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ABSTRACT

The creation of a Massive Data Analysis System (MDAS) will enable new modes of science
through improved data management of scientific data sets. This requires a scalable soft-
ware infrastructure that can manage petabytes of data, support rapid access of selected data
sets, and provide support for subsequent computationally intensive analyses. To accomplish
this, object-relational database technology is being integrated with archival storage systems.
By supporting transportable methods for manipulating the data, it then becomes possible to
analyze selected data sets on remote systems. The MDAS becomes a scheduling system,
managing the flow of data and computation across distributed resources. Usage models are
needed that simplify the identification, transport and analysis of large collections of data.
The system must automate the collection of metadata describing the data set attributes, and
handle interactive WEB access, distributed database access, and discipline specific appli-
cation interfaces. A software infrastructure has been designed which manages user access
restrictions, matches application requirements with resource availability, and schedules the
data movement and application execution. Development of this software system is proceeding
on schedule, with selected applications testing the initial prototypes.



Chapter 1

Task Objectives

The overall objective of the Massive Data Analysis System is the construction of a scalable
system that integrates data management with computation to support analysis and assim-
ilation of arbitrarily large data sets. The main goals for the last four quarters have been
the development of consensus on (a) application requirements, (b) hardware and software
systems that can meet the application requirements, (c¢) and the application presentation
interfaces needed to make the system accessible to researchers.

These goals are best evaluated through the implementation of prototypes. Hence a
continuing objective is the development of a sequence of prototypes to test the efficacy of
the software design for WEB access, application access, and data handling system inter-
operation. In order to provide a mechanism for technology transfer, a final objective is to
involve a commercial software vendor in the development of a scalable system that will be
able to handle arbitrarily large data set sizes.

Integrated data and object handling systems have the potential to be the next major
software infrastructure in the evolution of computer systems. If designed correctly, the data
handling system can support a uniform user interface to distributed heterogeneous systems
needed for global computing. The data handling system acts as a scheduling system that
resides above the operating system. Users interact directly with data attributes, relying
on the data handling system to locate the data, move the data to appropriate compute
resources, and execute applications on the data sets.



Chapter 2

Technical Problems

The primary challenges in the MDAS project are (a) the integration of data management
systems with archival storage and (b) end-user solutions for the replacement of the (Unix)
file paradigm with a higher-order interface to data, methods, and resources.

At project onset, database management systems (DBMSs) and hierarchical (archive)
storage systems (HSSs) were not interoperable. Replacements for the Unix OS file paradigm
existed, but only on single-user systems and largely without high-order interfaces to re-
sources. In order to develop concrete extensible solutions with reasonable technology trans-
fer attributes, we have taken a two-prong approach to these problems. First, we rely heavily
on application prototypes to investigate the viability of possible solutions to the primary
challenges. Second, we continue to carry out an in-depth research into the design and
specification of production-grade software solutions. A number of technical problems have
emerged from these efforts which we will address throughout the remainder of the project:

1. Hierarchical storage system (HSSs) have a limited number of I/O channels and phys-
ical read/write heads for archival (tape) storage. Therefore, an application with large
resource requirements can easily monopolize the entire storage system unless a rea-
sonable resource management policy is implemented in the HSS. This amounts to
implementing a queuing system within the HSS to mitigate requests from multiple
clients.

2. HSS software interfaces contain general I/0 routines such as read, seek, rewind, etc.
However, most HSS application client interfaces limit data transactions to file get and
put—primarly to keep applications from monopolizing resources. For example, an
application controlling a tape drive with seeks and rewinds for 2 hours leads to poor
resource utilization for the general user population. This means that when an HSS
client wants to read a large file, it must have either (a) enough local memory (RAM or
Disk) to read the file in total, or (b) access to an intelligent spooler which can buffer
the read and make incremental calls to the HSS for large file blocks. The latter case
is most common.

3. The development of an MDAS software infrastructure for general I/0 interoperabil-
ity between local and remote resources requires (a) library interfaces to individual




resources, (b) a high-level interface to hide individual resource semantics from the
users, and (c) a high-level interface that supports multiple I/O paradigms across each
supported resource. Not all platforms will have suitable library interfaces for all re-
sources; e.g., a desired DBMS, HSS, or HTTP library might be missing. Hence,
daemons must be developed to assist application clients on those platforms. Further,
the build environment for the MDAS software can become arbitrarily complex without
careful design considerations. Rather than “port” the MDAS software to each ven-
dor hardware platform, the MDAS build environment should support compile-time
configurable options for drivers to various resources.

Supporting a a high-level interface to hide individual resource semantics from users
requires the development of intermediate buffering mechanisms just below the appli-
cation level. For example, supporting a { read, seek, rewind } paradigm on top of
a dataset opened (transparently) on an ftp resource will require local buffering and
possibly remote re-reads of the file. A related issue is the support of legacy software
systems; e.g., the use of Fortran unit numbers for I/O transactions on a DBMS large
object, or the transfer of two valid file handles to a third-party data mover for a
Unix-style “pipe” transaction.

Tension also exists between items “b” and “c” when a paradigm from one I/O source

(e.g., DBMS query) does not match paradigms supported by another (e.g., Unix fifo
pipe). Therefore, categories of I/O paradigms need to be identified and then supported
by categories of high-level semantics.

. Among the key resources that will be supported by MDAS are archival storage systems
with a database system front-end. The database systems are used to store metadata
and to provide access to the archive data sets. However, depending on the particular
database system used, the implementation of this interface may be different. In or-
der to insulate MDAS methods from such implementation issues, the MDAS system
must provide appropriate mappings from the standard file I/O interface used by the
methods to the actual interface supported by each database system front end.

. Application clients, DBMSs, and HSSs all have response time limitations for I/O and
general communication transactions. Coupling these systems requires careful design
considerations to avoid request timeouts and blocked (hung) communication requests.
For any particular component in the system, it is worthwhile to know in advance
that another component is off-line—rather than to wait on an internal (possibly long)
connection timeout condition.

. Application clients, servers, DBMSs, and HSSs all have various authentication mech-
anisms which can vary among sites. In a distributed environment, it is often desirable
to transfer methods and/or datasets from one resource to another for more efficient
processing. This capability requires authentication interfaces between coupled systems
(e.g., a tightly coupled DBMS and HSS) plus third party authentication mechanisms
to permit a server to transfer a client’s request to an external (third party) processing
system.

. Object-oriented (00) software technologies greatly simplify the task of software engi-
neering and hold great promise for software reuse. However, present-day OO compilers
do not produce high-performance executables which is of paramount importance to




10.

11.

12.

this project. Hence, MDAS implementations should choose application-efficient lan-
guages while providing interfaces to OO language semantics.

. Applets (as implemented in the Java language) and other interpreted methods ex-

tend the OO paradigm to remote resources. However, applets are extremely slow in
processing scientific datasets or performing moderate iterative tasks in general. For
applets to be truly efficient, “just-in-time” compilation methods are desirable on the
target platform.

. Traditional DBMS and FTP technologies rely on sequential I/O streams for trans-

ferring data objects. This approach has been demonstrated to give relatively poor
performance unless aggressive caching strategies are developed. The concern is that
focusing on just caching strategies will be inappropriate for the more advanced tech-
nology that is based on parallel I/O streams.

Scientific applications should be able to access data and cache it locally no matter
where the data is originally located. This is equivalent to requiring a catalog or expert
system with universal resource name (URN) capabilities.

Support for parallel I/O streams must be done within the context of emerging stan-
dards. This requires tracking the MPI2 10 effort which is examining issues related
to message passing within a compute platform and I/O to external peripherals. In-
teroperability between MPI and non-MPI processes will require specialized software
interfaces.

The design of appropriate experiments to test the capabilities of the proposed system
requires independent testing of individual infrastructure components. This requires
dedicating separate portions of the testbed system to HSS support and to database
support. The result is that it will be possible to quantify the memory, disk cache,
and I/O requirements independently for each system, and then quantify what the
integrated system will need in terms of hardware resources to have adequate perfor-
mance.



Chapter 3

General Methodology

Scientists have an ever-increasing need to store, access, and manipulate unprecedented
quantities of data. Modern data manipulation requirements include searches for correlations
in large data sets, incorporation of empirical data to improve the predictive capabilities of
computational simulations, and mining of existing data sets to derive better input conditions
for new calculations. High performance data assimilation environments [?] require new
modes of operation to integrate data mining and supercomputing. These large-scale and
national-scale problems strain our current infrastructure and motivate the development of
massive data analysis systems.

In order to implement a system that can meet these requirements, mutually-scalable
technologies are needed in parallel data-handling systems, computational servers, local area
networks, and resource scheduling environments. Further, these system complexities need
to be presented to users in a set of navigatable hierarchies. This latter criteria insures that
a novice can have a high degree of success in using the system, while experts can achieve
major advances in analysis and resource efficiencies.

Other efforts in this area have focused exclusively on scalable I/O [16, 4], high-performance
computation [11], high-performance communication [8], digital libraries [14], or object-
oriented software integration [10]. These are valuable efforts which will provide an ex-
perience base for future system integrations. However, in order to be successful, we need
to address all aspects of of the “massive data analysis” problem. It is far more effective to
design these new-generation systems from a first principles approach, while taking available
technology into consideration.

3.1 Approach

The execution path of a computational request p can be viewed as a trajectory in a config-
uration space defined by users U, data D, methods (i.e., operations on data) M, resources
R, and time 7. Call this space C. It is a discrete space, with countably many elements in
each dimension but a finite number of achievable states for any given request. A Turing
machine is an example subset of C.




In this framework, the execution of a program at any moment in time is characterized by
microstates in C which detail binary values in registers, machine-level operations, hardware
circuitry, etc. For the purposes of software engineering, it is practical to describe execution
paths at a higher level(!). Hence, one can choose a coordinate basis in C which describe
metastates:

uel :  the user(s) who instigated the request

DeD : data content and data storage “formats”

M e M : algorithm and/or program characteristics

ReR : adescription the hardware execution environment
TeT : relative system and wall clock times

For example: in the formulation of a request p to run a program on a Unix system,
a user specifies the program name and possibly the name of some input data sets at the
command line. The O/S (a method) then carries out the execution of p. The actual
execution of p at the machine level might be very different than what the user intended in
the initial formulation. Nonetheless, the request transits through a sequence of micro- and
meta-states. When the program terminates, the O/S records some metastate information
in the directory listing of any output files produced: e.g., u (the owner) and T (the time of
storage).

Metastate information is commonly termed metadata. When a program produces out-
put files, it might encapsulate some metadata information about the file format to ease
the task of re-reading the files at a future date. It is typically the user’s responsibility to
maintain diaries of data lineage, appropriate methods for their application area, and the
set of resources available for utilization.

Note that the performance of request p is a path integration over the states traversed by
p in C. Therefore: the optimization of p (or the design of a system to support the efficient
processing of p) depends upon knowing states available to p in C. Hence, both lineage
and path availability are important pieces of information for the complete formulation of
requests.

A scheduling system is an example of a system tool (method) that takes a specific
request p and chooses a path in C to optimize some performance metric of either the system
or the request. Unfortunately, current schedulers typically work under the direction of
scripts (e.g., at and NQS). Therefore, the entire specification of p is not explicitly exposed
to the scheduler and the ability of the systems to choose near-optimal solutions is limited.

In general, obtaining knowledge about available metastates in current systems is prob-
lematic at best. For example, most operating systems today only track coarse information
about U and 7 when storing data sets. Data Base Management System (DBMS) products
go a little farther, tracking #f, 7, D, and some of M. Methods often have explicit couplings
with D and R—but these are rarely mentioned outside user manuals. So modern computing
currently deals with the automation of subsets of C, rather than C as a whole.




3.1.1 Files and Programs vs. Data Sets and Methods

The “path discovery” problem is largely due to the interface paradigms we force on users—
or that users have come to expect. The most recognizable of these is the file paradigm.
We store data in files, programs in files, and packages or groups of files in directories.
Some operating systems store files with a transparent file header which helps the O/S
track methods available (applicable) to the data. Many applications store their data in
an application-dependent way with file headers or other embedded tags describing some of
available metastates in C. A general extension of headers and tags are application indepen-
dent self-describing files [5, 15].

Despite the pursuit of file-based systems by computer hardware and software engineers,
users are generally interested in data sets and methods. For example, a common user task
is to update a document, which may be in fact composed of one or more data sets. A
common scientific computing task is to run a simulation, which is very likely a compound
method operating on a compound data set—possibly stored on a parallel file system. Manual
tracking of (a) which methods are applicable to which data sets and (b) the storage format
for each data set does not scale well for users or data handling systems. Thus, it is a win
for both the user and the efficiency of large scale systems to promote the users internal data
set paradigm to the forefront of a “massive data analysis system” [2].

The data set paradigm is commonly supported by DBMS software. It is implemented
by maintaining a “memory” of data types, structures, and lineage in metadata. However,
DBMS metadata on methods is not maintained with the same rigor as data sets. Asin Unix
systems, the user is required to maintain a diary of operations available to given data sets.
Another way to view this is that current DBMS language models do not support transitive
operations on data. Suppose that document d is stored in format a but desired in format
c. Further suppose that translations from a — b and b — ¢ exist. Current DBMS’s will be
at a loss to automatically carry out a — b — ¢ using standard data models.

The notion of “format” is very important to both parallel data storage and parallel
methods on data. Continuing the above example, format a could very well be the description
of a file striped on parallel disk, and format ¢ could be the desired in-memory structure of a
parallel application. For parallel (distributed memory) data-mining applications, discovery
of transitive “gather-scatter” operations is imperative for performance. Otherwise, the
application must take the conservative approach of serial agglomeration at the source and
parallel redistribution on receipt. Without appropriate metadata or explicit instructions
from a user, the application and file server are always forced into this mode.

Another important notion of format is the specification of numerical, textual, and
higher-level media “types” within a document. Since data-mining applications are often
3rd-party readers of data, they need a description of the data set’s datatype(s) to facilitate
in-memory instantiation of the data. Without a datatype specification, the application is
at a loss to do anything useful (other than copy) the data set. When datatype definitions
are coupled with contextual information about a data set’s content, a 3rd party application
can perform meaningful operations on the data, including: extraction, reduction, and any
user-defined analysis function.



All of these notions of data set format are subdimensions of D. Extracting data subsets
from a large storage object are simply projections in D. A gather-scatter operation between
parallel disk storage and parallel application memory is a transpose operation (from M) in
R and D. Having metastate information available to all elements (with the correct access
attributes) in a system increases the capability of doing useful work.

3.1.2 Resource Metastates

The concept of format extends well beyond data sets. A method can be considered to be
formatted for uniprocessors, shared-nothing parallel processing, or general parallel compu-
tation (or all of the above). Note that these attributes are metastates of resources. Servers,
schedulers, and even client applications who are “resource aware” can make efficient deci-
sions about execution paths when the capabilities of available methods are exposed.

As a user’s data access requirements grow, so does their interest in resources. Over time,
tracking resources and maintaining knowledge about them becomes problematic for users.
A notable success of Apple Macintosh computer [13] was the concept of resource metadata
maintained by the operating system. This transparent storage of default metastates of
documents and devices gave users a new paradigm and efficiency in computer interaction.
(Unfortunately, the paradigm has not be significantly expanded in the last 10 years.)

As users’ interests in resources grow, so do the accounting concerns of resource site ad-
ministrators. A lineage of users’ interactions with resources provides account administrators
with information critical for the determination of resource service charges. User-resource
lineage is also an aid to automated resource schedulers; for example batch request sys-
tems, run-queue software agents, and application-based schedulers [1]. Some expert sched-
ulers find lineage useful for maintaining stochastic histories of resource utilization by users,
methods, and data.

3.1.3 Metadata Messaging

One solution to these problems is to generalize system-level metadata support to include
both lineage and path availability for all elements of a computational request. This would
provide users of the system, software operating in the system, and system managers the
critical information needed to optimize p. To support this need, a metadata definition is
required that is

1. A natural extension of existing system-level metadata

2. General enough to encompass existing DBMS metadata conventions along with sequen-
tial and parallel “file” storage conventions.

3. Concise enough to be efficiently communicated in large numbers in distributed system
environment




Items 1 and 2 are discussed in section 4.2, Describing Metadata. Item 3 is discussed
in sections 4.2.2 and 4.3, A Software Architecture For Metadata Messaging. An overall
presentation of MDAS system components is given in section 4.1. Section 4.4 discusses

design specifications for application-level interfaces to the MDAS architecture. An example
archival storage service is given in section 4.5.



Chapter 4

Technical Results

4.1 A Modular System Specification

A generic representation of a massive data analysis system is given in figure 4.1. The rep-
resentation defines a system architecture showing the central role of a metadata repository
in maintaining persistent metadata related to the state of the system. The metadata repos-
itory is essentially being used to prototype functionalities missing from current operating
systems. It maintains metadata about users, data sets, methods, and resources known to
the system.

The major entities shown in figure 4.1 are: physical resources, MDAS server modules,
and MDAS clients. Physical resources are compute engines, visualization engines, storage
systems, interactive systems which are “registered” in the MDAS system. Clients (DBMS
client, application client, and Web client) make requests to the MDAS system. Server
modules (DBMS server module, application server module, and Web server module) service
client requests and are part of the Client Interface Services Layer described below. In
addition, there may also be MDAS data sets which are also “registered” in the metadata
repository.

In figure 4.1, the lines between the various components indicate request/control flow.
For example, an MDAS application client may want to perform a computation on a given
data set using a parallel compute engine and a visualization system. The requests from
this client are sent to the appropriate MDAS application server module which is part of
the MDAS Client Interface Services. The server module references the MDAS metadata
repository to obtain information such as authorization, location, accessibility, availability
of the various MDAS entities. The request is then passed to other MDAS services (e.g.
Scheduling, Data Transfer) in order to schedule and process this request.

While the metadata repository in figure 4.1 is represented as a centralized resource,
in the actual implementation each server module may choose to cache “hot” metadata
records. For example, an MDAS entity typically has properties such as access restrictions,
type, format, and location. An MDAS server module may cache this information for entities
that it frequently references.

10
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One approach to constructing the MDAS middleware which allows clients and resources
to participate in the MDAS system and service MDAS requests, is to implement site-specific
daemons and software triggers to carry out the coordination of system requests. Another
approach is to design the system middleware as a library of tools for the query, update,
and storage of system level metadata. The software architecture that enables the building
of such libraries is further described in section 4.3. From these tools, client and server
modules can be built to provide efficient, coherent metadata transactions involving the
metadata repository. In this framework, a set of site-specific resources are represented by
a set of resource metadata records, thus allowing the MDAS system to schedule activities
using this information.

4.1.1 MDAS Entities

Figure 4.1 shows three of the MDAS entities: clients, servers, and physical resources. Other
MDAS entities include data sets and methods. Here we describe some of the characteristics
of various MDAS entities.

Users/Clients

MDAS users may access the system from a variety of sources including Web access, direct
access via an application program, and access via a DBMS. Users may be anonymous or
authenticated. An authenticated user is one whose has previously “registered” with MDAS.
MDAS provides mechanisms by which an anonymous user may use the Registration Services
of MDAS to become a registered user. Non-registered users are treated as anonymous users
and all anonymous users receive a default levels of access and service from MDAS.

Along with authentication information, users can be associated with level of service,
level of access, and path histories. The level of service establishes the user’s priorities and
resource consumption constraints in using the system. Level of access controls the user’s
accessibility to resources in the system. Path histories are a cache of the user’s pattern of
usage of the MDAS system. They contain information on the frequency of access to data
sets, resources, methods, etc. so that future user requests can be serviced efficiently.

Data Sets

Data sets are first-class MDAS entities. These include raw data sets stored on disk or
on archival system (or both), data stored under various file systems, and data stored in
DBMS’s. In addition to standard in