The Design and Implementation of the Inversion File System

Michael A. Olson – University of California at Berkeley1

ABSTRACT

This paper describes the design, implementation, and performance of the Inversion file system. Inversion provides a rich set of services to file system users, and manages a large tertiary data store. Inversion is built on top of the POSTGRES database system, and takes advantage of low-level DBMS services to provide transaction protection, fine-grained time travel, and fast crash recovery for user files and file system metadata. Inversion gets between 30% and 80% of the throughput of ULTRIX NFS backed by a non-volatile RAM cache. In addition, Inversion allows users to provide code for execution directly in the file system manager, yielding performance as much as seven times better than that of ULTRIX NFS.

Introduction

Conventional file systems handle naming and layout of chunks of user data. Users may move around in the file system’s namespace, and may typically examine a small set of attributes of any given chunk of data. Most file systems guarantee some degree of consistency of user data. These observations make it possible to categorize conventional file systems as rudimentary database systems.

Conventional database systems, on the other hand, allow users to define objects with new attributes, and to query these attributes easily. Consistency guarantees are typically much stronger than in file systems. Database systems frequently use an underlying file system to store user data. Virtually no commercially-available database system exports a file system interface.

This paper describes the design and implementation of a file system built on top of a database system. This file system, called ‘‘Inversion’’ because the conventional roles of the file system and database system are inverted, runs on top of POSTGRES [MOSH92] version 4.0.1. It supports file storage on any device managed by POSTGRES, and provides useful services not found in many conventional file systems.

The Inversion file system provides transactions and fine-grained time travel to users by taking

1This research was sponsored by the University of California and Digital Equipment Corporation under Digital’s flagship research project ‘‘Sequoia 2000: Large Capacity Object Servers to Support Global Change Research.’’ Other industrial and government partners include the California Department of Water Resources, United States Geological Survey, MCI, ESL, Hewlett Packard, RSI, SAIC, PictureTel, Metrum Information Storage, and Hughes Aircraft Corporation. Additional funding was provided by the Army Research Office under grant number DAAL03-91-0183.

advantage of the POSTGRES no-overwrite storage manager. File data are stored in the database, so that file updates are transaction-protected. In addition, the user may ask to see the state of the file system at any time in the past. All transactions that had committed as of that time will be visible, so the file system state will be exactly the same as it was at that moment. This is an important improvement on the coarse-grained time travel provided by other systems.

Another feature provided by Inversion is fast recovery. No file system consistency checker needs to run on the Inversion file system after a crash, since recovery is managed by the POSTGRES storage manager. File system recovery is essentially instantaneous. Any updates that were in progress at the time of the crash, but had not committed, will be rolled back. Any committed updates are guaranteed to be persistent across crashes.

In addition, files in the Inversion file system may be located on any device managed by

POSTGRES. The Inversion namespace is uniform

across devices. This means that the Inversion file system can span multiple devices (and device types) transparently. For example, the current system manages data stored on a 327Gbyte Sony optical disk WORM jukebox, and on magnetic disk. In the near future, a 9 TByte Metrum VHS-form factor tape jukebox will also be supported.

Finally, the fact that Inversion is built on top of

POSTGRES makes it possible to issue ad hoc queries

on the file system metadata, or even file data itself. Instead of mastering the use of many different programs, the user may examine the file system’s structure and contents by formulating simple POSTQUEL queries. In addition, indices may be defined to make file system operations run faster, at the user’s discretion.

The system described here currently supports a group of physical scientists researching global

The Inversion File System Olson

climatic change as part of the Sequoia 2000 research project [STON91]. For this user community, transaction protection and fine-grained time travel are important services. The amount of storage managed requires novel fast recovery techniques like those provided by Inversion.

The rest of this paper is organized as follows. First, related work in file systems and in database management systems is presented. Next, the architecture of the POSTGRES database system is summarized, with attention to the features used by Inversion. Then the design and implementation of Inversion are described. A discussion of user-level access to Inversion files follows that. Next, Inversion’s performance is measured on a benchmark based on the access patterns of its primary users. Finally, the conclusion summarizes the major points of the paper, and instructions on obtaining the code are given.

Related Work

File systems researchers have lately concentrated on providing new services to administrators and to users. Important areas of research include transaction protection, viewing past states of the file system (‘‘time travel’’), and attribute-based naming strategies.

QuickSilver [CABR88] is an early example of a file system that allows users to protect file changes with transactions.

The Wisconsin Storage System (WiSS) [CHOU85] was an early implementation of a storage manager supporting access to large data objects. WiSS decomposes large objects into pages, changes to which are protected by transaction boundaries. The WiSS client controls physical layout of object pages, making it easy to implement clustering strategies appropriate to particular large object applications. Indices on logical page locations make object traversal fast.

The EXODUS storage manager [CARE86] provides a set of low-level abstractions for managing large data objects. It supports efficient versioning of these objects. Users can extend the system to support new object types and operations on them.

Episode [CHUT92] embeds transaction protection in the file system directly for file system metadata changes. These transactions permit faster recovery after a crash than do graph-traversal programs like fsck(8). The file system manages a write-ahead log of directory updates, and can detect and remove transaction-inconsistent states quickly. However, Episode does not provide transaction protection to users, so user files may be left inconsistent by a system crash.

Log-structured file systems [ROSE91, SELT93] append file system changes to the end of a log on disk. A special ‘‘cleaner’’ process periodically reorganizes storage to recover space occupied by obsolete data. [SELT90] proposes extending such systems with support for transactions, and support for time travel could be added with appropriate changes to the cleaner process.

Finally, several libraries and toolkits have recently appeared that offer transactional and other services to users. 4.4BSD includes a database access method library, db(3), which provides keyed access to user data [SELT92]. This library includes support for transactions, allowing users to make consistent changes to files managed by the library. Kala [SIMM92] offers primitives allowing users to implement tailored transaction management and version control systems on a persistent programming language data store.

As very large storage devices, such as optical disk and tape jukeboxes, become widely available, many researchers are investigating ways of saving historical file system states automatically. Users can then travel in time over the file system, viewing old file contents at will.

The Plan 9 file system [QUIN91] periodically snapshots file system contents to an optical disk jukebox. Only changed files need to be copied; the system automatically reconstructs the complete state of the file system from the set of snapshots on the jukebox. The granularity with which snapshots are taken is configurable, but is currently once a day.

3DFS [ROOM92] uses a similar snapshot strategy to capture and recover file system state. This system extends the file system’s namespace to include timestamps, making it possible to use programs like ls(1) and cat (1) to look at a directory’s historical state, but complicating the user interface and breaking things like shell filename globbing.

Finally, there has been much activity lately in providing more robust query capabilities on file systems. The standard UNIX file system supports only rudimentary query tools, like ls and find.

[SECH91] describes a strategy for doing attribute-based lookups on files, where attributes are not limited to name, size, creation time, and so forth. [SECH91] makes the point that managing the namespace of attributes is nearly as difficult as managing the namespace of files.

The Semantic File System (SFS), described in [GIFF91], implements attribute-based naming by allowing users to express queries as operations in the file system namespace. ‘‘Virtual’’ directory names may be constructed to refer to all of those files whose attributes match values in the directory name. The query mechanism is somewhat restrictive – the current implementation supports only conjuncts, for example – but the authors plan to extend the syntax.

SFS allows users to install transducers, or procedures that compute attribute values for particular

Olson The Inversion File System

files. The results of these transducers can be indexed in Btrees for fast lookup later. An NFS daemon accepts requests from network clients and operates on SFS, providing these features to ordinary users without requiring them to add code to their systems.

The Inversion file system supports transactions for both user data and file system metadata. It permits finer-grained time travel than either Plan 9 or 3DFS. Like SFS, Inversion is extensible and supports indexing. It has a richer query language than SFS, but does not at present support access via NFS.

Overview Of The POSTGRES Database System

Inversion is able to provide so rich a set of services because it is built on top of a next-generation database system. This section gives an overview of the database system’s architecture, with an emphasis on those feature used by Inversion. The No-Overwrite Storage Manager

The POSTGRES database system [MOSH92] uses a novel no-overwrite technique for managing storage. This technique allows the user to see the entire history of the database and obviates the need for a conventional write-ahead log, speeding recovery [STON87]. When a record is updated or deleted, the original record is marked invalid, but remains in place. For updates, a new record containing the new values is added to the database. By using transaction start times and a special status file which indicates whether or not a transaction has committed,

POSTGRES can present a transaction-consistent view

of the database at any moment in history. This capability is referred to as time travel. Since only the start time and commit state of a transaction must be recorded in the status file, no special log processing is required at crash recovery time.

Periodically, obsolete records must be garbagecollected from the database, and either moved elsewhere or physically deleted. If the records are not saved elsewhere, some historical state of the database is lost. If time travel is desired, the records must be saved forever somewhere. This process is referred to as record archiving.

POSTGRES includes a special-purpose process,

called the vacuum cleaner, that archives records. Obsolete records are physically removed from the table in which they originally appeared, and are moved to an archive. Type and Function Extensibility

POSTGRES allows users to define new types for

use in the database system. In addition, users may write functions in C or in POSTQUEL, the query language used by POSTGRES. These functions may be registered with the database system, and will be dynamically loaded by the data manager when they are invoked.

Inversion takes advantage of these two capabilities to provide strong typing on user files, and to support classification functions that describe files. The Device Manager Switch

POSTGRES allows administrators to incorporate

new storage devices by writing a small set of interface routines [STON93, OLSO92]. Based on the bdevsw switch in UNIX, the POSTGRES device manager switch registers the devices that are available to the database system. For each device, the required interface routines are listed. These routines are specific to the database system, and include, for example, code to create new tables and to commit transactions.

Version 4.0.1 of POSTGRES supports storage on non-volatile RAM, magnetic disk, and a 327GByte Sony optical disk WORM jukebox. The non-volatile RAM and Sony jukebox device managers operate on raw devices. In the current system, the magnetic disk device manager uses the underlying UNIX file system to store data, but a future release of

POSTGRES will probably change this.

Accesses to data are location-transparent – the database manager finds the device storing the data and issues calls through the device manager switch to manipulate it. This allows users to store data on any device known to POSTGRES and manage it all identically. Logically, the database has no upper limit on its size.

The Design And Implementation Of Inversion

Inversion provides file system services to users by taking advantage of database services provided by

POSTGRES. Strictly speaking, the Inversion file sys-

tem is a small set of routines that are compiled into the POSTGRES data manager. Requests for file system data call these routines, which carry out the required database operations.

This section describes the Inversion support routines and how files are stored in the database system. Decomposing Files into Tables

Files, generally viewed by users as byte streams, are stored in conventional file systems as a series of data blocks. The Inversion file system similarly ‘‘chunks’’ user data. Figure 1 shows the schema used to store file data in POSTGRES tables.

For every file, a uniquely-named table is created. File data are collected into chunks slightly smaller than 8kBytes. The size of the chunk is calculated so that a single record will fit exactly on a

POSTGRES data manager page. This page size was

chosen early in the design of POSTGRES, and was intended to make magnetic disk transfers fast. Although Inversion does not require magnetic disk in order to function, the inherited page size survives.

The Inversion File System Olson

When a user writes a new data chunk to a file, a record is created consisting of the chunk number, or index of this chunk into the file, and the data chunk. This record is appended to the table storing the file. Multiple small sequential writes during a single transaction are coalesced to maximize the size of the chunk stored in each database record.

filename chunk# chunk 0 1 2

<user data for chunk 0>

<user data for chunk 1>

<user data for chunk 2>

POSTGRES

records

50.0

100.0

150.0

Inversion Ultrix NFS sec

sec

read write Inversion read write Ultrix NFS

0.01

0.02

0.03

6.0 5.0 4.0 3.0 2.0 1.0 seconds

Single 1MByte read 1MByte read

page-sized chunks

1MByte read at random in page-sized chunks

Inversion

Inversion

Inversion

Ultrix Ultrix

sequentially in

Ultrix

Inversion 6.0 5.0 4.0 3.0 2.0 1.0 seconds

Single 1MByte write 1MByte written sequentially in page-sized chunks

1MByte written at random in page-sized chunks

Ultrix

Inversion

Ultrix

Inversion

Ultrix