://www.azurespeed.com/.

http://www.azurespeed.com/
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Figure 7.6 – Completion of 32 000 operations as the set size grows.

7.2.3 Support for Real-Life Workflows

The final set of experiments focus on the benefits brought by our strategies to real-life sci-
entific workflows with representative data access patterns: Buzz workflow [43] is a near-
pipelined application (Figure 7.2). On the other hand, Montage [16] includes flow splits,
parallelized jobs and merge operations (Figure 7.1). We generated synthetic simulations of
each of them. Tasks internal computation was emulated by defining an idle period for each
node. The workflow jobs were evenly distributed across 32 nodes of the four datacenters.
We covered three execution scenarios: small scale, computation intensive and metadata in-
tensive. Table 7.1 summarizes their settings.

Scenario Small Scale Comp. Int. Metadata Int.
Operations / node 100 200 1 000
Computation time / node 1 s 5 s 1 s
Total ops - BuzzFlow 7 200 14 400 72 000
Total ops - Montage 16 000 32 000 150 000

Table 7.1 – Settings for real-life workflow scenarios.

In Figure 7.7 we compare the makespan of our strategies in the three above scenarios.
We firstly confirm that at small scale a decentralized approach actually adds overhead to
the computation and hence centralized solutions are best for small settings, regardless of the
workflow layout (pipelined or parallel). We note as well that in computation intensive work-
flows the low metadata interaction benefits centralized replication while penalizing distributed
replication, because the latter is optimized for metadata intensive workloads. Overall, we as-
sert that our decentralized solutions fit complex workflow execution environments, notably
metadata intensive applications, where we achieved a 15 % gain in a near-pipeline workflow
and 28 % in a parallel, geo-distributed application compared to the centralized baseline.



7.2 – Decentralized Metadata Management on the Cloud 77

 0

 200

 400

 600

 800

 1000

 1200

 1400

SS CI MI ’ SS CI MI

BuzzFlow Montage

M
a
k
e
s
p
a
n
 (

s
e
c
)

Scenario

Centralized
Replicated

Dec. non-replicated
Dec. replicated

Figure 7.7 – Makespan for two real-life workflows. SS — Small Scale, CI — Computation
Intensive, MI — Metadata Intensive.

7.2.4 Discussion

File metadata for early data provisioning. Our strategies enable metadata to be propa-
gated as soon as the data is created. In a scientific workflow such metadata includes file
location(s) information. During a multisite workflow execution several tasks are scheduled
simultaneously in different locations and require pieces of distributed data to start running.
Thanks to our solution, tasks would learn about remote data location early enough and could
request the data to be streamed as it is being generated, reducing the costly transfer-related
idle time.

Low overhead with eventual consistency. Our approach guarantees that each metadata
operation takes effect instantaneously when it happens in the local datacenter, and is propa-
gated to remote datacenters with the lowest possible delay. Other distributed storage tools,
such as Facebook’s TAO graph storage [22], continue to adopt eventual over strong consis-
tency in the understanding that, in the practice, the CAP theorem6 rules the implementation
of shared-data distributed systems [21]. Relaxing consistency requirements would lead to a
higher availability, which will benefit the execution time, as we observed in our experiments.

In this section we have explored means to better hide latency for metadata access as a way
of improving a workflow’s global performance in multisite environments. Our solutions
efficiently handle file metadata for a large number of small data units. In the next section,
we look at the metadata properties to find ways to further boost multisite execution. In
particular, we focus on metadata access frequency.

6CAP — Consistency, Availability, Partitions. In short: You can have at most two of these properties for any
shared-data system.
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7.3 Separate Handling of Hot and Cold Metadata

The second set of experiments relates to the implementation of hot metadata filtering, dis-
cussed in Chapter 4. Our hot metadata management strategies are coupled with DMM-
Chiron, a multisite workflow execution engine presented in Section 6.2.

Cloud Configuration

DMM-Chiron was deployed on Azure cloud, using a total of 27 nodes of standard_A4 virtual
machines (8 cores, 14 GB memory). The VMs were evenly distributed among three datacen-
ters: West Europe (WEU), North Europe (NEU), and Central US (CUS). Control messages
between master nodes are delivered through the Azure Bus.

7.3.1 Hot Metadata for Different Workflow Structures

Our hypothesis is that no single decentralized strategy can fit all workflow structures: a
highly parallel task would exhibit different metadata access patterns than a concurrent data
gathering task. Thus, the improvements brought to one type of workflow by either of the
strategies might turn to be detrimental for another. To evaluate this hypothesis, we ran sev-
eral combinations of our strategies with the featured workflows. We recall the three strate-
gies presented in Section 4.3.3: local without replication (LOC), hashed without replication
(DHT), hashed with local replication (REP), and a centralized baseline (CEN).

Figure 7.8 shows the average execution time for the Montage workflow generating 0.5-,
1-, and 2-degree mosaics of the sky, using in all the cases a 5.5 GB image database distributed
across the three datacenters. With a larger number of degrees, a larger volume of intermedi-
ate data is handled and a mosaic of higher resolution is produced. Table 7.2 summarizes the
volumes of intermediate data generated per execution.

0.5-degree 1-degree 2-degree
CEN 1.4 (0.5, 0.5, 0.4) 4.9 (1.7, 1.5, 1.7) 17.1 (6.0, 6.4, 4.7)
LOC 1.3 (0.7, 0.2, 0.4) 4.8 (2.1, 1.0, 1.7) 16.2 (8.4, 4.6, 3.2)
DHT 1.5 (0.6, 0.6, 0.4) 4.9 (1.9, 1.3, 1.8) 16.6 (5.4, 4.9, 6.2)
REP 1.4 (0.5, 0.5, 0.4) 4.9 (1.5, 1.9, 1.5) 16.8 (6.6, 3.8, 6.4)

Table 7.2 – Intermediate data in GB for Montage executions using different number of
degrees. Per-site breakdown is expressed as: Aggregated (size WEU, size NEU, size CUS).

In the chart we note in the first place a clear time gain of up to 28 % by using a local
distribution strategy instead of a centralized one, for all the degrees. This result was expected
since the hot metadata is now managed in parallel by three instances instead of one, and it
is only the cold metadata that is forwarded to the coordinator site for scheduling purposes
(and used at most one time).

We observe that for 1-degree mosaics and smaller ones, the use of distributed hashed
storage also outperforms the centralized version. However, we note a performance degra-
dation in the hashed strategies, starting at 1 degree and getting more evident at 2 degrees.
We attribute this to the fact that there is a larger number of long-distance hot metadata op-
erations compared to the centralized approach: with hashed strategies, 1 out of 3 operations
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Figure 7.9 – Buzz workflow execution time. Left Y-axis scale corresponds to 60 MB
execution, right Y-axis to 1.2 GB.

are carried out on average between CUS and NEU. In the centralized approach, NEU only
performs operations in the WEU site, thus such long latency operations are reduced. We
also associate this performance drop with the size of intermediate data being handled by
the system. We try to minimize inter-site data transfers; however, with larger volumes of
data such transfers affect the execution time up to a certain degree and independently of the
metadata management scheme.

We conclude that while the DHT method might seem efficient due to linear read and
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write operations, it is not well suited for geo-distributed executions, which favor locality
and penalize remote operations.

In a similar experiment, we validated DMM-Chiron using the Buzz workflow, which is
rather data intensive, with two DBLP database dumps of 60 MB and 1.2 GB. The results are
shown in Figure 7.9; note that the left and right Y-axes differ by one order of magnitude. We
observe again that DMM-Chiron brings a general improvement in the completion time with
respect to the centralized implementation: 10 % for LOC in the 60 MB dataset and 6 % for
1.2 GB, while for DHT and REP the time improvement was less than 5 %.

In order to better understand the performance improvements brought by DMM-Chiron,
and also to identify the reason of the low runtime gain for the Buzz workflow, we evaluated
Montage and Buzz in a per-job granularity. The results are presented in the next section.
Albeit the time gains perceived in the experiments might not seem significant at first glance,
two important aspects must be taken into consideration.

Optimization at no cost. Our proposed solutions are implemented using exactly the same
number of resources as their counterpart centralized approaches: the decentralized
metadata stores are deployed within the master nodes of each site and the control
messages are sent through the same existing channels. This means that such gains (if
small) come at no additional cost for the user.

Actual monetary savings. Our longest experiment (Buzz 1.2 GB) runs in the order of hun-
dreds of minutes. With today’s scientific experiments running at this scale and beyond,
a gain of 10 % actually implies savings of hours of cloud computing resources.

7.3.2 Zoom on Multi-Task Jobs

We call a job multi-task when its execution consists of more than a single task. In DMM-
Chiron, the various tasks of such jobs are evenly distributed to the available sites and thus
can be executed in parallel. We argue that it is precisely in these kind of jobs that DMM-
Chiron yields its best performance.

Figure 7.10 shows a breakdown of Buzz and Montage workflows with the proportional
size of each of their jobs from two different perspectives: tasks count and average execution
time. Our goal is to characterize the most relevant jobs in each workflow by number of tasks
and confirm their relevance by looking at their relative execution time. In Buzz, we notice
that both metrics are highly dominated by three jobs: Buzz (676 tasks), BuzzHistory (2134)
and HistogramCreator (2134), while the rest are so small that they are barely noticeable.
FileSplit comes fourth in terms of execution time and it is indeed the only remaining multi-
task job (3 tasks). Likewise, we identify for Montage the only four multi-task jobs: mProject
(45 tasks), prepare (45), mDiff (107) and mBackground (45).

In Figures 7.11 and 7.12 we look into the execution time of the multi-task jobs of Buzz
and Montage, respectively. Figure 7.11 corresponds to Buzz SWf with 60 MB input data.
We observe that except for one case, namely Buzz job with REP, the decentralized strategies
outperform considerably the baseline (up to 20.3 % for LOC, 16.2 % for DHT and 14.4 % for
REP). In the case of FileSplit, we argue that the execution time is too short and the number
of tasks too small to reveal a clear improvement. However, the other three jobs confirm that
DMM-Chiron performs better for highly parallel jobs. It is important to note that these gains
are much larger than those of the overall completion time (Figure 7.2) since there are still a
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Figure 7.10 – Workflow per-job breakdown. Very small jobs are enhanced for visibility.

number of workloads executed sequentially, which have not been optimized by the current
release of DMM-Chiron.

Correspondingly, Figure 7.12 shows the execution of each multi-task job for the Montage
SWf of 0.5 degree. The figure reveals that, on average, hot metadata distribution substan-
tially improves centralized management in most cases (up to 39.5 % for LOC, 52.8 % for DHT
and 64.1 % for REP). However, we notice some unexpected peaks and drops specifically in
the hashed approaches. After a number of executions, we believe that such cases are due
to common network latency variations of the cloud environment added to the fact that the
execution time for the jobs is rather short (in the order of seconds).

7.3.3 Discussion: Limitations to be Addressed

Reduce inter-site data transfers. Our focus in this section was on handling metadata in
a smart distributed way so that this improves job/task execution time when processing a
large number of data pieces. While our techniques show an improvement with respect to a
centralized management, we also notice that when the scale of the SWf and the size of data
become larger, there is a degradation in the performance of DMM-Chiron (see Figure 7.8)
due to the increase of intermediate data transfers. To mitigate this degradation and allow for
larger datasets, DMM-Chiron should be adapted by adding data location awareness to the
interface between the Multisite Transfer module and the Metadata Manager.
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Figure 7.11 – Execution time of multi-task jobs on the Buzz workflow (60 MB input data).
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Figure 7.12 – Execution time of multi-task jobs on the Montage workflow of 0.5 degrees.

Load balancing in heterogeneous environments. We have so far only considered the case
of a homogeneous multisite environment, where each site has the same amount of VMs, with
the same size and capacity. While this kind of configuration is often utilized in workflow ex-
ecution, in several cases multisite clouds are heterogeneous (different number of resources,
different VM sizes). A next step in this path would be to account for these variations in order
to balance the hot metadata load according to each site’s computing capacity.

This section concludes the experiments related to metadata management on multiple
Azure Cloud datacenters. Next, we report on observations for elasticity triggers in applica-
tions running on Chameleon Cloud.
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7.4 Identifying Thresholds for Elastic Scaling

This third and last set of experiments differs significantly from the previous two. In this
section we execute a real workflow application with the goal of pinpointing some application
characteristics that could incite elasticity along the execution. As we described in Chapter 5,
identifying these elements will allow to model and predict elastic behavior.

Cloud Configuration

We used two bare-metal nodes on Chameleon cloud. Each node has 24 physical cores (48-
threads, when hyperthreading is enabled) and 128 GB memory, connected by a 10 Gb/s
network. Our use case, the DIBBs workflow (Figure 7.13) is composed by Pig scripts (Fil-
tering stage) and MapReduce jobs (Classification stage), which were executed on Apache
Hadoop 2.7 (YARN), using the default HDFS block size of 128 MB as the baseline, unless
otherwise stated. Along the section we use the term container; a container is YARN’s exe-
cution unit, with a specific amount of resources allocated (memory, CPU). By default, we
assigned 1 GB memory and 1 vCPU per container. Twitter data are provided in raw files
where each line represents a tweet, either geo-tagged or not. Each file represents a one-day
window, weights ~1.9 GB and contains 3.2 million tweets on average. We used up to 42 days
of data.
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Figure 7.13 – DIBBs workflow for spatial data synthesis. Unavailable jobs are grayed out.

7.4.1 Exploring Tradeoffs Related to Data Block Size

The first task was to assess the tradeoffs of using different block sizes for data storage and
manipulation, in order to determine the right configuration of an appliance at the moment
of provisioning, according to the data size to be processed. This evaluation required two
experiments. First, we looked into the impact of block size for uploading the data from local
disk to HDFS (corresponding to a command hadoop fs -put), we used from 5 to 20 days
of data (up to 37 GB) while varying the block size from 128 MB (default, baseline) to 2 GB.
The results are displayed in Figure 7.14. We observe up to 70 % improvement in upload
time when using 2 GB block size with respect to the baseline. Intuitively, this would suggest
that the right block size to use is the largest size that a node can store. However, a second
evaluation challenges this intuition.

We complement the experiment by looking at the average filtering time for different
dataset sizes while varying the block size from 64 MB to 1024 MB. We set YARN to work
with 96 containers, 48 per node to utilize all the available threads. As we note in Figure 7.15,
the filtering takes longer with a smaller block size, we attribute this behavior to the fact that
the number of containers is exceeded by the number of blocks, therefore some blocks have
to be queued for later processing, thus extending the execution time. On the other hand, we
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Figure 7.14 – Data uploading time per HDFS block size.
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Figure 7.15 – Average execution time for filtering the tweets of the State of Illinois.

also notice that larger block sizes slow down the application; we assert that this is due to an
underutilization of the containers (less blocks than containers) and, at the same time, each
container deals with a larger chunk of data. It is an intermediate block size which hits the
sweet spot of performance in most cases.

Therefore, we conclude that the block size should be tuned in a way that the block count
maximizes the utilization but does not exceed the number of processing units (containers, in
this scenario).
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Figure 7.16 – Replication factor for 5-day (9.7 GB) tweet filtering.

7.4.2 Impact of the Data Replication Factor

Our second parameter to evaluate is data replication. Many file systems offer the possibil-
ity to enable data replication, both for data locality and for fault tolerance. Our goal is to
understand what are the benefits brought by replicating data and whether they justify the
use of additional storage resources. For this experiment we use HDFS replication factor of 1
(no replication) and 2 (single replication) in our two bare-metal nodes. In the first case, this
means that the whole dataset is divided between the two nodes. With single replication,
each node holds a full copy of the dataset, divided in blocks.

We first executed the tweet filtering component, using a small dataset of ~10 GB, cor-
responding to five days of tweets. We ran the script eight times for different block sizes,
from 64 MB to 1 GB. As shown in Figure 7.16, there is no clear performance improvement
brought by data replication. While some executions were faster with replication factor of 2,
the results were not consistent and in many cases the no-replication runs outperformed their
counterparts.

Next, we tested the application with larger datasets to observe the disk usage along the
execution when using data replication. The data size ranged from 67 GB to 79 GB (36 to
42 days of tweets), using the default block size of 128 MB and the available disk of 256 GB.
Roughly 30 GB of the disk are in use for general purpose (OS, software, etc.), the rest is used
for the application’s data. Figure 7.17 shows the progress of disk saturation with respect to
the elapsed execution time. In all four cases the application generates a significant amount
of intermediate data (always replicated), going beyond 180 GB. The first three runs, success-
fully complete their execution, releasing all the disk space used for intermediate data. The
difference in disk usage between the beginning and end of the run, shows that about 30 GB
(~40 % the size of the input data) were generated as output data.

The largest run (42 days), however, reaches almost the limit of disk space and fails to
finish, also failing to release intermediate data generated. We attempted new executions with
the same and larger data sizes and we obtained the same result. The failure is due to YARN’s
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Figure 7.17 – Disk space occupied along the execution of tweet filtering (disk size: 256 GB).

health checker, which establishes a maximum disk utilization (90 % by default) in order to
prevent the whole environment from crashing. Nevertheless, YARN does not provide a
graceful termination of the application that clears the intermediate data, it rather waits idle
for some disk space to be freed, as we can see from the horizontal line at the end of the
execution. This situation blocks the disk and forces the user to manually perform the release.
The scenario is not specific to YARN, other systems would not only stay idle, but even crash
when the disk capacity is reached. A key characteristic of cloud computing is a managed
environment that allows the user to focus on their business goals. In our experiment this
aspect is not satisfied, as users have to “clean their mess” when the application fails.

To replicate or not to replicate? Data replication implies that input, intermediate and out-
put data will be duplicated. In our example, a dataset of ~80 GB easily saturated a disk with
capacity of three times its size. We did not notice a significant performance improvement
with data replication, but rather a disk prone to saturation. We therefore conclude that it
is preferable to avoid data replication by default. This could only be overridden by policies ac-
knowledged and approved by the user, in justified scenarios where data backups or data
locality are crucial.

Furthermore, this experiment perfectly illustrated the motivation for smart scaling: in the
run of 42 days, only few additional gigabytes were needed for the execution to be completed
few minutes later. In a classic elastic scenario, a new big node would have been provisioned
to finish the task, we recall that Chameleon nodes featured 24 cores, 128 GB memory and
256 GB disk (and leased per hour!). With smart elastic scaling, modelling the application
could help us to select a much smaller machine and save cloud resources.
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7.4.3 Parameters Not Modelled

Other parameters were part of our experimental study. However, they yielded undesired
behaviors which make them hard to model. We briefly report our observations regarding
two of them: number of reducers and CPU usage.

Number of reducers. In YARN, the number of mappers is determined by the number of
blocks obtained after splitting the input data. On the other hand, the default number of re-
ducers can be overridden as a configuration parameter. With this in mind, we intended to
model the performance of the application with respect to the number of reducers running
concurrently; our expectation was to see a performance improvement when all the contain-
ers were used. We ran tests for three different data sizes, varying the reducers in multiples
of the available cores per node (24), the total number of containers in the cluster is 96; the
results are shown in Figure 7.18. We noticed a mostly steady behavior regardless of the num-
ber of reducers, especially for a 10-day sample. For the 5-day sample we noticed an overall
slight decline in the performance with more reducers (lower is better in the plot); whereas
for 15-days we observed a slight increase.

Unfortunately, the lack of a clear correlation prevented us from using this parameter
for modelling. We inferred that these low variations are because the application is not
computing- but rather data-intensive and so adding computing units does not impact the
overall execution time. To verify this, we monitored the CPU activity as shown below.

CPU usage. To understand our application’s behavior, in search for additional parameters
to model, we plotted the CPU usage for a simple execution of 1-day filtering using a single
node (Figure 7.19). We validated that, indeed, most of the CPU time is spent on I/O wait,
with an average of ~50 % and peaks of up to 95 %. The Linux User’s Manual of the top

command, defines IO-wait as “time [the CPU spends] waiting for I/O completion” [69]. Since
the workflow is the sole user application running on the node, the actual application CPU
usage corresponds only to the User percentage of the plot.

We observed that for this class of data-intensive applications, where the execution time
is dominated by I/O operations, it is unpractical to use CPU time measurements to model
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the performance or the behavior of the application. We believe that the focus should then be
on disk-related parameters, as we did before with data uploading and disk saturation.

7.4.4 Discussion: Smart Policies for Smart Provisioning

We have identified parameters from workflow jobs that can be modelled to predict the be-
havior of data-intensive applications. We have also recognized other factors that do not
correlate well to the workflow’s execution, and thus cannot be easily modelled. A logical
next step will be to implement smart policies driven by the observations presented above,
and by other similar parameters yet to be pinpointed. They would be incorporated to the
collection of policies that steer the decision engine in our proposed smart elastic provisioner
(Section 5.2.2).

What is a smart policy? A typical policy for elastic provisioning would decide to create
a new machine once the current capacity of a resource goes beyond a threshold [12]. A
smart policy, based on a statistical model of the application, would evaluate other factors to
determine what kind of machine should be provisioned, or whether it should be provisioned
at all. These factors include the following.

Forecasted time to completion. If the remaining execution time is short, an application
might have finished by the time a new machine is available. Nevertheless, users will
be charged by the newly-created, unused VM. A smart policy could prevent this from
happening.

Expected storage required. The application might need only few gigabytes of additional
storage to finish (like in Figure 7.17). A smart policy would spot this situation and
decide to provision a smaller machine.

Input or aggregated data size. Knowing the data size would help to tune application-
specific parameters in the smart appliance for a better performance of the machine
to provision. This is the scenario observed in the present section.

Our experimental evaluation revealed a motivating scenario where smart elastic scaling
could have optimized resource usage. In the case of Chameleon, as in other private clouds,
resource optimization means that more cores and storage are available for other users. More-
over, in public clouds, resource optimization could be translated into important monetary
savings at a large scale.

7.5 Conclusion

In this chapter we demonstrated the efficacy of our strategies for multisite metadata manage-
ment for scientific workflows. Through a series of experiments, we have validated several
scenarios where they outperform the traditional centralized approaches. More importantly,
this evaluation helped us to determine under which circumstances our proposal is most ef-
fective (and under which it is not).
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First of all, we proved that a hybrid distributed/replicated solution can reduce, almost by
half, the time to process inter-site metadata operations. We also showed that these solutions
scale to hundreds of nodes. Then, we found a best-match between our decentralized strate-
gies and metadata-intensive, large-scale workflows. At the same time, we acknowledged
the prevailing effectiveness of centralized metadata servers for single-site or smaller-scale
workflows.

Moreover, our proposal and implementation of a separate management for hot and cold
metadata further improved the multisite execution time of Montage and BuzzFlow, our use
cases. Additionally, we discovered that this metadata filtering technique reaches its best
efficiency in multitask jobs.

In an orthogonal direction, we detected parameters to steer elastic provisioning decisions
in a workflow application for geospatial analysis running on a private cloud. This real-world
application, provided us with a true feeling of the issues faced when handling scientific
workflows, beyond our previous experimental, synthetic and controlled environments.
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IN the context of fast growing volumes of data to be processed at larger and larger scales,
scientific workflows are emerging as a natural data processing paradigm. Workflows help

defining data dependencies between the different components of an application. Scientific
workflow management systems (SWfMS) provide tools to configure, run and monitor them,
allowing for concurrent execution of non-dependent jobs.

Workflows were conceived for HPC systems, but also became popular on clouds to take
advantage of cloud-specific capabilities like elasticity and portability. SWfMS run on HPC-
like cloud infrastructures, consisting of virtual clusters with a shared file system in a single
datacenter. However, increasing storage and processing requirements of large-scale work-
flows, together with quota limitations imposed by cloud providers, force workflows to be
distributed to several datacenters (multisite workflows).

The execution of a multisite workflow faces several limitations. There is no longer a com-
mon file system spanning across all sites, so a new way of data transfer should be adapted.
Also, inter-site latencies impact the workflow performance, as even small control messages
or metadata updates take much longer to be transmitted.

In this thesis, we have provided different strategies for improving the performance of
workflows on multisite clouds, targeting two challenges. The first and main challenge is
metadata management; in this line we proposed a decentralized metadata manager, and a
protocols for hot metadata handing. The second challenge is elastic resource usage; in order to
tackle it, we collaborated in a study to detect and model parameters that elicit elastic scaling.
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8.1 Achievements

In this section we summarize the achievements obtained in each of the three contributions
of this thesis, in an attempt to provide efficient support for multisite workflows.

8.1.1 Enabling Multisite Metadata Management for Workflows

As of today, state-of-the-art public clouds do not provide adequate mechanisms for efficient
metadata management across datacenters for scenarios involving masses of geo-distributed
data that are stored and processed in multiple sites across the planet. In this direction, we
have investigated approaches to metadata management enabling an efficient execution of
such geographically distributed workflows running on multisite clouds. We focused on a common
scenario where workflows generate and process a huge number of small files, which is par-
ticularly challenging with respect to metadata management. As such workloads generate a
deluge of small and independent I/O operations, efficient metadata handling is critical.

To address this problem, we explored means to better hide latency for metadata access as
a way of improving the global performance. We proposes specific techniques that implement
this approach, combining distribution and replication for in-memory metadata partitioning.
Although such techniques are already known by the community of distributed data man-
agement, to the best of our knowledge, our work is the first attempt to bridge the gap between
single- and multisite cloud metadata management. Our solution leverages both the workflow se-
mantics (e.g. control-flow patterns) and the practical tools available on today’s public clouds
(e.g. caching services on PaaS clouds) to propose several strategies for decentralized meta-
data management.

We have studied the performance of these techniques in a consistent environment by
implementing them all in the Azure Cloud. Our set of design principles enable an un-
precedented metadata access performance for workflows scattered across widely distributed
cloud sites.

8.1.2 Managing Hot Metadata Across Datacenters

We have introduced the concept of hot metadata (frequently accessed metadata) for scien-
tific workflows running in large, geographically distributed and highly dynamic environ-
ments. Based on this concept, we designed a hybrid decentralized and distributed model
for handling hot metadata in multisite clouds. It relies on a metadata filtering component
implemented on top of a multisite workflow engine.

Our proposal was able to optimize the access to and ensure the availability of hot meta-
data, while effectively hiding the inter-site network latencies and remaining non-intrusive
and easy to deploy. Compared to state-of-the-art centralized solutions, our strategies propi-
tiated a significant improvement for the whole workflow’s completion time (beyond 20 %).
Specifically, our implementation managed to reduce by half the execution time for highly-
parallel workflow jobs. These gains come at no additional monetary cost, since the metadata
storage is implemented within the same nodes of the workflow management system.

To the best of our knowledge, our work represents an unprecedented mechanism for handling
hot metadata both in a workflow management system and in a multisite cloud environment.



8.2 – Future Work and Perspectives 95

8.1.3 Studying Elasticity Parameters to Steer Smart Scaling

Thanks to a real-world workflow for spatial data synthesis, we were able to identify appli-
cation parameters that are involved in the decision for elastic provisioning in a cloud. The
goal of the project is to be able to model these parameters and generate policies to drive
smart scaling. We observed that the data block size is inversely proportional to the time
taken to load the data into the system. At the same time, large blocks produce slower per-
formance in some nodes while leaving others in an idle state. Additionally, we assessed the
tradeoffs of data replication with respect to the disk capacity of each node. We determined
that for large scale applications, replication might saturate the resources quickly and should
only be encouraged in specific cases of sensitive data. We also detected that in large-scale,
data-intensive applications, where read and write operations dominate the overall execution
time, measurements like CPU cannot be easily correlated to the applications performance,
because they represent a small fraction of the execution time.

The study will allow to produce statistical models to predict the behavior of workflows appli-
cations on clouds. Later, these models could be turned into policies that help determine the
right resource to provision in an smart elastic system. This collaboration enabled us to have a
first-hand experience with a real application, and recognize additional parameters that come
into play during a workflow execution, several of which we had not looked at before.

8.2 Future Work and Perspectives

In this section we first summarize the potential courses of action discussed along the thesis,
in terms of multisite metadata management and implementation of a smart elastic provi-
sioner. Then, we briefly discuss a direction of workflow management: streaming processing.

8.2.1 Improving Multisite Metadata Management

Dynamic hot metadata. Our approach for selecting hot file and execution metadata was
based on statistical observations from historical data. A logical question raised by the scien-
tific community was what about dynamic hot metadata? As we discussed in Chapter 4, there
are several ways to achieve this dynamic quality. The simplest approach being to create tags
to define hot metadata elements using the workflow’s definition language. Another option
would be to identify hot metadata by running training executions. However, a truly dynamic
solution would be to maintain a rank on the frequency of access to the metadata alongside
the execution. This idea of online rankings has been studied for hot data identification. Such
concept could adopted and implemented in our hot metadata manager.

Data-location awareness. Our experimental evaluation revealed that proportionally large
amounts of intermediate data were generated. The multisite scheduler distributes jobs in
a best effort basis at the beginning of the execution. Due to workflows job scattering pat-
terns, data are often required in a different location from where it is created, and needs to be
transferred. In Chapter 7 we mentioned the possibility of adding data-location awareness to
the scheduler of DMM-Chiron. This location awareness, particularly at the intra-site level
would allow tasks to be scheduled at, or closer to the site where the data resides, reducing
execution delays due to inter-site data transfers.
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8.2.2 Enabling Smart Elastic Provisioning

Implementing a smart provisioning system. Given the short time that we had to develop
this idea, there remain open issues in this direction. An additional parameter that could be
evaluated and modelled as well is the number of concurrent users of an application, which is
the second factor that triggers elastic provisioning. The next step, after the identification and
characterization of the mentioned parameters, is to devise functions to model the behavior
of the application based on those parameters. Afterwards, these models could be adapted
to Phantom provisioner as smart policies for elastic scaling. Finally, a more extensive project
would be required in order to design the interfaces for the different components of the pro-
posed system (Section 5.2.2). The portal (CyberGIS Gateway), the provisioner (Phantom),
the storage (Chameleon) and the appliance repository are separate pieces that already exist
as standalone middleware/infrastructures.

Metadata-driven elastic provisioning. Along the thesis we made evident the importance
of file metadata to facilitate multisite workflow execution. File metadata include informa-
tion about the location(s) of the file or data fragment. Metadata are much less expensive to
transfer than the data itself. An efficient propagation of file metadata will allow the system
coordinator (whether a master node, or a provisioner) to have a general view of the file sys-
tem early enough. As presented in Chapter 5, adding data location awareness will allow the
elastic provisioner to make decisions on where to provision a new resource, so that it is close
to or at the data location. This could be achieved by merging our metadata management
nodes to each of the cloud sites available to the provisioner. These instances of the metadata
registry would keep updated the decision engine with the location of every piece of data
during the whole execution.

8.2.3 Workflow Management: From Batch to Stream Processing

Computing paradigms are always evolving in response to technological and human chal-
lenges. Today, data are being continuously generated both by humans and devices. Social
networks, mobile phones, radars, sensors on connected objects, etcetera, are perpetually
producing information. Data processing is no longer a matter of reading blocks of static
(batch) files. Instead, data are often presented as sequences of small-sized records, arriving
at fluctuating rates (streams). Big data platforms and applications are increasingly providing
support for stream processing, and workflows are following the same path. Apache-based
applications are leaning towards streaming projects like Spark, Storm or Flink instead or on
top of Hadoop, and the trend has just recently started.

Workflow processing greatly benefit from stream processing, as the intermediate “stag-
ing” storage can be bypassed and data can be processed at one job as it is being generated
by the previous one or by external sources. Geo-distributed workflows and streaming data will
likely come hand by hand, as most of these data originates from globally dispersed sources.
As we discussed in the manuscript, data are being generated faster than they can be pro-
cessed. Multisite workflows will, at least, eliminate the additional overhead of data trans-
fers, by allowing to process a stream closer to the source. Several solutions are arising to
cope both with streaming on workflows (e.g. Kepler [45]) and multisite data streaming (e.g.
JetStream [136]). The next generation of scientific workflows is expected to bring together
the best of both approaches.
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Résumé en Français

Contexte

Nous vivons dans une ère où les volumes de données sont si importants et croissent si vite
que l’on estime que, d’ici 2020, “il y aura presque autant d’octets numériques qu’il y a d’étoiles
dans l’univers [physique]” (rapport annuel de la société IDC Research1 [62]). La même étude
estime que l’univers numérique atteindra 44 zettaoctets d’ici là ; Facebook a rapporté un flux
entrant quotidien de 4 pétaoctets sur ses services en 2014 [142]. Ces données se présentent
sous les formes les plus diverses et proviennent de sources géographiquement dispersées.
L’explosion des quantités de données crée un besoin sans précédent en terme de stockage et
de traitement de données, mais aussi en terme de logiciels de traitement de données capables
d’exploiter au maximum ces ressources informatiques.

D’innombrables applications scientifiques et commerciales doivent traiter de (très)
grandes fractions de cet univers numérique. Puisque certains jeux de données atteignant
l’ordre de pétaoctets, ces applications nécessitent des environnements très performants afin
de fonctionner ; elles sont traditionnellement hébergées sur des supercalculateurs ou sur des
clouds. Les supercalculateurs modernes atteignent des performances de l’ordre de dizaines
de pétaflops [133] ; cependant, l’accès à ces colosses de calcul est restreint, puisque l’achat et
le maintien d’un supercalculateur est prohibitif pour la plupart des entreprises et des insti-
tutions. En outre, même quand un supercalculateur est disponible, seul des groupe d’utili-
sateurs restreints y ont accès et ce de manière prioritaire ou même réservée.

D’autre part, les clouds ont émergé comme une alternative rentable pour le calcul in-
tensif. Dans la plupart des cas, ils se composent de plusieurs data centers (ou sites) répartis
entre plusieurs zones géographiques. Ils offrent la possibilité de louer de grandes quantités
de ressources fédérées pour une durée convenant à l’utilisateur et à des prix relativement
abordables, tout en gardant la gestion du matériel transparente à l’utilisateur. Les clouds
ont permis aux entreprises et aux universités d’augmenter leur capacité de calcul à grande
échelle sans pour autant impacter leurs finances.

Ces applications à grande échelle se composent généralement de nombreux threads exé-
cutés simultanément sur plusieurs machines. Une approche habituelle pour mettre en œuvre

1International Data Corporation Research.
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ces applications est d’utiliser le modèle de programmation MapReduce [39], qui permet d’ef-
fectuer des calculs parallèles sur les partitions de grands ensembles de données, puis de fu-
sionner les résultats partiels obtenus. Bien que ce modèle soit efficace pour un grand nombre
de problèmes, il n’est pas adapté à de nombreux autres cas, tels que les applications avec des
modèles de dépendance hétérogène, ou lorsque les données sont produites/stockées dans
des lieux physiquement éloignés.

Afin de surpasser les limites de MapReduce, une pratique de plus en plus adoptée
consiste à utiliser des workflows. Un workflow est un modèle plus abstrait pour définir for-
mellement une application comme un graphe orienté, où les sommets désignent les tâches
et les arcs les dépendances de données entre ces tâches. Grâce à ce modèle plus souple, nous
sommes capables de définir plus simplement des tâches computationnelles multi-étapes.
Pourtant, une question cruciale demeure : les applications à grande échelle ne sont pas seule-
ment complexes à modéliser, mais sont aussi avides de ressources. Beaucoup de ces appli-
cations traitent des volumes de données à l’échelle de pétaoctets ; par exemple, l’expérience
ALICE au CERN a besoin de stocker 1,25 gigaoctets par seconde [26], sans parler des besoins
pour analyser ces données. Ainsi, dans la pratique, il devient impossible d’exécuter certaines
applications dans un seul data center pour plusieurs raisons ; soit parce que les données/les
calculs sont simplement trop imposants/nombreux pour les ressources disponibles, soit car
les données requises sont plutôt réparties sur la planète. Par conséquent, un nouveau facteur
entre en jeu : le traitement multisite.

À ce jour, certains fournisseurs de cloud offrent des moyens de communication entre les
data centers, par exemple des bus de données [79], ou des réseaux dédiés [5], ce qui évite
partiellement le surcoût dû à la configuration manuelle du réseau entre les sites. Cependant,
un inconvénient plus préoccupant dans le traitement multisite est la latence des réseaux
inter-sites qui est quelques ordres de grandeur plus élevée que celle d’un réseau interne de
data center. Comme les workflows requièrent le transfert de grandes quantités de données
d’une tâche à la suivante, les transferts au sein d’un seul site pourraient prendre un temps
très court avec un système de fichiers partagé, toutefois, dans un environnement multisite,
ceci pourrait se traduire par une sévère congestion du réseau et des retards, notamment avec
le trafic IP qui devrait tripler dans les cinq prochaines années [34].

Il ne fait aucun doute que les clouds ont facilité les déploiements multi-site dans une cer-
taine mesure ; néanmoins, pour faire face aux handicaps précédents et permettre l’exécution
des workflows entre data centers plusieurs défis surgissent.

1. Comment minimiser l’impact des communications entre data centers?
2. Comment équilibrer la charge de travail entre data centers afin d’éviter des goulets

d’étranglement ?
3. Comment optimiser l’utilisation des ressources du cloud pour réduire les coûts ?
4. Quelles stratégies utiliser pour le stockage et transfert de données à grande échelle ?
5. Comment rassembler les tâches et les jeux de données pour minimiser des transferts ?

Alors que ces défis orientent et motivent la présente thèse, nos contributions, présentées
dans la section prochaine, visent en particulier les éléments 1, 2 et 3. Les défis 4 et 5 ont été
traités dans des thèses précédentes [134, 71] s’articulant au sein du même projet que la nôtre :
“Z-CloudFlow : Workflows de données dans le cloud” du Centre de recherche commun Inria
– Microsoft Research.
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Contributions

Nos contributions de recherche sont résumées ci-dessous. Les deux premières correspondent
à des travaux réalisés dans le projet Z-CloudFlow. La dernière est liée à un stage effectué
au Argonne National Laboratory (ANL) aux États-Unis, dans le cadre du Joint Laboratory for
Extreme Scale Computing (JLESC) et de l’équipe associée Data@Exascale.

Améliorer la performance des workflows sur le cloud grâce à la gestion adaptative
de métadonnées distribuées

Lors d l’exécution typique d’une application à grande échelle, le jeu de données est parti-
tionné en plusieurs fragments pour un traitement en parallèle. En général, pour les work-
flows, les données d’entrée consistent souvent en une quantité importante de fichiers de
petite taille, et à mesure que le workflow s’exécute, des données intermédiaires sont géné-
rées, ce qui fait que le nombre de fichiers augmente. Dans tous les cas, de grandes quantités
de métadonnées sont nécessaires pour assurer le suivi de chaque donnée (fichier, fragment,
entrée d’une base de données) et de l’état général de l’exécution. Cette surcharge de mé-
tadonnées peut facilement saturer les systèmes de fichiers actuels qui sont pour la plupart
conçus pour un seul data center et qui gèrent les métadonnées dans un seul serveur (voire
aucun). Le scénario devient plus complexe si l’application est déployée dans un cloud multi-
site : chaque mise à jour de métadonnées doit être enregistrée dans un unique serveur qui est
potentiellement distant et accessible via un réseau à latence élevée. Même si ces mises à jour
sont effectuées en lots, il est incontestable que la performance de l’application diminuera
significativement.

Afin de réduire cet impact, nous avons exploré des stratégies utilisant la sémantique
des workflows dans une hiérarchie de partitionnement de métadonnées à deux niveaux
combinant la distribution et la réplication. Nous avons implémenté ces stratégies pour per-
mettre l’exécution de workflows dans un cloud multisite et nous avons validé notre ap-
proche sur quatre centres de données en utilisant des benchmarks synthétiques et des ap-
plications réelles. Par rapport à une configuration témoin centralisée, nous avons réussi à
obtenir jusqu’à 28 % de gain en temps d’exécution pour une application réelle, parallèle, et
géo-distribuée, et jusqu’à 50 % pour un benchmark synthétique avec une importante utilisa-
tion de métadonnées. Ce travail a été publié dans la conférence [Cluster2015].

Favoriser la propagation efficace des métadonnées fréquemment consultées dans
les workflows

L’augmentation des volumes de données manipulées sur des systèmes à large échelle a
conduit à une augmentation analogue de la charge liée aux métadonnées, ce qui a incité
leurs concepteurs à porter une attention particulière aux gestionnaires de métadonnées.
Le nombre d’opérations sur les métadonnées augmente exponentiellement avec le nombre
d’éléments de données. En conséquence, une gestion des métadonnées inappropriée ou in-
existante génère des goulets d’étranglement, ce qui pourrait impacter les performances du
système. La gestion des métadonnées dédiée est la clé du succès dans certains systèmes de
fichiers [132] ; cependant, ces solutions concernent jusqu’à présent principalement des infra-
structures HPC implantées dans un seul site.
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Comme nous nous intéressons par des workflows dans clouds multisite, cette contribu-
tion renforce le modèle hybride (décentralisé/distribué) de manipulation de métadonnées
décrit précédemment. Nous avons analysé les métadonnées de workflows par rapport à
leur fréquence d’accès et nous appelons métadonnées chaudes à celles qui sont plus fréquem-
ment requises (et inversement métadonnées froides). Nous avons développé une approche qui
permet la propagation rapide des métadonnées chaudes tout en retardant les opérations
sur métadonnées froides. Cette action réduit la congestion du réseau en limitant le nombre
d’opérations envoyées sur les réseaux à haute latence, améliorant ainsi le temps global d’exé-
cution des workflows. De plus, nous avons couplé notre modèle à un moteur d’exécution de
workflows afin de valider et d’adapter son applicabilité à différents scénarios scientifiques
réels. Nos résultats ont révélé une amélioration systématique de plus de 20 % sur le temps
d’exécution des jobs hautement parallèles des workflows, qui sont une constante dans le
traitement à grande échelle. Un papier décrivant cette contribution a été accepté dans la
conférence [BigData2016].

Évaluer les facteurs d’élasticité pour les appliances intelligentes dans des clouds
privés

Une caractéristique clé du cloud est l’élasticité, à savoir la capacité d’approvisionner et de
supprimer des ressources informatiques (généralement des machines virtuelles) en réponse
à la charge de travail actuelle. En général, les nouvelles machines sont instanciées à partir
d’images préconfigurées avec les logiciels et les paramètres nécessaires, ce que nous appe-
lons appliances. Les workflows peuvent considérablement tirer profit de l’élasticité, puisque
le nombre de machines allouées pourrait être dynamiquement ajusté selon l’usage de res-
sources de chaque tâche, évitant des charges inutiles dues aux temps d’inactivité. Pour at-
teindre cette réponse dynamique, nous devons d’abord identifier les paramètres qui aug-
mentent/diminuent la consommation de ressources dans une application. L’identification
et l’analyse de ces paramètres permettront de modéliser leur comportement pendant l’exé-
cution, avec l’objectif ultime de prédire le moment opportun pour ajouter/enlever des res-
sources dynamiquement.

Dans cette contribution nous nous intéressons à un workflow d’analyse de données is-
sues des réséaux sociaux, pour repérer des facteurs d’élasticité. Plus précisément, l’appli-
cation évalue des données de Twitter pour estimer les corrélations possibles entre les dé-
ménagements (y compris professionnels) des personnes et le taux de chômage. Nous avons
réalisé une analyse des différentes étapes de l’application en termes de chargement et ré-
plication de données, le temps d’exécution et le parallélisme. Ensuite, nous avons présenté
des détails sur l’ajustement de ces paramètres de configuration pour obtenir les meilleures
performances. Nous avons identifié des ressources informatiques sous-utilisées, des com-
promis pour le partitionnement et la réplication des données, et des points de saturation
des ressources pour des données correspondant jusqu’à 42 journées (~80 Go) ; tous sont des
facteurs qui déclenchent le passage à l’échelle de manière élastique. Ce travail a été présenté
par un poster [SC2015].
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Résumé

D’ici 2020, l’univers numérique atteindra 44 zettaoctets puisqu’il

double tous les deux ans. Les données se présentent sous les

formes les plus diverses et proviennent de sources

géographiquement dispersées. L’explosion de données crée un

besoin sans précédent en terme de stockage et de traitement
de données, mais aussi en terme de logiciels de traitement de

données capables d’exploiter au mieux ces ressources

informatiques. Ces applications à grande échelle prennent

souvent la forme de worklows qui aident à déinir les
dépendances de données entre leurs différents composants.

De plus en plus de worklows scientiiques sont exécutés sur
des clouds car ils constituent une alternative rentable pour le

calcul intensif. Parfois, les worklows doivent être répartis sur
plusieurs data centers. Soit parce qu’ils dépassent la capacité

d’un site unique en raison de leurs énormes besoins de

stockage et de calcul, soit car les données qu’ils traitent sont
dispersées dans différents endroits. L’exécution de worklows
multisite entraîne plusieurs problèmes, pour lesquels peu de

solutions ont été développées : il n’existe pas de système de

ichiers commun pour le transfert de données, les latences
inter-sites sont élevées et la gestion centralisée devient un

goulet d’étranglement.

Cette thèse présente trois contributions qui visent à réduire

l’écart entre les exécutions de worklows sur un seul site ou
plusieurs data centers. Tout d’abord, nous présentons plusieurs

stratégies pour le soutien eficace de l’exécution des worklows
sur des clouds multisite en réduisant le coût des opérations de

métadonnées. Ensuite, nous expliquons comment la

manipulation sélective des métadonnées, classées par

fréquence d’accès, améliore la performance des worklows
dans un environnement multisite. Enin, nous examinons une
approche différente pour optimiser l’exécution de worklows sur
le cloud en étudiant les paramètres d’exécution pour modéliser

le passage élastique à l’échelle.

Abstract

By 2020, the digital universe is expected to reach 44 zettabytes,

as it is doubling every two years. Data come in the most diverse
shapes and from the most geographically dispersed sources

ever. The data explosion calls for applications capable of highlyscalable,

distributed computation, and for infrastructures with
massive storage and processing power to support them. These
large-scale applications are often expressed as worklows that
help deining data dependencies between their different
components.

More and more scientiic worklows are executed on clouds, for
they are a cost-effective alternative for intensive computing.

Sometimes, worklows must be executed across multiple geodistributed
cloud datacenters. It is either because these

worklows exceed a single site capacity due to their huge
storage and computation requirements, or because the data

they process is scattered in different locations. Multisite

worklow execution brings about several issues, for which little
support has been developed: there is no common ile system
for data transfer, inter-site latencies are high, and centralized

management becomes a bottleneck.
This thesis consists of three contributions towards bridging the
gap between single- and multisite worklow execution. First, we
present several design strategies to eficiently support the
execution of worklow engines across multisite clouds, by
reducing the cost of metadata operations. Then, we take one
step further and explain how selective handling of metadata,
classiied by frequency of access, improves worklows
performance in a multisite environment. Finally, we look into a
different approach to optimize cloud worklow execution by
studying some parameters to model and steer elastic scaling.
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