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Abstract

Freeblock scheduling is a new approach to utilizing more of disks’ potential media band-
widths. By filling rotational latency periods with useful media transfers, 20-50% of a never-idle
disk’s bandwidth can often be provided to background applications with no effect on foreground
response times. This paper describes freeblock scheduling and demonstrates its value with two
concrete applications: free segment cleaning and free data mining. Free segment cleaning often
allows an LFS file system to maintain its ideal write performance when cleaning overheads would
otherwise cause up to factor of 3 performance decreases. Free data mining can achieve 45-70
full disk scans per day on an active transaction processing system, with no effect on transaction

performance.

1 Introduction

Disk drives increasingly limit performance in many computer systems, creating complexity and
restricting functionality. Interestingly, however, the rate of improvement in media bandwidth (40—
60% per year) has kept pace with other computer system attributes that are driven by Moore’s
Law. It is only the mechanical positioning aspects (i.e., seek times and rotation speeds) that fail to
keep pace. If 100% utilization of the potential media bandwidth could be realized, disk performance
would scale in proportion to the rest of the system over time. Unfortunately, utilizations of 2-15%
are more commonly observed in practice.

This paper describes, develops, and analyzes a new approach to increasing media bandwidth
utilization called freeblock scheduling. By interleaving low priority disk activity with the normal

workload (here referred to as background and foreground, respectively), one can replace many



foreground rotational latency delays with useful background media transfers. With appropriate
freeblock scheduling, background tasks can receive 20-50% of a disk’s potential media bandwidth
without any increase in foreground request service times. Thus, this background disk activity is
completed “for free” in the context of mechanical positioning for foreground requests.

There are many disk-intensive background tasks that are designed to occur during otherwise idle
time. Examples include disk reorganization, file system cleaning, back-up, prefetching, write-back,
integrity checking, virus detection, tamper detection, report generation, and index reorganization.
When idle time does not present itself, these tasks either compete with foreground tasks or are
simply not completed. Further, when they do compete with other tasks, these background tasks
do not take full advantage of their relatively loose time constraints and paucity of sequencing
requirements. As a result, these “idle time” tasks often cause performance or functionality problems
in busy systems. With freeblock scheduling, these background tasks can operate continuously and
efficiently, even when they do not have the system to themselves.

This paper also quantifies the effects of disk, workload, and scheduling algorithms on potential
free bandwidth. Algorithms are developed for increasing the available free bandwidth and for
efficient freeblock scheduling. For example, with less than a 6% increase in average foreground
access time, a Shortest-Positioning-Time-First scheduling algorithm that favors reduction of seek
time over rotational latency can provide an additional 66% of free bandwith. Experiments also
show that, with proper data structures and algorithms, freeblock scheduling decisions can be made
efliciently enough to be effective in systems with high load.

This paper demonstrates the value of freeblock scheduling with concrete examples of its use for
storage system management and disk-intensive applications. The first example shows that cleaning
in a log-structured file system can be done for free even when there is no truly idle time, resulting
in up to a 300% speedup. The second example explores the use of free bandwidth for data mining
on an active on-line transaction processing (OLTP) system, showing that over 47 full scans per day
of a 9GB disk can be made with no impact on OLTP performance.

The remainder of this paper is organized as follows. Section 2 describes freeblock scheduling
and discusses its use in systems. Section 3 quantifies the availability of potential free bandwidth
and how it varies with disk characteristics, foreground workloads, and foreground disk scheduling
algorithms. Section 4 describes our freeblock scheduling algorithm. Section 5 evaluates the use of
free bandwidth for cleaning of LFS log segments. Section 6 evaluates the use of free bandwidth for

data mining of active OLTP systems. Section 7 discusses related work. Section 8 summarizes the
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Figure 1: Illustration of two freeblock scheduling possibilities. Three sequences of steps are shown,
each starting after completing the foreground request to block A and finishing after completing the foreground
request to block B. FEach step shows the position of the disk platter, the read/write head (shown by the
pointer), and the two foreground requests (in black) after o partial rotation. The top row, labelled (o), shows
the default sequence of disk head actions for serving block B, which includes 4 sectors worth of potential
free bandwidth (a.k.a. rotatinal latency). The second row, labelled (b), shows free reading of 4 blocks on A’s

track using 100% of the potential free bandwidth The third row, labelled (c), shows free reading of 3 blocks
on another track, yielding 75% of the potential free bandwidth.

paper’s contributions.

2 Free Bandwith
At a high-level, the time, Tyccess, required for a media access can be computed as

Taccess = Lseek + Tmtate + Ttmnsfer

Of Toccess, only Tiransfer represents useful utilization of the disk head. Unfortunately, the other

" two components generally dominate. Many data placement and scheduling algorithms have been
devised over the years to increase disk head utilization by increasing transfer sizes and reducing

positioning overheads. Freeblock scheduling complements these techniques by transfering additional

data during the time gap of Troqte-



Fundamentally, the only time the disk head cannot be transferring data sectors to or from the
media is during a seek. In fact, for most disks, the firmware will transfer a given requests’ data to
or from the media “c;ut of order” to minimize wasted time; this feature is sometimes referred to
as zero-latency or immediate access. While seeks are unavoidable costs associated with accessing
desired data locations, rotational latency is simply an artifact of not being able to do something
more useful with the disk head. The fact that disk platters rotate constantly means that a given
sector will pass under the disk head at a given time, independent of what the disk drive is doing
up until that time. So, there is an opportunity to do something more useful than just waiting for
desired sectors to arrive at the disk head.

Free block scheduling consists of predicting how much rotational latency will occur before the
next foreground media transfer, squeezing some additional media transfers into that time, and still
getting to the destination track in time for the foreground transfer. The additional media transfers
may be on the current or destination tracks, on another track near the two, or anywhere between
them as illustrated in Figure 1. In the two latter cases, additional seek overheads will be involved,
reducing the actual time available for the additional media transfers, but not completely eliminating
it.

Accurately predicting future rotational latencies requires detailed knowledge of a disk’s many
performance attributes, including layout algorithms and time-dependent mechanical positioning
overheads. These predictions can utilize the same basic algorithms and information that most
modern disks employ for their internal scheduling decisions, which are based on overall positioning
overheads (seek time plus rotational latency) [42, 24]. However, this may require that freeblock
scheduling decisions be made by disk firmware. Fortunately, the increasing processing capabilities

of disk drives [1, 26, 38] make advanced on-drive storage management feasible [46].

2.1 Using Free Bandwidth

Potential free bandwidth exists in the time gaps that would otherwise be rotational latency delays
for foreground requests. Therefore, freeblock scheduling must opportunistically match these poten-
tial free bandwidth sources to real bandwidth needs that can be met within the given time gaps.
The tasks that will achieve the largest fraction of potential free bandwidth are those that provide
the freeblock scheduler with the most flexibility. Tasks that best fit the freeblock scheduling model

have low priority, large sets of desired blocks, no particular order of access, and small working

memory footprints.



| Function Name | Arguments | Description ]

freeblock_readblocks | diskaddrs, blksize, callback Register freeblock read request(s)
freeblock_writeblocks | diskaddrs, blksize, buffers, callback | Register freeblock write request(s)
freeblock_abort diskaddrs, blksize Abort registered freeblock request(s)
freeblock_promote diskaddrs, blksize Promote registered freeblock request(s)
*(callback) diskaddr, blksize, buffer Call-back to task with desired block

Table 1: A simple interface to a freeblock subsystem. freeblock readblocks and freeblock_writeblocks
register one or more single-block freeblock requests, with an application-defined block size. freeblock_abort
and freeblock_promote are applied to previously-registered requests, to either cancel pending freeblock requests
or convert them to foreground requests. When promoted, multiple contiguous freeblock requests can be merged
into a single foreground request. *(callback) is called by the freeblock subsystem to report availability of a
single previously-requested block. When the request was a read, buffer points to a buffer containing the desired
data. The freeblock subsystem reclaims this buffer when *(callback) returns, meaning that the callee must
either process the data immediately or copy it to another location before returning control.

Low priority. Free bandwidth is inherently in the background, and freeblock requests will only
be serviced when opportunities arise. Therefore, response times may be extremely long for such
requests. Further, for a set of equally important requests, freeblock scheduling is not appropriate.
All such requests should be considered by the foreground scheduling algorithm, so as to minimize
positioning delays and maximize disk head utilization. With proper foreground scheduling, any
request scheduled within free bandwidth would also have been selected by the foreground scheduler,
if it were in the foreground queue. Worse, putting a subset of equally important requests onto the
freeblock queue reduces the options of the foreground scheduler and may increase the total amount
of mechnical positioning overhead.

Large sets of desired blocks. Since freeblock schedulers work with restricted free bandwidth
opportunities, their effectiveness tends to increase when they have more options. That is, the
larger the set of disk locations that are desired, the higher the probability that a free bandwidth
opportunity can be matched to a need. Therefore, tasks that involve larger fractions of the disk’s
capacity generally utilize larger fractions of the potential free bandwidth.

No particular order of access. Ordering requirements restrict the set of requests that can be
considered by the scheduler at any point in time. Since the effectiveness of freeblock scheduling
is directly related to the number of outstanding requests, workloads with little or no ordering
requirements tend to utilize more of the potential free bandwidth.

Small working memory footprints. Significant need to buffer multiple blocks before processing
them causes memory limitations to create artificial ordering requirements. Workloads that can

immediately process and discard data from freeblock requests tend to be able to request more of



their needed data at once.

To clarify the types of tasks that fit the freeblock model, Table 1 presents a sample interface for
a freeblock subsystem, ignoring component and protection boundary issues. This interface is meant
to be illustrative only; a comprehensive API would need to address memory allocation, protection,
and other issues.

This sample freeblock API has four important characteristics. First, no call into the freeblock
subsystem waits for a disk access. Instead, calls to register requests return immediately, and sub-
sequent callbacks report request completions. This allows applications to register large sets of
freeblock requests. Second, block sizes are provided with each freeblock request, allowing applica-
tions to ensure that useful units are provided to them. Third, read requests do not specify memory
locations for read data. Completion callbacks provide pointers to buffers owned by the freeblock
subsystem and indicate which requested data blocks are in them. This allows tasks to register many
more freeblock reads than their memory resources would otherwise allow, giving greater flexibility
to the freeblock subsystem. For example, the data mining example in Section 6 starts by registering
freeblock reads for all blocks on the disk. Fourth, freeblock requests can be aborted or promoted
to foreground requests at any time. The former allows tasks to register for more data than are
absolutely required (e.g., a search that only needs one match). The latter allows tasks to increase
the priority of freeblock requests that may soon impact foreground task performance (e.g., a space

compression task that has not made sufficient progress).

2.2 Applications

Freeblock scheduling is a new tool, and we expect that system designers will find many unanticipated
uses for it. This section describes some of the applications we see for its use.

Scanning applications. In many systems, there are a variety of support tasks that scan
large portions of disk contents. Such activities are of direct benefit to users, although they may
not be the highest priority of the system. Examples of such tasks include report generation,
virus detection, tamper detection [27], and back-up. Section 6 explores data mining of an active
transaction processing system as a concrete example of such use of free bandwidth.

These disk-scanning application tasks are ideal candidates for free bandwidth utilization. Ap-
propriately structured, they can exhibit all four of the desirable characteristics discussed above.
For example, report generation tasks (and data mining in general) often consist of collecting statis-

tics about large sets of small, independent records. These tasks may be of lower priority than



foreground transactions, access a large set of blocks, involve no ordering requirements, and process
records immediately. Similarly, virus detectors examine large sets of files for known patterns. The
files can be examined in any order, though internal statistics for partially-checked files may have
significant memory requirements when pieces of files are read in no particular order. Backup appli-
cations can be based on physical format, allowing flexible block ordering with appropriate indices,
though single-file restoration is often less efficient [23, 11]. Least flexible of these examples would be
tamper detection that compares current versions of data to “safe” versions. While the comparisons
can be performed in any order, both versions of a particular datum must be available in memory
to complete a comparison. Memory limitations are unlikely to allow arbitrary flexibility in free
bandwidth utilization.

Internal storage optimization. Another promising use for free bandwidth is internal storage
system optimization. Many techniques have been developed over the years for reorganizing stored
data to improve performance of future accesses. Examples include placing related data contiguously
for sequential disk access [31, 46], placing hot data near the center of the disk [45, 40, 3], and
replicating data on disk to provide quicker-to-access options for subsequent reads [34]. Other
examples include index reorganization [22, 17] and compression of cold data [8]. Section 5 uses
segment cleaning in log-structured file systems as a concrete example of such use of free bandwidth.

While the activities of internal storage optimization exhibit the first two qualities listed in sec-
tion 2.1, they can pose some ordering and memory restrictions on media accesses. For example,
reorganization generally requires clearing (i.e., reading or moving) destination regions before dif-
ferent data can be written there. Also, after opportunistically reading data for reorganization, the
task must write this data to their new locations. Eventually, progress will be limited by the rate
at which these writes can be completed, since available memory resources for buffering such data
are finite.

Prefetching and Prewriting. Another use of free bandwidth is for anticipatory disk activities
such as prefetching and prewriting. Prefetching is well-understood to offer significant performance
enhancements [36, 6, 19, 30]. Free bandwidth prefetching should increase performance further by
avoiding interference with foreground requests and by minimizing the opportunity cost of aggressive
predictions. Still, the amount of prefetched data is necessarily limited by the amount of memory
available for caching, restricting the number of freeblock requests that can be issued.

Prewriting is the same concept in reverse. That is, prewriting is early writing out of dirty blocks

with the assumption that they will not be overwritten or deleted before write-back is actually nec-






