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Abstract

In this thesis, we present a data-driven batch scheduling system. Current CPU-centric batch schedulers ignore

the data needs within workloads and execute them by linking them transparently and directly to their needed data.

When scheduled on remote computational resources, this elegant solution of direct data access can incur an order

of magnitude performance penalty for data-intensive workloads.

To concretely motivate this problem, we provide here a detailed analysis of six current data-intensive, scientific,

batch workloads. From this analysis, we derive quantitative bounds on expected scalability and demonstrate the

infeasibility of scheduling these workloads using currentCPU-centric systems that lack data-awareness.

Adding data-awareness to CPU-centric batch schedulers allows a careful coordination of both data and CPU

allocation thereby reducing the performance cost of remoteexecution. To achieve this coordinated schedule,

however, batch schedulers need complicity from storage systems to allow transfer of control over low-level storage

decisions from the storage system to the batch scheduler. Wielding explicit storage control, the batch scheduler

can then carefully coordinate storage and CPU allocations using a variety of data-driven scheduling policies.

We offer one such system. A modified batch scheduling system that understands the nature of batch work-

loads as revealed by our new measurement study, that leverages the explicit storage control provided by our new

distributed file system, and that can use our new analytical predictive models to select one of the five distinct

data-driven scheduling policies that we have created.
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Chapter 1

Introduction

Scheduling batch workloads in a distributed environment ischallenging. So challenging, in fact, that the data

needs of these workloads are mostly ignored by current batchschedulers. Batch schedulers can ignore these

data requirements by transparently transforming distributed environments to resemble the home environments of

executing programs. They perform this transformation by using interpostion and indirection. In doing so, they

enable a technique called remote I/O in which I/O is redirected such that the programs access remote data directly.

Instead of considering the data requirements, batch schedulers are CPU-centric in that they consider only

the computational needs of batch workloads. Data movement in these CPU-centric scheduling systems therefore

happens as an unplanned side-effect of job placement. As a job executes and initiates I/O operations, only then

does data flow to and from the job.

For many years, this approach has worked well and many important problems in genomics [5], video produc-

tion [101], simulation [22], document processing [36], data mining [4], electronic design automation [35], financial

services [81], and graphics rendering [64] have been solvedusing the increased computational power offered by

batch computing.

However, two recent trends now threaten this technology. First, recent innovations in grid computing allow

users, and batch schedulers, access to an increasingly distributed set of remote computational resources. The

second trend is that datasets are increasing in size and thisgrowth has been observed to outpace the corresponding

increase in the ability of computational systems to transport and process data [53]. Techniques which once worked

well for CPU-intensive workloads in a local environment cansuffer orders of magnitude losses in throughput when

applied to data-intensive workloads in remote environments.

In this dissertation, we offer one approach to this problem:data-driven batch schedulerswhich consider

equally the data and CPU requirements of batch workloads.

As Denning noted in early computer systems that memory management and process scheduling must be con-

sidered in a coordinated fashion [34], here we make the similar observation that batch scheduling systems can not

schedule their workloads independently of storage management.

Data-driven batch schedulers can coordinate the allocation of storage with the allocation of CPU and thereby

avoid the large performance drop-offs suffered by current techniques. Developing these new data-driven schedulers

is challenging however. As we will see, data-driven batch schedulers require some additional basic workload

information, support from the storage system, new scheduling policies, and mechanisms to guide policy selection.

Figure 1.1 graphically illustrates the value of our contribution. Shown are the slowdowns in total time to
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Figure 1.1:Slowdown in Total Time To Completion. This graph depicts the best-case performance for running five data-
intensive applications on remote resources. The slowdown shown here is relative to our approach and occurs when these
workloads are scheduled using existing CPU-centric batch schedulers which use remote I/O to bind applications to their
data. For these experiments, we are showing the slowdown in total time to completion for running 64 instances of each
application on a cluster of sixteen compute nodes.

completion for five scientific batch workloads when the workloads are scheduled using the current CPU-centric

scheduling approach as opposed to our new data-driven approach.

In the remainder of this chapter, we will more carefully define what is meant by a batch scheduler, a batch

scheduling system, and batch workloads. We will examine howchanging trends have affected current batch sys-

tems and have created the challenge we are addressing here. We then offer our proposal for data-driven batch

schedulers and discuss our contributions towards answering this proposal. We conclude with a brief organizational

overview of the rest of the dissertation.

1.1 Batch Computing

1.1.1 Batch Scheduling Systems

Batch computing refers to a system of computing in which a user does not directly dispatch programs interac-

tively for execution but rather delegates this responsibility to a batch scheduling system. The batch scheduler then

in turn dispatches the programs for execution, monitors their status, and returns their output upon completion to

the user. Although batch schedulers are typically softwareprograms themselves, and we will refer to them as such

in this dissertation, this is not necessarily the case; in fact, in the early days of card reading computers, the “batch

scheduler” was often a human operator responsible for feeding cards into a computer [99].

Due to this separation between the user and the programs, batch computing is not generally well-suited nor

designed for applications which require frequent interactions with the users. More appropriate are long running

programs that do not require user input after initialization. Batch schedulers are appreciated by users because they

assume the drudgery of program dispatching and monitoring and free the user for more creative endeavors.

In addition to being useful for executing and monitoringlong runningprograms, batch schedulers are useful

when users havemultiple programs to execute. Here again, batch schedulers can assume the drudgery and the

time-consuming process of dispatching, monitor, and collecting the output of these multiple programs.

Finally, batch schedulers are extremely useful in distributed computational settings where they can dispatch
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multiple programs in parallel across multiple computational resources. In such a case, in addition to its other

duties of dispatching, monitoring, and collecting output,the batch scheduler is also responsible for monitoring a

collection of computational resources and implementing a scheme for matching computational resources with the

programs that need them.

1.1.2 Batch Workloads

To use batch scheduling systems, users describe the jobs they want executed along with instructions about

how to execute these jobs. These instructions may contain information about external libraries that the programs

need, or arguments to be passed to the programs, or information about the input and output paths for job I/O.

Some scheduling systems allow the user to supply additionalrequirements or preferences about the execution

environment for their jobs such as preferring machines withat least a gigabyte of memory or requiring machines

with file system access to particular files [85].

Although a batch workload might consist of only a single job,it is more typical for many such jobs to be

described together and submitted to the batch system withina single workload. There are several reasons why a

user might submit several jobs simultaneously instead of just a single job.

One such reason might be that the user has now automated, intoa single batch submission, work that was

previously done interactively. For instance, this work might consist of running a single job to produce some output

data, then running a second job to perform some transformation of the data produced by the first job. For example,

the user might be using proprietary software that can not be modified for one of these jobs. Therefore, instead of

submitting a single job to the batch system, the user submitsa “vertical” sequence of jobs which have an ordering

imposed between them. This ordering must be preserved due tothe data semantics of the jobs; the child cannot

correctly execute until the parent has completely producedthe output data which becomes input to the child.

Additionally, users often submit multiple vertical sequences simultaneously such that their workloads consist

of a two-dimensional structure of some number of vertical sequences of jobs. Typically, each vertical sequence

of jobs in a workload is comprised of the same set of jobs. The difference between each vertical sequence is that

each is initiated with some difference in input parameters or input files. For example, users often submit the same

vertical sequences of jobs multiple times to perform a parameter sweep [70].

1.2 Recent Trends

Because of the tremendous success that CPU-centric batch schedulers have had, they have attracted a larger,

and more diverse, set of users. As with any successful technology, later users are less likely to be technically

savvy and are more likely to push the technology beyond its original design. The result is that CPU-centric batch

schedulers are being increasingly used to schedule data-intensive workloads submitted by users who may not

understand this mismatch.

This mismatch between CPU-centric scheduling and data-intensive workloads is further exacerbated by two

emerging trends in distributed computing: an increased utilization of remote resources, and growth in dataset sizes.

Users, and batch scheduling systems, are increasingly likely to have access to remote computational resources.

Although many users and organizations have sufficient localcomputational resources to execute their workloads,

there will always exist some set of users that wish to schedule their workloads on remote resources. The growth
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Figure 1.2:Worldwide Batch Computing Resources. This map shows a sampling of the batch computing resources that
were available within only the Condor scheduling system in March of 2004. This one snapshot contains almost 40,000 nodes
spread over roughly 1,000 clusters. Reproduced with permission from [108].

and success of grid computing [45] is responsible for this increased access to remote resources and is attested to

by the recent and wide-spread media attention surrounding grid computing [28, 71, 72, 105].

An example of the availability of wide-area resource sharing is seen in Figure 1.2. This figure is a snapshot

from March 2004 of only a small subset of clusters available for batch computing [108]. This subset contains only

clusters running the Condor system which have voluntarily agreed to be included in this measurement. Although

the total is difficult to estimate, this subset alone contains almost 40,000 nodes spread over roughly 1,000 clusters.

The second exacerbating trend has been a recent explosive growth in dataset size. The size of users’ files has

been reported to increase by an order of magnitude three times in the last twenty-five years [13, 89, 118]. Similar

observations have been made in batch computing as well [43, 53] with the most cited example being the data to be

produced by the Large Hadon Collider at the European physicscenter CERN [1]. When this operation commences

in 2007, it is expected to produce several petabytes of both raw and derived data annually for approximately 15

years.

Difficulties due to the increasing size of data are further exacerbated because this growth has been observed to

outpace the corresponding increase in the abilities of computational systems to move and process data [53].

1.3 The Problem

Current CPU-centric batch schedulers are ill-equipped to handle these emerging trends. Ignoring the I/O of

workloads and allowing it to occur as an unplanned side-effect of job placement can result in significant throughput

loss when scheduling data-intensive workloads on remote resources.

Consider, for example, a user who wishes to run a batch workload in this environment. After developing

and debugging the workload on a home system, the user is readyto run batches of hundreds or thousands on all

available computing resources, using remote batch execution systems such as Condor [69], LSF [119], PBS [109],

or Grid Engine [104]. In Figure 1.3 is a depiction of this situation in which the user’s jobs are executing on several

machines in different compute clusters scattered across the wide-area network.

Each job in the user’s workload is expected to use much of the same input data, while varying parameters
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Figure 1.3:The Target Environment. The figure presents a depiction of a typical CPU sharing environment. The user
has their important data stored on a storage server in their home cluster, and is running jobs on machines at geographically-
dispersed clusters. Each box represents a machine, and shaded boxes are machines upon which the user is currently running
jobs. Input data and output data in this environment must be moved between the home storage server and the jobs; temporary
data need not be returned to the home storage server.

and other small inputs. The necessary input data begins on the user’shome storage server(e.g., an FTP server),

and the output data, when generated, should eventually be committed to this home server. Current CPU-centric

batch computing systems present a user with two options for running a workload: remote I/O, which is the default

behavior, and pre-staging which requires additional, and substantial, user effort.

The first option, remote I/O, is to simply submit the workloadto the remote batch system and allow direct

processing on remote data. With this option, all input and output occur on demand back to the home storage

device. Although this approach is simple, the throughput ofa data-intensive workload will be drastically reduced

by two factors. First, wide-area network bandwidth is not sufficient to handle simultaneous reads from many data-

intensive pipelines running in parallel. Second, all output is directed back to the home site, including temporary

data that is not needed after the computation completes.

The second option, pre-staging, is for the user to manually configure the system to replicate input data sets in

the remote environment. This approach requires the user to have or obtain an account in the remote environment,

identify the necessary input data, transfer that data to theremote site, log into the remote system, unpack the data

in an appropriate location, configure the workload to recognize the correct directories (possibly using/tmp for

temporary data), submit the workload, and manually deal with any failures.

The entire process must be repeated whenever more data needsto be processed, new batch systems become

available, or existing systems no longer have capacity to offer to the user. As is obvious from the description,

this configuration process is labor-intensive and error-prone; additionally, using/tmp can be challenging because

its availability cannot be guaranteed. Another limitationis that because the user has made these configurations

independently of the scheduling system, the scheduling system is not able to correctly checkpoint job output data.

Still, many users go to these lengths simply to run their workloads.

Traditional distributed file systems would be a better solution but are typically not available due to admin-

istrative desire to preserve autonomy across domain boundaries. Even were such systems available, their fixed

policies prevent them from being viable for data-intensivebatch workloads. Consider, for example, BLAST [5],

a commonly used genomic search program, consisting of a single job that searches through a large shared dataset

for protein string matches.

Assume a user were to run BLAST on a compute cluster of 100 nodes equipped with a conventional distributed
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file system such as AFS or NFS. With cold caches, all 100 nodes will individually (and likely simultaneously)

access the home server with the same large demands, resulting in poor performance as the dataset is redundantly

transferred over the wide area network. Once the caches are loaded, each node will run at local disk speeds, but

only if the dataset can fit in its cache. If it cannot, the node will thrash and generate an enormous amount of

repetitive traffic back to the home server. Further, lackingworkload information, each node must employ some

mechanism to protect the consistency and availability of its cached data.

1.4 Our Proposal

To address this problem, we proposedata-driven batch schedulingin which batch schedulers consider equally

the data and CPU requirements of batch workloads. Adding data-driven scheduling to batch schedulers is not

straight-forward; we propose that four necessary components to develop these schedulers are currently missing:� Workload knowledge. To develop data-driven batch schedulers requires detail knowledge both about the

general structure of batch workloads as well as specific details about the particular workload to be scheduled.� Distributed file-system support. Data-driven batch schedulers cannot implement data-driven policies in

isolation. Rather they require support from the distributed file-system such that the batch scheduler, and not

the distributed file system, can carefully control exactly how data is allocated.� Data-driven scheduling policies.Of course, having storage control by itself is insufficient.Batch sched-

ulers need new scheduling policies to plan and control the coordinated allocation of data and CPU.� Policy selection. Finally, batch schedulers need some mechanism by which theycan make predictions

about the relative performance of different data-driven scheduling policies and select the policy that is most

appropriate for any particular workload.

1.5 Our Contributions

We offer in this dissertation one such approach to the above proposal. A modified data-driven batch scheduling

system that understands the nature of batch workloads as revealed by our new measurement study, that leverages the

explicit storage control provided by our new distributed file system, and that can use our new analytical predictive

models to select one of the five distinct data-driven scheduling policies that we have created. There are five main

contributions in this dissertation:� Profiling workloads. This dissertation is built upon a solid foundation of empirical measurement. In Chap-

ter 2, we present our measurement study of six, important, scientific, data-intensive, batch workloads. In

addition to providing a unique and detailedquantitativestudy of batch workloads, these measurements are

important because they allow us toqualitativelycharacterize the structure of these workloads and create a

taxonomy by which they can be reasoned about.

We term this structure abatch-pipeline workloadand use it to characterize the different types of data within

batch workloads. We then examine the sharing behavior for each of these types of data. The final contribution

of our measurement study is an analysis of the scalability ofthe six studied applications. We conclude that
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batch scheduling systems must understand the batch-pipeline nature of their workloads in order to achieve

high degrees of scalability (into the thousands) for data-intensive workloads.� Distributed file system support.Batch scheduling systems cannot efficiently schedule data-intensive work-

loads in isolation but rather must work in conjunction with afile system that provides transport and storage of

data. Traditional distributed file systems, such as NFS and AFS, have been targeted at a particular computing

environment, namely a collection of interactively used client machines. However, as past work has demon-

strated, different workloads lead to different designs (e.g., FileNet [36] and the Google File System [50]); if

assumptions about usage patterns, sharing characteristics, or other aspects of the workload change, one must

reexamine the design decisions embedded within distributed file systems.

In Chapter 4, we make the similar observation that the specific characteristics of batch scheduling systems

force a reexamination of the distributed file system. We conclude that current distributed file systems are not

well-suited for batch workloads as they hide control of storage decisions such as caching, consistency, and

replication. As batch schedulers have access to basic, and semantic, workload information, they are well

positioned to make these storage decisions more appropriately. To do so however, batch schedulers need a

distributed file system that explicitly allows external control.

We allow this by introducing a new distributed file system, the Batch-Aware Distributed File System (BAD-

FS), and a modified data-driven batch scheduling system. We achieve data-driven batch scheduling by

exporting explicit control of storage decisions from the distributed file system to the batch scheduler. Using

some simple data-driven scheduling techniques, we demonstrate that our modified system can achieve orders

of magnitude throughput improvements both over current distributed file systems such as AFS as well as over

current batch scheduling techniques such as remote I/O.� Simulation framework. A minor contribution of our work is the development of a detailed batch scheduling

simulation framework, BAD-Sim, for studying data-driven scheduling policies for batch-pipeline workloads.

This simulator provides a detailed and nuanced view of the system including the low-level components of

the distributed system such as memory, disks, and networks as well as the higher-level services which run

upon them. BAD-Sim includes the full machinery of BAD-FS as well as our modified batch scheduling

system.� Data-driven scheduling. The fourth major contribution of this dissertation is our study of data-driven

policies for scheduling batch-pipeline workloads. Extending on the simple policies we develop to illustrate

the importance of external storage control, in Chapter 4 we further develop five distinct, and more complex,

data-driven policies each of which leverages external storage control in slightly different ways.

Multiple policies are needed because there are several performance pitfalls possible when scheduling batch-

pipeline workloads in an environment in which storage is insufficient for the complete data needs of the

workloads. We identify three such pitfalls. First is an over-utilization of the network connection to refetch

data which could otherwise have been cached. Second is an underutilization of the available CPUs due to

concurrency limits imposed by data requirements. The thirdpitfall is an underutilization of the available

CPUs due to barriers within the workload.

Each policy we develop strives to minimize a particular pitfall at the possible expense of the other two. As

the relative cost of each pitfall is dependent on different characteristics of the workload and the compute
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environment, each policy may be better in some situations and worse in others. The final contribution we

make here is to enumerate the set of workload and environmental characteristics which influence the relative

performance of the different policies and quantify how eachcharacteristic affects each policy. We discover

that what might be the best policy in some situations may in others cause a loss of throughput of over 80%.� Predictive modelling. Having quantified that the different data-driven policies are uniquely sensitive to

different workload and environmental characteristics, the final contribution that we make in this dissertation

is to create predictive analytical models that estimate theruntime for scheduling a batch-pipeline workload

using each particular data-driven policy.

We then demonstrate the value of these models by comparing them to an ideal model which always makes

perfect predictions. Across the range of workload and environmental characteristics for three different syn-

thetic workloads, we find that our model consistently stays within 5% of ideal and never exceeds 30%.

1.6 Organization

The organization of the rest of this dissertation is as follows. In Chapter 2, we provide an in-depth analysis

of batch workloads and present a measurement study of six of these workloads from a range of the computational

sciences. In Chapter 3, we continue our discussion of why current approaches for scheduling batch-pipeline

workloads on remote resources suffer from a range of performance problems and present results illustrating how

these problems can be addressed with our new distributed filesystem BAD-FS. Then in Chapter 4, we examine

exactly how the batch scheduler can use this new distributedfile system to coordinate the allocation of data with the

allocation of compute resources and can use our predictive analytical models to select the appropriate data-driven

scheduling policy for a particular workload in a particularcompute environment. We compare our dissertation to

other related work in Chapter 5 and we conclude and discuss future work in Chapter 6.
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Chapter 2

Profiling Batch-Pipeline Workloads

For many years, researchers have studied workload characteristics in order to evaluate their impact on current

and future systems architecture [14, 66, 74]. Most of these previous application studies have focused on the

detailed behavior of single applications, whether sequential or parallel. For example, the caching behavior of the

SPEC workloads has long been a topic of intense scrutiny [22], and the communication characteristics of parallel

applications has similarly been well documented [31, 117, 116].

However, applications are not always used in isolation in production settings. Particularly in computational

science, the desired end-result is often the product of a group of applications, each of which may be run hun-

dreds or thousands of times with varied inputs. Such applications are frequently executed in a high throughput

batch scheduling system such as Condor [69] and may be managed by high-level workflow software such as

Chimera [46].

In this chapter, we present a study of six production scientific workloads. These workloads are from a wide and

diverse cross-section of the computational sciences, including astronomy, biology, geology, and physics; further

we believe they are representative of an even broader class of important workloads.

We first present a general overview for each of the workloads,describing briefly the scientific goal of each, and

presenting their general structures in terms of job and datadependencies. We then define and describe a common

structure for these workloads that we term abatch-pipelineworkload. Batch-pipeline workloads are a well-known

abstraction in batch computing, yet they have been heretofore unnamed, only vaguely defined and ill-understood.

In this chapter, we create a descriptive taxonomy that allows users, and batch scheduling systems, to strategically

reason about the complex dependencies within these workloads.

We then present a thorough characterization of the computational, memory, and I/O demands of these work-

loads. Although individually a single job from these workloads does not place a tremendous load on system

resources, we show that in combination the loads can be overwhelming.

We then characterize the sharing that occurs in the workloads by differentiating between different types of I/O.

Through this differentiation, we show that shared I/O is thedominant component of all I/O traffic within these

batch-pipeline workloads.

Most importantly, we analyze the implications for systems design and find that wide-area network bandwidth

poses a serious scalability problem for these applications, unless attempts are made to eliminate shared I/O. Suc-

cessful systems for these workloads must segregate the three types of I/O traffic in order to be able to scale success-

fully. We submit that pipeline data is at least as significanta problem as batch data, and elucidate why traditional
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file systems are not appropriate for these workloads. This analysis then leads into Chapter 4 in which we discuss a

system we built using these design guidelines.

2.1 Applications

The applications characterized here were chosen from a range of scientific disciplines. The selection criteria

were that the applications are attacking a major scientific objective, are composed of sequential applications, and

require a scalable computing environment to accomplish high throughput. We focus mostly on six applications

but in some measurements SETI@home [102] is included as a point of reference. With guidance from users, we

configured the workloads and selected the input parameters to correspond to production use. Diagrams of the

applications are shown in Figure 2.1.

BLAST [5] searches genomic databases for matching proteins and nucleotides. Both queries and archived data

may include errors or gaps, and acceptable match similarityis parameterized. Exhaustive search is often necessary.

A single executable,blastp, reads a query sequence, searches through a shared database, and outputs matches.

IBIS [41] is a global-scale simulation of Earth systems. IBIS simulates effects of human activity on the global

environment,i.e., global warming.ibis performs the simulation and emits a series of snapshots of the global

state.

CMS [56] is a high-energy physics experiment to begin operationin 2006. CMS testing software is a two-stage

pipeline; the first stage,cmkin, given a random seed, generates and models the behavior of accelerated particles.

The output is a set of events that are fed tocmsim, which simulates the response of the particle detector. Thefinal

output represents events that exceed the triggering threshold of the detector.

Nautilus [103] is a simulation of molecular dynamics. An input configuration describes molecules within a

three-dimensional space. Newton’s equation is solved for each particle. Incremental snapshots are taken to periodi-

cally capture particle coordinates. The final snapshot is often passed back to the program as an initial configuration

for another simulation. Eventually, all snapshots are converted into a standard format usingbin2coord and

consolidated into images usingrasmol.

Messkit Hartree-Fock (HF) [30] is a simulation of the non-relativistic interactions between atomic nuclei

and electrons, allowing the computation of properties suchas bond strengths and reaction energies. Three distinct

executables comprise the calculation:setup initializes data files from input parameters,argos computes and

writes integrals corresponding to the atomic configuration, andscf iteratively solves the self-consistent field

equations.

AMANDA [57] is an astrophysics experiment designed to observe cosmic events such as gamma-ray bursts by

collecting the resulting neutrinos through their interaction with the Earth’s mass. The first stage of the calibration

software,corsika, simulates the production of neutrinos and the primary interaction which creates showers of

muons. corama translates the output into a standard high-energy physics format. mmc propagates the muons

through the earth and ice while introducing noise from atmospheric sources. Finally,amasim2 simulates the

response of the detector to incident muons.

SETI@home is a search for meaningful patterns within space noise whichwould indicate the presence of

extraterrestrial intelligence. Users who wish to participate in this cooperative endeavor allowSETI to run as a

background process on their computer. This process repeatedly downloads different sections of satellite imagery
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and searches within them.

Some of the applications have a variable granularity. Both CMS and AMANDA process a variable number of

small, independently generated events. For these applications, we chose pipeline sizes of 250 events (CMS) and

100,000 showers (AMANDA), corresponding to typical production use. In both cases, the CPU and I/O resources

consumed by a pipeline scale linearly with the number of events. IBIS has multiple datasets of differing resolutions

in which the granularity of the resolution reflects the size of the dataset. In these experiments, we used a medium

sized dataset. IBIS and Nautilus perform single simulations of variable length, while SETI, BLAST, and HF

operate on a work unit of fixed size.

Across these applications, the following characteristic behaviors were observed:

A diamond-shaped storage profile.Small initial inputs are generally created by humans or initialization tools

and expanded by early stages into large intermediate results. These intermediates are often reduced by later stages

to small results to be interpreted by humans or incorporatedinto a database. Intermediate data, which often serves

as checkpoint or cached values, may be ephemeral in nature.

Multi-level working sets. Users can easily identify large logical collections of dataneeded by an application,

such as calibration tables and physical constants. However, in a given execution, applications tend to select a

small working set of which users are not aware; this has significant consequences for data replication and caching

techniques.

Significant data sharing.Although each application has a large configuration space, users submit large num-

bers of very similar jobs that access similar working sets. For example, analysis of Condor logs shows that the

usual batch size is over a thousand for AMANDA, CMS and BLAST.This property can be exploited for efficient

wide-area distribution over modest communication links.

2.2 Batch-Pipeline Workloads

One common characteristic of the applications that we studied is that many of them consist of multiple jobs

that are logically dependent on each other such that a “child” job can run only after its parent job successfully

completes. Within batch computing users often submit a large number of these vertical sequences within a single

workload each with slightly different input data or parameters.

We term this two-dimensional structure abatch-pipeline workloadand present in Figure 2.2 a diagram showing

both the structure of this type of workload and the relationships between jobs and data within it. Although not all

batch workloads fit this pattern, many do and a study of this type of workload is the focus of this dissertation.

In the diagram, circles represents jobs within the workloadand rectangles represent data. There are several

things to notice here. First, jobs within a vertical sequence, apipeline, have dependencies between them such that

each subsequent job may correctly execute only after the previous job in the pipeline has completed. Notice further

how parent jobs “communicate” with their children through the file system by leaving output data which becomes

input data to the children.

We classify three distinct types of data within a batch-pipeline workload: pipeline data, endpoint data, and

batch data. The first type is the data passed from parent to child which we refer to aspipelinedata. The second

type of data isendpointdata which refers to the input data to the initial job in a pipeline and the output data

produced by the final job in a pipeline.

For the initial job in a pipeline, the input data is not produced dynamically by a parent during the execution of

the workload but rather must be produced prior to the workload’s submission. The final job in a pipeline is similar
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Figure 2.2:A Batch-Pipeline Workload. This diagram shows the two-dimensional structure of a batch-pipeline workload
as well as the relationships within it between jobs and data.Circles represent processes and rectangles represent datawhich
are labeled according to data type.

as it creates endpoint output data which is not consumed by a subsequent child job. The pipeline data passed

between jobs is typically not interesting to the user and canbe considered temporary data; the endpoint outputs

however represent the results of the workload and constitute the output that the batch scheduler returns to the user.

The third type of data isbatchdata which is data read shared by each pipeline. Finally, as aconvenience, we

sometimes refer in common to both pipeline and endpoint dataasprivate data as it is accessed by only a single

pipeline as opposed to the batch data which is accessed by multiple pipelines.

By way of example, consider at a high level the BLAST application [5]. BLAST searches for protein and

nucleotide string matches within a genomic dataset. The genomic dataset which is searched by each pipeline is

batch data. Each pipeline searches for a different protein or nucleotide. Unique command line arguments or input

data files instruct each pipeline as to which protein or nucleotide to search for. This unique data is referred to as

endpoint input data. The results of the search which containinformation as to whether any matches were found

and their location within the genome is termed the endpoint output. Finally, any temporary data produced, such as

a transformation of the dataset or raw results which were subsequently refined, is the temporary pipeline data.

Finally, we assume that, from the perspective of the batch scheduling system, the jobs within these workloads

cannot be modified. In our experience, many scientific workloads are the product of years of fine-tuning, and when

complete, are viewed as untouchable. Also, ease of use is important; the less work for the user, the better.
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2.3 Methodology

For each application, the CPU, memory and I/O behaviors are captured. The CPU and memory behavior is

tracked with available hardware counters and statistics. To instrument I/O behavior, of a shared-library interposi-

tion agent [106] is used that replaces the I/O routines in thestandard library. For each explicit I/O event requested

by the application, the library records an event marking thestart and end of the operation, the instruction count,

and other details about the I/O request. This technique can be applied to any application that is dynamically linked.

Access to memory-mapped files is traced with a user-level paging technique using the POSIXmprotect

feature. Access to memory-mapped regions generates a user-level page fault (SIGSEGV) that may be handled

and traced by the shared library. Only one application (BLAST) uses memory-mapped I/O. In the analysis that

follows, page faults are considered equivalent to explicitread operations of one page size and non-sequential access

to memory-mapped pages is recorded as an explicit seek operation.

As with any such technique, the method necessarily interferes with the measurement. This phenomenon, the

Heisenberg Effect, is of course not limited to computer science; for example, it is similarly observed in anthropol-

ogy where it is referred to as thefishbowl effectwhich is evocative of the difficulty of studying a system in which

one is also a participant (i.e. a fish cannot study the fishbowl).

In this case, the library shares the address space of the target process and contributes to the system resources

charged against it. Each traced I/O event generates two I/Osin addition to the actual I/O, so the number of real

operations is tripled. The library itself consumes user andsystem CPU time as it works on behalf of the application,

so kernel measurements of these values cannot be relied upon. However, CPU time may be measured independently

of the I/O and tracing mechanism by inferring CPU intervals from the gaps between trace events. In the analysis

below, “CPU Time” and refers to values computed using these implicit measurements, while “Real Time” refers

to the wall clock time while tracing was in effect.

2.4 Workload Analysis

2.4.1 Resource Consumption

An overview of the resources consumed by a single pipeline ofeach application is given in Table 2.1. Each

application may consist of multiple rows in the table; the shading indicates each different application. Subsequent

tables are organized in the same way. For example, the BLAST and IBIS applications consist of only a single job

and therefore use only one row each in the table whereas CMS, HF, Nautilus, and AMANDA consist of multiple

jobs and require multiple rows. The statistics for each application consisting of multiple jobs are then summed in

a total row.

In this table, real time refers to the total wall-clock time of each of the applications when run without instru-

mentation overhead. Burst is the average number of instructions executed between I/O operations. We obtained

instruction counts using the performance monitoring counters (PMCs) available on x86-class processors. Finally,

we measured I/O traffic using an interposition library to intercept and record system calls pertaining to I/O.

There are several things to notice about the resource consumption of these applications. First, these applications

have a wide variance in run times on current hardware, ranging from a little more than a minute (BLAST) to a little

more than a day (IBIS). Second, considered individually, these applications spend the majority of time consuming

CPU rather than I/O. Third, memory requirements and programsizes are all quite modest in comparison to total

I/O volume. Finally, notice also that, with the exception ofHF, all of the application pipelines have very modest
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Real Millions of Instructions Memory (MB) I/O Traffic
Application Time (s) Integer Float Burst Text Data Share MB Ops MB/s
seti seti 41587.1 1953084.8 1523932.2 4.6 0.1 15.7 1.1 75.8 417260 0.00

blast blastp 264.2 12223.5 0.2 0.1 2.9 323.8 2.0 330.1 88671 1.25
ibis ibis 88024.3 7215213.8 4389746.8 104.7 0.7 24.0 1.4 336.1 110802 0.00
cms cmkin 55.4 5260.4 743.8 6.1 19.4 5.0 2.6 7.5 988 0.14

cmsim 15595.0 492995.8 225679.6 0.4 8.7 70.4 4.3 3798.7 1915559 0.24
total 15650.4 498256.1 226423.4 0.4 19.4 70.4 4.3 3806.2 1916546 0.24

hf setup 0.2 76.6 0.4 0.0 0.5 4.0 1.3 9.1 2953 56.43
argos 597.6 179766.5 26760.7 0.8 0.9 2.5 1.4 663.8 254713 1.11
scf 19.8 132670.1 5327.6 0.2 0.5 10.3 1.3 3983.4 765562 201.06
total 617.6 312513.2 32088.6 0.3 0.9 10.3 1.4 4656.3 1023228 7.54

nautilus nautilus 14047.6 767099.3 451195.0 18.6 0.3 146.6 1.2 270.6 65523 0.02
bin2coord 395.9 263954.4 280837.2 4.2 0.0 2.2 1.4 403.3 129727 1.02
rasmol 158.6 69612.8 3380.0 1.9 0.4 4.9 1.7 128.7 38431 0.81
total 14602.2 1100666.5 735412.2 7.9 0.4 146.6 1.7 802.7 233681 0.05

amanda corsika 2187.5 160066.5 4203.6 26.4 2.4 6.8 1.4 24.0 6225 0.01
corama 41.9 3758.4 37.9 0.3 0.5 3.2 1.1 49.4 12693 1.18
mmc 954.8 330189.1 7706.5 0.3 0.4 22.0 4.9 154.4 1141633 0.16
amasim2 3601.7 84783.8 20382.7 143.7 22.0 256.6 1.6 550.3 733 0.15
total 6785.9 578797.8 32330.7 0.5 22.0 256.6 4.9 778.0 1161275 0.11

Table 2.1: Resources Consumed. Shown in Table 2.1 are the total amounts of resources consumed. In this and in
subsequent tables, shading is used to differentiate between different application pipelines. Real time refers to the total
wall-clock time of each of the applications when run withoutinstrumentation overhead. Burst is the average number of
instructions executed between I/O operations. Instruction counts were obtained using the performance monitoring counters
(PMCs) available on x86-class processors. Traffic was measured using an interposition library to intercept and record system
calls pertaining to I/O.

bandwidth requirements.

2.4.2 I/O Volumes

Table 2.2 details the I/O volume produced by each pipeline stage. Traffic is the number of bytes that flow into

and out of the process. Unique I/O considers only unique byteranges within this total traffic. Static I/O refers to

the total size of all of the files accessed and may be greater than unique I/O if applications read only portions of

the files.

Although these applications are conceived as a pipeline of multiple stages, they are not connected by simple

data streams. Rather, each makes complex read/write use of the file system, as indicated by the number of files

each accesses. Notice here again the wide discrepency between applications which ranges from HF which accesses

only 9 unique files to Nautilus which accesses over 250.

Another observations is that SETI, CMS, HF, and to a lesser degree, BLAST, all read input data multiples

times as indicated by the discrepancy between the Traffic andUnique rows in the Reads category. This suggests

that caching may be particularly important to them.

Further, over-writing of output data is also found in all pipelines with the exception of AMANDA. Output over-

writing is usually done to update application-level checkpoints in place. (We are somewhat alarmed to observe that

such checkpoints are unsafely written directly over existing data, rather than written to a new file and atomically

replaced by renaming it.)

Finally, several pipelines are distributed with large collections of data that may be of use to many runs. How-

ever, any typical run only accesses a small portion common tosimilar runs. For example, the static size of the

BLAST dataset exceeds the unique amount read by the application by 45%. This suggests that systems which

prestage entire data sets may sometimes be performing unnecessary work.
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Total I/O Reads Writes
Application Files Traffic Unique Static Files Traffic Unique Static Files Traffic Unique Static
seti 14 75.77 3.02 3.02 12 71.62 0.72 1.04 11 4.15 2.36 2.68
blastp 11 330.11 323.59 586.21 10 329.99 323.46 586.09 1 0.12 0.12 0.12
ibis 136 336.08 73.64 73.64 132 140.08 73.48 73.48 118 196.00 66.66 66.66
cmkin 4 7.49 3.88 3.88 2 0.00 0.00 0.00 2 7.49 3.88 3.88
cmsim 16 3798.74 116.00 126.18 11 3735.24 52.86 63.05 5 63.50 63.13 63.13
total 17 3806.22 119.88 130.06 11 3735.24 52.86 63.05 6 70.98 67.01 67.01
setup 5 9.13 0.40 0.40 3 5.44 0.26 0.26 3 3.69 0.39 0.40
argos 5 663.76 663.75 663.97 2 0.04 0.03 0.26 4 663.73 663.74 663.97
scf 11 3983.40 664.61 664.61 9 3979.33 663.79 664.60 8 4.07 2.50 2.69
total 11 4656.30 666.54 666.54 9 3984.81 663.80 664.60 9 671.49 666.53 666.53
nautilus 17 270.64 32.90 32.90 7 4.25 4.25 4.25 10 266.40 28.66 28.66
bin2coord 247 403.27 273.87 273.87 123 152.78 152.66 152.66 241 250.49 249.39 249.39
rasmol 242 128.75 128.76 128.76 124 115.87 115.88 115.88 120 12.88 12.88 12.88
total 501 802.66 435.48 435.48 252 272.90 272.74 272.74 369 529.76 290.94 290.94
corsika 8 23.96 23.96 23.96 5 0.76 0.75 0.75 3 23.21 23.21 23.21
corama 6 49.37 49.37 49.37 3 23.17 23.17 23.17 3 26.20 26.20 26.20
mmc 11 154.36 154.36 154.36 9 28.92 28.92 28.92 2 125.43 125.43 125.43
amasim2 29 550.35 550.40 635.78 27 545.04 545.09 630.47 3 5.31 5.31 5.31
total 46 778.04 778.09 863.42 40 597.89 597.96 683.32 7 180.14 180.11 180.11

Table 2.2:I/O Volume. This table shows the total amounts of I/O performed. Traffic is the number of bytes that flow into
and out of the process. Unique I/O considers only unique byteranges within this total traffic. Static I/O refers to the total size
of all of the files accessed and may be greater than unique I/O if applications read only portions of the files.

2.4.3 I/O Operations

The distribution of I/O operations is given in Table 2.3. TheSeek column includes non-sequential access to

memory-mapped pages and ignores alllseek operations which do not actually change the file offset. TheOther

column sums a number of generally uncommon operations such asioctl andaccess.

Notice that many of these applications have a high degree of random access, as shown by the ratio ofseeks

to reads andwrites. This results from the nature of the data files accessed by theprograms, generally with

complex, self-referencing, internal structure, and contradicts many previous file system studies which indicate the

dominance of sequential I/O [13].

This suggests that these applications are not entirely designed with computational performance as their paramount

goal. Rather they are presumably designed by scientists in their respective fields who choose to focus on their own

science and wish to use computers with as little fuss as possible.

Further these applications are undoubtedly developed incrementally and are presumably initially run a single

pipeline at a time, by a single scientist, on a single computer. As the application evolve however it becomes easier

to understand and interpret its results and it can be packaged in large submissions for batch computing. Moving

now into a distributed environment, the penalty for random access may become significantly higher, especially if

it is compounded by concurrent access to the same file by multiple instances of the application.

Finally, the high numbers in theOther column reflect the fact thatbin2coord andrasmol are driven by

shell scripts which perform manyreaddir operations.

2.4.4 I/O Types

To characterize the different types of sharing in batch-pipelined workloads, we have divided the I/O traffic into

three roles as shown earlier in Figure 2.2.Endpointtraffic consists of the initial inputs and final outputs that are

unique to each pipeline. They must be read from and written tothe home storage server regardless of the system

design. Pipeline traffic consists of intermediate data passed between pipeline stages or even intermediate data
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Appl. Open (%) Dup (%) Close(%) Read (%) Write (%) Seek(%) Stat (%) Other (%)
seti 64595 16 0 0 64596 16 64266 15 32872 8 63154 15 127K 31 15 0
blastp 18 0 11 0 18 0 84547 95 1556 2 2478 3 37 0 5 0
ibis 1044 1 0 0 1044 1 26866 24 28985 26 51527 47 1208 1 122 0
cmkin 2 0 0 0 2 0 2 0 492 50 479 49 8 1 2 0
cmsim 17 0 0 0 16 0 952859 48 18468 1 944125 49 47 0 24 0
total 19 0 0 0 18 0 952861 48 18960 1 944604 49 55 0 26 0
setup 6 0 0 0 6 0 1061 36 735 25 1118 38 19 1 6 0
argos 3 0 0 0 3 0 8 0 127569 50 127106 50 18 0 4 0
scf 34 0 0 0 34 0 509642 67 922 0 254781 33 121 0 18 0
total 43 0 0 0 43 0 510711 50 129226 13 383005 37 158 0 28 0
nautilus 497 1 0 0 488 1 1095 2 62573 96 188 0 678 1 1 0
bin2coord 1190 1 6977 5 12238 9 33623 26 65109 50 3 0 407 0 10K 8
rasmol 359 1 22 0 517 1 29956 78 3457 9 1 0 252 1 3K 10
total 2046 1 6999 3 13243 6 64674 28 131139 56 192 0 1337 1 14K 6
corsika 13 0 0 0 13 0 199 3 5943 96 8 0 36 1 10 0
corama 4 0 0 0 4 0 5936 47 6728 53 2 0 12 0 4 0
mmc 8 0 0 0 9 0 29906 3 1111686 97 0 0 7 0 7 0
amasim2 30 4 0 0 28 4 577 79 24 3 4 1 57 8 10 1
total 55 0 0 0 54 0 36618 3 1124381 97 14 0 112 0 31 0

Table 2.3: I/O Instruction Mix. Shown here are the total number of the different types of I/O instructions executed by
each of the applications. TheSeek column includes non-sequential access to memory-mapped pages and ignores alllseek
operations which do not actually change the file offset. TheOther column sums a number of generally uncommon operations
such asioctl andaccess.

passed between different phases of a single stage.Batchtraffic is input data that are identical across all pipelines.

Through our understanding of each application, we identified every file accessed as either endpoint, pipeline, or

batch, and computed the traffic performed in each category, as shown in Table 2.4.

We immediately see that comparatively little traffic is needed at the endpoints; the bulk is either pipeline or

batch, depending on the application. Only IBIS has a significant amount of endpoint traffic relative to its total.

This indicates that the scalability of systems that run these applications will depend on their ability to differentiate

between these different types of I/O.

Finally, examining across both Tables 2.3 and 2.4, we note that a very large number ofopens are issued

relative to the number of files actually accessed. Typicallydesigned on standalone workstations, these applications

are not optimized for the realities of distributed computing, where opening a file for access can be many times

more expensive than issuing a read or write.

2.4.5 Caching Implications

To examine the sharing potential of each workload, we separated the pipeline and batch I/O traces and replayed

them over cache simulators of various sizes. These traces were obtained by using an interposition library and

logging each system call performed. We assume a 4 KB block size in the simulator. Note that the simulator used

here is relatively simple and is different from the simulator we discuss in more detail in Chapter 4.

These results are shown in Figures 2.3 and 2.4. Note that we have included the size of the executable files

implicitly in these calculations as batch data.

In general, for both types of sharing, the necessary cache sizes are small with respect to both the I/O volume and

the sizes of typical main memories today. There are some outliers. AMANDA has a large amount of batch shared

data (over half a GB) that is read only once, and thus a cache isnot effective until very large sizes. However,

AMANDA also has a very high pipeline hit rate at small cache sizes due to a large number of single-byte I/O

requests. Due to its high degree of re-reading and output overwriting, CMS needs only very small cache sizes to
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Endpoint I/O (MB) Pipeline I/O (MB) Batch I/O (MB)
Appl. Files Traffic Unique Static Files Traffic Unique Static Files Traffic Unique Static

seti 2 0.34 0.34 0.34 12 75.43 2.68 2.68 0 0.00 0.00 0.00
blastp 2 0.12 0.12 0.12 0 0.00 0.00 0.00 9 329.99 323.46 586.09
ibis 20 179.92 53.97 53.97 99 148.27 12.69 12.69 17 7.89 6.98 6.98
cmkin 2 0.07 0.07 0.07 1 7.42 3.81 3.81 1 0.00 0.00 0.00
cmsim 6 63.50 63.13 63.13 1 5.56 3.81 3.81 9 3729.67 49.04 59.24
total 6 63.56 63.20 63.20 2 12.99 7.62 7.62 9 3729.67 49.04 59.24
setup 3 0.14 0.14 0.14 2 8.99 0.26 0.26 0 0.00 0.00 0.00
argos 3 1.81 1.81 1.81 2 661.95 661.93 662.17 0 0.00 0.00 0.00
scf 3 0.01 0.01 0.01 7 3983.39 664.59 664.59 1 0.00 0.00 0.00
total 3 1.96 1.94 1.94 7 4654.34 664.59 664.59 1 0.00 0.00 0.00
nautilus 6 1.18 1.10 1.10 9 266.32 28.66 28.66 2 3.14 3.14 3.14
bin2coord 1 0.00 0.00 0.00 241 403.25 273.85 273.85 5 0.02 0.01 0.01
rasmol 119 12.88 12.88 12.88 120 115.79 115.79 115.79 3 0.08 0.09 0.09
total 124 14.06 13.99 13.99 369 785.37 418.25 418.25 8 3.24 3.24 3.24
corsika 2 0.04 0.04 0.04 3 23.17 23.17 23.17 3 0.75 0.75 0.75
corama 3 0.00 0.00 0.00 3 49.37 49.37 49.37 0 0.00 0.00 0.00
mmc 0 0.00 0.00 0.00 6 151.63 151.63 151.63 5 2.73 2.73 2.73
amasim2 5 5.31 5.31 5.31 2 40.00 40.00 125.43 22 505.04 505.04 505.04
total 6 5.22 5.21 5.21 11 264.31 264.29 349.69 29 508.52 508.52 508.52

Table 2.4: I/O Types. Shown here are the total amounts of each type of I/O performed. Endpoint traffic consists of
the initial inputs and final outputs that are unique to each application. Pipeline traffic is intermediate data passed between
pipeline stages or even intermediate data passed between different phases of a single stage. Batch traffic is input data that are
shared across different instances of the pipeline. Traffic is the number of bytes that flow into and out of the process. Unique
I/O considers only unique byte ranges within this total traffic. Static I/O refers to the total size of all of the files accessed and
may be less than unique I/O if applications read only portions of the files.

effectively maximize its hit rates. BLAST has no pipeline data. IBIS, though one stage, has pipeline data in the

form of checkpoints written and read multiple times.

The high hit rates observed here, in some cases approaching 100% are due to two reasons. First, as seen in

Table 2.2, many of the applications tend to re-access data frequently. Second, the granularity of the I/O’s performed

is often smaller than the simulated cache size. In this case,only the first access to a portion of the block registers

as a cache miss, subsequent accesses, even to different portions of the block, will then be recorded as cache hits

(so long as the block has not been evicted in the interim).

Rational for the high hit rates is evidenced further by examining Figure 2.5 which shows the cumulative distri-

butions of I/O operations performed by each application as afunction of the I/O size. Notice here for example that

Nautilus and AMANDA in particular perform almost all of their I/O at a granularity smaller than 4 KB.

2.4.6 Phase behavior

Timelines of CPU and I/O activity are shown in Figure 2.6. These timelines show the phase behavior of these

applications at both the process level and the pipeline level. For example, BLAST consists of a scanning phase

that reads the entire protein database sequentially, and then returns to selected portions non-sequentially, resulting

in much lower input bandwidth.

Both BLAST and HF are input-bound for significant intervals,both while performing sequential I/O. IBIS

and AMANDA show periodic output bursts, suggesting good opportunities for overlapping CPU and I/O bursts.

While not obviously periodic, Nautilus alternates long CPUbursts of several hundred seconds with periods of

shorter CPU and output bursts. Clear division in the I/O roleat the process level can be seen in HF, Nautilus, and

AMANDA.
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Figure 2.3:Batch Cache SimulationThese graphs show the cache hit rates obtained by re-runningan I/O trace of the batch
data accesses for each application on a simulated cache witha block size of 4 KB.

2.4.7 Balanced System Implications

Finally we analyze and present in Table 2.5 how these applications relate to Amdahl’s long standing system

balance ratios [6], recently amended by Gray [52]. These rules of thumb guide the selection of CPU, memory,

and I/O resources in the design of a “balanced” system. Theseworkloads have CPU-IO ratios (measured in

MIPS/MBPS) far exceeding Amdahl’s ideal value of eight, indicating reliance on computation rather than I/O. The

ratio of memory to CPU speed, known as alpha, is near or below Amdahl’s value of one, and with the exception

of the last component of AMANDA, never comes close to Gray’s value of four. This also indicates reliance on

computation rather than memory. Finally, the ratio of CPU instructions to I/O instructions is several orders of

magnitude larger than 50,000. With respect to a single instance of each pipeline, a commodity computing node

engineered to Amdahl’s metrics is considerably overprovisioned with I/O bandwidth and memory capacity. The

aggregation of multiple pipelines however has more significant needs, described below.

2.5 System Implications

Each of these workloads are potentially infinite. In these problem domains, the ability to harness more com-

puting power enables higher resolution, more parameters, and lower statistical uncertainties. Current users of

these applications wish to scale up throughput by running hundreds or thousands simultaneously. At this scale,

applications normally considered CPU-bound become I/O bound when considered in aggregate.

To give some idea of the growing envelope of current scientific computing, consider that in the spring of 2002,

the CMS pipeline was used to simulate 5 million events divided into 20,000 pipelined jobs, consuming 6 CPU-

years and producing a terabyte of output. This batch was onlya small fraction attempted as a test run before full

production begins in 2007. Successive yearly workloads areexpected to continuing growing. All the necessary

code and data are published in authoritative form by the experiment’s central site. Likewise, all simulation outputs

must eventually be moved back for archival storage. When theLarge Hadron Collider (LHC) [1] at the European
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Figure 2.4:Pipeline Cache SimulationThese graphs show the cache hit rates obtained by re-runningan I/O trace of the
pipeline data accesses for each application on a simulated cache with a block size of 4 KB.

physics center CERN commences this operation in 2007, it is expected to produce several petabytes of both raw

andderived data annually for approximately 15 years.

In this section, we will explore the general properties of computing and storage systems that may be built to

satisfy these workloads. We consider here the provisioningof the necessary resources and postpone our discus-

sion of designing storage systems for these workloads untilChapter 3 and our discussion of detailed scheduling

algorithms for data management until Chapter 4.

2.5.1 Endpoint Scalability

Regardless of the capacity of individual computing nodes, the ultimate scalability of these workloads is limited

by competition for shared resources. We assume that each workload relies on a central site for the authenticating

and archiving input and output data. However, we have demonstrated that actual endpoint I/O traffic is a relatively

small fraction of the total for all of these applications. Ifwe are able to eliminate all non-endpoint traffic from the

endpoint server through techniques such as caching and replication then we may see significant gains in scalability.

Of course, traffic elimination must be carried out carefully. Pipeline-shared traffic may only be eliminated if it

is truly of no use to the end user. Such intermediate data might be necessary to return for debugging or even for

archival if the ability to reproduce it is questionable. Batch-shared may only be eliminated within the constraints

of maintaining the consistency and authenticity of potentially changing input data. Traffic elimination cannot be

done blindly without some consideration of how the data are actually used outside the computing system.

That said, we may consider the limits of a system for executing such workloads based on its ability to eliminate

shared traffic. Figure 2.7 shows how each of the selected applications would scale in four systems each eliminating

some category of traffic. We assume the presence of a buffering structure sufficient to completely overlap all CPU

and I/O; figures assume a 2000 MIPS CPU and show MB per second ofCPU time. Four horizontal lines show

comtemporary milestones (as of 2005) in I/O bandwidth. The lowest, at 1 MB/s, represents wide-area network

bandwidth, the next, at 12 MB/s, represents local-area network bandwidth, the next, at 40 MB/s, represents a
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Figure 2.5: I/O Size Distributions These graphs show the cumulative distribution of I/O operations as a function of I/O
size. For example, almost all of the 400,000 operations performed by CMS are at the 4 KBsize. Conversely, Nautilus and
AMANDA performed almost no operations at this size or larger.

commodity hard disk, and finally, the uppermost, at 1500 MB/s, represents a a high-end storage server and network.

The leftmost graph shows the scalability of a system that carries all traffic to the endpoint server. In this

discipline, a high end storage device is needed for systems of very modest size. Only IBIS and SETI would

be able to scale to a width approaching 100,000. If batch-shared traffic is eliminated, we will make significant

improvements in CMS and Nautilus, as shown in the second graph. On the other hand, if pipeline-shared traffic is

eliminated, we observe significant gains for SETI, HF, and Nautilus, as shown in the third. Once both batch and

pipeline data is eliminated and only endpoint I/O is considered, then we reach the limit shown in the final graph.

All of the applications shown could scale to a width greater than 100 across the wide-area network, 1000 with

a commodity storage server in a local-area network, and over100,000 with high-end storage. SETI alone could

potentially scale to 1 million CPUs, an indicator of its specialized design for wide-area deployment.

2.5.2 Software Architecture

In order to scale to large sizes, software architectures forthese workloads must strive to eliminate batch-shared

and pipeline-shared data from endpoint interactions wherever possible, within the constraints of security, persis-

tence, and performance. Traditional file systems do not serve these applications because their naming and con-

sistency requirements are targeted to interactive cooperating users. These applications require a data management

system that has specialized requirements for workload analysis, failure recovery, and resource management.

By itself, the issue of batch input sharing has received significant attention in the grid computing community.
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Figure 2.6:Application Timelines These figures show the I/O and CPU utilization of the applications as a function of time
and are designed to reveal any phase behavior either betweenjobs within the application or within individual jobs themselves.

Deployed systems such as SRB [83] and GDMP [94] manage widely-distributed and well-known batch shared

data. Stork [60] is a more recently proposed system which introduces powerful data transfer techniques which

the user can employ for both batch data and for endpoint data.Additional techniques for discovering [112] and

replicating [86] batch data have been proposed as well.

Without diminishing the importance of batch sharing, the issue of pipeline sharing is a very different problem

that has been relatively neglected. As Figure 2.7 shows, thelocalization of both types of I/O is necessary to achieve

high scalability. The treatment of pipeline-shared data must necessarily be different than that of batch shared data,

because it will have only a single writer and a single reader before it is no longer needed. Pipeline-shared outputs

will require some facility for discovery by the reader of thedata, but need not be advertised to the same degree

as batch-shared data. The loss of a pipeline-shared output may require the re-execution of a previous computation

stage.

Solutions to both pipeline and batch sharing problems require that an application’s I/O be classified into each

of the three roles with some degree of accuracy. Custom applications such as SETI have succeeded in attaining

wide scalability by virtue of manual I/O division: all endpoint I/O happens via explicit network communication.

Yet, we can hardly expect that all valuable applications will be re-written for a distributed environment. Ideally,

such I/O roles would be detected automatically. Such an approach is taken by the TREC [111] system, which

deduces program dependencies from I/O behavior. We might also reasonably ask the user to provide hints of I/O

roles to the system without modifying applications directly.
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Figure 2.7:Scalability of I/O Roles. These graphs show how the scalability of these applicationscan be improved by
up to several orders of magnitude when batch-shared and pipeline-shared I/O are not performed at the endpoint server. The
three horizontal lines show current milestones (as of 2005)in I/O bandwidth. The upper, at 1500 MB/s, represents a high-
end storage center, the next, at 40 MB/s, represents a commodity disk, the next, at 12 MB/s, represents local-area network
bandwidth, and the lowest, at 1 MB/s, represents wide-area network bandwidth.
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CPU/IO MEM/CPU CPU/IO
Appl. (MIPS/MBPS) (MB/MIPS) (instr/op)

seti 45888 0.15 8737 K
blastp 37 26.77 144 K

ibis 34530 0.20 109823 K
cmkin 801 0.26 6372 K
cmsim 189 1.86 393 K

total 190 2.09 396 K
setup 8 0.06 27 K
argos 311 0.02 850 K

scf 34 0.30 189 K
total 74 0.16 353 K

nautilus 4501 1.71 19496 K
bin2coord 1350 0.00 4403 K

rasmol 566 0.02 1991 K
total 2287 1.20 8238 K

corsika 6854 0.14 27670 K
corama 76 0.06 313 K

mmc 2189 0.10 310 K
amasim2 191 12.48 150443 K

total 785 3.77 551 K

Amdahl 8 1.00 50 K
Gray 8 1 - 4 >50 K

Table 2.5: Balanced System Ratios.This table shows ratios between the I/O, memory, and CPU requirements of these
applications. We compare our observed ratios to those originally proposed by Gene Amdahl [6] and later amended by Jim
Gray [52].

A number of file systems take account of the conventional wisdom that quickly-deleted data is a significant

source of traffic in general-purpose workload. However, this recognition has limited application due to the re-

quirements of reliability and consistency in interactive systems. For example, NFS permits a 30-60 second delay

between application writes and data movement to the server.Were this delay made to be minutes or hours in order

to accommodate pipeline sharing, the reduction in unnecessary writes would be accompanied by a much increased

danger of data loss during a crash and some very unusual consistency semantics. The session semantics of AFS

are even worse: closing a file is a blocking operation that forces the write-back of dirty data. Not only would all

vertically shared data be written back at each of the (numerous) close operations, but the CPU would be held idle

between pipelines, offering no possibility of CPU-I/O overlap.

General-purpose file systems operate under the assumption that most data must eventually flow back to the

archival site. These workloads require the opposite assumption: most created data should remainwhere it is

createduntil an explicit operation by the writer, the system, or perhaps the user forces it into archival storage. This

improves overlap and eliminates unnecessary writes, but increases the danger that I/O operations waiting to be

written back may fail due to permissions, disconnection, orany of the many other sources of error in a distributed

file system. This is acceptable in a batch system, as long as such a failed I/O can be detected, matched with the

process that issued it, and a re-execution of the job can be forced.

One approach which we will present in detail in Chapter 4 is coupling this I/O information with a workflow

manager, such as Condor’s DAGMan or Globus’ Chimera [46], both of which already track the dependencies in

general graphs of jobs. In both of these systems, I/O activity is presumed to be a reliable (and centralized) side

effect of execution. However, if the creation and positioning of workload data is integrated into the workflow, such

data can be efficiently shared while still maintaining the possibility of error recovery.
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2.6 Discussion

Applications are not run in isolation. In production settings, scripting and workflow tools are used to glue

together series of applications into pipelines; a particular pipeline may be run many thousands of times over varied

inputs to achieve the goals of the users. We term such workloads batch-pipelined, as batches of pipelines are run

at a given instant.

In this chapter, we characterize a collection of scientific batch workloads. Beyond typical quantitative charac-

terizations of processing, memory, and I/O demands, we bring forth the more general qualitative nature of these

workloads and organize them into a taxonomy which we term batch-pipeline. By characterizing and defining this

structure, we allow users and batch scheduling systems the ability to more carefully reason about and plan for these

workloads.

The key to managing these workloads is I/O classification. Bysegregating I/O traffic by type, and through

aggressively exploiting sharing characteristics, performance can be improved by many orders of magnitude as we

will now show in Chapter 3.
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Chapter 3

Distributed File Systems for Batch-Pipeline

Workloads

Traditional distributed file systems, such as NFS and AFS, have evolved on a solid foundation of empirical

measurement. By studying expected workload patterns [13, 78, 89, 96, 114], researchers and developers have long

been able to make appropriate trade-offs in system design, thereby building systems that work well for the work-

loads of interest. Most previous distributed file systems have been targeted at a particular computing environment,

namely a collection of interactively used client machines.However, as past work has demonstrated, different work-

loads lead to different designs (e.g., FileNet [36] and the Google File System [50]); if assumptions about usage

patterns, sharing characteristics, or other aspects of theworkload change, one must reexamine the design decisions

embedded within distributed file systems.

Having conducted our own measurement study of batch-pipeline workloads as described in Chapter 2, we

are now ready to evaluate whether the design decisions within current distributed file systems are well-suited

for batch-pipeline workloads. Specifically, we consider the challenge of scheduling batch-pipeline workloads in

remote environments in which storage may be scarce and the wide-area connection to the home storage server may

be prohibitively slow.

Batch workloads are typically run in controlled local-areacluster environments [69, 119]. However, organiza-

tions that have large workload demands increasingly need ways to share resources across the wide-area, both to

lower costs and to increase productivity. One approach to accessing resources across the wide-area is to simply

run a local-area batch system across multiple clusters thatare spread over the wide-area and to use a distributed

file system as a backplane for data access.

Unfortunately, this approach is fraught with difficulty, largely due to the way in which I/O is handled. The

primary problem with using a traditional distributed file system is in its approach tocontrol: many decisions

concerning caching, consistency, and fault tolerance are madeimplicitly within the file system. Although these

decisions are reasonable for the workloads for which these file systems were designed, they are ill-suited for

a wide-area batch computing system. For example, to minimize data movement across the wide-area, the system

must carefully use the cache space of remote clusters; however, caching decisions are buried deep within distributed

file systems, thus preventing such control.

To mitigate these problems and enable the utilization of remote clusters for I/O-intensive batch workloads, we

introduce the Batch-Aware Distributed File System (BAD-FS). BAD-FS differs from traditional distributed file
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systems in its approach to control; BAD-FS exposes decisions commonly hidden inside of a distributed file system

to an external workload-savvy scheduler. BAD-FS leaves allconsistency, caching, and replication decisions to this

scheduler, thus enablingexplicit and workload-specific control of file system behavior.

The main reason to migrate control from the file system to the scheduler isinformation– the scheduler has

intimate knowledge of the workload that is running and can exploit that knowledge to improve performance and

streamline failure handling. The combination of workload information and explicit control of the file system leads

to three distinct benefits over traditional approaches:� Enhanced performance. By carefully managing remote cluster disk caches in a cooperative fashion, and

by controlling I/O such that only needed data is transportedacross the wide-area, BAD-FS minimizes wide-area

traffic and improves throughput. Using workload knowledge,BAD-FS further improves performance by using

capacity-aware scheduling to avoid thrashing.� Improved failure handling. Using basic workload information, the scheduler can determine whether to

make replicas of data based on the cost of generating that data, and not indiscriminately as is typical in many

file systems. Data loss is therefore treated uniformly as a performance problem. The scheduler has the ability

to regenerate a lost file by rerunning the application that generated it and hence only replicates when the cost of

regeneration is high.� Simplified implementation. Detailed workload information allows a simpler implementation. For example,

BAD-FS provides a cooperative cache but does not implement acache consistency protocol. Through exact knowl-

edge of data dependencies, it is the scheduler that ensures proper access ordering among jobs. Previous work has

demonstrated the difficulties of building a more general cooperative caching scheme [8, 23].

We demonstrate the benefits of explicit control via our prototype implementation of BAD-FS. Using synthetic

workloads, we demonstrate that BAD-FS can reduce wide-areaI/O traffic by an order of magnitude, can avoid per-

formance faults through capacity-aware scheduling, and can proactively replicate data to obtain high performance

in spite of remote failure. Using real workloads, we demonstrate the practical benefits of our system: I/O-intensive

batch workloads can be run upon remote resources both easilyand with high performance.

Finally, BAD-FS achieves these ends while maintaining siteautonomy and support for unmodified legacy

applications. Both of these practical constraints are important for acceptance in wide-area batch computing envi-

ronments.

In the remainder of this chapter, we describe assumptions about the expected environment and workload,

discuss the architecture of our system, present our experimental evaluation, and end this chapter with some sum-

mary observations about the need for a new batch-aware distributed file system that exports storage control to a

workload-savvy scheduler.

3.1 Architecture

In this section, we present the architecture and implementation of BAD-FS. The main goal of the design of

BAD-FS is to export sufficient control to a remote scheduler.This external control allows the batch scheduler to

deliver improved performance and better fault-handling for I/O-intensive batch-pipeline workloads run on remote

clusters.

BAD-FS is structured as is shown in Figure 3.1. Two types of server processes manage local resources. A

compute serverexports the ability to transfer and execute an ordinary userprogram on a remote CPU. Astorage
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Figure 3.1:System Architecture. This figure summarizes the architecture of BAD-FS, with the novel elements shaded
gray. Circles are compute servers, which execute batch jobs. Squares are storage servers, which hold cached inputs and
temporary outputs. Both types of servers report to a catalogserver, which records the state of the system. The scheduleruses
information from the catalog to direct the system by configuring storage devices and submitting batch jobs. The gray shapes
are novel elements in our design; the white are standard components found in batch scheduling systems.

serverexports access to disk and memory resources via remote procedure calls that resemble standard file system

operations. It also permits remote users to allocate space via an abstraction calledvolumes. Interposition agents

bind unmodified workloads running on compute servers to storage servers. Both types of servers periodically

report themselves to acatalog server, which summarizes the current state of the system. Aschedulerperiodically

examines the state of the catalog, considers the work to be done, and assigns jobs to compute servers and data

to storage servers. The scheduler may obtain data, executables, and inputs from any number of external storage

sites. For simplicity, we assume the user has all the necessary data stored at a singlehome storage serversuch as a

standard FTP server.

From the perspective of the scheduler, compute and storage servers are logically independent. A specialized

device might run only one type of server process: for example, a diskless workstation runs only a compute server,

whereas a storage appliance runs only a storage server. However, a typical workstation or cluster node has both

computing and disk resources and thus runs both.

BAD-FS may be run in an environment with multiple owners and ahigh failure rate. In addition to the usual

network and system errors, BAD-FS must be prepared to handleevictionfailures in which shared resources may be

revoked without warning. An additional challenge is that the rapid rate of change in such systems creates possibly

stale information in the catalog. BAD-FS must also be prepared to discover that the servers it attempts to harness

may no longer be available.

The BAD-FS implementation makes use of several standard components. Namely, the compute servers are

Condor [69]startd processes, the storage servers are modified NeST storage appliances [18], the interposition

agents are Parrot [107] agents, and the catalog is the Condormatchmaker. The servers advertise themselves to the

catalog via the ClassAd [85] resource description language.

3.1.1 Storage Servers

Storage servers are responsible for exporting the raw storage of the remote sites in a manner that allows efficient

management by remote schedulers. A storage server does not have a fixed policy for managing its space. Rather,
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it makes several policies accessible to external users who may carve up the available space for caching, buffering,

or other tasks as they see fit. Using an abstraction calledvolumes, storage servers allow users to allocate space

with a name, a lifetime, and a type that specifies the policy bywhich to internally manage the space. The BAD-FS

storage server exports two distinct volume types: scratch volumes and cache volumes.

A scratch volumeis a self-contained read-write file system, typically used to localize access to temporary data.

The scheduler can use scratch volumes for pipeline data passed between jobs and as a buffer for endpoint output.

Using scratch volumes, the scheduler minimizes home servertraffic by localizing pipeline I/O and only writing

endpoint data when a pipeline successfully completes. To permit efficient backup, a storage server can be directed

to duplicate a scratch volume onto another server.

A cache volumeis a read-only view of a home server, created by specifying the name of the home server and

path, a caching policy (i.e., LRU or MRU), and a maximum storage size. Multiple cache volumes can be bound

into a cooperative cache volumeby specifying the name of a catalog server, which the storageservers query to

discover their peers. A number of algorithms [33, 38] exist for managing a cooperative cache, but it is not our

intent to explore the range of these algorithms here. Rather, we describe a reasonable algorithm for this system

and explain how it is used by the scheduler.

Cooperative disk cache

The cooperative cache is built using a distributed hash table [54, 68]. The keys in the table are block addresses,

and the values specify which server is primarily responsible for that block. To avoid wide-area traffic, only the

primary server will fetch a block from the home server and theother servers will create secondary copies from

the primary (i.e. the nodes self-organize into a multi-cast tree of depth two). When space is needed, secondary

data is evicted before primary. To approximate locality, our initial implementation only forms cooperative caches

between peers in the same subnetwork. We present a brief discussion of other alternatives later in this dissertation

in Chapter 6.

Failures within the cooperative cache, including partitions, are easily managed but may cause slowdown.

Should a cooperative cache be internally partitioned, the primary blocks that were assigned to the now missing

peers will be reassigned. As long as the home server is accessible, partitioned cooperative caches will be able to

refetch any lost data and continue without any noticeable disturbance (beyond runtime perturbation) to running

jobs.

This approach to cooperative caching has two important differences from previous work. First, because data

dependencies are completely specified by the scheduler, we do not need to implement a cache consistency scheme.

Once read, all data are considered current until the scheduler invalidates the volume. This design decision greatly

simplifies our implementation; previous work has demonstrated the many difficulties of building a more general

cooperative caching scheme [8, 23]. Second, unlike previous cooperative caching schemes that manage cluster

memory [33, 38], our cooperative cache stores data on localdisks. Although managing memory caches cooper-

atively could also be advantageous, the most important optimization to make in our environment is to avoid data

movement across the wide-area; managing remote disk cachesis the simplest and most effective way to do so.
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job a a.condor
job b b.condor
job c c.condor
job d d.condor
parent a child b
parent c child d
volume b1 ftp://home/data 1 GB
volume p1 scratch 50 MB
volume p2 scratch 50 MB
mount b1 a /mydata
mount b1 c /mydata
mount p1 a /tmp
mount p1 b /tmp
mount p2 c /tmp
mount p2 d /tmp
extract p1 x ftp://home/out.1
extract p2 x ftp://home/out.2
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Figure 3.2:Workflow and Scheduler Examples. Shown here is an example of the declarative workflow languagethat
describes a batch-pipelined workload in (A), the logical representation of this workload in (B), and the execution planformu-
lated by the scheduler from this workload in (C).

Local vs. Global Control

Note that volumes export only a certain degree of control to the scheduler. Namely, by creating and deleting

volumes, the scheduler controls which data sets reside in the remote cluster. However, the storage servers retain

control over per-block decisions. Two such important decisions made locally by the storage servers are the assign-

ment of primary blocks in the cooperative cache and cache victim selection. Of course, if the scheduler is careful

in space allocation, the cache will only victimize blocks that are no longer needed. In general, we have found this

separation of global and local control to be suitable for ourworkloads. Although more work needs to be done to

precisely identify the balance point, it is clear that a trade-off is better than either extreme. Complete local control,

the current approach, suffers because the policies embedded within distributed file systems are inappropriate for

batch workloads. The other extreme, complete global control, in which the scheduler makes decisions for each

block of data, would require exorbitant complexity in the scheduler and would incur excessive network traffic to

exert this fine-grained control.

3.1.2 Interposition Agents

In order to permit ordinary workloads to make use of storage servers, aninterposition agent[58] transforms

POSIX I/O operations into storage server calls. The agent’smapping from logical path names to physical storage

volumes is provided by the scheduler at runtime. Together, the agent and the volume abstraction can hide a large

number of errors from the job and the end user. For example, ifa volume no longer exists, whether due to accidental

failure or deliberate preemption, a storage server returnsa uniquevolume losterror to the agent. Upon discovering

this, the agent forcibly terminates the job, indicating that it could not run correctly in the given environment. This

gives the scheduler clear indication of failures and allowsit to take transparent recovery actions.
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3.1.3 The Scheduler

The BAD-FS scheduler directs the execution of a workload on compute and storage servers by combining a

static workload description with dynamic knowledge of the system state. Specifically, the scheduler minimizes

traffic across the wide-area by differentiating I/O types and treating each appropriately, carefully managing remote

storage to avoid thrashing and replicating output data proactively if that data is expensive to regenerate.

Workflow language

Figure 3.2-A shows a simple workflow script in which the keywordjob names a job and binds it to a description

file, which specifies the information needed to execute that job. Parent indicates an ordering between two jobs.

Thevolume keyword names the data sources required by the workload. Forexample, volumeb1 comes from an

FTP server, while volumesp1 andp2 are empty scratch volumes. Volume sizes are provided to allow the scheduler

to allocate space appropriately. Themount keyword binds a volume into a job’s namespace. For example, jobs

a andc access volumeb1 as/mydata, while jobsa andb share volumep1 via the path/tmp. Theextract

command indicates which files of interest must be committed to the home storage server (i.e.which are endpoint

outputs). In this case, each pipeline produces a filex that must be retrieved and uniquely renamed.

Figure 3.2-B shows the graphical presentation of this workload and maps to the scheduler’s internal data

structures used to represent it. In Figure 3.2-C is the scheduler’s plan for executing job c:

1. The scheduler queries the catalog for the current system state and decides where to place job c and its data.

2. The scheduler creates volumes b1 and p2 on a storage server.

3. Job c is dispatched to the compute server.

4. Job c executes, accessing its volumes via the agent.

5. After jobs c and d complete, the scheduler extracts x from p2.

6. The scheduler frees volumes b1 and p2.

I/O Scoping

Unlike most file systems, BAD-FS is aware of the flow of its data. From the workflow language, the scheduler

knows where data originates and where it will be needed. Thisallows it to create a customized environment for

each job and minimize traffic to the home server. We refer to this asI/O scoping.

I/O scoping minimizes traffic in two ways. First, cooperative cache volumes are used to hold read-only batch

data such asb1 in Figure 3.2-A. Such volumes may be reused without modification by a large number of jobs.

Second, scratch volumes, such asp2 in Figure 3.2-A, are used to localize pipeline data. As a job executes, it

accesses only those volumes that were explicitly created for it; the home storage server is accessed only once for

batch data and not at all for pipeline.

Consistency management

With the workload information expressed in the workflow language, the scheduler neatly addresses the issue

of consistency management. All of the required dependencies between jobs and data are specified directly. Since

the scheduler only runs jobs so as to meet these constraints,there is no need to implement a cache consistency

protocol among the BAD-FS storage servers.



32

The user may make mistakes in the workflow description that can affect both cache consistency and correct

failure recovery. However, through an understanding of theexpected workload behavior as specified by the user,

the scheduler can easily detect these mistakes and warn the user that the results of the workload may have been

compromised. We have not implemented these detection features, but the architecture readily admits them.

Capacity-Aware Scheduling

The scheduler is responsible for throttling a running workload to avoid performance faults and maximize

throughput. By carefully allocating volumes, the scheduler avoids overflowing storage or thrashing caches. Al-

though disk capacity is rapidly increasing, the size of datasets is also growing and space management remains

important [8, 43, 53, 56].

The scheduler manages space by retrieving a list of available storage from the catalog server and selecting the

ready job with the least unfulfilled storage needs, whether pipe or batch. If the scheduler is able to allocate all of

that job’s volumes, then it allocates and configures these volumes and schedules the job. If there are no jobs to

execute or not enough available space, then the scheduler waits for a job to complete, more resources to arrive,

or for a failure to occur. Note that due to a lack of complete global control, the scheduler may need to slightly

overprovision when the needed volume size approaches the storage capacity.

In other scheduling domains, selecting the smallest job first can result in starvation. In this domain, however,

starvation is avoided because a workflow is a static entity executed by one scheduler. Although smaller jobs will run

first, all jobs will eventually be run. Multiple workflows or multiple users are represented by multiple schedulers,

each operating independently. At that level, an entire workflow could starve another, but that is beyond our ability

to control. We briefly discuss additional scheduling challenges presented by multiple workloads in Chapter 6.

Failure Handling

Finally, the scheduler makes BAD-FS robust to failures by handling failures of jobs, storage servers, the cata-

log, and itself. One aspect of batch workloads that we leverage is job idempotency; a job can simply be rerun in

order to regenerate its output.

The scheduler contains hard-wired logic by which it waits for passive indications of failure in compute and

storage servers and then conducts active probes to verify. For example, if a job exits abnormally with an error

indicating a failure detected by the interposition agent, then the scheduler suspects that the storage servers housing

one or more of the volumes assigned to the job are faulty. The scheduler then probes the servers. If all volumes are

healthy, it assumes the job encountered transient communication problems and simply reruns it. However, if the

volumes have failed or are unreachable for some period of time, they are assumed lost.

The failure of a volume affects the jobs that use it. As a design simplification, the scheduler considers a partial

volume failure to be a failure of the entire volume. Running jobs that rely on a failed volume must be stopped. In

addition, failures can cascade; completed processes thatwroteto a volume must be rolled back and re-run. In order

to avoid these expensive restarts of a pipeline, the scheduler may checkpoint scratch volumes as pipeline stages

complete.

Of course, determining an optimal checkpoint interval is anold problem [48]. The solution depends upon the

likelihood of failure, the value of a checkpoint, and the cost to create it. Unlike most systems, BAD-FS can solve

this problem automatically, because the scheduler is in a unique position to measure the controlling variables. The
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scheduler performs a simple cost-benefit analysis at run-time to determine if a checkpoint is worthwhile.

The algorithm works as follows. The scheduler tracks the average time to replicate a scratch volume. This cost

is initially assumed to be zero in order to trigger at least one replication and measurement. To determine the benefit

of replication, the scheduler tracks the number of job and storage failures and computes the mean-time-to-failure

across all devices in the system.

The benefit of replicating a volume is the sum of the run times of those jobs completed so far in the applicable

pipeline multiplied by the probability of failure. If the benefit exceeds the cost, then the scheduler replicates the

volume on another storage server as insurance against failure. When the original fails, the scheduler can restart the

pipeline using the saved copy.

Due to its robust failure semantics, the scheduler need not handle network partitions any differently than other

failures. When partitions are formed between the schedulerand compute servers, the scheduler may choose to

reschedule any jobs that were running on the other side of thepartition. In such a situation, it is possible that the

partition could be resolved, at which point the scheduler will find that multiple servers are executing the same jobs.

Note that this will not introduce errors because each job writes to distinct scratch volumes. The scheduler may

choose one output to extract and then discard the other.

3.1.4 Practical Issues

One of the primary obstacles to deploying a new distributed system is the need for a friendly administrator.

Whether deploying an operating system, a file system, or a batch system, the vast majority of such software

requires a privileged user to install and oversee the software. Such requirements make many forms of distributed

computing a practical impossibility; the larger and more powerful the facility, the more difficult it is for an ordinary

user to obtain administrative privileges. To this end, BAD-FS is packaged as avirtual batch systemthat can be

deployed over an existing batch system without special privileges. This technique is patterned after the “glide-in

job” described by Freyet al. [47] and is similar in spirit to recursive virtual machines [42].

To run BAD-FS, an ordinary user need only to be able to submit jobs into an existing batch system. BAD-

FS bootstraps itself on these systems, relying on the basic ability to queue and run a self-extracting executable

program containing the storage and compute servers and the interposition agent. Once deployed, the servers report

to a catalog server, and the scheduler may then harness theirresources. Note that the scheduling of the virtual batch

jobs is at the discretion of the host system; these jobs may beinterleaved in time and space with jobs submitted by

other users. We have used this technique to deploy BAD-FS over several existing Condor and PBS batch systems.

Another practical issue is security. BAD-FS currently usesthe Grid Security Infrastructure (GSI) [44], a public

key system that delegates authority to remote processes through the use of time-limited proxy certificates. To

bootstrap the system, the submitting user must enter a password to unlock the private key at his/her home node and

generate a proxy certificate with a user-settable timeout. The proxy certificate is delegated to the remote system

and used by the storage servers to authenticate back to the home storage server. This requires that users trust the

host system not to steal their secrets, which is reasonable in a c2c environment.

3.2 User Burden

To many readers accustomed to working in an interactive environment, specifying this degree of workload

information may seem like an unusual burden. We point out that a user intending to execute batch-pipelined
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workloads must be exceptionally organized. Batch users already provide this information, but it is scattered across

shell scripts, make files, and batch submission files. In addition to imparting needed information to the BAD-FS

scheduler, the workflow language actually reduces user burden by collecting all of this dispersed information into

a coherent whole.

Although user burden can be reduced in this way, whether the resulting burden is acceptable to the batch

user remains to be seen. While users should be able to properly characterize the different data types within their

workloads, a further unanswered question is their ability to accurately quantity the amounts of data within each

type. Although more studies are necessary to properly answer this question, valid arguments can be made for both

possible answers.

Batch users should be both able and willing to provide basic accurate workload information for several reasons.

First, the “typical” batch user is likely to be more technically adept than an interactive one and therefore more

easily able to observe, profile and describe the I/O behaviorof their workloads. Further, our target workloads

are submitted by “super-users” who submit workloads with batch-widths into the hundreds and thousands. This

massive amount of work suggests both that these users have multiple opportunities to observe and profile their

workloads as well as an increased incentive to do so.

Further, the number of degrees of separation between batch users and the developers of batch software is likely

fewer than that between interactive users and the developers of interactive software. Batch users are much more

likely to either have developed their own software or to haveinherited it from a colleague. As such, these users

have an advantageous perspective which allows introspection into the behavior of their workloads.

However, for several reasons it is also likely that users maystruggle to provide accurate and precise workload

information. Previous studies of runtime prediction have found that user estimates are rather poor [27, 65, 75].

As such, their ability to provide I/O predictions is likely to be similarly poor or even poorer as I/O predictions are

arguably more difficult than runtimes. Second, the number ofdegrees of separation between users and developers

in batch systems, while fewer than in interactive, is growing. More users are using inherited programs which may

have seen multiple iterations of inheritance; also, the useof proprietary programs such as BLAST is frequent.

Finally, even should users be able to provide this information, it is clear that they would almost always prefer

not to. These users would prefer to concentrate on the details of their own studies blissfully ignorant of the internal

workings of the batch scheduling system.

3.3 Experimental Evaluation

In this section, we present an experimental evaluation of BAD-FS under a variety of workloads. We first

present our methodology, and then focus on I/O scoping, capacity-aware scheduling, and failure handling, using

synthetic workloads to understand system behavior. Second, we present our experience running real workloads

on our system in a controlled environment. Finally, we discuss our initial experience using BAD-FS to run real

workloads across multiple clusters in the wild.

3.3.1 Methodology

In the initial experiments in this section, we construct an environment in which we assume the user’s input data

is stored on a home server and the user has access to a remote compute cluster. Once all pipelines have run and all

output data is safely stored back at the home server, the workload is considered complete.
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Figure 3.3:I/O Scoping: Traffic Reduction and Run Times.

We assume that the workload is run on a remote cluster of machines, accessible from the user’s home server

via a wide-area link. To emulate this scenario, we limit the bandwidth to the home server to 1 MB/s via a simple

network delay engine similar to DummyNet [87]. Thus, all I/Obetween the remotely run jobs and the home server

must traverse this slow link. The cluster itself is taken from a dedicated compute pool of Condor nodes at the

University of Wisconsin, connected via a 100 Mbit/s Ethernet switch. Each node has two Pentium-3 processors,

1 GB of physical memory and a 9 GB IBM SCSI drive, of which only a1 GB partition is made available to Condor

jobs. Of these 1 GB partitions, typically only about half is available at any one time as the rest awaits lazy garbage

collection.

To explore the performance of BAD-FS under a range of workload scenarios, we utilize a parameterized syn-

thetic batch-pipeline workload. The synthetic workload can be configured to perform varying amounts of endpoint,

batch, and pipeline I/O, compute for different lengths of time, and can exhibit different amounts of both batch and

pipeline parallelism. As each experiment requires different parameters, we leave those descriptions for the indi-

vidual figure captions. However, given our previous resultsin workload analysis as described previously in this

dissertation in Chapter 2, we focus onbatch-intensiveworkloads, which exhibit a high degree of batch sharing

but little pipeline or endpoint I/O, andpipe-intensive, which perform large amounts of pipeline I/O but generate

little batch or endpoint I/O. Note thatendpoint-intensiveworkloads are not discussed as these workloads would

not benefit from BAD-FS. Rather, these workloads would be well-served either through remote I/O or through a

more explicit, user-defined, data movements as in the Stork system [60].

3.3.2 I/O Scoping

The results of the first experiment, as shown in Figure 3.3, demonstrate how BAD-FS uses I/O scoping to

minimize traffic across the wide area by localizing pipelineI/O in scratch volumes and reusing batch data in

cooperative cache volumes. These graphs show the total amount of network traffic generated by and runtimes for

a number of different workloads with different optimizations enabled. For this experiment, we run 48 synthetic

pipelines of depth 4, each of which generates a total of 100 MBI/O. Across the x-axis we vary the relative amounts

of batch I/O and pipeline I/O. For example, at 100% Batch, theworkload generates 100 MB of batch I/O and no

pipeline. As is common in these types of workloads, the amount of endpoint I/O is small (1 KB). The leftmost

graph shows the total amount of home server traffic; the rightshows total runtimes when the home server is

accessed over an emulated wide-area network (set at 1 MB/s).

Although these optimizations are straightforward, their ability to increase throughput is significant. In this
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experiment, we repeatedly run the same synthetic workload but vary the relative amount of batch and pipeline

I/O. We compare a number of different system configurations.In the remoteconfiguration, all I/O is sent to the

home node. Against this baseline, we compare thepipeline localizationandcachingoptimizations. Finally, both

optimizations are combined in the BAD-FS configuration. Note that in these experiments, we assume copious

cache space and a controlled environment; neither capacity-aware scheduling nor failure recovery is needed.

The left-hand graph shows the total I/O that is transferred over the wide-area network. Not surprisingly, the

cooperative cache greatly reduces batch traffic to the home node by ensuring that all but the first reference to

a batch data set is retrieved from the cache. We can also see that the pipeline localization optimizations work as

expected, removing pipeline I/O entirely from the home server. Finally, we see that neither optimization in isolation

is sufficient; only the BAD-FS configuration that combines both is able to minimize network traffic throughout the

entire workload range. The right-hand graph in Figure 3.3 shows the runtimes of the workloads on our emulated

remote cluster. From this graph, we can see the direct impactthat wide-area traffic has on runtime.

3.3.3 Capacity-Aware Scheduling

Next, we examine the benefits of explicit storage management. The previous experiments were run in an

environment where storage was not used to near capacity. With the increasing size of batch data sets and storage

sharing by jobs and users, the scheduler must carefully manage remote space so as to avoid over-allocations

of storage. Storage must be carefully allocated because an over-allocation of batch data can lead to wide-area

thrashing as data which is redundantly accessed must be redundantly fetched from the home storage server. An

over-allocation of pipeline data, on the other hand, can cause write failures.

For these experiments, we compare the capacity-aware BAD-FS scheduler to two simple variants: adepth-first

scheduler and abreadth-firstscheduler. These algorithms are not aware of the data needs of the workload and base

decisions solely on the job structure within it. Depth-firstsimply assigns a single pipeline to each available CPU

and runs all jobs in the pipeline to completion before starting another. Conversely, breadth-first attempts to execute

all jobs at a particular depth before descending to the next horizontal slice of the workload.

Each type of traversal may be correct for certain types of workloads, but can lead to poor storage allocations in

others. For example, depth-first scheduling of a batch-intensive workload is more likely to cause thrashing because

it attempts to simultaneously cache all of the batch datasets. Similarly, breadth-first scheduling of a pipe-intensive

workload is more likely to over-allocate storage because itcreates allocations for all pipelines before completing

any.

3.3.4 Batch-intensive Capacity-Aware Scheduling

Figure 3.4 illustrates the importance of capacity-aware scheduling through measurements of batch-intensive

workloads scheduled using various algorithms. We can make anumber of observations from these graphs. First,

the similarity between the graphs validates that the wide-area network link is an important bottleneck resource.

Second, as expected, the different policies achieve similar results as long as the entirety of all four batch data sets

fits within the caches (i.e., up to 25%). As the size of the batch data approaches the totalcapacity of the cooperative

cache, the runtime and wide-area traffic increase for depth-first scheduling. As the total batch data no longer fits

in cache, depth-first scheduling must refetch batch data foreach pipeline. In this case, this results in three extra

fetches because with 64 pipelines and 16 compute servers, each server executes four pipelines.
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Figure 3.4: Batch-intensive Explicit Storage Management. These graphs show the benefits of explicit storage man-
agement under a batch-intensive workload. The workload consists of 32 4-stage pipelines; within each stage, each process
streams through a shared batch file (i.e., there are 4 batch files total). Batch file size is varied as a percentage of the total
amount of cooperative cache space available across the 16 nodes in the experiment. All other I/O amounts are negligible.
Each of 16 nodes has local storage which is used as a portion ofthe cache. The total cache size available is set to 8 GB
(100% on the x-axis), which reflects our observations of available storage in the UW Condor pool. The upper graph shows
the runtime and the lower presents the amount of wide-area traffic generated, normalized to the size of the batch data.

Third, note that the runtime actually begins to increase slightly before 25%. The reason for this inefficiency is

the lack of complete global control allowed through the current volume interface. In this case, the local cooperative

cache hash function is not perfectly distributing data across its peers; when the cache nears full utilization, this skew

overloads some nodes and results in extra traffic to the home server. Because we believe that this trade-off between

local and global control is correct, the implication here isthat the scheduler must be aware not only of the overall

utilization of the cooperative cache, but also of the utilization of each peer.

Finally, breadth-first and BAD-FS scheduling are able to retain linear performance in this regime because they

ensure that the total amount of batch data accessed at any onetime does not exceed the capacity of the cooperative

cache. However, once each individual batch dataset exceedsthe capacity of the cooperative cache, the performance

of breadth-first and BAD-FS scheduling converges with that of depth-first. Note that the same inefficiency that

caused depth-first to deviate slightly before 25% causes this to happen slightly before 100%.

Finally, even in the regime in which all of the batch data fits within the cooperative cache, BAD-FS slightly

outperforms both breadth- and depth-first scheduling. Due to its explicit control of the caches, the BAD-FS sched-

uler is able to control the replacement policy of the caches.By explicitly flushing old batch data from the storage

servers as it descends through the workload, the scheduler increases their hit rates by freeing more room in the

caches. In this regime in which the batch data is striped across the cooperative cache, doing so does not reduce the
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Figure 3.5:Pipe-intensive Explicit Storage Management.These graphs depict the benefits of explicit storage management
under a pipe-intensive workload. The workload consists of 32 4-stage pipelines, and pipe data size is varied as a percent
of total storage available. All other I/O amounts are negligible. There are 16 compute servers and 1 storage server in this
experiment (representing a set of diskless clients and a single server). The storage space at the server is constrained to
512 MB. The upper graph shows the runtime and the lower presents the number of failed jobs induced by each strategy.

amount of traffic to the home node, but it does increase the amount of cache space each storage server has available

for secondary data and thereby reduces the amount of local area traffic within the cooperative cache. A secondary

reason for this improvement is that the pure breadth-first scheduler waits for all processes in one batch to complete

before scheduling the next; the BAD-FS scheduler instead will begin the execution of the processes in the next

stage of the pipeline if there is room for their data in the cache, thus improving machine utilization and increasing

throughput.

3.3.5 Pipe-intensive Capacity-Aware Scheduling

In our next set of cache management experiments, we focus on apipeline-intensive workload instead of a

batch-intensive one. In this case, we expect the capacity-aware approach to follow the depth-first strategy more

closely. Results are presented in Figure 3.5.

In the lower graph, we plot the number of failed jobs that eachstrategy induces. Job failure arise in this

workload when there is a shortage of space for pipeline output; in such a scenario, a job that runs out of space for

pipeline data aborts and must be rerun at some later time. Hence, the number of job failures due to lack of space is

a good indicator of the scheduler’s success in scheduling pipeline-intensive jobs under space constraints.

From the graph, we can observe that breadth-first schedulingis unable to prevent thrashing. In contrast, the

capacity-aware BAD-FS scheduler does not exceed the available space for pipelines and thus never observes an
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Figure 3.6:Failure Handling. This graph shows the behavior of the cost-benefit strategy under different failure scenarios.
Shown are two different workloads of width 64, depth 3 and oneminute of CPU time; one performs a small amount of pipeline
I/O, the other a large amount. Each is run both during periodsof high and low rates of failure. Failures were induced using
an artificial failure generator which formatted disks at random with a mean time between failures of 180 seconds, roughly
corresponding to the total runtime of a single pipe.

aborted job. This careful allocation results in a drastically reduced runtime which is shown in the upper graph.

The stair-step pattern in the runtime of BAD-FS results fromthis careful allocation. When the size of the data

in each pipeline is between 25% and 33% of the total storage, BAD-FS schedules workload jobs on only 3 of the 16

available CPUs; between 33% and 50% on just two; and as the data exceeds 50%, BAD-FS allocates only a single

CPU at a time. Notice that BAD-FS achieves runtimes comparable or better than that of depth-first scheduling

without any wasted resource consumption.

3.3.6 Failure Handling

We now show the behavior of BAD-FS under varying failure conditions in Figure 3.6. Recall that unlike

traditional distributed systems, the BAD-FS scheduler knows exactly how to re-create a lost output file; therefore,

whether to make a replica of a file on the remote cluster shoulddepend on the cost of generating the data versus

the cost of replicating it. This choice varies with the workload and the system conditions. Figure 3.6 shows

how the BAD-FS cost-benefit analysis adapts to a variety of workloads and conditions. We compare to two naive

algorithms: always-copy, which replicates a pipeline volume after each of its stagescompletes andnever-copy,

which does not replicate at all.

We draw several conclusions from this graph. In an environment without failure, replication leads to exces-

sive overhead that increases with the amount of data. In thiscase BAD-FS outperforms always-copy but does not

quite match never-copy because of the initial replication it needs to seed its analysis. In an environment with fre-

quent failure, it is not surprising that BAD-FS outperformsnever-copy. Less intuitively, BAD-FS also outperforms

always-copy. In this case, given the particulars of the workload and the failure rate, replicating is only worth-

while after the second stage; BAD-FS correctly avoids replicating after the first stage while always-copy naively

replicates after all stages.

3.3.7 Workload Experience

We conclude with demonstrations of the system running real workloads. In the first demonstration as pre-

sented in Figure 3.7, we compare the runtime performance of BAD-FS to other methods of utilizing local storage

resources.
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Figure 3.7:Workload Experience. The upper graph shows runtimes for real jobs when the workload is executed on a
cluster separated from the home node by an emulated wide-area link (set to 1 MB/s). The lower graph repeats the experiment
but locates the home node within the same local area network.Note that the y-axis is shown in log scale to accentuate points
of interest. For each measurement, we present average runtime for the first jobs to run on each storage server when the
storage cache iscold (C) and for the subsequent jobs which run when the cache iswarm(W).
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These graphs show runtime measurements of real workloads. For each workload, we submit 64 pipelines

into a dedicated Condor pool of 16 CPUs. This Condor pool accesses local storage resources in one of three

configurations:remotein which all I/O is redirected back to the home node;standalone, which emulates AFS-like

caching to the home server; andBAD-FS. We were unable to actually use AFS due to a lack of adminstrative

privelege to manipulate the kernels of our batch computing resources; notice this is the same problem that limits

the practical deployment of many existing distributed file systems in a grid environment.

For each measurement, we present average runtime for the first jobs to run on each storage server when the

storage cache iscold (C) and for the subsequent jobs which run when the cache iswarm (W). From these graphs,

we can draw several conclusions. First, BAD-FS equals or exceeds the performance of remote I/O or standalone

caching for all of the workloads in all of the configurations.These workloads, described previously in this disser-

tation in Chapter 2, all have large degrees of either batch orpipeline data sharing. Note that workloads whose I/O

consists entirely of endpoint data would gain no benefit fromour system.

Second, the benefit of caching, either cooperatively or in standalone mode, is greater for batch-intensive work-

loads, such as BLAST, than it is for more pipe-intensive onessuch as HF. In these pipe-intensive workloads, the

important optimization is pipeline localization, which isperformed by both BAD-FS and standalone.

Third, cooperative caching in BAD-FS can outperform standalone both during cold and warm phases of ex-

ecution. If the entire batch data set fits on each storage server, then cooperative caching is only an improvement

while the data is being initially paged in. However, should the data exceed the capacity of any of the caches, then

cooperative caching, unlike standalone, is able to aggregate the cache space and fit the working set.

This benefit of cooperative caching with warm caches is illustrated in the BLAST measurements in the graph

on the left of Figure 3.7. Logfile analysis showed that two of the storage servers had slightly less cache space

(�500 MB) than was needed for the total BLAST batch data (�600 MB). As subsequent jobs accessed these

servers, they were forced to refetch data. Refetching it from the wide-area home server in the standalone case was

much more expensive than refetching from the cooperative cache as in BAD-FS. With a local-area home server

this performance advantage disappears. The different behavior of these two servers also explains the increased

variability shown in these measurements.

Fourth, the penalty for performing remote I/O to the home node is less severe but still significant when the

home node is in the same local-area network as the execute cluster. This result illustrates that BAD-FS can improve

performance even when the bandwidth to the home server is notobviously a limiting resource.

Finally, comparing across graphs we make the further observation that BAD-FS performance is almost inde-

pendent of the connection to the home server when caches are cold and becomes independent once they are warm.

Using I/O scoping, BAD-FS is able to achieve local performance in remote environments.

3.3.8 In the Wild

Thus far, our evaluations have been conducted in controlledenvironments. We conclude our experimental

presentation with a demonstration that BAD-FS is capable ofoperating in an uncontrolled, real world environment.

We created a wide-area BAD-FS system out of two existing batch systems. At the University of Wiscon-

sin (UW), a large Condor system of over one thousand CPUs, including workstations, clusters, and classroom

machines, is shared among a large number of users. At the University of New Mexico (UNM), a PBS system

manages a cluster of over 200 dedicated machines.

We established a personal scheduler, catalog, and home storage server for our use at Wisconsin and then
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Figure 3.8:In the Wild These three graphs present a timeline of the behavior of a large CMS workload run using BAD-FS.
The workload consisted of 2500 CMS pipelines and was run wherever resources could be scavenged from a collection of
CPUs at the University of New Mexico running PBS and from CPUsat the University of Wisconsin running Condor. The
topmost timeline presents the total number of CPUs, the middle shows number of jobs running and cumulative jobs completed,
and the bottom shows the cumulative traffic incurred at the home storage server.
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submitted a large number of BAD-FS bootstrap jobs to both batch systems without installing any special software

at either of the locations. We then directed the scheduler toexecute a large workload consisting of 2500 CMS

pipelines using whatever resources became available.

Figure 3.8 is a timeline of the execution of this workload. Asexpected, the number of CPUs available to us

varied widely, due to competition with other users, the availability of idle workstations (at UW), and the vagaries

of each batch scheduler. UNM consistently provided twenty CPUs, later jumping to forty after nine hours. Two

spikes in the available CPUs between 4 and 6 hours are due to the crash and recovery of the catalog server; this

resulted in a loss of monitoring data, but not of running jobs.

The benefits of cooperative caching are underscored in such adynamic environment. In the bottom graph, the

cumulative read traffic from the home node is shown to have several hills and plateaus. The hills correspond to

large spikes in the number of available CPUs.

Whenever CPUs from a new subnet begin executing, they fetch the batch data from the home node. However,

smaller hills in the number of available CPUs do not have an effect on the amount of home read traffic because a

new server entering an already established cooperative cache is able to fetch most of the batch data from its peers.

Note further that BAD-FS is able to complete the workload in arelatively short amount of time compared

to remote I/O. Using the measurements for CMS from Figure 3.7, we can compare the BAD-FS runtime to the

expected runtime we would achieve if we ran the same workloadusing remote I/O over a wide-area network. Even

making generous assumptions such as an infinite ability to scale at the home node and an always available pool of

the maximum number of CPUs that we saw in the BAD-FS run, usingremote I/O would still take over 29 hours

compared to just 12 using BAD-FS.

Finally, Figure 3.8 illustrates that both the design and implementation of BAD-FS are suitable for running

I/O intensive, batch-pipeline workloads across multiple,uncontrolled real world clusters. Through failures and

disconnections, BAD-FS continues making steady progress,removing the burden from the user of scheduling,

monitoring, and resubmitting jobs.

3.4 Discussion

Allowing external control has long been recognized as a powerful technique to improve many aspects of system

performance. By moving control to the external user of a system, that system allows the user to dictate the policy

that is most appropriate to the individual nature of their work. Systems lacking mechanisms for external control

can only speculate. However, many systems have proven to be adept at speculation and work well for the majority

of their workloads. In this paper we have argued that the distinct nature of batch-pipeline workloads is not well

matched by the design of traditional distributed file systems and the need therefore for external control is greater.

We have described BAD-FS, a distributed file system that exposes internal control decisions to an external

scheduler. Using basic knowledge of workload characteristics, the scheduler carefully manages remote resources

and facilitates the execution of I/O intensive batch jobs onboth wide-area and local-area clusters. Through syn-

thetic and real workload measurements in both controlled and uncontrolled environments, we have demonstrated

the ability of BAD-FS to use workload specific knowledge to improve throughput by selecting appropriate storage

policies in regards to I/O scoping, space allocation and cost-benefit replication.

However, although it does include some rudimentary scheduling policies, the main focus of this chapter is not

a detailed study of data-driven scheduling for batch-pipeline workloads. Rather the focus as we have presented it



44

here is on the design of the distributed file system that allows data-driven scheduling.

We now turn in Chapter 4 to a more detailed focus on data-driven scheduling. Specifically, we answer the

question of how a batch scheduler can leverage external storage control to produce a data-driven schedule for

executing data-intensive batch-pipeline workloads in environments in which storage is scarce.
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Chapter 4

Scheduling Batch-Pipeline Workloads

In Chapter 3 we show how a batch-aware distributed file systemcan allowdata-driven schedulingof batch-

pipeline workloads by transferring control of storage decisions from the storage layer to the batch scheduling

system. Data-driven scheduling is needed whenever space isconstrained,i.e. whenever the total amount of data

accessed by a batch-pipeline workload exceeds the storage capacity of the compute resources.

Although current CPU-centric scheduling policies can be used to schedule space-constrained batch-pipeline

workloads without introducing any correctness violations, they can incur orders of magnitude throughput loss

as we demonstrate in Chapter 3. Recent trends in increasing dataset sizes in batch computing [43, 53] and the

observation that this growth is outpacing the ability of computers to process data [53] lead to an ever-increasing

need to supplement these current CPU-centric scheduling policies with data-driven policies as well.

While we do present some rudimentary scheduling policies inChapter 3, the focus there is on the design of the

distributed file system that allows data-driven scheduling. Now, in this chapter, we examine in greater and more

formal detail how data-driven scheduling is implemented through the data allocation and job placement decisions

made by the data-aware batch scheduler. To do so, we introduce and validate our simulator, BAD-Sim, that allows

for a shorter development cycle as well as a clearer view intothe intricacies of the distributed system.

We then codify some simplifying assumptions about the workloads into a new abstraction we call a canonical

batch-pipeline workload. Using three representative canonical workloads and defining five possible scheduling

strategies, we examine the effect of changing several different workload and environmental characteristics. We

show how each of the different scheduling strategies is affected by each of these changes by analyzing several

performance metrics such as CPU utilization, wide-area network traffic, and the total completion time of the

workload.

Finally, we formalize predictive analytical models for each of the five possible scheduling strategies and

demonstrate high levels of accuracy in their predictive abilities. We then show that across the entire set of ex-

perimentation that the models usually predict the “best” strategy and more importantly that theyneverpredict the

“worst.”

4.1 Methodology

To more closely examine scheduling decisions within the BAD-FS framework, we developed a detailed discrete

event batch computation simulator, BAD-Sim. This simulator consists of three main parts: one, the base compute
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platform, two, the BAD-FS distributed file system and three,the scheduler which dictates job and data allocations.

The base compute platform is a simulated set of interconnected computers. Each simulated computer has a

disk, a buffer cache, and a network. These components are modeled as queues with capacities, bandwidths, and

latencies. As we are interested in studying the scheduling of I/O intensive workloads in a grid environment, we did

not attempt to simulate any “lower” level machine components such as buses or processors.

Built on top of the base compute platform, we further simulate the full BAD-FS distributed file system. Each

simulated machine within the compute cluster therefore binds into a cooperative cache with its peers as well as

exports the storage allocation mechanisms which allow higher level planning by the BAD-FS scheduler.

The third part of the simulator is the data-aware batch scheduler which gathers both workload and environ-

mental information and then creates a capacity-aware plan for workload execution. The scheduler uses the storage

allocation mechanisms exported from the file system to prevent overallocations of storage by carefully coordinating

data and job allocations.

The scheduler gets environmental and workload informationfrom descriptive information provided to the

simulator. The environmental description defines the various bandwidths, latencies, and capacities of both the

cluster compute nodes as well as the home storage node.

Although BAD-Sim is capable of modeling multiple distinct compute clusters, in our study we examined only

the base case of a single compute cluster linked via a wide-area network to a remote home storage server. The

workload description file is identical to that presented in Chapter 3, with the only exception being that the jobs

specified are not executables suited to running in a real system but rather point to files containing a descriptive

trace of the job behavior. We include a validation of our simulator, including comparisons to our BAD-FS imple-

mentation, in the Appendix.

4.2 Defining Scheduling Allocations

We now focus on the scheduler’s ability to formulate an allocation and job placement plan. Due to the large

number of variables involved in this problem, we focus on thebase case of executing a single workload on a single

compute cluster and make three additional simplifying assumptions. First, we assume that the scheduler has access

to detailed and accurate information both about the jobs within the workload and about the compute infrastructure.

Second, we assume that the workloads are mostly uniform in structure; we refer to such uniform batch-pipeline

workloads ascanonical. Finally, we assume that the compute clusters consist of homogeneous machines. While

we believe that these assumptions are reasonable, we will discuss relaxing them in Chapter 6.

4.2.1 Necessary Scheduling Information

Within the context of the simulation framework, we provideddetailed workload information to the scheduler

within the workload description file. As discussed in Chapter 3, we believe it is reasonable to expect the user to

provide this information, although we will discuss relaxing this assumption later in this dissertation in Chapter 6.

The environmental information is also provided to the simulator as a seperate environmental description file.

The information contained within this file is in regards to capacities, latencies, bandwidths, and failure rates.

We believe it is reasonable to assume that compute nodes can accurately report their capacities and that accurate

estimates for latencies, bandwidths, and failure rates canbe obtained using a tool such as the Network Weather

Service [115].
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4.2.2 Canonical Workloads

To reduce the number of variables involved in developing a data-driven batch scheduler, we introduce the

concept of canonical batch-pipeline workloads. Generallyspeaking, a canonical workload is a batch-pipeline

workload in which all jobs have similar runtimes, all batch volumes are of the same size, all endpoint and pipelines

volumes are of the same size, each pipeline is a single straight line (i.e. no multiple job dependencies), jobs read

from a single batch volume which is read by all jobs at the samedepth and each job reads from exactly one endpoint

or pipeline volume and writes to one volume that is also either endpoint or pipeline.

For the sake of exposition, we introduce a new term,private volumes. Previously, when discussing batch-

pipeline workloads, we referred to three different volume types, batch, endpoint and pipeline. Notice that both

endpoint and pipeline volumes are accessed by only a single pipeline and that batch volumes are shared across

many. We therefore combine endpoint and pipeline volumes into a single abstraction which we refer to as private.

The value of combining these data types is to reduce the number of variables needed to describe the workloads.

One trade-off is that it becomes harder to differentiate between endpoint-intensive workloads and pipeline-intensive

workloads.

Specifically, a canonical workload is defined such that:� All pipelines are of the same depth� All jobs at a particular depth read from the same batch volume� No batch volume is read by jobs at different depths� Each job has either zero or one parents and either zero or one children� Each job reads from exactly one private volume� Each job writes to exactly one private volume� Each job accesses the entire amount of data within each accessed volume� The compute times for the jobs vary within a normal distribution

We show a canonical workload in Figure 4.1. Canonical workloads simplify data-driven scheduling because

they can be represented using only six variables as shown as the top set of entries in Table 4.1.WWidth andWDepth
define the width and the depth of the workload.WBat
h is the size of each batch volume andWPrivate is the size

of each private volume. Finally,WRun andWV ar define the runtimes of the jobs within the workload;WRun is the

mean runtime of each job andWV ar is the expected variance such that the runtimes fit a normal distribution.

4.2.3 Compute Environment

Because we make the further simplifying assumption that thecompute machines are homogeneous and we do

not use information about disks and memory buffer caches to inform the scheduling decision, we can represent

the compute cluster using only five variables as shown as the second set of entries in Table 4.1. Additionally, we

present an illustration of our target compute environment labeled with these five variables in Figure 4.2.

Specifically, this environmental information can be reduced to five variables as listed in the first five rows of

Table 4.1. The number of compute nodes in the compute clusteris CCPU , the total amount of storage within

the cluster (i.e. the sum of the storage from each node) isCStorage, the rate of failure isCFailure, the bandwidth

between the cluster and the home storage site isCRemote, and finally the bandwidth within the cluster isCLo
al.
Although the base compute platform of the simulator does model the disks and the memory buffer caches

of the compute nodes (as well as the home storage server), values for their capacities, latencies and bandwidths

are not used by the scheduler and are therefore not included here. By not considering these values, the predic-

tive scheduling model that we describe later in this chapteris greatly simplified without adversely affecting its

predictive accuracy.
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Figure 4.1:A Canonical Batch-Pipeline Workload. We classify a batch-pipeline workload to be canonical when it is
mostly uniform and show an example of one such canonical workload here. Circles represent jobs in the workload, double-
edged rectangles represent batch data volumes, and single-edged rectangles are private data volumes. An advantage of
canonical workloads is that they can be completely described using only six variables.WWidth andWDepth define the width
and the depth of the workload.WBat
h is the size of each batch volume andWPrivate is the size of each private volume.
Finally, WRun andWV ar define the runtimes of the jobs within the workload;WRun is the mean runtime of each job andWV ar is the expected variance such that the runtimes fit a normal distribution. Extractions of endpoint outputs are not shown
for the sake of exposition.

4.2.4 Derived Values

Thus all information used by the scheduler to inform its allocation plan is encapsulated within a total of eleven

variables: six to describe the canonical batch-pipeline and five for the compute environment. From these variables

we derive additional values for use in our scheduling decision.

Several of these are constant and are shown in the third set ofentries in Table 4.1.DNumJobs is the total number

of jobs in a workload and is equal to the product of the depth and the width of the workload (i.e.WDepth �WWidth).DTotBat
h is the total amount of batch data in a workload; as each depth has a distinct batch volume of sizeWBat
h,

this value is equal to the product of the depth and this size (i.e.WDepth �WBat
h). Finally,DTotPrivate is the total

amount of private data in a workload and is computed mathematically as(WDepth+1) �WPrivate �WWidth, which

is the product of the amount of private data in a single pipeline ((WDepth+1) � WPrivate) times the number of

pipelines (WWidth). One thing that may be surprising about this equation is the(WDepth+1). This is because each

pipeline of depthWDepth has(WDepth+1) private volumes; this is obvious when considering that a pipeline of

depth one actually has two private volumes.

Other derived values are variable dependending on the actual schedule produced and are shown as the fourth

(and final) set of entries in Table 4.1, these are the number ofbatch volumes which can be allocated concurrently,VBat
h, the expected number of pipelines which can execute concurrently,VExe
, and the number of phases in the

workflow in which the batch data has been already cached,VWarm. As these values are dependent upon the actual

schedule produced, we will postpone their further explanation until each is encountered in the descriptions of the



49WWidth Workload width (i.e. number of pipelines)WDepth Workload depth (i.e. number of jobs within each pipeline)WBat
h Size of each batch volume within a workloadWPrivate Size of each private volume within a workloadWRun Compute time of each job within a workloadWV ar Compute time variability within a workloadCCPU Number of compute nodes in the compute clusterCStorage Amount of storage available in the compute clusterCFailure Rate of failure in the compute clusterCRemote Remote bandwidth to the storage serverCLo
al Local bandwidth within the compute clusterDNumJobs Derived total number of jobs [WDepth �WWidth]DTotBat
h Derived total amount of batch data [WDepth �WBat
h]DTotPrivate Derived total amount of private data [(WDepth+1) �WPrivate �WWidth]VBat
h Number of concurrently allocable batch volumesVExe
 Number of executable pipelines in the steady stateVWarm Number of phases in which batch data is already cached

Table 4.1:Glossary of Canonical Batch-Pipeline Scheduling Terminology. This table lists the variables used to schedule
canonical batch-pipeline workloads.W values denote constant characteristics of the workload.C values denote constant
characteristics of the compute environment.D values denote constants derived from the other values andV values are also
derived but are variable depending on the actual schedule produced.

different possible scheduling allocations.

4.2.5 Scheduling Objective

Using these six variables describing the workload and the five variables describing the environment, the batch

scheduler can choose between different possible data allocations, each of which may lead to a different traversal

order through the workload with various throughput implications. With an objective of maximizing the throughput

of the workload (i.e. minimizing the total time to completion), the scheduler tries to avoid two potential pitfalls

which may be possible in the different allocations and can reduce throughput. The first potential pitfall we have

identified is an underutilization of the available CPUs. Thesecond is sending redundant data over the wide-area

network.

An underutilization of the available CPUs can happen in two different situations. The first occurs when the

data required to run a single pipeline is greater than the storage available on a single compute node, such that it is

necessary to imposeconcurrency limitson the workload thereby resulting in an underutilization ofthe available

CPUs. In such a case, each pipeline, which computes on a single node, will use storage from multiple nodes. CPU

underutilization can also be caused by the imposition ofbarriers within the workload. In a situation in which the

maximum number of batch volumes which can be concurrently allocated is fewer than the total number of batch

volumes, the scheduler can use barriers to ensure that only asubset of the batche volumes are accessed at any time.

If the individual pipelines exhibit asynchrony in their runtimes, these barriers will result in an underutilization of

the CPUs.

The second pitfall that is possible is the need to remove and then subsequentlyrefetchbatch volumes during

the execution of a workload such that the wide-area network is redundantly utilized.
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Figure 4.2:The Target Compute Environment. This figure shows the target compute environment for runningcanonical
batch-pipeline workloads in a distributed batch system. Weshow here the variables defining the various aspects of the
environment that the scheduler uses to inform its scheduling plan. The number of compute nodes in the compute cluster isCCPU , the total amount of storage within the cluster (i.e. the sumof the storage from each node) isCStorage, the rate of
failure isCFailure, the bandwidth between the cluster and the home storage siteisCRemote, and finally the bandwidth within
the cluster isCLo
al.

All AllPrivate AllBatch Slice Minimal

Figure 4.3: Minimum Allocated Volumes for each Allocation Strategy These graphs show the minimum number of
volumes which must be simultaneously allocated in order to make each allocation strategy possible. The double edged
rectangles are batch volumes; the single are private. Jobs are represented as circles and the extractions are not shown for the
sake of exposition. Whether a volume is allocated is indicated by shading it. For example, all volumes must be allocated for
the All allocation as shown on the far left and only a single batch volume and two private volumes must be allocated to allow
the Minimal allocation as shown on the far right.

4.2.6 Defining Possible Scheduling Allocations

As shown Figure 4.3, we have identified five possible data allocations which influence the execution path and

the performance of the workloads. Each of these allocationsmay suffer one or more possible throughput pitfalls.

We now consider each of these five allocations in more detail.

The All allocation

In the unconstrained case,All, shown as the far right graph in Figure 4.3, every volume in the workload (i.e.

all private and batch) fits within the total available storage. In such a scenario, the planning is straightforward as

no possible schedule can result in adverse effects. Formally, All is possible in a canonical batch-pipeline workload

whenever the total of all batch data (DTotBat
h) plus the total of all private data (DTotPrivate) fits within the total

amount of cluster storage (CStorage), which translates mathematically toDTotBat
h +DTotPrivate � CStorage: (4.1)

A workflow traversal is shown in Figure 4.4 using the All allocation for a workload of width and depth three.

Jobs are in one of three states: one, pending in which case they are shown as unfilled circles, two, executing
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Figure 4.4:Workflow Traversal for All. These graphs illustrate the workflow traversal for the All allocation which allows
all batch and private volumes to be simultaneously allocated. These graphs, and subsequents one like them, are intendedto
be read in the standard English fashion from left to right, top to bottom (i.e. follow the arrows). Pending jobs and pending
volumes are unfilled, executing jobs are shown with a cross-grid pattern, allocated volumes are shaded, and finished jobs
and finished volumes are filled in black. In this case in which all volumes can be simultaneously allocated, the schedule is
completely without data constraint and each job can begin executing as soon as its parent finishes.
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represented with a cross-grid pattern, and three, completed which are shaded black. Volumes are similar and have

pending and completed states which are shown respectively as unfilled and black in the same manner as for jobs.

However, volumes do not have an executing state as do jobs butrather are allocated between their pending and

completed states; allocated volumes are indicated here by shading them.

This traversal assumes that jobs are synchronized such thatjobs which begin executing at approximately the

same time complete at approximately the same time. Further assumed is that there are at least three compute nodes

so that each pipeline is able to execute concurrently. Giventhese two assumptions, the traversal will proceed such

that the executing pipelines remain approximately, but notperfectly, in synchrony.

The traversal begins with the initial state in which no jobs are executing and no volumes are allocated as shown

in the upper right graph. In the next graph, the scheduler hasallocated all volumes and has begun executing the

first job in each of the three pipelines. As the first job finishes in the top right graph, its child can immediately

begin executing because all volumes needed for that job to execute have already been allocated. This continues

until the bottom right graph in which the final job finishes andthe volumes can be de-allocated.

Notice that because all volumes can be concurrently allocated that there are no limits on concurrency (i.e.

there are always three jobs executing until the pipelines begin finishing at the end), there are no barriers imposed,

and that there is no refetching of batch volumes. This is truefor only the All allocation; as we examine more

constrained allocations, we will begin to see barriers, concurrency limitations, and refetching of batch data.

The AllPrivate allocation

A second allocation,AllPrivate, is possible when all the private volumes and at least one batch volume fit

within available storage, WBat
h +DTotPrivate � CStorage: (4.2)

This is the same as Equation 4.1 for the All allocation exceptthat only one batch volume (WBat
h) need be allocated

instead of all of them (DTotBat
h).

This minimum allocation for AllPrivate is shown in the graphsecond from the left in Figure 4.3 in which all

private volumes and a single batch volume are allocated (as shown by being shaded). Notice again the similarty to

the All allocation with the sole difference that only a single batch volume is allocated at any one time.

We know examine a workflow traversal for AllPrivate for the maximally constrained case in which only a

single batch volume can be allocated at any one time. The number of batch volumes which can be concurrently

allocated is one of our derived variables,VBat
h. Therefore, this maximally constrained case occurs wheneverVBat
h = 1.

This constraint will exist whenever the sum of all private data (DTotPrivate) plus the sum of the data intwo

batch volumes exceeds the total available storage but the sum of all private data plus only the data inonebatch

volume does fit within total available storage. For example,the maximum value ofVBat
h for any workload in

which each batch volume requires more than 50% of the available storage is 1. If the sum of the private volumes

requires less than the remaining space after allocating oneof these large volumes, then the AllPrivate allocation is

possible with this constraint ofVBat
h = 1.

Such a constrained traversal is shown in Figure 4.5; this traversal is similar to that in Figure 4.4 for All except

that barriers are needed to ensure that only one batch volumeis accessed at any one time. This difference is seen

in the top right graph which shows the state of the workload after the first job completes. In this case, because the
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Figure 4.5: Workflow Traversal for AllPrivate with VBat
h = 1. These graphs show the workflow traversal for the
AllPrivate allocation in the maximally constrained case inwhich only one batch volume can be concurrently allocated (i.e.VBat
h = 1). In such a case, as is shown in the top right graph, barriers must be imposed such that jobs whose job
dependencies are satisfied (in this case, the second job in the left-most pipeline), must wait for their sibling jobs to complete.
Upon the completion of all jobs at a particular depth as is shown in the transistion between the fourth and fifth graphs here,
the batch volume at that depth can be removed, thereby freeing storage to allow the next batch volume to be allocated and
then the jobs that need that batch volume can begin executing. The duration of time that the CPUs here will be underutilized
due to this barrier depends on the synchrony of the executingjobs (i.e.workload variability,WV ar).
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second batch volume cannot be simultaneously allocated along with the first, the second job in the first pipeline

cannot begin executing. Even though its job dependencies are satisfied (i.e. its parent has completed), it cannot

begin executing because its required data cannot be currently allocated. In contrast, in a All allocation as was

shown in Figure 4.4, all jobs can begin executing as soon as their job dependencies are satisfied. In this case,

however, a complete barrier is necessary such that no job canbegin executing untilall jobs at the previous depth

have completed. Once all jobs at the previous depth have completed, the batch volume at that depth can be de-

allocated, thereby freeing room for the next batch volume and allowing jobs at that next level to begin executing.

The duration of these barriers depends on the degree of synchrony of the executing pipelines and will cause some

underutilization of computation whenever the runtimes arenot perfectly synchronized.

Notice that, although there may be CPU underutilization dueto barriers, that there is no possibility of CPU

underutilization due to concurrency limits since all of theprivate volumes can be simultaneously allocated. For this

same reason, no batch volumes will need to be refetched because all jobs that use a batch volume can be executed

before the traversal need remove their batch volume.

The AllBatch allocation

Conversely, if all the batch volumes fit without sufficient remaining space for all of the private volumes, an

AllBatchallocation is possible so long as at least one pipeline can have access to both of its private volumes and

thereby can execute as shown in the third graph from the left in Figure 4.3. A single executing pipeline will require

two private volumes (both input and output), so AllBatch is formally possible whenever the sum of all batch data

plus the data needed for two private volumes fits within available storage which translates mathematically toDTotBat
h + 2WPrivate � CStorage: (4.3)

As all batch volumes can be simultaneously allocated, no barriers need be imposed, nor will any batch volumes

need be refetched in an AllBatch allocation. However, an underutilization of the compute capacity of the storage

nodes may be incurred if fewer pipelines can simultaneouslyexecute than the number of compute nodes. To

explain this we use another derived variable,VExe
, which refers to the number of pipelines which can concurrently

execute.

For both of the previously described allocations, All and AllPrivate, this value was never constrained as all pri-

vate volumes could be concurrently allocated and thus all pipelines could concurrently execute. With an AllBatch

allocation however, only a subset of the total private volumes can be allocated and therefore only a subset of the

total number of pipelines can concurrently execute.

We will give the exact derivation of this value when we present the predictive runtime model for the AllBatch

allocation; suffice it here to say that this value will be maximally constrained at1 when only a single pipeline can

allocate two private volumes from the total available storage remaining after allocating the total amount of batch

data.

A workflow traversal for AllBatch is shown in Figure 4.6 for this maximally constrained case in which only

a single pipeline can concurrently execute (i.e. VExe
 = 1). This traversal shows the loss in utilization as only a

single job can execute at any given time. Each pipeline must execute in its entirety before another can begin as is

shown here in the transistion between the fourth and fifth graphs. Notice the depth-first traversal that results from

this constrained schedule.
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Figure 4.6:Workflow Traversal for AllBatch with VExe
 = 1. These graphs show the workflow traversal for the AllBatch
allocation in the maximally constrained case in which afterallocating all batch volumes, there exists additional storage for
only two private volumes. In such a case, the steady state concurrency of the workload is limited to just a single pipeline
executing at a time (i.e.VExe
 = 1). This is shown in these graphs as only a single job can execute at any time and that once
a pipeline begins, only jobs in that pipeline can executed until it completes. Once a pipeline is completed, another can begin
as is shown in the transistion between the fourth and fifth graphs.
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Figure 4.7:Workflow Traversal for Slice with VExe
 = 1. These graphs show a workflow traversl for the Slice allocation
in the maximally constrained case in which only a single pipeline can concurrently execute (i.e.VExe
 = 1) except during
the very beginning and end of the workflow. As each job finishesand its input private volume can be released, an additional
sibling can then execute. Only after all jobs at a depth have finished, can the batch volume at that depth be removed and the
workflow can descend. This descent is shown here in the transistion between the fourth and fifth graphs when the final job at
depth 1 finishes. Notice how this allocation results in a breadth-first traversal.

Although CPU underutilization may occur due to an inabilityto allocate sufficient private volumes to run at

maximum utilization, that CPU underutilization due to barriers is not possible in an AllBatch allocation as all of

the batches are concurrently allocated. For this same reason, no batch volumes will need be refetched.

The Slice allocation

The fourth graph from the left in Figure 4.3 shows the minimumallocated volumes for the Slice allocation

strategy which is possible whenever an entire horizontalsliceof the workload executes to completion before any

jobs at the next horizontal slice begin executing. A horizontal slice of the workload has a storage requirement of

one batch volume and one private volume for each pipelineplusat least one more private volume so that at least

one pipeline can have access to both of its private volumes and therefore be able to execute and ensure progress of

the workload. More formally, Slice is possible wheneverWBat
h +WPrivate �WWidth +WPrivate � CStorage: (4.4)

Because the entire horizontal slice will execute before moving the workload deeper, no batch refetch is neces-
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sary in a Slice allocation. However, barriers are possible as they were in an AllPrivate allocation.

Also, as was the case for AllBatch but was not the case for AllPrivate, an underutilization of computation may

occur when the remaining storage after allocating an entirehorizontal slice allows only a subset of the pipelines to

allocate a second private volume and therefore be able to execute.

We will provide the exact derivation of the maximum concurrency, VExe
, when we present the predictive

runtime model for the Slice allocation; suffice it here to saythat this value will be maximally constrained at1
when only a single pipeline can allocate its second private volume from the total available storage remaining after

allocating the total horizontal slice. A workflow traversalfor the Slice allocation is shown in Figure 4.7 for this

maximally constrained case.

Notice that in the steady state once all pipelines have begunexecuting that the maximum number of executing

jobs is the expected value of1. This is not true for the entire duration of the workflow however, as two jobs

are able to execute concurrently at the very beginning and end of the workload. As the workload “ramps up” an

increasing number of private volumes are allocated. In thiscase, the maximum number of private volumes that

can be allocated is four. In the steady state, after each of the three pipeline has begun, one private volume for each

pipeline is allocated leaving space for only one additionalprivate volume thereby allowing only a single job access

to both its input and output private volumes and limiting concurrency to one.

However, during the ramp up phase, not every pipeline has begun and there is additional space. Since four

private volumes can be allocated at any time, this allows twojobs to execute at the very beginning of the traversal.

The same effect is seen at the end after the first pipeline finishes, no private volumes for it need remain allocated

thereby freeing storage, allowing an additional private volume to be allocated and therefore an additional job to

execute.

Because of this difference in concurrency between the ends of the workflow and the middle, the average con-

currency,VExe
Ave, for the Slice allocation is not the same as the steady state concurrency,VExe
. This discrepancy

exists only in the Slice allocation, the value forVExe
Ave andVExe
Ave in the other allocations are the same as the

concurrency for the other allocations is more consistent throughout the entire workflow. The exact derivation for

both theVExe
Ave andVExe
 values for the Slice allocation will be shown when we discussits predictive runtime

model.

Notice finally that although there may be CPU underutilization due to barriers (not shown in the traversal in

Figure 4.7) and CPU underutilization due to concurrency limits (as shown), notice that the Slice allocation avoids

refetching any batch data. As every private volume from a particular slice is able to be concurrently allocated, the

workflow is able to completely exhaust all jobs at a particular depth before descending. This exhaustion of a depth

allows the Slice allocation to avoid any batch volume refetch even when it is maximally constrained as shown here.

Notice the breadth-first traversal that appears here as a result of this allocation.

The Minimal allocation

The most constrained possible allocation, as shown on the far right of Figure 4.3, isMinimal, in which only a

partial horizontal slice of the workload can execute before storageis exhausted and the workload is forced to move

deeper. A Minimal allocation is possible so long as at least one pipeline can have access to its batch volume and

both of its private; more formally wheneverWBat
h + 2WPrivate � CStorage: (4.5)
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Figure 4.8:Workflow Traversal for Minimal with VExe
 = 1. These graphs show a workflow traversal for the Minimal
allocation in the maximally constrained case in which only asingle pipeline can execute at any given time (i.e.VExe
 = 1).
The traversal is identical to that shown for the AllBatch allocation in Figure 4.6 except that each batch volume is removed
and then refetched for each pipeline.
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Minimal can suffer from all three pitfalls; it will definitely refetch batch volumes and might suffer from an under-

utilization of computation due to either concurrency limitations or to barriers.

Each batch volume will be refetched at least once because each will be fetched for every partial horizontal

slice of the workload which executes. More formally, the number of batch refetches is constrainted between1 andWWidth � 1, depending on the ratio ofVExe
 toWWidth (i.e.
lWWidthVExe
 m� 1).

The expected concurrency,VExe
, in a Minimal allocation may also be constrained. By definition, whenever

the Minimal allocation is possible and the Slice allocationis not, the maximum concurrency of the workload will

necessarily be smaller than the width of the workload (i.e.VExe
 < WWidth). However, whether this concurrency

limit actually results in an underutilization of CPU depends on the number of nodes in the compute cluster (CCPU ).

The exact derivation of theVExe
 value will be provided in the predictive runtime model; suffice it here to say that

this value will be maximally constrained at1 whenever no additional volumes can be allocated after allocating a

single batch volume and two private volumes (i.e. after allocating the minimum volumes required to execute a a

single pipeline).

Figure 4.8 shows a workflow traversal for a Minimal allocation for the maximally constrained case in whichVExe
 = 1. This traversal appears similar to that in Figure 4.6 for theAllBatch allocation except that each batch

volume must be removed in order for the workflow to proceed to alower depth. In such a maximally constrained

case, as illustrated in this traversal, each batch volume must be fetched for every pipeline. Notice, as was the

case for the AllBatch allocation, that the Minimal allocation with concurrency constraints results in a depth-first

traversal of the workload.

The Remote allocation

Finally, there exist workloads whose combination of batch and private volume sizes is sufficiently large that

none of the previous allocations are possible. We refer to this asRemote. Strictly speaking however some Remote

workloads could still technically execute if they did not attempt to cache their batch data, but rather used remote

I/O to fetch it as necessary. Although this is feasible, we donot consider it further in this work as we are more

interested in the challenges when allocations are possiblebut constrained.

Further we note that this ability to use remote I/O to fetch batch data should be used judiciously and probably

only at the discretion of the user. As was seen in Chapter 3, using remote I/O for batch-pipeline workloads results

in a drastic performance “cliff.” Such extreme performancedifferences should not be made transparent to the user.

In such a case, it seems reasonable that the scheduler could cowardly refuse to use remote I/O for an Remote

workload until giving the user an opportunity to reconfigurethe workload or to explicitly request remote I/O.

Finally although this technique of using remote I/O for the batch data does allow some Remote workloads to

execute, note that there is no technique which can execute workloads that generate excessive private output data.

4.3 Possible Volume Sizes for the Scheduling Allocations

Using the formulae for determining when each allocation strategy is possible reveals that, depending upon

the amount of storage a workload needs, multiple schedulingallocations may be possible. These formulae are

summarized here in Table 4.2.

We then plot these formulae for different values of workloadwidth,WWidth, and workload depth,WDepth, and

show these graphs in Figure 4.9. These graphs show in the areas under the lines where each strategy is possible for
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Allocation Minimum Storage Needed

All WDepth �WBat
h + (WDepth+1) �WPrivate �WWidth
AllPrivate WBat
h + (WDepth+1) �WPrivate �WWidth
AllBatch WDepth �WBat
h + 2WPrivate

Slice WBat
h +WPrivate �WWidth +WPrivate
Minimal WBat
h + 2WPrivate
Remote �

Table 4.2: Minimum Storage Needed. This table summarizes the minimum amount of storage needed for each of the
scheduling allocations we have defined.

all possible values of batch volume size,WBat
h, on the x-axis, and private volume size,WPrivate, on the y-axis.

These volume sizes are shown as a percentage ofCStorage. They are presented in tabular format to show the effect

that increasing workload depths (WDepth) and widths (WWidth) has on each strategy. There are several points to

notice in these graphs.

The first thing to notice is that in all cases, the maximum batch volume approaches the full 100% ofCStorage
but that the maximum private volume is only 50% ofCStorage. This difference is due to the fact that, in order to

execute, a job must have access to only a single batch volume but to two private ones.

Further, we see that each allocation strategy is effected differently by increasing values of workload depth and

width. Comparing across the top row as the workload width increases we observe that only the possible areas

for the AllBatch and Minimal allocations are robust to increasing workload widths. Conversely by looking at the

column of left-most graphs, we see that only the possible areas for the Slice and Minimal allocations are robust to

increasing the depth of the workload.

Looking in more detail at the effect of width and depth to eachparticular allocation, we observe that the All

allocation is sensitive to both width and depth; as the widthincreases, the maximum size of batch volumes is

unaffected but the maximum size of private volumes that can fit within a fixedCStorage decreases. This is intuitive

because as the width increases, the total amount of batch data remains constant but the total amount of private data

increases. Conversely, increasing the depth decreases both the maximum size of private volumes as well as the

maximum size of batch volumes because an increase in depth results in a larger amount of both batch and private

data.

The behavior for the AllPrivate allocation is similar to that of All with the exception that the maximum size

of the batch volumes is constant in AllPrivate since it need only allocate a single volume at a time. The AllBatch

allocation shows effectively the converse behavior to AllPrivate; it is sensitive to depth but not width and the

maximum private volume size remains constant. Again this isintuitive because the AllBatch allocation requires

simultaneously allocating all batch volumes but only two private volumes.

As expected, the Slice allocation which need allocate only asingle horizontal slice of the workload is sensitive

to width but robust to depth. Finally, the Minimal allocation, needing only a single batch and two private volumes,

is constant in both directions. Results for these relationships between workload depth and width and the maximum

volume sizes are summarized in Table 4.3.

These graphs allow comparison of the different possible areas for each of the five allocations which can aid in

the decision making process by which the scheduler selects an allocation. Notice initially that only in the base case

whereWWidth andWDepth are both1 are the possible areas the same for each allocation. For eachother possible

combination ofWWidth andWDepth, the areas are different. For very large data sets in which the batch volume
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Figure 4.9:Possible Volume Sizes for the Different Allocations.These graphs show as the area under the lines when each
scheduling allocation is possible for varying batch and private volume sizes for canonical batch-pipeline workloads.The
names of the allocation strategies have been abbreviated here: Al is All, AB is AllBatch, AP is AllPrivate, Sl is SliceandMi
is Minimal. On the x-axis is the size of the batch volumes and the y-axis shows the size for private. Notice that for all cases,
the maximum batch volume size can approach 100% of total available storage but that the maximum private volume size can
only approach 50%. This is because an executing job needs access to only a single batch volume but to two private volumes.

size exceeds the total cluster storage or where two private volumes do, there will be no allocations possible. For

smaller volume sizes, in some cases there may only be one possible allocation. For example, for a width and depth

both of 3, only the Minimal and AllBatch allocations are possible for private volume sizes approaching 50% of the

total cluster storage. Conversely, at the same width and depth of 3 but with a batch volume size approaching 100%,

only the AllPrivate, the Slice, and the Minimal allocationsare possible. For both a large private size and a large

batch size, only the Minimal allocation is possible (for example, whenWDepth = 3;WWidth = 3;WBat
h =49;WPrivate = 24). Finally, for small values forWPrivate andWBat
h, all allocations are possible.

The key observation here is that when multiple allocations are possible, the scheduler needs some additional

criteria by which to choose a scheduling allocation.

4.4 Predictive Analytical Modelling

To determine which allocations arepreferablewhen multiple allocations are possible, we develop an analytical

model for predicting the runtimes for each of the schedulingallocations. This predictive model is relatively simple

and was added to our simulated scheduler using fewer than 500lines of code. The algorithms extend logically and

build upon the equations previously defined in Table 4.2 and use only the base eleven variables from Table 4.1: the



62 WWidth * WDepth *
All WPrivate + WBat
h +, WPrivate +

AllPrivate WPrivate + WPrivate +
AllBatch � WBat
h +

Slice WPrivate + �
Minimal � �

Table 4.3:Effect of WWidth andWDepth on Maximum Volume Sizes.This table shows the effect that increasing width,WWidth, and increasing depth,WDepth, has on the maximum size of private and batch volumes within acanonical batch-
pipeline workload for each of our five studied allocations. Consider, for example, the All allocation. An increase in thewidth
of the workload reduces the maximum size of private volumes for a All allocation but has no effect of the maximum size of
batch volumes; increasing the depth however decreases the maximum size of both private and batch volumes. Effects on the
other allocations can be interpreted similarly.

five environmental variables,CCPU , the number of compute nodes,CStorage, the total amount of available storage

in the compute cluster,CFailure, the failure rate,CRemote the remote network bandwidth between the compute

cluster and the home storage server, andCLo
al, the local network bandwidth within the compute cluster, and the

six workload variables,WWidth andWDepth, the width and depth of the workload,WBat
h andWPrivate, the size

of each batch and private volume, and finallyWRun andWV ar, the compute times and their variability.

Notice that many of the low level characteristics, such as the disks and buffer caches, of the cluster environ-

ment arenot considered in these predictive models. As we will see, this simplification may cause some absolute

inaccuracies in the model’s ability to predict absolute runtimes but does not adversely affect the model’s ability

to predict the relative performance of the different scheduling allocations. As this relative performance is what is

used for predictive scheduling, this simplification and corresponding loss of absolute accuracy is justified.

To predict the total time to completion for these workloads,we compute how many phases will be required

to run these workloads. The number of these phases is generally the total width of the workload divided by our

anticipated degree of concurrency. Each phase then consists of executing some number of pipelines.

The runtime for each phase is computed to be the total amount of compute time within that phase plus the time

needed to access the total amount of private and batch data for a pipeline within that phase. Notice that our model

assumes that the runtimes for all pipelines within a phase can be computed as a single number. Also our model

does not consider any costs due to contention that may be incurred depending on the degree of concurrency. As

we will see in our evaluation, these simplifications cause the model to tend to underpredict the absolute runtimes

but does not effect its relative predictions comparing across scheduling allocations.

4.4.1 Predicting Runtime for All

Specifically, for the All allocation, the total time to completion for a workload includes a “cold” phase

(TColdPhase) during which the batch data is fetched from the remote home storage server followed by some num-

ber,VWarm, of “warm” phases each of which takes timeTWarmPhase during which the cached batch data is fetched

locally within the compute cluster. This is formalized asTTotal = TColdPhase + VWarm � TWarmPhase (4.6)

which also appears in Figure 4.10 which shows the complete predictive algorithm for the All the AllPrivate, and

the AllBatch allocations.



63TTotal = TColdPhase + VWarm � TWarmPhaseTColdPhase = TColdBat
h + TPrivateRead + TPrivateWrite + TComputeTColdBat
h = BW (CRemote; CLo
al) �DTotBat
hBW (CRemote; CLo
al) = 11CRemote + 1CLo
alDTotBat
h = WDepth �WBat
hTPrivateRead = BW (CRemote; CLo
al) �WPrivate + CLo
al �WPrivate � (WDepth � 1)TPrivateWrite = CLo
al �WPrivate � (WDepth � 1) +BW (CRemote; CLo
al) �WPrivateTCompute = WRun �WDepthVWarm = � WWidthmin(VExe
; CCPU )�� 1VExe
 = WWidthTWarmPhase = TWarmBat
h + TPrivateRead + TPrivateWrite + TComputeTWarmBat
h = CLo
al �DTotBat
h
Figure 4.10:The Predictive Model for the All Allocation. These equations form the predictive model which the scheduler
uses to predict the total time to completion for workloads scheduled using the All allocation.

Cold phase

The runtime for the cold phase consists of the sum of the time to fetch the batch data from the remote node

(TColdBat
h), the time to read the private data (TPrivateRead), the time to write the private data (TPrivateWrite), and

the compute time (TCompute):TColdPhase = TColdBat
h + TPrivateRead + TPrivateWrite + TCompute: (4.7)

Each of these times are estimated using some set of our elevenconstants describing the workload and the compute

environment.

The time to read the batch data remotely (TColdBat
h) is the product of the serial bandwidth of sending data

through the remote and local bandwidths and the total amountof batch data (DTotBat
h):TColdBat
h = BW (CRemote; CLo
al) �DTotBat
h (4.8)

The serial bandwidth,BW , for a set of components is the inverted sum of the inverted bandwidths for each

component or mathematically, 1nXbw=1 1bw (4.9)

In this case, the serial bandwidth to read data remotely isBW (CRemote; CLo
al) = 11CRemote + 1CLo
al (4.10)
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The derived value for the total amount of batch data is the product of the workload depth and the batch volume

size: DTotBat
h = WDepth �WBat
h (4.11)

The private input data is read either from the home node for the first job in each pipeline or from the local

cluster for subsequent jobs. The final private output is written first to the local cluster and then later extracted to

the home storage server.

The time to read the private data,TPrivateRead, is computed to be the time to read one private volume from the

remote storage server at the serial bandwidth ofCRemote andCLo
al plus the time to read the remainingWDepth �1
private volumes from the local compute cluster atCLo
al:TPrivateRead = BW (CRemote; CLo
al) �WPrivate + CLo
al �WPrivate � (WDepth � 1) (4.12)

The time to write the private data is the same except that it isthe last private volume, not the first, that is written

to the home storage server. In actuality, this last volume isactually written first to the local network and then later

extracted to the home storage server; however the model abstracts this and ignores the initial write to the local

network. Formally, we define this asTPrivateWrite = CLo
al �WPrivate � (WDepth � 1) +BW (CRemote; CLo
al) �WPrivate (4.13)

Note that there are actuallyWDepth + 1 private volumes but of these only the firstWDepth are read and only

the lastWDepth are written. The first private volume is read and not written and the last is written but not read;

only private volumes between a parent and child job are both read and then later written during the execution of

the workload. Notice also that the equations for the estimated time for bothTPrivateRead andTPrivateWrite are

identical except for the ordering of the addends.

To predict the total compute time,TCompute, for the All allocation we multiply the average compute timeWRun
by the number of jobs in each pipeline,WDepth, or mathematicallyTCompute = WRun �WDepth (4.14)

Because the All allocation does not require any barriers, all jobs can run as soon as their job dependencies are

satisfied. Because no jobs must wait to execute, even though there may exist a large degree of runtime variability,WV ar, this runtime variability isnot considered within the predictive model.

Warm phase

The number of warm phases,VWarm, is relative to the total number of expected concurrently executing

pipelines (VExe
), the total number of compute nodes (CCPU ), and the total number of pipelines (WWidth). Math-

ematically, we define the number of warm phases to beVWarm = � WWidthmin(VExe
; CCPU )�� 1 (4.15)

which subtracts the initial warm phase from the total numberof phases that are required to run a total ofWWidth
pipelines at a concurrency of eitherVExe
 when sufficient compute nodes are available or atCCPU when they are
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not.

Remember that for the All allocation the expected number of executing pipelines in the steady state is always

the full width of the workload because there exist no data constraints, therefore, for the All allocation:VExe
 = WWidth (4.16)

Each warm phase consists of the time to fetch the batch data locally (TWarmBat
h) plus the same times we

previously defined to read the private input (TPrivateRead), to write the private output (TPrivateWrite), and to

compute (TCompute):TWarmPhase = TWarmBat
h + TPrivateRead + TPrivateWrite + TCompute (4.17)

Therefore the last estimate needed to predict the runtime for an All allocation isTWarmBat
h, the time to fetch

the batch data in the warm phase after it has already been cached in the local cluster. This is computed as the

product of the local bandwidth (CLo
al) and the total amount of batch data (DTotBat
h):TWarmBat
h = CLo
al �DTotBat
h (4.18)

This reveals another simplification within the model in thatit does not consider that the batch data is actually

striped across the local cluster such that for jobj computing on nodem reading the batch data, one stripe will not

actually be fetched from the local network because that stripe is already hosted on the compute machinem. This

same simplification is true for the reading and writing of private data.

4.4.2 Predicting Runtime for AllPrivate

The algorithm for predicting the runtime for workloads scheduled using an AllPrivate allocation is shown in

Figure 4.11. There is onlyonedifference between the predictive model for the AllPrivateallocation and the All

allocation.

This sole difference results from the use of barriers in an AllPrivate allocation which changes the predicted

value we set forTCompute. Because each job may need to wait for its siblings jobs to complete, the mean job time,WRun, is not of interest here; rather we use an incremental value between the mean time and a crude estimate of

the longested predicted job time (WRun +WRun �WV ar).
We weight this by approximating the likelihood of barriers through determining the maximum number of

batches volumes which can be concurrently allocated,VBat
h. In other words, theTCompute values increases for

decreasing values ofVBat
h. Mathematically, we setTCompute as:TCompute = (WRun + WRun �WV arVBat
h ) �WDepth (4.19)

andVBat
h is determined mathematically as:VBat
h = $CStorage �DTotPrivateWBat
h %
(4.20)

Note that the model does not assume anything about the actualruntime distribution of the workload. Even
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TTotal = TColdPhase + VWarm � TWarmPhaseTColdPhase = TColdBat
h + TPrivateRead + TPrivateWrite + TComputeTColdBat
h = BW (CRemote; CLo
al) �DTotBat
hBW (CRemote; CLo
al) = 11CRemote + 1CLo
alDTotBat
h = WDepth �WBat
hTPrivateRead = BW (CRemote; CLo
al) �WPrivate + CLo
al �WPrivate � (WDepth � 1)TPrivateWrite = CLo
al �WPrivate � (WDepth � 1) +BW (CRemote; CLo
al) �WPrivateTCompute = (WRun + WRun �WV arVBat
h ) �WDepthVBat
h = $CStorage �DTotPrivateWBat
h %DTotPrivate = (WDepth+1) �WPrivate �WWidthVWarm = � WWidthmin(VExe
; CCPU )�� 1VExe
 = WWidthTWarmPhase = TWarmBat
h + TPrivateRead + TPrivateWrite + TComputeTWarmBat
h = CLo
al �DTotBat
h
Figure 4.11:The Predictive Model for the AllPrivate Allocation. These equations form the predictive model which the
scheduler uses to predict the total time to completion for workloads scheduled using the AllPrivate allocation. Only the
darkened equations differ from those already defined in Figure 4.10 for the All allocation. Here the only difference is inthe
prediction for the compute time which considers runtime variation which is ignored in the All allocation.



67TTotal = TColdPhase + VWarm � TWarmPhaseTColdPhase = TColdBat
h + TPrivateRead + TPrivateWrite + TComputeTColdBat
h = BW (CRemote; CLo
al) �DTotBat
hBW (CRemote; CLo
al) = 11CRemote + 1CLo
alDTotBat
h = WDepth �WBat
hTPrivateRead = BW (CRemote; CLo
al) �WPrivate + CLo
al �WPrivate � (WDepth � 1)TPrivateWrite = CLo
al �WPrivate � (WDepth � 1) +BW (CRemote; CLo
al) �WPrivateTCompute = (WRun + WRun �WV arVBat
h ) �WDepthVWarm = � WWidthmin(VExe
; CCPU )�� 1VExe
 = $CStorage �DTotBat
h2WPrivate %TWarmPhase = TWarmBat
h + TPrivateRead + TPrivateWrite + TComputeTWarmBat
h = CLo
al �DTotBat
h
Figure 4.12:The Predictive Model for the AllBatch Allocation. These equations form the predictive model which the
scheduler uses to predict the total time to completion for workloads scheduled using the AllBatch allocation. Only the
darkened equations differ from those already defined in Figure 4.10 for the All allocation. The sole difference is in the
prediction for the expected degree of concurrency,VExe
.
though the runtimes within our synthetic workloads fit a normal distribution, the model is concerned only with

estimating the cost of barriers and does so with this crude estimate of the runtime of the longest running job

in the set. Again, our models are concerned only with relative, and not absolute accuracy, and so we feel this

simplification is reasonable in that it achieves the desiredbehavior by penalizing allocations that allow barriers

relative to their likelihood of encountering them.

4.4.3 Predicting Runtime for AllBatch

The algorithm for predicting the total runtime for workloads scheduled using an AllBatch allocation is similar

to that of All, and is shown in Figure 4.12 with the sole difference found between the formulae for computing the

estimated number of concurrently executabling pipelines (VExe
).
Although the predictive algorithms are mostly identical, this doesnotmean that there is no difference between

the allocations. Remember, as was shown in Figure 4.9, that each of these allocations is possible for different sizes

of batch and private volumes relative to the total availablestorage. As was seen previously, the area in which the

All allocation is possible is a strict subset of the area in which the AllBatch allocation is possible.

When both All and AllBatch allocations are possible, the number of executable pipelines will be the full width

of the workload (i.e.VExe
 = WWidth) and the predicted runtimes will be identical. The difference however is that

the AllBatch allocation is possible for larger values of batch and private volume sizes when the All allocation is

not possible. At this point, the maximum utilization for theAllBatch allocation will drop to the lower value which

is equal to the number of jobs which can have access to both their input and output private volumes after allocating
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all batch data: VExe
 = $CStorage �DTotBat
h2WPrivate %
(4.21)

One interesting thing to note here is that although the predictive algorithms are very similar, the anticipated

workload traversal for an AllBatch allocation as opposed toeither an All or AllPrivate allocation may be almost

completely opposite. Remember when we looked at their respective workflow traversals in Figures 4.6, 4.4, and 4.5,

that the AllBatch allocation follows a depth-first traversal, the AllPrivate allocation proceeds in a breadth-first man-

ner, and being unconstrained, the All traversal is free to doeither. How then with such different traversals can these

disparate scheduling allocations have such similar predictive algorithms?

The answer is that, although each allocation may result in a differently ordered traversal, the total set of the

components of each of these traversals is the same: they are merely ordered differently. For example, the AllPrivate

traversal first does the cold phase for the jobs atWDepth = 1, then does the warm phases, if necessary, for the

remainder of the jobs at that depth. Only then does it repeat this for each subsequent level of depth. Conversely,

the AllBatch allocation doesall of the cold phases first for each depth, and only then does all of the warm phases.

To risk belaboring the point, imagine a workload of depth twowhich requires one warm phase for both an

AllPrivate and an AllBatch allocation. The total predictedruntime for the AllPrivate allocation isTColdPhase(WDepth = 1) + TWarmPhase(WDepth = 1)+TColdPhase(WDepth = 2) + TWarmPhase(WDepth = 2)
whereas for the AllBatch allocation it isTColdPhase(WDepth = 1) + TColdPhase(WDepth = 2)+TWarmPhase(WDepth = 1) + TWarmPhase(WDepth = 2)

Notice that the AllPrivate allocation alternates between cold and warm phases whereas the AllBatch allocation

does all cold phases and then does all the warm phases. We see here therefore that the individual components are

the same and only the ordering is different. For an All allocation the components are also the same but the ordering

of the actual traversal is arbitrary as it can execute without any data constraint.

4.4.4 Predicting Runtime for Slice

The predictive algorithm to determine the anticipated runtime of a workload using a Slice allocation is very

similar to that used for the AllPrivate allocation and is shown in Figure 4.13. Although their predictive models are

similar, the AllPrivate and Slice allocations are certainly not identical. There are two main differences.

First, Slice does also use runtime variability to compute its expected compute time,TCompute. However, this

value is weighted by the maximum number of batch volumes which can be concurrently allocated,VBat
h, and

this value is derived differently for Slice than it is for AllPrivate. For the Slice allocation,VBat
h is computed as

the number of batches that fit in remaining storage after allocating a single volume for each pipeline and a second
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TTotal = TColdPhase + VWarm � TWarmPhaseTColdPhase = TColdBat
h + TPrivateRead + TPrivateWrite + TComputeTColdBat
h = BW (CRemote; CLo
al) �DTotBat
hBW (CRemote; CLo
al) = 11CRemote + 1CLo
alDTotBat
h = WDepth �WBat
hTPrivateRead = BW (CRemote; CLo
al) �WPrivate + CLo
al �WPrivate � (WDepth � 1)TPrivateWrite = CLo
al �WPrivate � (WDepth � 1) +BW (CRemote; CLo
al) �WPrivateTCompute = (WRun + WRun �WV arVBat
h ) �WDepthVBat
h = $CStorage �WPrivate �WWidth � VExe
WPrivateWBat
h %VExe
 = $CStorage �WBat
h �WPrivate �WWidthWPrivate %VWarm = � WWidthmin(VExe
Ave; CCPU )�� 1VExe
Ave = n � n+ (DNumJobs � 2n) � VExe
 + n � nDNumJobsn = $CStorage �WBat
h2WPrivate %DNumJobs = WDepth �WWidthTWarmPhase = TWarmBat
h + TPrivateRead + TPrivateWrite + TComputeTWarmBat
h = CLo
al �DTotBat
h
Figure 4.13:The Predictive Model for the Slice Allocation.These equations form the predictive model which the scheduler
uses to predict the total time to completion for workloads scheduled using the Slice allocation. Only the darkened equations
differ from those already defined in Figure 4.11 for the AllPrivate allocation. The difference between the two predictive
algorithms is due to the phase behavior in the Slice allocation in which a greater number of jobs can execute concurrentlyat
the beginning and the end of the workflow than during the middle.
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volume for as many additional pipelines as can execute. Mathematically, we determine this as so:VBat
h = $CStorage �WPrivate �WWidth � VExe
WPrivateWBat
h %
(4.22)

Note that because the Slice allocation aggressively executes as many pipelines as possible after allocating a single

batch,VBat
h in a Slice allocation will usually be only1 except for very small batch volume sizes or when storage

is not scarce.

Second, Slice uses a more complex set of equations for estimating the average concurrency of the workflow

than does AllPrivate. As was shown in Figure 4.9, the total area in which the AllPrivate allocation is possible is a

subset of the possible area for the Slice allocation. Because it only allocates storage for a single horizontal slice

of the workload, the Slice allocation is possible for workloads of greater depths than is the AllPrivate allocation.

When both are possible however the predicted runtimes and workflow traversals are indeed identical.

However, at the point at which the AllPrivate allocation is no longer possible due to the size of the volumes

relative to the total amount of available storage, the runtime prediction for the Slice allocation becomes more

complex. While the AllPrivate allocation is possible, all private volumes can be concurrently allocated and there

are no concurrency constraints.

As the total amount of private volume increases and the AllPrivate allocation becomes no longer possible, the

Slice allocation remains possible but full concurrency will no longer be possible and concurrency limits may be

imposed depending on the number of available compute nodes,CCPU .

The expected number of executable pipelines,VExe
 for the Slice allocation is as the number of pipelines that

can execute (i.e. have access to a second volume) after allocating all the datanecessary to hold a single horizontal

slice of the workload or mathematically asVExe
 = $CStorage �WBat
h �WPrivate �WWidthWPrivate %
(4.23)

This equation is correct but in order to predict the runtime for the Slice allocation, we need to take into con-

sideration that there are periods during the execution of the workflow for a Slice allocation in which the number of

executing pipelines can exceed the expected steady state value.

This effect was seen during our earlier examination in of theworkflow traversal for Slice as shown in Figure 4.7.

As was observed then, the maximum number of concurrently executing pipelines may be greater at both the very

beginning of the workflow as well as the end. During the middleportion of the workflow, while every pipeline has

at least one private volume allocated, then the workflow executes at the steady state concurrency. This difference is

due to the fact that the storage needed to allocate a horizontal slice of the workload is smaller at the very beginning

and end of the workflow than it is in the middle.

Therefore, to estimate the runtime, we then need to compute theaverageconcurrency between these maximum

and steady state values. This complexity was ignored for theother allocations because for them the number of

executing pipelines is more consistent throughout the traversal of the workload.

Because of this effect, and as will be seen more clearly in ourevaluation, the width and the depth of the

workload influence the average concurrency of the workload.For small widths and depths, this additional concur-

rency at the beginning and end of the workflow is a larger influence, as width or depth increase, this influence is

amortized.



71TTotal = VCy
lesXi=1 TTotal(Sli
e; SubWorkloadi)VCy
les = �WWidthVExe
 �VExe
 = $CStorage �WBat
h2WPrivate %WWidth(SubWorkloadi) = ( VExe
; i < VCy
lesWWidth mod VExe
; i = VCy
les
Figure 4.14:The Predictive Model for the Minimal Allocation. These equations form the predictive model which the
scheduler uses to predict the total time to completion for workloads scheduled using the Minimal allocation. This predictive
algorithm splits the workload into multiple sub-workloadsand predicts the runtime for each sub-workload using the predictive
model for the Slice allocation as shown in Figure 4.13.

The exact effect seen is that the first and lastn jobs can all execute concurrently wheren is strictly greater

than the number of jobs expected to concurrently execute in the steady state,VExe
. This value ofn is found by

determining how many pipelines can have both their input andoutput private volumes allocated after allocating a

single batch volume (as we will see, this is the same formula used to determine the expected concurrency for the

Minimal allocation): n = $CStorage �WBat
h2WPrivate %
(4.24)

The reason for this, and we will see this again in Section 4.4.5 when we discuss the predictive runtime algorithm

for the Minimal allocation, is that the Minimal allocation acts similarly to the Slice allocation with the difference

being that it is willing to refetch batch data in order to maximize concurrency as opposed to the Slice allocation

which accepts reduced concurrency in order to avoid refetching batch data. Indeed at the very beginning and end

of its workflow traversal, when not all of the private volumesare allocated, the Slice allocation acts exactly as the

Minimal allocation does during its entire traversal.

Therefore, we estimate the average expected concurrency for the Slice allocation to be the average ofn andVExe
 weighted by the number of jobs to be executed at each of these two concurrencies. The number of jobs

to be executed at a concurrency ofn is n at the beginning plus anothern at the end. The remainder of the jobs

(WWidthWDepth � 2n) will be executed at the expected steady state for Slice,VExe
. Actually, some number of

jobs will execute at a concurrencybetweenthese two values as the workload transitions between these phases but

this effect is ignored in the model.

Mathematically, we reduce all of the above into the following equation to compute the expected average con-

currency,VExe
Ave, for the Slice allocation:VExe
Ave = n � n+ (DNumJobs � 2n) � VExe
 + n � nDNumJobs (4.25)
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4.4.5 Predicting Runtime for Minimal

Predicting the runtime for a workload scheduled using a Minimal allocation is almost identical to the prediction

using a Slice allocation with one major difference. Effectively, the Minimal allocation does a series of Slice allo-

cations for vertical subsets of the workload (i.e. some number of pipelines,p, less than the width of the workload,WWidth); each of these vertical subsets can then be executed using the Slice allocation at full CPU utilization (i.e.

whenVExe
 >= CCPU ). Notice that in the base case in which the Slice allocation can itself execute at full CPU

utilization, the number of vertical subsets for the Minimalallocation will be one, and the behavior (and runtimes)

of the two allocations will be the same.

Because the Minimal allocation aggressively frees batch data allocations to maximize CPU utilization, it effec-

tively maximizes CPU utilization at the possible expense ofrefetching batch data over the WAN. Conversely, the

Slice allocation minimizes WAN traffic by executing all jobsthat read from a batch volume before removing that

volume and in so doing may reduce CPU utilization.

Notice that our model assumes that batch volumes (and in factall volumes) cannot be partially removed.

Although our synthetic workloads do read batch data only once, many real applications reread (and rewrite) data

at various phases of their execution as discussed in Chapter2. For this reason, it is difficult for a batch scheduler to

anticipate when a particular volume can be removed during the execution of the job. Only when a job completes,

can a volume be safely removed.

Each vertical subset of the workload executed using a Minimal allocation will therefore refetch the batch data

in its entirety and as such the predicted runtime for each vertical subset will be the predicted runtime for a slice

allocation for that subset. We then multiply by the predicted number of subsets to find the total estimated runtime

for the Minimal allocation.

The number of subsets and therefore the number of cycles of the Slice allocation,VCy
les, is found by dividing

the total number of pipelines,WWidth, by the expected concurrency,VExe
, or mathematically as:VCy
les = �WWidthVExe
 � (4.26)

The expected concurrency for the Minimal allocation is found by determining how many pipelines can have

concurrent access to both their input and output private volumes after allocating a single batch volume, which is

expressed mathematically as: VExe
 = $CStorage �WBat
h2WPrivate %
(4.27)

We then createVCy
les smaller sub-workloads, each identical to the complete workload but with the smaller

width VExe
. Notice that the width of the final sub-workload may be smaller as it is the remainder of the pipelines

after executing the firstVCy
les � 1 sub-workloads,WWidth(SubworkloadVCy
les) = WWidth mod VExe
 (4.28)

The predicted runtime for the Minimal allocation is then thesum of the predicted runtime for each of thesen
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total runtime = 0
num pipes = workload width
warm = 0
WHILE ( num pipes )

runtime = predictRuntime( num pipes, warm )
total runtime += runtime
num pipes = runtime * failure rate
IF ( allocation EQ All OR allocation EQ AllBatch )

warm = 1
FI

END

Figure 4.15:Modelling the Effect of Failure. This figure contains the pseudo-code for our failure model. Notice that
failure is modelled almost identically across the different scheduling allocations. The difference is that for those allocations
which continue to cache batch data after it is used (All and AllBatch) the failure model assumes that the batch data needed
for rescheduled failed pipelines is already cached.

smaller sub-workloads using a Slice allocation, or mathmetically:TTotal = VCy
lesXi=1 TTotal(Sli
e; SubWorkloadi) (4.29)

The complete predictive algorithm for the Minimal allocation is summarized in Figure 4.14.

4.4.6 Predicting the Effect of Failure

The observant reader may have noticed that our predictive algorithms use only ten of the eleven workload and

environment characteristics. The algorithms account for the number of compute nodes (CCPU ), for the amount

of storage (CStorage), for the remote and local bandwidths (CRemote andCLo
al), for the width and depth of the

workload (WWidth andWDepth), for the size of the batch and private volumes (WBat
h andWPrivate), and finally

for the compute time and its variability (WRun andWV ar).
The failure rate,CFailure, of the compute environment isnotconsidered within any of the individual predictive

algorithms. Rather, it is considered as an external effect and is modelledalmost identically across each of the

algorithms.

Specifically, to estimate the effect of failure, we take the predicted runtime of the workload and multiple it

by the failure rate to determine the number of failed pipelines. We then estimate the runtime of a new workload

whose width is the number of failed pipelines from the previous. We repeat until no pipelines are expected to fail.

The estimated runtime is therefore the sum of the runtimes ofeach workload run with a diminishing number of

pipelines.

The way in which the failure model is applied differently across the different allocations is in regards to batch

data. When we reschedule the failed pipelines for those allocations which do not proactively remove batch volumes

(i.e. All and AllBatch), we adjust the model such that it does not run any “cold” cycles but rather assumes that all

batch data is already cached. Conversely, for the other allocations, AllPrivate, Slice, and Minimal, which remove

the batch data as they descend through the workflow, the failure model correctly accounts that all batch data must

be refetched from the home node for the rescheduled failed pipelines. The pseudo-code for our failure model is
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hCStorage Total Private WPrivateCStorage WRun WV ar
batch 350 5 883 GB 70.6% 420 GB 0.1% 5000s 500s

private 350 5 150 GB 12.0% 5250 GB 1.0% 5000s 500s
mixed 350 5 225 GB 18.0% 1050 GB 0.2% 5000s 500s

Table 4.4:Baseline Characteristics of the Synthetic Workloads.This table provides the baseline values describing each
of our three canonical batch-pipeline workloads.

shown in Figure 4.15.

4.4.7 Winnowing the Allocations

To evaluate the accuracy of our predictive model we examine the performance of each allocation across the

range of workload and environmental characteristics whichwe have identified as having an affect on performance

(the top two groups of rows in Table 4.1). To simplify this evaluation we remove the All and AllPrivate allocations

from consideration.

The All allocation is not interesting here because of the complete lack of constraint. Because the entire set

of volumes is allocable whenever All is possible, the scheduler in such a case need make no allocation decisions.

This problem then reverts to the already addressed problem in batch computing of making job placement decisions

in regards to available computational resources [69, 119, 109]. As the problem we are examining is the more

difficult challenge of coordinating both the CPU and the dataallocations, we are not interested in cases in which

the data allocation is trivially solvable. Further, All is asubset of AllBatch; indeed in every instance in which All

is possible, the behavior of AllBatch and All are the same.

The AllPrivate allocation is similarly uninteresting. Intuitively, and also as evidenced in Figure 4.9, AllPrivate

is a strict subset of Slice. There exists no situation is which AllPrivate is possible but Slice is not; further in every

situation in which AllPrivate is possible, Slice is a preferable allocation strategy because AllPrivate wastes storage

space holding already consumed private volumes whereas Slice releases these volumes thereby allowing other

volumes to be allocated. In many cases, there is no difference between these allocations but in some, this extra

space allows Slice to hold more data and may allow it to descend more quickly through the workload and avoid

barriers imposed in AllPrivate.

In regards to failure, AllPrivate might seem preferable because it could allow pipelines which experience failed

jobs to rollback partially instead of entirely. However, for a canonical workload in which all private volumes are

the same size, any storage space being used for a shallower private volume would be strictly better utilized to

hold a deeper volume instead. For example, imagine a pipeline executing in a high-failure environment. Storing

a backup copy of a private volume from some depthd for this pipeline allows it to resume from that point should

it fail. When the pipeline progresses deeper to a depth ofd + 1, any storage holding the backup volume fromd
would be strictly better utilized to hold a copy of the volumefrom d + 1; in other words, resuming a pipeline at

depthd+ 1 is strictly better than resuming at depthd.

4.4.8 Synthetic Workloads

Having eliminated All and AllPrivate as uninteresting allocation strategies, our selection decision now must

consider only the three remaining, AllBatch, Slice and Minimal. To examine the differing performance profiles of
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Figure 4.16:Possible Allocations for the Synthetic Workloads. This graph displays the position of each of our three
synthetic workloads within the possible areas for our different scheduling allocations. Notice that all three allocations are
possible for only the mixed workload, for the batch-intensive workload, only the Slice and Minimal allocations are possible
and for the pipe-intensive workload, only the AllBatch and Minimal allocations are possible.

these allocation strategies and to evaluate the accuracy ofour predictive model, we exercise these allocations for

each of three representative workloads across the range of workload and environmental characteristics as defined

in the top two groups of Table 4.1.

The three synthetic workloads that we use are based on our profiling observations from Chapter 2 and are

constructed such that one isbatch-intensive, one isprivate-intensiveand the third ismixed, being neither batch-

nor private-dominant but having middling values for each. The precise values used in each of these workloads are

shown in Table 4.4. For these workloads, we normalize the amount of compute time across each of them and select

a value such that when running a single instance of each pipeline locally at the home storage server, the pipeline

would be performing I/O for approximately 50% of its total execution time.

As shown in Figure 4.16, we choose these workloads such that for the batch-intensive workload, only the Slice

and Minimal allocations are possible, for the private-intensive workload only the AllBatch and Minimal allocations

are possible and finally for the mixed workload, the AllBatch, Slice, and Minimal allocations are possible but an

All allocation and an AllPrivate allocation are not.

Finally shown in Table 4.5 are the values used to describe thecomputational environment. Remember as

stated earlier in this chapter that these six constants describing the workload and these five constants describing

the environment comprise the entirety of the information needed by the scheduler to make predictive estimates so

long as the workload is canonical and the compute infrastructure is homogeneous.

4.4.9 Allocation Behavior

To illustrate the different behaviors exhibited by the three allocation strategies of AllBatch, Slice, and Mini-

mal, we show in Figures 4.17, 4.18 and 4.19 the storage and CPUallocation profiles for each of the scheduling
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Number of compute nodes CCPU 50
Total available storage CStorage 250 GB

Failure rate CFailure 0.0
Remote bandwidth CRemote 12 MB/s

Local bandwidth CLo
al 1 MB/s

Table 4.5:Baseline Characteristics of the Compute Environment.This table lists the five constants used as the base-
line characteristics of our compute environment. Our evaluation section includes experiments in which we vary different
combinations of these values.

allocations for the three synthetic workloads. We focus ourdiscussion here on the mixed workload in Figure 4.19

because it is the only one of the three workloads for which allof the three allocation strategies are possible. For

these graphs, the x-axis shows the elapsed execution time for the workload. For the graphs on the left, the y-axis

is the percent of the cluster CPUs allocated and for the graphs on the right it is the percent of allocated cluster

storage.

Notice initially that none of the three allocation strategies is able to completely utilize the available computa-

tion. There are two reason why this is so. For the AllBatch allocation, the complete allocation of the batch data

leaves only enough available storage to execute on approximately half of the compute nodes (specifically for this

case there are fifty compute nodes and the maximum number of concurrent pipelines for the AllBatch allocation is

twenty-five).

For the other two allocations, Slice and Minimal the maximumnumber of concurrent pipelines reaches 100%

but as seen here, this full utilization cannot be maintainedthroughout the entire execution of the workload. The

vertical white stripes which indicate this lack of completeutilization are due to barriers imposed within the work-

load. These barriers are necessary because not all of the batch volumes can be simultaneously allocated. When

some pipelines progress to a depth at which the necessary batch volume is not allocated and there is not available

storage to do so, those pipelines must wait for other jobs to complete. The width of these barriers is directly related

to the variability between compute times (WV ar).
Comparing vertically across the different allocation strategies, we see that the Slice allocation as shown in the

middle realizes the highest throughput for the mixed workload finishing approximately 15% more quickly than

the AllBatch allocation on top and 25% more quickly than Minimal on the bottom. Note also the different phase

behaviors exhibited in the Slice and Minimal allocations but absent in AllBatch. Due to its simultaneous allocation

of all batch volumes, the AllBatch allocation need impose nobarriers during the execution of the workload. This

results in a smoother allocation of both storage and CPU for the AllBatch allocation. Notice also that the maximum

value for the CPU allocation in AllBatch is only half that of the other two but that it remains steady throughout its

execution.

Notice also the difference in the phase behavior between theSlice and the Minimal allocations. Remember

that the Minimal allocation effectively splits the workload into sub-workloads and schedules each using a Slice

allocation. In this case, withWWidth = 350, the Minimal allocation will result in two separate phases (to execute

across the entire width of the workload). Each of these two phases will then itself consist of five internal phases,

one for each depth in the workload.

This also explains why the two phases for Minimal are skewed.The first phase executes205 pipelines while

the second executes only the remaining145. The scheduler could choose to balance these phases but since there

is no compelling reason to do so, it does not. In fact, as we will note later when we examine the effect of failure,
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Figure 4.17:The CPU and Storage Allocations for the batch-intensive Workload. These figures show the percent
of CPUs allocated on the left and the percent of storage allocated on the right for each of our three different scheduling
allocations when executing the synthetic batch-intensiveworkload. The top most graphs show the allocations for the AllBatch
allocation, the middle for Slice, and the bottom for the Minimal allocation. In all graphs, the y-axis shows the percent
allocated as a function of the elasped time. The graphs for the AllBatch allocation are blank and labeled as ”Not applicable”
here because the AllBatch allocation is not possible for thebatch-intensive workload as the total amount of batch data in this
workload exceeds the total amount of available storage.
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it proves advantageous tonot balance such that failures within the initial “large” phases can be absorbed into the

subsequent “smaller” ones without requiring entire additional phases.

One question that can arise while looking at the graphs for the mixed workload is why consider a Minimal

allocation at all? For this experiment, it is clear that the Minimal allocation offers no advantages over Slice; it

finishes more slowly, and it transfers twice as much batch data over the WAN (i.e. once for each phase). However,

there are several advantages to Minimal. First, Minimal is possible in some situations as we will see below where

Slice is not. Second, even in some situations where both are possible, as in the batch-intensive workload shown in

Figure 4.17, Minimal can outperform Slice.

When Minimal is able to outperform Slice it is because it is able to achieve a higher degree of concurrency,VExe
. The Slice allocation allocates an entire horizontal slicesuch that all jobs within that slice can execute

before descending within the workload. It does this to avoidneeding to refetch any batch data; all access to a batch

volume is completed through the breadth-first traversal in aSlice allocation. Conversely, the Minimal allocation

does not allocate the entire horizontal stripe but only allocates a subset such that each pipeline in the subset can

immediately execute (i.e. it has both its input and output private volumes allocated).

For both the batch-intensive and the mixed workloads, the Minimal allocation has a higher expected concur-

rency. Specifically, for the mixed workload, the expected concurrency for the Slice allocation is only 60, whereas it

is 205 for the Minimal. However, since the number of compute nodes (CCPU ) is set at50, the benefit that Minimal

receives from its ability to simultaneously execute a greater number of pipelines is not realized. However, in the

batch-intensive workload, the expected concurrency for the Slice allocation is only 10 whereas it is over 100 for

the Minimal allocation. As the number of available compute nodes is sufficient to allow each allocation to run at its

fully expected concurrency, the increased utilization of the Minimal allocation allows it to complete approximately

20% more quickly than the Slice allocation as is seen in Figure 4.17.

Notice another interesting effect in the Slice allocation for the batch workload is that the concurrency is greater

at the ends than in the middle. This is because the steady state utilization in Slice is constrained because storage is

allocated for every executing pipeline. However, at the beginning of a workload as pipelines begin executing and

again at the end of a workload as pipelines begin to finish, thetotal amount of storage required to hold all executing

pipelines is smaller thereby allowing a larger number of pipelines concurrent access to the second private volume

that they need in order to execute. Notice this is the visualization of the effect that was described earlier in our

discussion of the predictive model for the Slice allocation.

Finally, we see for the private workload in Figure 4.18 that the AllBatch allocation executes the workload most

quickly. Although the Minimal allocation is also possible here, it underperforms relative to AllBatch due to its

barriers and to its refetch penalty.

4.5 Evaluation

Having crafted a set of representative workloads and a compute environment in which their execution is inter-

esting due to having data constraints, we now examine the relative performance of the different allocation strategies

as we vary each of the eleven variables defining the workloadsand the environment.

We do not however individually examine each of these variables; some are evaluated as their ratio to another,

such that we now examine eight experiments derived from our eleven variables. The width of the workload,WWidth, is evaluated as a ratio to the number of compute nodes,CCPU . The depth of the workload,WDepth,
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Figure 4.18:The CPU and Storage Allocations for the private-intensive Workload. These figures show the percent of
CPUs allocated on the left and the percent of storage allocated on the right for each of our three different scheduling allo-
cations when executing the synthetic private-intensive workload. The top most graphs show the allocations for the AllBatch
allocation, the middle for Slice, and the bottom for the Minimal allocation. In all graphs, the y-axis shows the percent allo-
cated as a function of the elasped time. The graphs for the Slice allocation are blank and labeled as ”Not applicable” here
because the Slice allocation is not possible for the private-intensive workload as the total amount of data needed to allocate
a horizontal slice of this workload exceeds the total amountof available storage.
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Figure 4.19:The CPU and Storage Allocations for the mixed Workload. These figures show the percent of CPUs
allocated on the left and the percent of storage allocated onthe right for each of our three different scheduling allocations
when executing the synthetic mixed workload. The top most graphs show the allocations for the AllBatch allocation, the
middle for Slice, and the bottom for the Minimal allocation.In all graphs, the y-axis shows the percent allocated as a
function of the elasped time.
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is evaluated in isolation. The size of batch volumes,WBat
h, is evaluated in relation to the amount of available

storage,CStorage, as is also the case for the size of private volumes,WPrivate. Compute times,WRun, are evaluated

in isolation and compute time variability,WV ar, is evaluated in relation to compute time,WRun. The network

bandwidths,CRemote andCLo
al, are evaluated in relation to each other, and finally the failure rate,CFailure, is

evaluated in isolation.

4.5.1 Sensitivity to Workload Width

Shown in Figure 4.20 is the effect that increasing the width of the workload has on the performance of the

three studied allocation strategies. The left most graphs are the effect on the batch workload, the middle on the

private and the right most on the mixed workload. Within eachset of graphs, the top row shows the total CPU

utilization during the execution of the workload. This number is computed by taking the total amount of compute

time consumed within the workload and dividing it by the product of the total number of CPUs and the total

runtime of the workload. For example, for a workload that uses only a single CPU at a time and runs on a cluster

of ten compute nodes, the total CPU utilization achieved would be 10%. The next row shows the total amount

of data transferred between the home storage server and the compute cluster. The third row shows the achieved

throughput for each allocation. These first three rows for the CPU utilization, the wide-area network traffic, and

the throughput are all measurements of the simulated workloads.

Conversely, in the fourth row, we show the throughput numbers as estimated by our predictive model. Finally,

in the fifth and bottom row, we quantify the predictive accuracy of our model. This bottom row shows the runtime

of the predicted high throughput allocation normalized against the runtime of the actual observed high throughput

allocation drawn with a thick dashed line. In cases in which the model correctly identifies the high throughput

(i.e. low runtime) allocation, this value is zero. Also shown for comparison is the normalized value of theworst

possible allocation to the “best.”

Note that we arenotcomparing the predicted throughput of the model to the actual throughput of the simulator;

rather we use the relative values from the model to select which allocation is expected to achieve the highest

throughput. We then compare that expected allocation’s actual simulated runtime to the runtime of the simulated

allocation empirically observed to achieve the highest throughput.

For all these graphs, the x-axis is not the absolute value ofWWidth but is expressed rather as the ratio to the

number of cluster compute nodes (i.e.WWidth : CCPU ). There are several things to notice in these graphs. First,

we’ll discuss why each of the allocations behaves as it does for each of these workloads and then we’ll discuss the

ability of our model to correctly predict these behaviors.

Looking at Figure 4.20 we see throughput crossover points for both the batch and the mixed workloads. These

crossovers occur because for “thin” workloads, the Slice allocation is able to concurrently execute on all of the

compute nodes (i.e.VExe
 � CCPU ). For the batch-intensive workload, the AllBatch allocation is not possible and

the Minimal allocation underperforms Slice due to the redundant use of the WAN as shown in the right most graph.

However, as the width of the workload increases, there is a time in which the Slice allocation remains possible but

only at a drastically reduced value ofVExe
. At this point, the throughput of the Minimal allocation surpasses

that of Slice. A similar effect is shown for the mixed workload yet in this case the AllBatch allocation is possible

albeit at a lower value ofVExe
. Notice further that as expected from Table 4.3 both AllBatch and Minimal are

relatively robust to increasing workload widths while Slice is significantly more sensitive. For the private-intensive

workload, no crossover effect is revealed because the Sliceallocation is not possible for this workload and as noted
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Figure 4.20:Sensitivity to Workload Width (x-axis is WWidth : CCPU ).
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previously, the other allocations are relatively constantacross increasing workload widths.

Notice also in these graphs that the measurements sometimesabruptly end; this can be see clearly for the

throughput of the Slice allocation for the mixed workload (the middle graph on the right). Notice that the through-

put here drops between values five and ten on the x-axis and then entirely disappears. The reason for this is that at

a certain width, the Slice allocation is entirely no longer possible.

The sawtooth pattern exhibited by the Minimal allocation isdue to the “tail” effect. For workloads in which the

expected number of concurrent pipelines (VExe
) is not an even factor of the total workload width, the last group

of jobs to execute will be fewer than the previous groups. Looking at the batch workload for example,VExe
 is

approximately three times that ofCCPU such that it achieves peaks in throughput and CPU utilization at multiples

of three along the x-axis.

As regards to the predictive accuracy, note that the model isnot absolutely accurate especially in regards to

its predicted throughput values. Although close for the batch workload, it is off by a factor of five for the private

and a factor of two for the mixed. However, it is not our intention that the model be perfectly accurate. Indeed in

the interests of simplification, we have ignored many systemaspects in the model such as network contention, the

memory subsystems of the compute nodes and the home storage server as well as the latencies for the disks and

networks. These simplifications cause the model to overestimate the throughput of the workload.

However, our focus is not on making absolute predictions butis rather on selecting from the possible allocation

strategies. Therefore, our interest is in the relative throughputs between the different allocations. In this regard,

our model mirrors closely the simulated results. In particular, to evaluate the predictive ability of the model to

identify the “best” allocation, we examine the crossover points in these graphs. Notice that there is a perfect one-

to-one correlation in the crossover points between the simulated and the modeled results. Further that each pair of

correlated crossover points occur at relatively the same position on the x-axis; in other words, our model correctly

predicts both that a crossover will occur as well as where it will occur.

This predictive accuracy is seen qualitatively in the graphs along the bottom row of Figure 4.20. Points at

which the model mispredicts the highest throughput allocation appear as a positive value in these graphs. The

height of these points is the percent of additional (unnecessary) runtime that would be incurred by a scheduler using

this misprediction as compared to a “magic” scheduler whichalways correctly identifies the highest throughput

allocation.

In other words, the model does notalwaysselect the “best” allocation. However, as long as it only makes

mistakes when the relative throughput of its expected best allocation is close to the actual best allocation, then the

effect of this inaccuracy is minimized. Notice further thatalthough the model does not make perfect estimates as

to the predicted throughput of the allocations, it does provide perfect information as to which allocations are and

are not possible. Thus, for every case in which only one allocation is possible, the model will correctly identify

it. Only when multiple allocations are possible does there exist any possibility of misprediction. Notice further

that the model consistently avoids making “bad” mispredictions. Although for this experiment the worst possible

prediction sometimes is eighty percent worse than the best,the model never makes mispredictions greater than ten

percent.

For a dynamically changing environment as is typical in batch computing, these predictive models do not need

to be optimal. In fact searching for optimal information in abatch system is often quixotic as the information

can become stale and therefore sub-optimal very quickly. For this reason, it becomes much more important not

necessarily to select the “best” strategy but to avoid very bad ones.In all cases, our model does so.
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4.5.2 Sensitivity to Workload Depth

Similar to varying theWWidth is varying theWDepth as is shown in Figure 4.21. As expected from Table 4.3,

the performance of the AllBatch allocation is highly sensitive to the depth. As the depth increases, the total amount

of batch data also increases thereby allowing less storage for fewer pipelines to execute (i.e. the increase inWDepth
results in a decrease inVExe
 for the AllBatch allocation).

Some less obvious results are also seen in these experiments. Notice in the batch workload that there exists a

crossover point between the Slice and Minimal allocations and that these throughput results relate closely to the

utilization. For small depths, the Slice allocation can achieve higher levels of concurrency than at greater depths.

The reason for this discrepancy is that theVExe
 for Slice is different at the beginning and end of the workload’s

execution than it is in the middle. Remember that this same phenomenon was also seen earlier in Figure 4.17 and

was discussed in our predictive model for the Slice allocation in Section 4.4.4.

In the middle of the execution, the Slice allocation must hold at least one private volume for every pipeline in

the workload. However, at the beginning it need only hold oneprivate volume for each pipeline that has already

begun executing thereby allowing more pipelines to concurrently execute until they have all begun to execute.

Similarly at the end of the execution as pipelines finish and are removed, more space becomes available and a

greater number of pipelines can execute concurrently. Clearly then this effect is dependent on the depth and the

relative benefit diminishes as the depth increases.

Notice again our predictive accuracy is very high; in this case never exceeding five percent of the normal-

ized highest possible throughput. Although our absolute predictions are inaccurate, we correctly identify every

crossover point and do so at almost their precise location onthe x-axis.

There is one inaccuracy in the model that is worth mentioninghere even though it does not result in a large

amount of predictive inaccuracy. Notice that for both the batch-intensive and the private-intensive workloads, the

model predicts increasing throughputs for the Minimal allocation as the depth of the workload increases. The

reason for this prediction is that as the depth of a pipeline increases, the relative amount of private data that need

traverse the wide-area network decreases as only the first and last private volumes need do so; the rest are localized

and consumed in their entirety within the local network of the compute cluster. Therefore, as depth increases,

we expect to achieve higher throughputs as a larger percentage of the private data is accessed at the higher local

bandwidth,CLo
al, than at the remote bandwidth to the home storage server,CRemote.
For the private workload we get this correct. For the batch workload, however, this predicted effect is not seen;

in fact, we predict a rising and then leveling throughput slope for the Minimal allocation when the actual slope as

observed in our simulation drops and then levels. The reasonfor this is seen in the CPU utilization graph (the top

left most graph). Notice that as the depth increases, there is a slight drop in the CPU utilization for the Minimal

allocation. The model does not correctly anticipate this drop. The more radical drop in the Slice allocation, which

is due to the effect that Slice achieves higher utilization at the very beginning and end of its scheduled, is correctly

anticipated however.

This unpredicted drop in utilization for the Minimal allocation is due to compute time variability (WV ar) and

its effect on the duration of barriers. For these experiments, the model assumes that the variability is constant and

it is indeed set as a constant value (10%) in these experiments. However, as the number of jobs increases due to the

increasing depth, the actual measured variability increases. With a normal distribution as are our compute times

for our synthetic workloads, an increasing number of samples will continue to increase the measured minimum

and maximum values. We see this effect here; with a small number of jobs, the actual variability is less and the
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Figure 4.21:Sensitivity to Workload Depth (x-axis isWDepth).
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lost utilization to barriers is small; as jobs increase, so does variability leading to longer barriers, and we see the

effect on throughput here. Notice however that although themodel does not account for this effect, it still manages

to never exceed five percent inaccuracy.

4.5.3 Sensitivity to Batch Volume Size

We also examine the effect of the batch volume size (WBat
h) on the achieved performance for the different

allocation strategies. These results are shown in Figure 4.22; notice that the x-axis for these graphs is not the

absolute value forWBat
h but rather the ratio ofWBat
h : CStorage. Because we vary here one of the aspects

that distinguishes the three workloads, we effectively homogenize them such that the results as compared across

workloads are more similar.

As expected, increasing the size of the batch volumes has thelargest effect on the AllBatch allocation. The

other allocations are effected but to a lesser degree as theyneed allocate only a single batch volume at a time.

Notice however that after the AllBatch allocation is no longer possible for large values ofWBat
h, there still exist

interesting relative performances between the Slice and Minimal allocations. For the batch workload, the Slice

allocation is possible long after the AllBatch allocation is not and while it remains possible it outperforms the

Minimal allocation due to the heavy cost in the batch-intensive workload of transferring redundant data over the

WAN. Yet ultimately, Minimal is able to continue after Sliceis not. The effect is similar in the mixed workload

but Slice becomes impossible more quickly here due to the larger sizes of private volumes in this workload as

compared to the batch workload.

Here the behavioral predictions of the model are particularly striking in their accuracy. Notice the predicted

slopes and crossover points are visually very similar. Qualitatively observing the measured values in the bottom

graphs, we see again that the model never predicts worse thanten percent and successfully avoids making “bad”

predictions.

4.5.4 Sensitivity to Private Volume Size

The experiment shown in Figure 4.23 is similar to those shownin Figure 4.22 because they also vary a param-

eter which tends to homogenize the three workloads althoughhere it is the size of the private volumes (WPrivate)
rather than that of the batch (WBat
h). However, due to the distinction between batch and privatevolumes that a

batch volume is shared across multiple pipelines while eachpipelines accesses it own unique private volumes, this

experiment is not able to extend as far on the x-axis relativeto CStorage as does the experiment in which we varyWBat
h.

The observation to take away from these graphs is the overwhelming influence of the private volume size

for all of the possible allocations studied (and for those not studied as well). Clearly and intuitively, the Slice

allocation will be sensitive to increasing sizes of privatevolumes as it allocates each private volume accessed at a

particular depth in the workload. Less obvious is the significant influence that private volume size has on the other

allocations as well. For the AllBatch allocation, the increasing size of private volumes quickly reduces the number

of pipelines that can concurrently execute (VExe
). This effect is seen as well even in the Minimal allocation

although it is slightly more robust.

Notice in this experiment, that not only does the model predict visually similarly sloping lines, but that it

achieves here perfect accuracy, never making a single mispredictions.
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Figure 4.22:Sensitivity to Batch Volume Size (x-axis isWBat
h : CStorage).
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Figure 4.23:Sensitivity to Private Volume Size (x-axis isWPrivate : CStorage).
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4.5.5 Sensitivity to Computation Time

The amount of time spent within each job doing computation and not I/O is another workload characteristic

that affects the relative performance of the different allocation strategies as shown in Figure 4.24. Notice that as

opposed to some of the other characteristics, the change inWRun produces smoother lines. This is because the

other characteristics vary integral values such as the sizeof volumes which are then divided into some integral

number of data blocks within the system. TheWRun value however can more easily approximate non-integral

numbers.

Note here that the relative performance of the Slice and Minimal allocations are mostly constant. However,

there do appear crossover points between the AllBatch and Slice allocations. As we consider the constraints

faced by each, the reason for these crossover points is understood. The AllBatch allocation is constrained in this

experiment by havingVExe
 less thanCCPU such that it makes progress but underutilizes the CPUs. Conversely,

the Minimal allocation for these workloads has a higherVExe
 but must refetch the batch data (i.e. it has a higherVRefet
h). As the compute time increases relative to the time it takesto refetch the batch data, the relative refetch

penalty incurred by the Minimal allocation is reduced whilethe underutilization penalty incurred by AllBatch

remains constant. Thus, for increasing values ofWRun, we observe that the performance of the Minimal allocation

improves relative to that of the AllBatch.

For this experiment, the predictive accuracy of our model issomewhat diminished, in one case, making a

misprediction approaching twenty percent. Although the model correctly identifies both crossover points observed

here (between AllBatch and Minimal for the private-intensive workload and between AllBatch and Minimal for

the mixed), it does not as precisely identify their locationon the x-axis.

4.5.6 Sensitivity to Runtime Variability

Similar to the effect of changing the job compute time is changing the variability across job compute times.

The job compute times are taken from a normal distribution around a mean compute time with some variance

that in the base case is set at ten percent. For the experimentshown in Figure 4.25, we increase this variance

along the x-axis. One interesting effect seen (and not considered in the model) is that in some cases the increased

variance can actually improve the throughput of the workload. This is because the increased variance creates “fast”

jobs which descend quickly through the pipeline thereby effectively pre-fetching deeper batch volumes. Without

variance, the initial placement of pipelines will execute in synchrony and all will effectively access their batch data

at wide-area network bandwidths. However, if the batch datahas been pre-fetched by a faster sibling, then the

subsequent pipelines can then access that data at local areanetwork bandwidths.

In regards to our predictive accuracy, notice that althoughthe model does not account for this prefetch effect,

it nevertheless makes entirely correct predictions in regards to the relative throughputs of the allocations.

4.5.7 Sensitivity to Runtime Variability for CPU-intensive Workloads

Beyond that however these results are somewhat uninspiringdue to the small influence thatWRun has on

the overall runtime of each pipeline. Therefore, we repeat this experiment with modified workloads such thatWRun is a much larger relative value. As mentioned earlier and as is shown in Table 4.4,WRun is set such that it

comprises approximately half of the total execution time for a pipeline run locally at the home storage server. For
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Figure 4.24:Sensitivity to Compute Times (x-axis isWRun).
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these modified experiment, we increaseCCPU such that its relative proportion increases to approximately 99%.

Specifically, in regards to Table 4.4, we setCCPU to be five million seconds (a full 57 days).

With such a large value forCCPU we can more readily see its influence on the different allocation strategies.

As expected, a large variance should disproportionately penalize allocations which impose barriers. This is seen

as the relative performance of the AllBatch allocation which imposes no barriers is mostly constant while the

performance of the Minimal and Slice allocations which do impose barriers degrades much more rapidly. Notice

further that the prefetch benefit as exhibited in the previous experiment is no longer seen here. With such large

compute times relative to the time required to access the batch data, this prefetch benefit is negligible.

Here again, the accuracy of our model is somewhat diminished. Although it correctly identifies the crossover

point, it misses the precise location on the x-axis. Although this miss results in approximately 30% difference in

throughput, notice the model does successfully avoid making mispredictions with inaccuracy exceeding 50% in

both the batch-intensive and private-intensive workloads.

4.5.8 Sensitivity to Network Bandwidths

The relative performance of the WAN and the LAN network also can influence the achievable throughputs of

the various allocation strategies. Figure 4.27 shows this effect across the three different workloads. Intuitively as

we consider each allocation’s constraints, it is clear thatthe refetch penalty incurred by the Minimal allocation is

most sensitive to this. This intuition is clearly substantiated in these results as the performance of Minimal relative

to the other allocations improves more dramatically as the bandwidth to the remote storage server grows relative

to the local bandwidth.

This intuition is modelled correctly as well. For this experiment, although possible mispredictions could result

in throughput differences as high as 60%, our model consistently remains within three percent for the entirety of

this experiment.

4.5.9 Sensitivity to Failure

Finally, the effect of failure (CFailure) is examined in Figure 4.28 in which we increase the rate of failure along

the x-axis. Notice that due to the randomness by which we induced simulated failure events, that these experiments

are not deterministic as have been the previous. For that reason, we ran each point for thirty iterations and show

here the means and the standard deviations. Another difference between these graphs and those shown previously

is that here we include graphs for the numbers of recorded failures as well, and remove graphs for the wide-area

network traffic; for the previous experiments, the baselinevalue for the failure rate was zero and thus there were

no failures to be measured.

Each failure event “resets” a compute node in the system suchthat any running job on that compute node

is evicted and all data contained on that node’s disk and memory is similarly lost. Due to the implementation

of the batch-aware distributed file system, these failure events wipe out a striped portion of the batch data as

well as the entirety of the pipeline data held for the job running on that node. Therefore, we expect the failure

penalty to disproportionately affect the Slice and the Minimal allocations because in addition to the progress lost

in the executing pipeline, failures in these allocations require another refetch of the entire set of batch volumes.

Conversely in the AllBatch allocation, failure results in aloss of progress in the executing pipeline but only a

stripeof batch data and not the entire set. This behavior is seen most clearly in the mixed workload in which the
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Figure 4.27:Sensitivity to Remote Bandwidth (x-axis isCRemote : CLo
al).
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Slice allocation achieves the highest throughput for low rates of failure but then quickly drops below the AllBatch

allocation as the rate of failure increases.

Although the predictive model does suffer some small inaccuracy in the batch-intensive workload, it does so

only within the bounded variability. The predicted slopes are accurate and the major crossover point in the mixed

workload is predicted accurately.

4.6 Discussion

In this chapter, we have identified and formalized five distinct data allocations which can be used to coordinate

data and CPU allocations within a batch scheduling system. We have studied the influence that a range of workload

and environmental characteristics can exert on these different allocations across a range of I/O intensive workloads.

Extending our formalization of the allocations, we have developed predictive models and demonstrated their

accuracy in terms of selecting reasonable allocation strategies across a range of workloads and environments. We

have also presented our development of a simulation framework for studying the scheduling of batch-pipeline

workloads and noted the importance of visualization to validate the correctness of this simulation framework.

Several questions remain however. One of these is whether there exist additional allocation strategies beyond

the five we present here. One such additional allocation would be similar to AllPrivate, but would only allocate all

of the private volumes at the current depth of each pipeline and could discard earlier, no longer needed, volumes, as

well as not proactively allocating volumes any earlier thanis absolutely necessary. This allocation, like AllPrivate,

is a strict subset of Slice, and as such, is not interesting from a scheduling perspective as whenever it is possible,

then Slice will be also possible and can run at a full CPU utilization.

Although it is difficult to be certain, we are confident that ifwe have not identified all possible allocations, we

have not missed any that are likely to outperform those that we have identified. The AllBatch, Slice, and Minimal

allocations offer a balance between striving to minimize WAN utilization (as in AllBatch and Slice), and striving to

minimize CPU underutilization due to barriers (as in AllBatch), and striving to maximize the CPU utilization (as

in Minimal). Therefore, we believe that across the range of possible workloads, one of these allocations is likely

to outperform any other.

Additional questions remain as to the validity of our assumptions concerning the scheduler’s ability to garner

perfect information, the homogeneity of the compute infrastructure and the canonical nature of the workloads.

These questions will be addressed in more detail later in this work in Chapter 6 but it is worth a brief mention here

that an understanding of canonical workload scheduling is beneficial for scheduling non-canonical workloads as

well.

For example, imagine a workload with “small” batch volumes at the end and a “large” batch volume in the

middle. By definition, this is not a canonical workload but byapplying our scheduling knowledge we can avoid

lost work that might arise otherwise. An oblivious scheduler which did not use our planning techniques but did

observe capacity constraints might allow more pipelines toinitially execute while the batch data is small. When

the traversal would reach the large volume however, not all of the allocated pipelines would be able to remain

allocated and their forward progress would be lost. This lost progress could be avoided however by making the

workload appear canonical by increasing the size of all batch and private volumes to their maximum respective

sizes and then using our predictive models to correctly identify the allocation limits for the workload.

In summary, this study of canonical workloads is valuable both as it provides a lexicon for discussing I/O inten-
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sive workload scheduling, provides accurate predictive models for canonical batch-pipeline workload scheduling,

and identifies allocation limits for non-canonical workloads. Anecdotal evidence as well as observations made in

Chapter 2 suggest that many batch workloads do strictly conform to the canonical structure and only small vari-

ations in volume sizes prevent them from meeting the complete definition. All of these workloads can therefore

benefit from the allocation planning provided by this study of canonical workloads.
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Chapter 5

Related Work

In this chapter, we examine relevant literature and products that bear similarity to the work we have described

in this dissertation. We focus our discussion around the three major parts of the dissertation. First, we examine

other work done in profiling and analyzing workloads. Second, we describe related work in storage systems and

distributed file systems. Finally, we look at other scheduling work from databases, parallel computing, and batch

computing.

5.1 Profiling

The CPU, memory, communication, and I/O characteristics ofapplications have been studied for many years

by the research community. These can be roughly categorizedby the type of workloads that they consider: general-

purpose workloads containing many applications, sequential applications examined in isolation, or parallel appli-

cations in isolation. We summarize the work in each of these categories, focusing on those that have examined file

system activity.

File system activity has been examined for a range of general-purpose workloads. Many of the studies that

have greatly influenced file system design over the last 20 years focused on academic and research workloads [13,

78, 89, 96]. These studies have found that most files have veryshort lifetimes, access patterns exhibit a high degree

of locality, and read-write sharing is rare. However, missing from these broad studies of traffic is any linkage to

the applications that generate the traffic.

More similar to our work are those studies that have focused on the behavior of individual applications in com-

mercial workloads [14, 66]. However, in this domain, the interaction or pipeline behavior of sequential applications

has not been examined. While we believe it may also be interesting to study the detailed memory-system behavior

of our batch-pipeline workloads, we do not believe the opportunities for sharing are fundamentally different than

in other studies.

Parallel applications are in many ways the most similar to pipelined batch applications. The CPU, memory,

communication, and I/O behavior of parallel and vector applications have been quantified in a number of studies

[31, 116, 117]; a few of which consider the impact of explicitI/O [2, 30, 90]. Our study complements these works

by studying the sharing behavior of an important new class ofworkload.

Many of these studies demonstrate the drastic differences in I/O behavior for parallel applications compared to

general-purpose workloads. For example, parallel scientific workloads often have high, bursty I/O rates [74] and
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relatively constant behavior across different runs and input parameters [80]; further, parallel workloads tend to be

dominated by the storage and retrieval costs of large files, particularly check-point files [74]; finally, quick deletion

is uncommon [62].

5.2 Distributed File-Systems

In designing our batch-aware distributed file-system, we drew on related work from a number of distinct areas.

The manner in which the scheduler constructs private namespaces for running workloads is reminiscent of

database views [55]. However, a private namespace is simpler to construct and maintain; views, in contrast,

present systems with many implementation challenges, particularly when handling updates to base tables and their

propagation into extant materialized views.

There has been much recent work in peer-to-peer storage systems [3, 8, 32, 61, 76, 91, 93]. Although each

of these systems provides interesting solutions to the problem domain for which they are intended, each falls

short when applied to the context of batch workloads, for thesame reasons that distributed file systems are not a

good match. However, many of the overlays developed for these environments may be useful for communication

between clusters, something we plan to investigate in future work. In fact, the data distribution techniques within

the BAD-FS cooperative cache are quite similar to the distributed hash tables described by Litwinet al. [68], and

Gribbleet al. [54].

Similar to p2p is work within grid computing [43], which usesmany of the same techniques but is designed,

as is BAD-FS, for c2c environments. One such example is Cluster-on-Demand [25] which offers sophisticated

resource clustering techniques that could be used by BAD-FSto form cooperative cache groupings.

Also relevant within grid computing is the FreeLoader distributed storage framework [113] which builds a

distributed storage system from a collection of distributed computational nodes in a manner very similar to that

in our BAD-FS distributed file system. However, our focus hasbeen on building a storage system from dedicated

compute clusters while FreeLoader examines the related butmore challenging question of using scavenged desktop

storage resources. Previous work [20] has measured the difficulty in building storage services from a dynamically

changing set of resources as would be expected in a system built from scavenged resources. However, the authors

here avoid this difficulty by assuming that users of their system will continue to donate resources even when not ac-

tively using the system themselves. Given their target environment within scientific organizations, this assumption

seems reasonable. A further interesting aspect of their work is their use of asymmetric striping to improve perfor-

mance across the storage layer. We considered this approachinitially within BAD-FS, but abandoned it for other

pursuits due to the high complexity of implementation. If this approach continues to perform as expected within the

FreeLoader system, we will happily re-add it to the BAD-FS design. However, although similar, the FreeLoader

system cannot by itself be considered a replacement for BAD-FS as it does not provide any mechanisms, such as

our lots, for exporting storage control to a higher level of software.

Extensible systems however do share our approach of allowing the application more control [19, 37, 98]. The

Exokernel focus is on protection rather than policy but is motivated by the same observation that the internal system

is unable to derive the necessary information itself. Although recent work has recently revisited this approach [10],

extensible systems have not been commercially successful because the need for specialized policies is not so great.

We believe this need is even greater for batch workloads running on systems designed for interactive use.

Some research in mobile computing bears similarity as well.Flinn et al. discuss the process of data staging



100

on untrusted surrogates [40]. In many ways, such a surrogateis similar to the BAD-FS storage server; the major

difference is that the surrogate is primarily concerned with trust, whereas our servers are primarily concerned with

exposing control. Both Zap [77] and VMWare [95] allow for thecheckpointing and migration of either processes

or operating systems. We create a remote virtual environment, but at the much higher level of a batch system.

Systems with secure interposition such as Janus [51] complement BAD-FS as they should make resource owners

more willing to donate their resources into shared pools.

Finally, BAD-FS is similar to other distributed file systems. The Google File System [50] was also motivated

by workloads that deviate from earlier file system assumptions. An additional similarity is a simplified consistency

implementation; however, GFS must relax consistency semantics to enable this, while BAD-FS does so through

explicit control. Earlier work on Coda, and AFS before it, isalso applicable [59]. These systems use caching for

availability, so as to allow disconnected operation. In BAD-FS, storage servers enact a similar role.

5.3 Scheduling

Of course, scheduling is an old problem with relevance in many areas outside of computer science. However,

we focus our attention on the related literature strictly within computer science paying particular attention to the

scheduling of parallel programs, the scheduling done within database query planning, and data-driven scheduling

in batch computing.

5.3.1 Parallel Scheduling

Scheduling for parallel programs in which multiple jobs communicate with each other and form a logical unit of

work is very similar to our study here of batch-pipeline workloads. The difference is that the jobs within a parallel

program typically communicate explicitly and during execution with each other using a networking protocol such

as MPI or PVM; in contrast, jobs with a batch-pipeline workload communicate indirectly through the file system.

Backfilling techniques in parallel scheduling which use “small” programs to fill “holes” left when a program

does not use all available resources [67] should be relevantfor batch schedulers as well. One difference however

is what constitutes a “small” program may be different; for parallel scheduling, a small program is one which uses

a small number of processors whereas for data-driven batch scheduling, a small program is one which use a small

amount of storage. Of course, the question of accurate runtime estimates is important for backfilling to ensure the

the backfilled programs do not exceed the reservation of the originally scheduled program [39].

Perhaps the work that bears the closest similarity to data-driven batch scheduling is work in gang scheduling

with memory considerations [15]. Here the authors implement a policy for capacity-aware scheduling of paral-

lel programs where memory is the scarce resource. This is similar to our capacity-aware scheduling where our

scarce resource is disk storage. One difference however is that they are studying the problem of scheduling across

multiple parallel programs while we are looking at the problem of scheduling multiple jobs with a single batch-

pipeline workload. Additionally, we have the luxury of refetching batch data when remote storage is scarce; they

consider no such secondary backing store for memory (using virtual memory and transparently swapping to disk is

a particularly severe penalty in parallel program as it interferes with the synchronization among the job’s threads).

Another approach to a similar problem of coordinating allocations of storage and CPUs is shown in [100].

Here the authors propose a system in which multiple reservations are attempted and then used only if all required

reservations are successful. In fact, this is the approach taken by our modified batch scheduler which only executes
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jobs after both claiming CPUs from a match-making system andsuccessfully allocating storage from the batch-

aware distributed file system.

5.3.2 Database Query Planning

In a manner similar to that of a batch-pipeline scheduler, query optimizers in many relational database man-

agement systems (DBMS) create execution plans [84]. Like a batch-pipeline scheduler, queury optimizers attempt

to reduce total completion time for their workloads. These workloads are described by the user in a query language

such as SQL. Even more so than batch-pipeline workload descriptions, these query languages are relational and

describe to the DBMSwhatwork needs to be done and do not contain directions forhowthe work should be done.

Query optimizers rely on detailed cost estimates in order toselect the “best” query execution plan (QEP) for

any given query. These cost estimates are dependent upon estimated values for the number of rows that will appear

in temporary tables ormaterialization pointswithin the many stages of complex queries.

Like a batch-pipeline scheduler, query optimizers also useboth environmental and workload information in

order to determine the best QEP. However query optimizers must consider a third type of information which does

not exist in a batch-pipeline scheduling system: information about the database itself. One reason for this third

information source is that the database in a DBMS is structurally identical to the batch data in a batch-pipeline

workload. A batch-pipeline scheduler must create execution plans for workloads over disjoint batch data sets and

thus each data set must be described in the particular workload; conversely a query optimizer is uniquely bound

to one database and therefore queries need not specify anything about it. This information about the database

however is used by query optimizers in much the same way that abatch-pipeline scheduler uses information about

batch data.

In fact, the execution of many queries can even more closely resemble a batch-pipeline pipeline in that it each

is uniquely defined by endpoint inputs (the original query) and endpoint outputs (the results) and may produce and

consume temporary data (intermediate results such as temporary tables or materialization points). As such, query

optimizers must use predictions about the size of the data (i.e. their cardinality) in order to make estimates about

the cost of a query plan. These estimates are then combined with the environmental information to inform the cost

estimates. This environmental information is the same as that used by a batch-pipeline scheduler consisting of

various estimates for the physical capacities and bandwidths of the computational resources.

One key difference however is that query optimizers have theflexibility to devise multiple orderings for their

query by, for example, rearranging the orders of selects andjoins. Although a batch-pipeline scheduler does not

have quite this flexibility in terms or rearranging orderings, it can select different traversal patterns such as those

dictated by the AllBatch, Slice, and Minimal data allocations.

Inaccurate information

Query optimizers are similarly dependent on accurate information in order to make informed plans. However,

inaccurate information and predictions as to the likely selectivity of a particular table for example does not create

the possibility ofcorrectnessproblems as inaccurate information can do in a batch-pipeline scheduler but only

affects the ability of the query optimizer to improve the runtime performance of the query execution plan.

To mitigate the effects of inaccurate and imprecise information, IBM has developed LEO [73], a learning

optimizer. This learning optimizer bears great similarityto my dissertation as it monitors predictions and constantly
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refines them as they prove to be inaccurate. Subsequent queries then use the more accurate estimates. Proactive

reoptimization [12] extends this idea by dynamically usingrefreshed information to change the current QEP. These

systems show the potential to reduce or even eliminate the need for costly off-line statistic gathering sessions and

offer promise that similar information-gathering techniques within a batch-pipeline scheduler could reduce the

need for the user to provide accurate and detailed workload estimates.

5.3.3 Data-Driven Batch Scheduling

Workflow management has historically been the concern of high-level business management problems in-

volving multiple authorities and computer systems in largeorganizations, such as approval of loans by a bank

or customer service actions by a phone company [49]. Our scheduler works at a lower semantic level than such

systems; however, it does borrow several lessons from them,such as the integration of procedural and data ele-

ments [92]. The automatic management of dependencies for both performance and fault tolerance is found in a

variety of tools [21].

Many other systems have also managed dependencies among jobs. A basic example is found with the UNIX

tool make. More elaborate dependency tracking has been explored in Vahdat and Anderson’s work on transpar-

ent result caching [110]; in that work, the authors build a tool that tracks process lineage and file dependency

automatically. Our workflow description is a static encoding of such knowledge.

BAD-FS could be further improved through the prefetching ofbatch datasets. Other work [24] has noted the

difficulty in correctly predicting future access patterns.In BAD-FS, however, these are explicitly supplied by the

user via the declarative workflow description.

Within the grid community, there is an increasing awarenessof the growth of datasets [8, 43, 53, 56, 113]

and, not surprisingly, a corresponding increasing interest in the coordinated scheduling of data and computation.

Stork [60] creates mechanisms for the controlled transfer of datasets across wide-area networks and, like our

system, is explicitly designed for moving an awareness of batch inputs and endpoint outputs into the scheduling

framework. However, Stork is a procedural approach where the user adds explicit data-movement jobs into their

workloads whereas we have opted for a declarative approach in which the user provides the necessary information

to the scheduler which then proceeds as it deems best. Our current implementation fetches batch data on demand

whereas Stork necessarily pre-fetches the data before executing the jobs. We note however that pre-fetching in this

manner is allowed within our framework and Stork would be ideal tool to accomplish this. Further, Stork provides

no mechanism for localizing temporary pipeline.

Many approaches have been proposed for caching and locatingbatch datasets [16, 17, 26, 63, 79, 86, 88].

These approaches complement our work here as they pertain tothe more persistent question of what happens to

batch datafollowing the completion of the workload, whereas here we have addressed the question of how to access

the batch dataduring the workload’s execution.
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Chapter 6

Conclusions

Large-scale modern batch scheduling systems must be data-aware. So long as batch jobs are compute-bound

then existing batch scheduling systems are sufficient. However, as we have seen here, there exists a large class of

important scientific and industrial batch workloads that perform large amounts of data access and are I/O bound

rather than compute bound. Recent trends show that the increase in application data size is increasing faster than

the increase in computational power [53],i.e. applications are becoming increasingly data-intensive.

We profile several of these workloads and create a taxonomy bywhich we can describe them. Further, we

demonstrate the need for distributed file system support forefficient scheduling of these workloads and show the

value of this in one such implementation.

We define several scheduling allocations for data-intensive batch workloads and evaluate these across a range

of workload and environmental characteristics. Finally, we provide an analytical predictive model with which a

data-aware batch scheduler can choose the appropriate dataallocation with a goal towards minimizing the total

time to completion.

In this chapter, we’ll first summarize our major contributions and then speculate on new areas of research that

are now possible due to this work as well as areas that were previously possible but may now be more interesting

in light of our work here and therefore may warrant re-examination. We then conclude the dissertation.

6.1 Summary

6.1.1 Profiling

The analysis in Chapter 2 of data-intensive scientific batchworkloads provides the working foundation for this

entire dissertation. The motivation for building data-aware batch schedulers is derived from this data analysis as

we quantified the exact degree of data-intensity in each applications which had previously been characterized as

data-intensive in anecdote only.

The first contribution of the workload profiling is to providethis three way differentiation of I/O types be-

tween batch data, pipeline data, and endpoint data. This differentiation is the enabling factor that allows informed

coordinated coallocation of data and CPUs by data-aware batch schedulers.

With these measurements of I/O intensity, we define scaling limitations for our studied workloads. Given

reasonably sized datasets and compute environments, we show how failing to differentiate between batch data,

pipeline data, and endpoint data can quickly overwhelm current storage systems.
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6.1.2 File System Support

The prototype data-aware batch system in Chapter 3 makes three important contributions to batch scheduling.

First, we have shown how batch schedulers can use information about I/O types and quantities to plan a workflow

traversal that avoids storage overallocations and makes informed and dynamic data replication decisions. Sec-

ond, we have discussed the feasibility of current distributed file systems and found them wanting. Finally, we

have designed a new batch-aware file system and used a prototype implementation along with our modified batch

scheduler to show runtime improvements of several orders ofmagnitude.

Data-aware schedulers

By assuming that users can provide accurate and basic information about the I/O behavior in their workloads,

we have designed, and implemented, a modified batch scheduler system based on the current Condor system. This

new data-aware Condor scheduler carefully plans data allocation using a technique of scoping the workload I/O.

By caching batch data and localizing pipeline data, the scheduler minimizes the amount of data crossing the

wide-area bottleneck connection between home storage servers and compute clusters. The scheduler also uses this

information to make careful job placement decisions ensuring that the output of running jobs will not overallocate

available storage. Finally, using dynamically observed values for the cost of initial data replication, the cost

of subsequent data replication, and failure rates, we have designed and implemented a scheduler which makes

individualizeddata replication decisions. These scheduling enhancements are made possible by our taxonomy of

data types, our assumption that users can provide information, and through the exposure of explicit storage control

in our new batch-aware distributed file system.

Batch-aware distributed file systems

As we demonstrated in Chapter 3, current existing distributed file systems such as AFS and NFS are not well

suited for remote execution of batch workloads. Although they are explicity designed for remote (as well as

concurrent) data access, they are designed for the generalized access patterns of interactive workloads. With the

workload specific information available within a batch workload, a data-aware batch scheduler can make much

more informed decisions individualized to the specific batch workload.

As an example, consider the write behavior of both AFS and NFS. Writes in AFS are cached locally and flushed

to the home storage server when the file is closed; in NFS, writes are flushed at some periodic interval (generally

set at thirty seconds). Although both of these behaviors make sense in some situations, neither is “always” best.

Conversely, with information about data types, the data-aware batch scheduler can carefully control these writes.

For example, the scheduler ensures that these remote flushesnever occur for temporary pipeline data and can

further ensure that endpoint output data is written only once.

The main contribution of our distributed file system work is the recognition that control of storage decisions be

moved from the storage elements themselves to an external controller, in this case a data-aware batch scheduler. We

enable this external explicit controller through a storageabstraction called lots. Lots provide guaranteed storage

allocations that allow the scheduler to make job placementswith confidence that the necessary job data will be

accessible.
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6.1.3 Data-Driven Scheduling

A simulation and workload framework

In Chapter 4, we use simulation in order to examine fundamental algorithmic details in a highly controlled and

simplified environment. We further control the problem space by simplifying our workload model, reducing the

number of variables needed to define workloads, and combining these simplifications into an abstraction we term

canonical workloads.

Data-driven scheduling policies

With this controlled simulation testbed and this controlled workload abstraction, we examine the allocation

choices available to the batch scheduler for scheduling workloads with both job and data constraints. We run

experiments across a wide range of workload and environmental characteristics to explore this scheduling space.

The main contribution of our scheduling work is the creationof five distinct data-driven scheduling policies

and the identification of the performance problems each seeks to avoid. We identify that there are three possible

performance problems when scheduling batch-pipeline workloads in environments in which storage is constrained.

One, batch data might need to be refetched when it could otherwise be cached thereby incurring an redundate use

of a potential bottleneck resource in the wide-area networkconnection between the storage server and the compute

cluster. Two, the CPUs on the compute cluster might be underutilized due to concurrency limits imposed by

the data dependencies of the workloads. Three, the CPUs might also be underutilized due to barriers within the

workloads.

Each of our five scheduling policies seeks to avoid a particular performance problem possibly at the expense

of the other two. The relative costs of these performance problems varies depending on specific characteristics of

the workload and the compute environment. For example, the relative penalty to refetch batch data increases as the

bandwidth to the storage server decreases.

Predictive modelling

Using different possible data scheduling allocations, we show there exists a wide range of possible performance

and that the scheduler decision is fraught with difficulty: abad decision can lead to a throughput loss approaching

one-hundred percent. Therefore the final contribution of our scheduling work is to define an simple analytical

predictive model that predicts the runtimes for schedulingworkloads using each of our five scheduling policies.

We demonstrate that a scheduler using our predictive model to select a scheduling policy in most cases performs

within 5% of an ideal scheduler that uses a theoretical perfect predictive model and in no cases exceeds 30%

percent.

6.2 Reflections

We now offer some reflections about the research process and offer advice to others pursuing similar studies.
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6.2.1 Methodology

At the methodological level, we have observed the value of studying both simulations and a prototype im-

plementation, which was also cited as valuable in both [9] and [11]. Having a highly controlled and simplified

simulation allowed us to focus on fundamental algorithmic details which are sometimes obscured in the complex-

ities and distractions of a full prototype implementation.

Additionally, the simulation environment drastically simplified our data collection as scaling to large num-

bers of machines was as easy as changing a parameter in the simulation and as difficult as contending for scarce

resources in the implementation. The runtime performance of doing experiments was also drastically reduced;

experiments which took days on the full implementation could be simulated in hours. Of course, we would not

have been able to have confidence in our simulated results without the deep understanding of the full system that

came from designing and managing the full implementation. Validating results that show similar measurements

from each added to this confidence.

Also of value was the predictive analytical model. In addition to being an important contribution to batch

scheduling as it allows the scheduler to quickly make informed allocation decisions, the model adds further confi-

dence in both the simulation and the prototype implementation.

6.2.2 Research Cycle

In this work, we have followed what we consider to be an ideal model for systems research: measure, build,

evaluate, and refine. It is difficult, if not impossible, to propose a new system without first measuring some key

aspect of the previous. We have done that here by building a foundation for our work from our initial measure-

ment study of data-intensive batch workloads. Having this body of empirical measurement gave us insight into

the problem area and helped us quantitatively define the scope of the problem so that we could then design a so-

lution. A less technical additional advantage of proposingour new approach onlyafter collecting our empirical

measurements is that this empirical workload profiling study gave us credibility within the community that was

instrumental in selling our new file system design.

Finally, it was only through building and then evaluating the file system design, that we made the realization

that scheduling I/O intensive batch workloads was more complex than merely choosing between breadth-first and

depth-first allocations. This realization then led to our work on scheduling allocations and our predictive analytical

models.

6.3 Future Work

Though we have made significant inroads both in designing filesystem support for data-intensive batch work-

loads and in designing data-aware batch schedulers, much work remains to be done. We now briefly address some

key areas that are not addressed elsewhere in this dissertation. We note further that much of this additional work

was not strictly possible before; these new areas of exploration are now possible because of the progress we have

described here.
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6.3.1 More measurement

The main limitation of our workload analysis in Chapter 2 is the breadth of the study. While instrumental in

defining the different types of I/O in batch workloads and revealing that several important scientific applications

are heavily I/O bound, this analysis would benefit from additional study.

Several interesting questions specifically related to batch-pipeline workload scheduling remain. One thing

unmeasured in our initial study is variability across multiple instances of the same workload. We studied the

effect of runtime variability in Chapter 4, but did so without any empirical measurements to guide us. It would be

interesting to determine just how variable are batch submissions. This variability will directly effect scheduling

decisions; the less variable, the easier the planning.

Additional questions that would be interesting to study arewhether non-scientific workloads display similar

patterns of I/O behavior (i.e.are they batch-pipeline in structure). Although there is noreason to suspect otherwise,

validating this would be useful.

Further, it would be interesting to know what percentage of all batch jobs are data-intensive. Of course, defining

exactly what data-intensive means would be necessary here as well. For this thesis, we defined data-intensive to

mean two things: one, that the workload has data constraintsin that the total amount of data does not fit within

available storage and two, that the workload spends at leastfifty percent of its runtime performing I/O when

executing in a remote environment using remote I/O.

Finally, information that is vital towards knowing whetherour analytical predictive model is immediately useful

in batch scheduling or must be further refined is to quantify what percent of current batch workloads are canonical

and to measure to what degree do non-canonical workloads violate the canonical definition. These measurements

may suggest that additional work is required to study the scheduling of non-canonical workloads.

6.3.2 Non-canonical Workloads

Should non-canonical workloads prove prevalent, additional study of scheduling these workloads should prove

fruitful. There are several ways in which workloads can be non-canonical and each of these should provide different

scheduling challenges. Workloads which do not fit the standard batch-pipeline structure (e.g.a parent job having

multiple children) do not fit within our predictive analytical model nor do they easily fit within our different

scheduling allocations. These workloads, which have been examined in the simpler case in which data is not

constrained as in the DAGMan scheduler [29], should prove significantly more challenging when they impose

additional data constraints.

Workloads which are not strictly canonical due to volume sizes should fit much more easily within our schedul-

ing framework. Indeed, our scheduling framework is still extremely useful for these types of workloads because

it can be used to provide limits on execution. For example, imagine a workload in which a batch volume at a

depthd is sufficiently large that while it is allocated, onlyp pipelines can execute concurrently. If batch volumes at

shallower depths are smaller than this batch volume at depthd, an uninformed scheduler might mistakenly begin

executing more thanp pipelines. Only after advancing the workflow to depthd, will the scheduler realize the error

of its way and be forced to abandon (and lose the progress) in all but p pipelines. Using our scheduling framework

however, the scheduler will plan for this bottleneck at depth d and ensure that no more thanp pipelines execute

concurrently.

However, this slack at depths less thand is itself interesting and worthy of investigation. It may bethat
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other areas of the same workload might fit within this slack. Additionally, in multi-user and multi-workload

environments, this slack may prove useful.

6.3.3 Multi-* Effects

In this thesis, we have studied extensively the base case of asingle user running a single workload on a single

compute cluster. Extending our scheduling framework to multiple users, multiple workloads, and multiple clusters

is a challenge for future study.

Multi-user and multi-workload

The challenges for multiple users and multiple workloads seem essentially identical. Each distinct user pro-

vides distinct workloads and therefore the multi-user problem essentially becomes the multi-workload problem.

However, there does exist at least one distinction. Users inbatch systems control the relative priority of their

own workloads. The relative priority of workloads owned by different users is subject to a fairness policy defined by

the batch scheduler. Although much work has been done in multi-user computing both in time-sharing interactive

and batch systems, the additional complexities of the dual scheduling concerns of CPU and data allocation make a

re-examination of multi-user scheduling necessary for data-intensive batch workloads.

For example, existing sharing policies that split resources in space (i.e. they give a fraction of a compute cluster

to each user) need to be aware of the data constraints of the workload. If some workloadw needs sixty percent

of the available storage in order to allow a efficient data allocation schedule, then an uninformed scheduler which

splits CPU’s evenly across users will not provide workloadw an effective compute platform. Related scheduling

work in parallel program scheduling should provide inspiration here.

However, we note that a defining aspect of the success of the Condor batch scheduler has been the mantra of its

founder Miron Livny who scorns optimization and prefers systems which “just work.” Embracing this philosophy

with regards to the scheduling of multiple batch-pipeline workloads is perhaps the best initial approach here. A

simple solution which gave entire compute clusters to a workload until the completion of that workload might prove

just as worthwhile in terms of long term throughput measurements as a more complex solution which attempts to

find optimal best fits. We note that scheduling multiple workloads each of which require some percentage of

resource is effectively a bin-packing problem which is known to be NP-complete. Further any computational slack

within these workloads due to data constraint can be easily filled with CPU-intensive jobs.

Multi-cluster

Additional complexity occurs when considering how to placeworkloads with data constraints across multiple

clusters. This problem seems strikingly similar to memory allocation in operating system kernels. Any placement

is likely to lead to fragmentation of these compute clusters. The various memory allocation policies such as best-

fit, worst-fit, and first-fit are a likely good initial startingpoint for an examination of scheduling data constrained

workloads across multiple clusters of compute resources.

One additional aspect that might prove challenging is when aparticular workload has a possible data allocation

that exceeds the available storage of any one compute cluster. In such a case, combining multiple clusters might

prove worthwhile although we note that to do so efficiently will require additional changes in both the design and

the implementation of our prototype batch-aware distributed file system.
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Here again the problem quickly becomes NP-complete as the scheduler attempts to evaluate across an infinite

number of possible allocations and combinations and fragmentations. Perhaps an initial approach to this problem

should strive to merely design a system that “just works” andthen seek to improve upon that.

6.3.4 Inaccurate Information

A main limitation of our scheduling work in both Chapters 3 and 4 is our assumption that perfect and complete

information about the environment and the workload can be provided to the scheduler. While we believe that

the information provided about the environment by tools such as the Network Weather Service [115] should be

sufficiently accurate to not adversely effect our scheduling decisions, we have no such confidence in the users’

ability to provide accurate workload information. As usershave been historically observed to have difficulty

providing accurate runtime estimates [27, 65, 75], it is unlikely that they can provide accurate I/O estimates.

How batch schedulers can maintain levels of throughput while basing their allocation decisions on inaccurate

workload information is a challenging problem we leave for future researchers. We are gratified to see that others

are examining the challenge of scheduling with inaccuracies, albeit in more standard batch workloads without data

constraints [82].

Additional recent work in databases also examines the thorny question of scheduling without accurate infor-

mation. Query optimizers are similarly dependent on accurate information in order to make informed plans. To

mitigate the effects of inaccurate and imprecise information, IBM has developed LEO [73], a learning optimizer.

Subsequent queries then use the more accurate estimates. Infact, LEO shows the potential to reduce or even

eliminate the need for costly off-line statistic gatheringsessions. This suggests that similar information-gathering

techniques within a batch-pipeline scheduler could reduceor eliminate the need for the user to provide accurate

workload estimates.

Another possible source for inspiration in this area of scheduling with inaccurate information might be gleaned

from similar problems in computer architecture. For example, branch prediction in a processor core is an attempt

to make a schedule with imperfect information.

Information gathering

Another approach to this same challenge would be attemptingto find alternative sources beyond the user for

workload information. Should workloads prove to be highly uniform, using historical information may be useful

here. The challenge here then becomes one of information storage and retrieval as well as defining exactly what

information should be stored.

Finally, batch schedulers could attempt to gather information dynamically from running workloads. Again,

decisions made using this dynamically gathered information need to be influenced by the degree of variability

within the workload. Gathering the variability information dynamically should also be possible but a larger sample

size may be needed.

We note here that the question of inaccurate information is significantly more complex in the context of non-

canonical workloads than it is for canonical workloads. Gathering accurate information about a canonical workload

is significantly easier that gathering information about a non-canonical one as each pipeline in a canonical work-

load is essestially identical (with the exception of runtime variability). To schedule canonical workloads without

accurate information is a straightforward challenge; all the scheduler must do is execute some number of pipelines
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initially and then use measured observations about those initial pipelines to select an allocation plan for the re-

maining.

In spirit, this seems similar to a technique used by Google for dealing with the possibility of queries which

cause their compute machines to crash [7]; such queries are referred to as “queries of death.” These queries of

death refer to queries executed in parallel across a clusterof machines which cause all these machines to crash;

to prevent this large failure across the cluster, an individual “probe” query is run; if successful, the entire parallel

query is performed; otherwise, it is not. The total expectedslowdown is less than one hundred percent because a

single query is expected to run at the average speed while theentire parallel query runs at the speed of the slowest

node.

Similar probing could be done by batch schedulers, not to avoid massive correlated cluster failure, but to collect

the information needed for planned data allocation. In sucha case, the slowdown could be even less than that in

the Google case due to the relative widths of the workload andthe cluster. For Google, a parallel query is run only

once across the full cluster whereas batch workloads wider than the number of available compute nodes will run

for multiple iterations thereby amortizing the slowdown effect imposed by the probe pipeline.

6.3.5 Dynamic Reallocation

In Chapter 4 we show how our predictive analytical model can be used to select between different data schedul-

ing allocations. The relative performance of the differentallocations depends on various characteristics of the

workload and the environment.

We note here that some of these characteristics change during the course of the execution of the workload. For

example, for each completed pipeline, the width of the workload is reduced by one. It should therefore be possible

to dynamically re-evaluate the remaining workload and switch to a different allocation if the model predicts that

doing so will reduce the remaining total time to completion.Challenges here include defining the frequency of the

re-evaluation and actually switching between different allocations.

In some instances it should be trivial to switch allocations; for example there are no limitations involved in

switching from a Slice allocation to a Minimal one. However,other transistions are more involved. For example,

switching from an AllBatch allocation to a Slice allocationwill require removing some of the batch volumes. If

currently executing pipelines are accessing those volumes, the cost of removing them needs to be weighed against

the benefit of switching allocaitons.

This periodic dynamic evaluation of the data allocation plan bears similarity to recent work in proactive re-

optimization in database queries [12]. As in database queries, estimates about the workload (or query) information

can be continuously updated during the traversal of the workflow (execution of the query). Due to this similarity,

many of the techniques developed there may be applicable here. In particular, the use ofbounding boxesto

represent uncertainty in statistics should be useful here as well. A batch scheduler could use bounding boxes to

represent the complete set of allocations that are possiblewithin some degree of error in the workload information

and can continuously evaluate only these allocations as opposed to the complete set. However, we note that this

may be somewhat less useful here as the set of possible query plans is potentially infinite whereas the complete set

of possible scheduling allocations is only three.
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6.3.6 Checkpointing

In Chapter 3 we examine a cost-benefit model that can make individualized replication decisions for each

output pipeline volume in a workload. Replicating these volumes effectively checkpoints the pipeline at the depth

at which it wrote that volume. One limitation here is that we did not consider the storage implications of replicating

these volumes.

Our cost-benefit replication model assumes that storage is not constrained and thus the sole cost it considers

for replicating data is the cost to replicate. For data constrained workloads, there is an additional cost to replicate

data: doing so further constrains the workload and may make some allocation schedules no longer possible or

could reduce the maximum concurrency of the workload.

We note further that some systems, such as the Condor batch scheduling system, checkpoint the process image

to an external checkpoint server. Clearly checkpointing only the process for a job in a batch-pipeline workload is

insufficient as these jobs have additional data requirements. Therefore, additional work remains to combine the

checkpointing of processes with the replication of their volumes.

6.3.7 Partial Results

One simplifying assumption that we make in our work is that users are satisfied with receiving the results of

their workloads all at once; in other words that users are notinterested in partial results. However, there do exist

many situations in which this is not the case.

There has been recent work in this area [70, 97] to help users dictate the order in which their pipelines are

executed and to provide these users with partial results as individual pipelines are executed. Additionally, these

systems then allow users to steer the workloads towards moreinteresting areas within the parameter space.

For example, imagine a user who wants to run a parameter sweepacross some variablev for each possible

value ofv between0 and1000. The user suspects that there is an interesting area within this parameter sweep but

does not know where it occurs. In such a case the scheduler canfirst run pipelines at a coarse granularity ofv, for

example for0, 100, 200, etc. Seeing partial results, the user may notice an unexpected discrepancy between the

values at say300 and400 and can then direct the scheduler to focus on this area.

These partial results systems assume the absence of data constraints. Adding this additional constraint to the

scheduling decisions is a challenging problem we leave for future study.

6.4 Postscript

Given the continued emergence of increased wide-area colloborations (as attested by the media attention [28,

71, 72, 105] surrounding grid computing [45]) and the continued predictions of increasingly large data-sets such as

those made about the ATLAS and CMS physics projects [43] and astrophysics data [53], batch scheduling needs

new models for scheduling data constrained workloads in remote environments.

Existing batch schedulers plan for CPU allocation only; data movement happens as a side-effect of job place-

ment. For CPU intensive jobs in a local environment, this is aperfectly reasonable trade-off. Any penalty incurred

for not planning the data movement is negligible and well worth the simplicity of the remote I/O model of direct

access to remote data. However, this penalty grows quickly as the the data sets grow in both size and in distance.
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These data constrained workloads do have well defined patterns of I/O behavior. By leveraging information

about these workloads, batch schedulers can plan for coordinated data and CPU allocations. However, in order to

do so, they need complicity from the distributed file system.This concept of external explicit storage control is

one of the core contributions of this dissertation.

We have found that two mechanisms provide what is needed here. First, guaranteed storage allocations within

the distributed file system allow the external scheduler to make appropriate storage decisions concerning data

caching, replication, and consistency. Second, our predictive analytical model allows the scheduler to make the

appropriate storage decisions.

Allocating CPUs is easy – but may cause an overallocation of storage; allocating data is also easy – but may

cause an underutilization of CPU; allocating both so that neither is adversely affected is the challenge for modern

batch scheduling systems.
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APPENDIX

A.1 Validating the Simulator

We found external visualization to be extremely useful in its ability to validate the internal correctness of the

simulator whose results we present in Chapter 4. To convinceourselves of this correctness we required evidence

of both functional correctness of the simulator as well as its ability to produce (and reproduce)reasonable per-

formance estimates. Specifically, we wanted validating evidence about four features of the simulator: one, the

functional correctness of its representation of the workload, two, the functional correctness of the compute system,

three, the functional correctness of the scheduler, and finally evidence of the accuracy of its simulated results.

A.1.1 Validating Functional Correctness of the Workload

To validate the functional correctness of the simulator’s ability to interpret a workload, we create a synthetic

workload with a known set of data and job dependencies and then use theDOTgraph layout software to verify that

the scheduler has interpreted the workload correctly.

Shown in Figure A.1 is a recreation of a workload which we check to verify that the simulated scheduler has

properly interpreted inter-job dependencies as well as themount points between volumes and jobs. The circles are

jobs and the double-edged quadrangles are volumes; the inverted trapezoids are volumes accessed by only a single

pipeline (i.e. endpoint and pipeline) and the double-edged rectangles arebatch volumes shared across pipelines.

The arrows show the dependencies between jobs and the mount points linking jobs and volumes. The percentage

numbers in the volumes are the amount of the total storage capacity of the system needed for that data. In this

example are shown two pipelines consisting of three jobs each. Each pipeline has an input endpoint volume (e.g.

iA1 ) mounted by the first job and pipeline volumes shared between jobs in the pipeline (e.g.pA2). The first job

in each pipeline also reads from batch volume B1. Also shown as single-edged rectangles are the extracted data

which is moved from each pipeline to the home node following successful completion (e.g.bar.A).

Although it is not shown here, it is additionally possible toview a sequence of these workload visualizations

which use color to indicate the state of the jobs and volumes (e.g.a job can be colored green for ready, blue for

running and black when finished). Examining such a sequence of these workload “snapshots” shows the changing

state of the workload as its individual jobs are executed.

A.1.2 Validating Functional Correctness of the Compute System

In addition to verifying the more coarse-grained correctness of the simulator’s interpretation of the workload,

we used visualization to confirm the correctness of the much more finely-grained data flow across the diverse com-

ponents of the modeled system. This visualization was slightly more complex to develop as we were unable to

leverage pre-existing tools. Using Perl and the tk imaging libraries, we wrote a viewer to display each of the ma-

chines in the system, and the state of each of their modeled components (i.e.network, memory, and disk). A screen

capture of this tool is shown in the left side of Figure A.2. Each rectangle represents a different machine in the

environment; one for the home storage server and one for eachcompute node. Within each machine representation

are drawn the queues for each of the components on that machine as well as summary information for the memory

and disk contents.
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job A.1 datafiles/jobA.1
job A.2 datafiles/jobA.2
job A.3 datafiles/jobA.3
job B.1 datafiles/jobB.1
job B.2 datafiles/jobB.2
job B.3 datafiles/jobB.3

parent A.1 child A.2
parent A.2 child A.3
parent B.1 child B.2
parent B.2 child B.3

volume i.A.1 /home/in/ 10MB
volume i.B.1 /home/in/ 10MB
volume B.1 /home/data/ 10MB
volume p.A.1 scratch 5MB
volume p.A.2 scratch 5MB
volume p.A.3 scratch 5MB
volume p.B.1 scratch 5MB
volume p.B.2 scratch 5MB
volume p.B.3 scratch 5MB

mount i.A.1 A.1 /input/
mount i.B.1 B.1 /input/
mount p.A.1 A.1 /out/
mount B.1 A.1 /data/
mount p.A.1 A.2 /in/
mount p.A.2 A.2 /out/
mount p.A.2 A.3 /in/
mount p.A.3 A.3 /out/
mount B.1 B.1 /data/
mount p.B.1 B.1 /out/
mount p.B.1 B.2 /in/
mount p.B.2 B.2 /out/
mount p.B.2 B.3 /in/
mount p.B.3 B.3 /out/

extract p.A.3 bar.A.3 bar.A
extract p.B.3 bar.B.3 bar.B

JA1

JA2

JA3

JB1

JB2

JB3

pA1
10.00%

B1
20.00%

iB1
20.00%

iA1
20.00%

pA2
10.00%

pA3
10.00%

bar.A

pB1
10.00%

pB2
10.00%

pB3
10.00%

bar.B

Figure A.1: Validating Functional Correctness of the Workload Representation. This illustration shows that the sim-
ulator creates an accurate internal representation of the workload as shown on the right from the description shown on the
left.

This system viewer reads an event trace log of the simulator and displays the state of the system as each event

is executed. This tool proved particularly useful as a debugging tool that could be used to trace the activity within

the system that resulted from various events. For example, to verify that data was moved correctly to satisfy a

particular job read event, the viewer could be used to ensurethat this job read would result in a network request

which moved from network buffer to network buffer and was followed by a disk read, a network transfer, and a

memory write before the job could progress further.

A.1.3 Validating Functional Correctness of the Scheduler

On the right side of Figure A.2 is shown the validation of the scheduler’s ability to correctly observe inter-job

dependencies. To acquire this visualization, we wrote a small script to convert our log files to match the formatting

of user log files created by the Condor batch scheduling system. We were then able to leverage pre-existing

software for visualizing these user job logs. As shown in thescreen capture, this visualization tool represents

each job in the workload as a horizontal line. For this specific validating experiment, we ran a workload with 30

pipelines of depth two. As seen here, the scheduler correctly delays the execution of half of the jobs until their

dependent parent has finished executing.

A.1.4 Validating Performance Accuracy

Having validated the functional validity of the simulator,we examine its ability to produce realistic and mean-

ingful performance estimates. First we discuss two different experiments that show reasonable and intuitive perfor-

mance profiles for different I/O techniques and across multiple cache hierarchies. We then conclude our validation
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Compute system Scheduling plan

Figure A.2: Validating Functional Correctness of the Compute System and the Scheduler. The illustration on the left
shows a representation of the compute system including the disks, buffer caches, and network queues for each machine. On
the right is a visualization of the execution schedule for a workload with inter-job dependencies.

 0.1

 1

 10

 100

 1000

 10000

 0  20  40  60  80  100  120  140

 0  20  40  60  80  100  120  140

C
om

pl
et

io
n 

tim
e 

(h
ou

rs
)

Jobs completed

Comparing I/O Modes

Remote
Stand
Coop

m

d+m
d+d+m

d+d+l+m
d+d+d+l+m

d+d+r+l+m
d+d+d+r+l+m

 0  10  20  30  40  50  60  70  80  90
 0.1

 1

 10

 100

M D CD HM

Jo
b 

ba
nd

w
id

th
 (

M
B

/s
)

Job data read (GB)

Read Bandwidth

MRU
LRU

Figure A.3: Validating the Performance Correctness of the Simulator.These two graphs show validating experiments
for the performance of the simulator. On the left are the completion times for three different I/O techniques of binding jobs to
the home storage server. On the right is a comparison of MRU and LRU replacement policies across a hierarchy of caches in
the compute cluster.

with a direct comparison of the simulator against previously acquired results using the full BAD-FS implementa-

tion.

Figure A.3 shows two experiments run to check this. The first graph on the left shows synthetic BLAST jobs

being executed on a cluster of 32 compute nodes using three different methods of linking the jobs to their batch

data. Using remote I/O, all jobs went directly (and simultaneously) to the home node to read the batch data. In

stand-alone mode, the first job run on a compute node fetches batch data from the home node and then caches it;

subsequent jobs then read from the cache. Note that stand-alone mode approximates the behavior of AFS. Finally,

in cooperative caching mode as is done in BAD-FS, the computenodes cooperatively fetch the batch data from the

home nodes for the first 32 jobs (i.e. the number of compute nodes) and then subsequent jobs read from the cached

data. Because of the large disparity in performance betweenremote I/O and the other two I/O modes, the y-axis is

shown in log-scale.

As expected, the performance using remote I/O is by far the worst and there is no difference in run-times
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for any of the different sets of 32 jobs. Comparing stand-alone caching and cooperative caching yields slightly

different conclusions. The first set of jobs that run when thecache is cold show a difference in run-time as the

stand-alone mode results in contention for the network bandwidth of the home node. Conversely, in cooperative

caching, the compute nodes effectively share this bandwidth by multi-casting the batch data from the home node.

Once the data is cached however, the performance is the same.

The right-most graph in Figure A.3 provides additional validation by showing the bandwidth achieved by

batch-intensive jobs run on a “warm” system consisting of two compute nodes. The jobs scan their batch data in a

linear manner and the two different lines show the difference between using MRU and LRU replacement policies.

The y-axis shows the bandwidth for each job and the x-axis is the amount of batch-data read by each job. Along

the top of the x-axis are labels for the various cache capacities of system components.M marks the size of the

buffer cache for each of two compute nodes in the system;D is the size of the disk on each of the compute nodes;

CD is the size of the cooperative disk composed of the two disks of the compute nodes and finallyHM is the size of

the buffer cache on the home node. The lower-case tics on the left y-axis represent the various bandwidths of the

different components. Tic marks which show the sums of thesevarious bandwidths represent the serial bandwidths

for data which must pass serially through all of those components. For example, when the batch data read by jobs

is less thanM, then the warm jobs realize a bandwidth ofm because all of their data fits within the buffer cache of

each compute node and warm jobs can be satisfied entirely at memory bandwidth.

As the amount of batch-data read by the jobs increases beyondM, the buffer caches can no longer hold all

batch data and more of this data must be read from the disk. In this case however, the bandwidth achieved by a

job is not merely the bandwidth of disk but rather the serial bandwidth of moving data off disk, into memory and

then copying it into the address space of the job (i.e. thusd+m and notd). As expected for jobs which linearly

scan their data, MRU performance more gracefully degrades whereas LRU performance drops more drastically.

Similar effects are noticed as the data read by each job surpasses the size of each disk cache and then the size of the

cooperative disk cache and finally the size of the buffer cache on the home node. Note thatl is the local network

bandwidth and thatr is the remote bandwidth between the compute nodes and the home node.

One interesting effect is seen for the LRU replacement policy for jobs which read an amount of batch data

betweenM, the amount of buffer cache on the compute nodes, andD, the size of disk cache of the compute nodes.

In this region, performance actuallyimprovesas the amount of data approachesD. This effect is due to the nature

of the buffer cache replacement policy. As blocks are retrieved from disk, they must necessarily replace blocks

currently in the cache. If the victim block is dirty, it must first be written to disk before the new block can be read

into memory. In this scenario, the bandwidth is expected to be d+d+m, two disk I/O’s followed by one memory

read, instead of the more intuitived+m. When the amount of batch data only slightly exceedsM, then as the warm

jobs first run, the majority of blocks in the buffer cache are dirty. Thus for each missing block (which is all of

them when LRU is used), a dirty block must first be flushed before the new block can be read. Conversely, as the

amount of batch data approachesD, more of the dirty blocks will have already been flushed during the execution of

the cold jobs. Thus as new blocks are requested, a smaller percentage of the victim blocks will need to be flushed

and achieved bandwidth approachesd+m.

What is important to take away from these results is not any one observation about the relative performance of

LRU and MRU cache replacement policies but rather the verisimilitude of the simulation framework. These results

in particular show that the caching hierarchy of the computecluster performs as expected in regards to when and

how data is evicted and the measured bandwidths match the configuration as well.
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Figure A.4: Checking Simulator Performance against the BAD-FS Implementation. The graphs on the left are the
same as were discussed previously in Figure 3.4 of Chapter 3 and show the runtime and normalized traffic to the home node
incurred when running a synthetic batch-intensive workload using three different workload traversals. On the right are the
results obtained for a recreation of this experiment withinour simulation framework.

A.1.5 Verifying Against the BAD-FS Implementation

Finally, in Figure A.4, we simulate an experiment run previously using the BAD-FS implementation as shown

and explained in more detail in Figure 3.4 of Chapter 3. On theleft side, are the runtimes and the normalized

amounts of wide-area traffic between the home storage serverand the compute cluster as seen when using the

BAD-FS implementation across a compute cluster of sixteen nodes at the University of Wisconsin. On the x-axis,

we vary the size of batch data accessed by each job in a synthetic batch-intensive workload of 32 pipelines of depth

four.

Compared within each graph are the results obtained using either a strict breadth-first traversal of the workload,

a depth-first traversal or a capacity-aware traversal as is done by the BAD-FS scheduler. When the total amount of

batch data fits within the storage available on the cluster (i.e.when each of the four batch volumes is less than 25%),

each of the three traversals achieves the same results. However, once the size of the batch volumes exceeds 25%,

then the depth-first traversal will overallocate the available storage thereby causing the batch data to be evicted and

then refetched for the execution of subsequent pipelines. This is seen in both the runtime and normalized traffic

graphs as the depth-first schedule deviates from the other two at approximately 25%. The maximum value for the

normalized amount of traffic is four because with 64 pipelines and 16 compute nodes, each server executes four

pipelines. Thus without careful capacity planning, the worst case utilization of the wide-area network will result

in the batch data being redundantly fetched for each executing pipeline.

For this synthetic batch-intensive workload, the capacity-aware planning of the BAD-FS scheduler results in a

breadth-first traversal and thus the values for both breadth-first and BAD-FS remain the same and outperform the

depth-first traversal while the size of the batch data is between 25% and 100% of the total cluster storage. Notice

however that once the batch data exceeds the available storage that caching the data is no longer possible and all

three traversals are forced to redundantly refetch the batch data and suffer the corresponding reduction in runtimes.

On the right side, we compare the results achieved by recreating this experiment within our simulation frame-

work. We recreate the synthetic workloads and configure a compute environment using the same capacities used
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in the implementation experiment and the same bandwidths aswere measured then. Although the results for both

runtime and normalized traffic appear extremely similar, there are two slight differences. The first is the slope of

the “knees” of the curves are smoother in the simulated graphs. This is due to their being more measured values in

the simulated graphs which attests to the relative ease of using the simulator as opposed to actually running these

experiments on actual machines using the BAD-FS implementation. This relative ease is due to both needing fewer

machines as well as running more quickly. Each simulated point of data required less than an hour of computation

on a single machine whereas each point of data collected using the full implementation required up to fifty hours

of computation across sixteen compute nodes, a seventeenthmachine for the home storage node and an eighteenth

for the scheduler.

The second difference between the simulator and the implementation is hard to see in the runtime graphs but is

obvious when looking at the actual data. This difference is that the runtimes reported by the simulator are slightly

faster than those achieved by the implementation. This difference is likely due to not modelling the scheduling

latency within the simulator. When a job finishes executing in the actual implementation, the notification of its

completion must travel across the network from the compute node to the scheduler which then must decide which

job to schedule next and then send that job back to the now idlecompute node. However, for such long running

jobs like those modelled here, this scheduling latency should be almost entirely amoritized by the runtimes of the

jobs. As expected this is the case, resulting in the very close approximation of the simulated performance to the

real.


