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Abstract 1. Introduction

Flash-based solid state drives (SSDs) offer superior perfo Performance of storage 1/0O is an important problem in mod-
mance over hard disks for many workloads. A prominent use ern systems. The emergence of flash-based solid state drives
of SSDs in modern storage systems is to use these device$SSDs) has the potential to mitigate I/O penalties: SSDe hav
as a cache in the I/O path. In this work, we examine how low read response times and are not affected by seeks. Ad-
transparent, online 1/O compression can be used to increasalitionally, recent SSDs provide peak throughput that is sig
the capacity of SSD-based caches, thus increasing the costnificantly superior to magnetic hard disk drives (HDD). Al-
effectiveness of the system. We presélatZ, an 1/0 system though their capacity continues to increase, there is nie ind
that operates at the block-level and is transparent toiegist  cation that the current high cost per GB for SSDs [31] will
file-systems. To achieve transparent, online compresgion i soon approach that of magnetic disks. As a result, I/O hierar
the 1/0O path and maintain high performanE&Z provides chies will include both HDDs and SSDs, and it is important
support for variable-size blocks, mapping of logical toghy to examine techniques that can increase SSD cost-efficiency
ical blocks, block allocation, and cleanuplaZz mitigates One approach to achieve this is the use of multi-level cell
compression and decompression overheads that can hav@MLC) SSDs that store, e.g. two bits per NAND cell. An-

a significant impact on performance by leveraging modern other approach, orthogonal to cell density, is to use transp
multicore CPUs. We implemeriilaZ in the Linux kernel ent online data compression in the I/O path. Data compres-
and evaluate it on a commodity server with multicore CPUs, sion [25] reduces the space required to store a piece of data,
using TPC-H, PostMark, and SPECsfs. Our results show thate.g., a file, block, or other data segment, by storing itincom
compressed caching trades off CPU utilization for perfor- pressed form. The original data can then be reconstructed by
mance and enhances SSD efficiency as a cache by up to 99%gjecompressing the transformed piece of data.

25%, and 11% for each workload, respectively. Previously, compression has been mostly applied at the
file-level [10, 11, 13]. Although this has the effect of re-
ducing the space required for storing data, it also imposes
a number of restrictions. Typically, file-level compressio
techniques are file-system and OS-specific, which limits
General Terms  Design, Performance, Experimentation where compression is applied in the 1/O path. Moreover,
file-systems are not usually aware of the properties of phys-
ical storage devices, e.g. in a RAID controller. Finallyade

ing with compression at the file-level increases management
complexity, given that today’s storage systems employ mul-
tiple file-systems. These concerns can be addressed by mov-
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on dedicated SSD partitions and transparently compressegath. Doing so over modern multicore CPUs offers insight
and uncompresses data as they flow in the 1/0O path betweerabout scaling down these overheads in future architectures
main memory and SSDs. Data are stored on SSDs onlyas the number of cores increases. This understanding can
in compressed form and are provided to the file-system in guide further work in three directions: (i) Hiding compres-
uncompressed forntlaZ does not cache compressed or sion overheads in case of large numbers of outstanding I/Os;
uncompressed data in DRAM. Although our approach can (ii) Customizing future CPUs with accelerators for energy
be extended to use the capacity of SSDs as storage ratheand performance purposes; and (iii) Offloading compression
than cache, more in the spirit of tiering, or to provide oalin  overheads from the host to storage controllers.
compression over HDDs as well, we do not explore these  For our evaluation we use three realistic workloads:
directions further. Finally, our design allows for flexibyjl TPC-H, PostMark, and SPECsfs. Our results show that com-
in placing compression functionality anywhere in the path pression enhances SSD efficiency as an 1/0 cache by up to
between the file-system and the storage device, even ove99%, 25%, and 11% for each workload, respectively. This
popular storage area network configuratiofisZ can run comes at increased CPU utilization, by up to 450%. We
both on a host CPU as well as inside a storage controller believe that trading CPU with 1/O performance is in line
plugged in a Windows server. In this work we evaluate the with current technology trends for multicore systems [35].
Linux, host-based storage stack. Finally, compressed caching has a negative impact (up to

Flaz internally consists of two layers, one that achieves 15%) on response-time bound workloads that use only small
transparent compression and one that uses SSDs as an I/00Os as well as on workloads that fit in the uncompressed
cache. Although these layers are to a large extent indepen-cache almost entirely.
dent, in our work we tune their parameters in a combined  The rest of this paper is organized as follows. Section 2
manner. The caching layer BfaZ is a direct-mapped, write-  discusses the design BfaZz and how it addresses the asso-
through cache with one block per cache line, while the com- ciated challenges. Section 3 presents our evaluation rtetho
pression layer oFlaZ is more complex and requires ad- ology. Section 4 presents our experimental results. Sebtio
dressing the following issues: discusses some fundamental considerations for our design.

Section 6 discusses previous and related work. Finally, we
¢ Variable block sizeBlock-level compression needs to draw our conclusions in Section 7.
operate on fixed-size input blocks. However, compres-
sion generates variable size segments. Therefore, there?_ System Design

is a need for per-block placement and size metadata. . )
Flaz internally consists of two layers, one for transparent

compression and one that uses dedicated SSD patrtitions as
I/O caches, as shown in Figure 1(B)aZ intercepts requests
in the 1/0 path and provides a block device abstraction by ex-

Logical to physical block mappingBlock-level com-
pression imposes a many-to-one mapping from logi-
cal to physical blocks, as multiple compressed logical

blqcks are storeq in the same physu;al block. This re- porting a contiguous address spacdagfical blocks(LBS)
quires a translation mechanism that IMposes low over- to higher system layers, such as file-systems and databases.
head in the common I/O_path and scales with the capac- Logical blocks are always cached in the SSD cache in com-
'Fy of the und_erlymg devu_:es, as well as a block alloca- pressed form and are always stored on hard disk in uncom-
tion/deallocation mechanism that affects data layout. pressed form. Next, we discuss the issues that arise in each
Increased number of I/O&Jsing compression increases layer in more detail.

the number of 1/0Os required on the critical path during

data writes. A write operation will typically require read- 2.1 SSD Caching

ing another block first, where the compressed data will Although SSD caches bear similarities to DRAM-based
be placed. This “read-before-write” issue is importantfor caches, there are significant differences as well. First, un
applications that are sensitive to the number or responsejixe DRAM caches, SSD caches are persistent and thus,
time of I/Os. they can avoid warm-up overheads. This is important, as
¢ Device agingAging of compresse®SDs results in frag-  SSD caches can be significantly larger than DRAM caches.
mentation of data, which may make it harder to allocate Second, the impact of the block mapping policy, e.g. direct-
new physical blocks and affects locality, making perfor- mapped vs. fully-set-associative, is not as clear as inlemal
mance of the underlying devices less predictable. DRAM caches. Traditionally, DRAM caches use a fully-set-
associative policy since the small cache size requirescredu
Besides I/O related challenges, compression algorithmsing capacity conflicts. However, SSD-based caches may be
themselves introduce significant overheads as well. Al- able to use a simpler mapping policy, thus reducing access
though our goal in this work is not to examine alternative overhead without increasing capacity conflicts.
compression algorithms and possible optimizations, it is  Figure 1(b) shows how the caching layeddZ handles
important to quantify their performance impact on the 1/0 the intercepted 1/O requests. Initially, each logical klés
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Figure 1. FlaZ system architecture and 1/O paths.

mapped to the corresponding SSD cache block. For readsthey compress input into an output buffer, possibly in
the caching layer checks if the cached block is valid, and if a piece-wise manner. Finally, the output buffer is final-
so the initial request is forwarded to the compression layer ized and the operation is completed. Decompression fol-
(cache hij. Otherwise, data are fetched from the hard disk lows similar stepsFlaZ uses Lempel-Ziff-Welch (LZW)
(cache misk in cache line units. In the latter case, the initial compression [15, 44, 48] though other compression al-
request is completed when the hard disk read operation isgorithms can also be used. In principle, the compression
complete and an asynchronous SSD write operatianh(e scheme may change dynamically depending on block con-
fill) is scheduled. For writes (hits or misseS)aZ forwards tents. In our current implementation we use two alternative
the operation to both the underlying HDD and SSD devices. LZW implementations on Linuxzlib [15] andlzo (variant
This write-throughpolicy performs an update in case of a LZO1X- 1) [34].
hit and an eviction in case of a miss. In the second case, Compression, which occurs during writes, is in both li-
a metadata update of the valid/dirty bit and tag is required, braries a heavy operation and consists of separately com-
since the HDD block that previously resided in this cache pressing each block and placing the result to the correspond
block is evicted. Future reads for this specific cache block ing output buffer. This can either be (a) an intermediate
will hit in the SSD cache. buffer, requiring a memory copy to the write-1/0O buffer but
We have implemented a direct-mapped cache because itllowing for higher flexibility, as explained later in thies
minimizes metadata requirements and does not impose sigtion or (b) the write-I/O buffer itself, resulting in in-pta
nificant mapping overhead on the critical path. A fully-set- compression. Decompression that occurs during reads, is
associative cache would require significantly more metgdat lighter, and directly places the read data into the read-1/O
especially given the increasing size of the SSDs. Further- buffer, without requiring a copy of the uncompressed data.
more, we use a write-through policy since it does notrequire  Block-level compression appears to be deceptively sim-
synchronous metadata updates that would be necessary iple: it merely requires intercepting and compressing or de-
a write-back policy. In addition, write-back SSD cached wil compressing requests as they flow into the system. How-
reduce system resilience to SSD failures. A failing SSD with ever, our experience shows that designing a practical and ef
a write-back policy will result in data loss. A write-thraug  ficient compression system is far from trivial since the abov
policy avoids this issue as well. process is complicated by the need for variable-size blocks
Flaz stores all cache metadata in the beginning of the mapping of logical to physical blocks, block allocation; ex
HDD. This means that metadata writes do not interfere with tent buffering and cleanup. Next, we discuss each of these
SSD performance and wear-leveling. To reduce the numberissues separately.
of metadata I/Os, metadata are also cached in DRAM. Given
that cache metadata are mainly updated in DRAM, the num-
ber of additional disk 1/0Os can be kept sm&llaZ requires Compressing fixed-size logical blocks results in variable-
less than 2.5 MB of metadata per GB of SSD. However, size segments. These are stored into fixed-size physical
given the increasing size of SSDs, we do present a quanti-units, calledextentswhich are multiples of block siz&laz
tative evaluation of metadata scalability in Section 4. uses two mappings to locate the extent and the extent offset,
where a compressed block is stored. The first mapping uses
a logical to physical translation table, whereas the second
In general, compression methods operate as follows. Theyone uses a linked list embedded in the extent, as shown in
first initialize a workspace, e.g 256 KB of memory. Then, Figure 2.

2.2.1 Mapping logical blocks to extents

2.2 Compression in the I/O path



The logical to physical translation table contains two large portion of extents on the underlying device become ob-
fields for each logical block: the extent ID followed by a soleteFlaZ uses aleanerprocess which is triggered when
field used to store various flags. This table is stored at the the amount of free extents falls below a certain threshad, a
beginning of each compressed block device, indexed by thedescribed in a later section.
logical block number. .

Compressed blocks stored inside extents have the foIIow—2'2'3 Extent Buffering
ing structure. A header at the beginning of the extent con- To mitigate the impact of additional I/Os on performance
tains a pointer to the first block as well as a pointer to the due to the “read-modify-write” scheme, the compression
free space segment within the extent. All free space in an layer of FlaZ uses a buffer in DRAM for extents. Buffer-
extent is always contiguous, located at the end of the extent ing a small number of extents not only facilitates 1/O to the
The first block offset pointer is required for reads to traeer ~ SSD, but also reduces the number of read I/Os; streaming
the list of blocks, when searching for a specific logical kloc ~ workloads may generate read requests smaller than the ex-
Writes must append new blocks into the extent and thus re-tent size, resulting in duplicate I/Os for the same extent by
quire a pointer to the free space segment of the extents. Eactihe next read.
block is prefixed by another header that contains the logical ~The extent buffer is a fully-set-associative data buffer,
block number and compressed size along with information implemented as a hash table with a collision list and an
about the next block’s placement within the extent, form- LRU eviction policy. Key to the hash table is the extent
ing an extent-wide list of blocks, as shown in Figure 2. The ID. The extent buffer has a somewhat special organization;
header of each newly appended block is inserted to the be-extents are classified in buckets depending on the amount of
ginning of the list. This is essential because two writes for free space within the extent. Each bucket is implemented as
the same block may come close in time and may be storeda LIFO queue of extents. An extent remains in the extent
in the same extent. A read context traversing the list must buffer until it becomes “reasonably” full. The extent size,
retrieve thelatestwrite of this block, hence it must appear number of buckets, and the total size of the extents buffered
first in the in-extent list. Traversing the list takes tim@pr  are all system parameters. The extent size affects thealegre
portional to the number of blocks per extent; however, this of internal fragmentation and may also affect localitygkr
is not a problem in practice, as traversal is an in-memory op- extents have higher probability to contain unrelated data
eration. The per-block header (kept inside the extent)galon when the application uses random writes, while smaller ones
with its mapping and flags (stored at the logical to physi- suffer from internal fragmentation.
cal table) are the only metadata required per logical block.  Finally, the extent buffer design needs to address two
Assuming typical space savings of 40% when using com- more elaborate issues: First, data locality may be affessed
pression, a per-block header occupies less than 0.6% of theextents age by remaining in the extent buffer for long peri-
space of the compressed block. ods. On the other hand, if extents are evicted too quickly, in

In case a block cannot be compressed to a smaller size, itternal fragmentation may be increased. To balance this+rad
is stored uncompressed in the extent. If blocks are not com-off, the extent buffer includes an “aging” timeout that spec
pressed and we use 4-KB extents, this effectively tiag fies the maximum amount of time an extent can remain in the
into a log-structured block device. From our experiencss le  buffer. Second, when writing compressed blocks from con-

than 2% of blocks fail to compress in the workloads we ex- current contexts to the extent buffer, it may make sense from
amine. a locality perspective to either write blocks to the same or

different extents. As explained later, concurrent writearn
extent involve a tradeoff between lock contention and CPU
Physical blocks arémmutablein the sense that modifica- overhead for memory copies. Our experience has shown
tions to logical blocks are always written to a new physical that preserving locality offers the best performance, iailbe
extent on the underlying devices. When a logical block is at less efficient space utilization. We determined expeamime
written for the first time,FlaZ compresses the block data tally that buffering a small number of extents is sufficiest f
and chooses an appropriate extent. In-place update of a logpreserving locality. Extents are written back as soon as (a)
ical block is generally complicated, since the block’s size they become full, i.e. there is not enough space for a write
may change as a result of the update. For this reason wecontext to append blocks and (b) there is no reference to
use immutable physical blocks grouped into largetents them, i.e. no active read context uses blocks from this ex-
a technique similar to the implementation of log-structure tent.
writes [38]. The only difference is that we do not require
extents to always be consecutive in the underlying storage,
forming a sequential log. Flaz maintains two pools of extents with simple semantics:
A key benefit of immutable physical blocks is that it does extents can be either completely empty or not empty. Re-
not require reading an extent into memory before modifying plenishing the free extent pool requires a “cleanup” preces
it on stable storage. On the other hand, as time progresses ahenever there are few empty extents IEfaZ removes this

2.2.2 Block allocation and immutable physical blocks

2.2.4 Extent cleaning
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Figure 2. FlaZ extent structure. Each compressed block is self-contadestribed by a per-block header.

cleanup process from the common path to reduce interfer-cleanup; and (b) whether a set of logical blocks that are be-
ence with applications. ing compacted will reuse an extent that is currently being
The FlaZ cleaner runs when the free extent pool drops compacted or a new extent from the free pdehZ tries
below a threshold, and has similar goals to the segmentto maintain the original “proximity” of logical blocks, by
cleaner of Sprite LFS [38]. It scans the physical extents on combining logical blocks of neighboring extents to a sin-
the SSD for full extents using the logical to physical trans- gle extent during compaction. As a result, each set of ldgica
lation mappings and extent headers. It determines whichblocks is placed in the previously scanned extents ratla@r th
blocks within an extent are “live” by verifying that the map- new ones, to avoid changing the location of compacted data
ping of each block (stored inside the block itself) points to on the SSD as much as possible.
that extent. Then, it compacts live blocks into new extents,  The log-structured writes oflaZ, together with the
updates logical to physical translation mappings, and, fi- cleaner mechanism, practically remove “read-modify-&irit
nally, adds each cleaned extent to the free extent pool. Com-sequences from the critical path of write I/O requests, de-
paction of live blocks into extents consists of copying thes ferring complex space management to a later time. An al-
blocks into new extents; no compression/decompression isternative approach would be to compresaltiple blocks,
required. The cleaner is deactivated when the free pool sizee.g. 64 KB chunks, as a single unit and then store the result
increases above a threshold. Finally, the only metadata re-to a fixed number of blocks. This method would also avoid
quired until the cleaner’s next activation is the last semhn  “read-modify-write” sequences and the impact of delayed
extent. This pointer is not required to be persistent; it is space reclamation. However, it fails to support workloads
merely a hint for the cleaner. with small-size 1/0 accesses and poor locality: each random
The cleaner generates read I/O traffic proportional to read would require decompressing emtire unit of logical
the extents that are scanned and write 1/O traffic propor- blocks in order to retrieve a single logical block.
tional to the extents resulting from compacting live blacks Overall, we expect that the cleaner will not significantly
To improve the cleaner’s efficiency in terms of reclaimed interfere with application-issued I/O requests, as modern
space, we apply a first-fit, decreasing-size packing policy storage subsystems typically exhibit idle device timesraur
when moving live blocks to new extents. This “greedy” ap- a typical day of operation. However, we present indicative
proach minimizes the space wasted when placing variable-results quantifying the impact on performance when the
size blocks into fixed-size extents: it places larger blocks cleaner is active concurrently with application I/O. Thetre
into as few extents as possible and uses smaller ones to fillof our experiments are performed with the cleaner disabled.
extents having little free space. Without this techniquke, a
live blocks would be relocated in the order they were found 2-2.5 /O concurrency
during the scan phase, thus increasing free space fragmentaviodern storage systems usually exhibit a high degree of 1/0
tion in their new extents. concurrency, having multiple outstanding I/O requests1-Co
On the other hand, spatial locality suffers, as previously currency is very important for transparent compression, as
neighboring live blocks may be relocated to different ex- it provides better opportunities for overlapping compi@ss
tents. To reduce the impact of this effect, we limit the numbe with I/O, effectively hiding the compression latency and as
of extents the cleaner scans in each iteration to 2 MB. This sociated CPU overhead. Overall, to allow for a high degree
value is small enough to reduce the negative impact on spa-of asynchronyFlaZ uses callback handlers to avoid block-
tial locality, but large enough to feed the packing algarith  ing on synchronous kernel call§laZ also allows multi-
with a range of logical block sizes to be effective. ple readers/multiple writers in the same extent in order to
Placement decisions during cleanup are another impor-perform multiple concurrent I/O operations for this extent
tant issue. The relative location of logical blocks withim a  Placing a compressed block in an extent is done in two steps.
extent is not as important, because extents are read in memfirst, free space in the extent is pre-allocated. Secord, th
ory in full. Two issues need to be addressed: (a) which blockis copied inside the extent. Multiple write contexdsic
logical blocks should be placed in a specific extent during copy blocks into the same extent simultaneously, since the



pre-allocation ensures proper space management in the ex- Read Write | Response Time
tent. HDD || 100 MB/s| 90 MB/s 12.6 ms
However, higher I/O concurrency may have a negative ef- SSD || 277 MB/s | 202 MB/s 0.17 ms
fect on locality forFlaZ. In the write path, after the blocks
of a request are compressed, they must be mapped to and
stored in an extent. To preserve the locality of a single re-
guest, blocks belonging to the same request are placed in
the sameor adjacentextents, when possible. This requires In our evaluation, we use three popular benchmarks:
an atomic mapping operation. All necessary synchroniza- TPC-H, PostMark, and SPECsfs. For TPC-H we use two
tion for inserting compressed blocks into the extent happen system configurations, one with 1 HDD and 1 SSD (1D-1S)
while the extent is in the extent buffer in DRAM. Mapping and one with 8 HDDs and 2 SSDs (8D-2S). For PostMark we
only requires pre-allocating the required space in thergxte two use configurations, 1D-1S and 8D-4S, and for SPECsfs
for the blocks to be stored. Concurrent writes are seridlize one configuration, 8D-2S. When multiple HDDs and SSDs
during the space allocation in extents, but proceed in lghral are used, they are configured as RAID-0 devices, one for the
when processing logical blocks. HDDs and one for the SSDs. We always use a 4-1, 2-1, or
Besides highly concurrent I/O streanfdaZ also lever- 1-1 ratio of HDDs to SSDs as we believe that these ratios
ages large 1/0s. To hide the impact of compression on are representative of today’s setups. All experimentsiare r
large I/Os FlaZ uses multiple CPU cores when processing a on a 250-GB HDD partition. We have not used write-only
single large 1/0. Write requests typically come in batches workloads, as the benefit of our SSD cache implementation
due to the buffer-cache flushing mechanism. Large readsis only visible when the read 1/0 volume comprises a fair
may exhibit low concurrency and decompression will sig- portion of the total traffic. We use CentOS release 5.3, with
nificantly increase their response tinkdaZ uses two work kernel version 2.6.18.8 (x864). The RAID configurations
queues per thread, one for reads and one for writes, within our experiments use the defaunitl Linux driver with a
the read work queue having higher priority. Furthermore, we chunk size of 64 KB. All experiments run on top of the XFS
split large 1/Os to units of individual blocks that are com- file-system.
pressed or decompressed independently by different CPU

Table 1. HDD and SSD performance metrics.

cores. This scheduling policy decreases response time for Space
reads and writes and reduces the delay writes may intro- Compression Decompressiorn] Savings
duce to read processing. Empirically, we find that schedulin | zo 46us 14,5 34%
work through a global read and a global write work queue is Zzli b 150us 60us 54%

efficient for allFlaZ threads and for all 1/O sizes.

Finally, Qecompressmn is performed after the extent has Table 2. Compression/decompression cost and space sav-
been read in memory and after the 1/O read to the SSD CaChemgs of a 4-KB block
has completed. Decompression could also be performed ear- '
lier when the read callback for the extent is run in a bottom- _ ) )
half context, reducing the number of context switches. How- 1€ algorithms and implementations used for compres-
ever, bottom-half execution is scheduled in the same cpu Sion and decompression of data are the defabitb and
as the top-half context, hence restricting parallelism ade | zo libraries in the Linux kernel_. Table 2 summarizes per-
dress this problem using separate threads for issuing ljosformance metrics of these algorithms.

and performing decompression. 31 TPC-H

TPC-H [43] is a data-warehousing benchmark that consists
. of a set of queries over a database. We use queries Q3,
3. Experimental Methodology Q11, and Q(i4 that are response-time bound, gnd thus, a
Our evaluation platform is an x86-based Linux system with more difficult test forFlaZ. The queries are executed back
dual-socket, quad-core Intel Xeon 64-bit CPUs at 2 GHz to back, in that order. To limit execution time we use a 6.5
and 256-KB L1 caches, 12-MB L2 caches (2x6 MB shared GB database (4 GB for data plus 2.5 GB for indices), which
between two pairs of cores), and 32 GB of RAM. The system has a compression ratio of about 40% usirmp. TPC-H

is equipped with an Areca (ARC-1680D-1X-12) SAS storage does a negligible amount of writes, mostly consisting of up-
controller, eight 500-GB Western Digital (WD-5001AALS) dates to file access timestamps and other control operations
SATA-II disks and four enterprise-grade 32-GB Intel X25- We use three cache sizes for the SSD cache: large (7 GB),
E (SLC NAND Flash) SSDs. Caching on HDDs is set to medium (3.5 GB), and small (1.75 GB) that hold approx-
write-through mode, as this is a typical setting for entisgor  imately 100%, 50%, and 25% of the workload in the un-
workloads. Table 1 summarizes peak performance numberscompressed cache, respectively. The database serversused i
for each device. MySQL 5.0.45.




3.2 PostMark 4. Experimental Results

PostMark [21] is a synthetic, file-system benchmark that In this section we first examine the impact of compression
simulates an e-mail server by creating a pool of continually on SSD cache performance and then we explore the impact
changing files over the file-system, and measures transactio of certain parameters on system behavior.
rates and throughput. These transactions consist of (i) a
create or delete file operation and (ii) a read or append 4.1 TPC-H
file operation. Each transaction type and its affected files Figure 7 shows the performance impact of a compressed
are chosen randomly. When all transactions complete, theSSD cache compared to uncompressed caching and to HDD
remaining files are deleted. We employ a write dominated (no SSD caching). Overall, when the workload does not fit
configuration with the default 35-65% read-write ratio. We in the cache, compression improves performance, whereas
use 150 mailboxes, 600 transactions, 10-100 MB mailbox performance degrades when the workload fits in the uncom-
sizes and 64 KB read/write accesses, resulting in a filefset o pressed cache. As shown in Figure 7(a), in the small and
16 GB. By default, PostMark uses random data that cannotmedium (25% and 50%) caches, compression improves exe-
be compressed for each written block. In our evaluation we cution time by 20% and 99% compared to an uncompressed
modify PostMark to use real mailbox data as content for SSD cache of the same size. Compression effectively in-
the mailbox files. We use two configurations of PostMark, creases the cache size resulting in significant performance
one with a single instance and one with four concurrent improvement, despite the additional CPU utilization, show
instances. We use four cache sizes, being able to hold 100%in Figure 7(c). In the large cache, where 100% of the work-
50%, 25%, and 12.5% of the workload in the uncompressedload fits in the uncompressed cache, performance degrades
cache, respectively. by 40% when using compression. In this case, there is no
benefit for additional cache hits, as illustrated in Figue) 7
On the other hand, compression increases CPU utilization
for all eight cores, by 29%, 65%, and 101% compared to the
3.3 SPECsfs uncompressed cache, but it always remains below 25% of

SPECsfs [3] simulates the operation of an NFSv3/CIFS file the maximum available CPU.

server; our experiments use the CIFS protocol. In SPECsfs, 900

a performance targeis set, expressed in CIFS operation 3 eoo @
per second; each operation requires 120 MB of disk space. § §
SPECsfs reports the number of operations that can be han- & 300 3

dled per second, as well as average response time per oper-
ation. We select cache sizes to be representative of a scaled 0
down file-server workload, being able to hold 21%, 10%,
5%, and 2% of the workload in the uncompressed cache, re-
spectively. To eliminate the impact on performance of the

25% 50% 100% 25% 50% 100%
% of DB in cache % of DB in cache
(a) 1D-1S Execution Time (b) 8D-2S Execution Time

network we use a 10 GBit/s Ethernet connection between 1 100
the CIFS server and the client generating the load. In our ex- 20—././. S 75
periments we set the number of CIFS operations per second 3 g 50
(OPS) to 1280 over a 150 GB file-set and extend execution ;3 w03___. N' ative z
time from 5 min warmup and 5 min measurement to 20 min | —e—ssbcache &
warmup and 20 min measurement. As with PostMark, we o—=—Faz 0
modify SPECsfs to use real data for each block, rather than 25%  50%  100% 25%  50%  100%
randomized content. % of DB in cache % of DB in cache
In order to be able to obtain a full set of reproducible (c) 1D-1S CPU Utilization (d) 1D-1S Hit Ratio

results within a few days, we have opted to scale down the
workload sizes by roughly one order of magnitude. Given
this reduction, we limit DRAM from 32 GB to 1 GB, via
the kernel boot optiomrem=1g. To study the impact of
the effective cache size on performance of each workload, For the 8D-2S configuration, the hit ratio and CPU uti-
we vary the SSD cache capacity which is within the same lization (not shown) follow similar trends as in 1D-1S. Per-
down-scale factor. We focus our evaluation on I/O-inteasiv.  formance, shown in Figure 7(b), improves by 47% when us-
operating conditions, were the 1/0 system has to sustaining the medium cache, but degrades at the small and large
high request rates. Under such conditions, we evaluate thecaches by 7% and 36%, respectively. Given that the medium
benefit of the SSD caching layer and the trade-offs of using uncompressed cache is marginally faster than the base case
compression to increase the effective cache capacity. and that the small compressed cache exhibits roughly the

Figure 7. TPC-H results for the 1D-1S and 8D-2S configu-
rations.
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Figure 5. PostMark results for 8D-4S (4 instances). Figure 6. SPECsfs results for the 8D-2S configuration.

same hit ratio as the formeFlaZ suffers a performance ure 5(a) shows thatlaZz achieves better performance than

slowdown in the small cache from higher response time due uncompressed caching by 1%-18%, except for the 32-GB

to decompression. For the large compressed cache, perforeache size where it is slower by 3%. At the 64-GB cache

mance degrades for the same reason it does in the 1D-1Ssize,FlaZ almost exhausts available CPU (86% utilization)

configuration. and compressed SSD caching eventually becomes CPU-
bound, as shown in Figure 5(b).

4.2 PostMark

Figure 3 shows our results for PostMark in the 1D-1S con- 4.3 SPECsfs
figuration. Compression improves SSD caching throughput Figure 6 shows our results for SPECsfs in the 8D-2S con-
by up to 20% over the uncompressed SSD cache and byfiguration. The benefit of cache compression is best shown
44% compared to the native configuration, as shown in Fig- when using the smallest cactéaZ achieves 11% perfor-
ure 3(a). Performance improves because, apart from the in-mance improvement due to a 46% better hit ratio, as illus-
creased hit ratio shown in Figure 3(b), PostMark is write- trated in Figures 6(a) and 6(b), respectively. As the cache
dominated and the log-structured writes of the compressedsize increases, the hit ratio of the uncompressed cache ap-
cache improve SSD write performance. Figure 3(c) shows proaches that dflaZ, mitigating compression benefits.
that CPU utilization increases from 20% with uncompressed ~ Figure 6(c) shows that response time per operation im-
caching up to 40% with compression. proves inFlaZ at the 4 and 16-GB cache size by 11% and
Figure 4 shows our results for the 8D-4S configuration. 14% compared to uncompressed SSD caching, while it re-
As with TPC-H, hit ratio (not shown) follows similar trends mains the same for the other two sizes. In all cases, CPU
as in 1D-1S. Figure 4(a) shows that in this configuration utilization (not shown) is increased by 25%, yet remaining
the uncompressed SSD cache exhibits 16% less throughpub€low 10% of maximum available: the small random writes
for a small, 2-GB cache and improves throughput up to 8% that SPECsfs exhibits makes the HDDs the performance bot-
for a 16-GB cache. Compressed caching suffers a 6%-15%tleneck, underutilizing both the CPU and the SSDs.
performance penalty due to small number of outstanding  Next, we explore the effect on system performance of ex-
I/Os in this configuration. Moreover, CPU overhead for de- tent size, cleaning overhead, compression efficiency, meta
compression cannot be effectively overlapped with /0. As data cache size, and compression granularity.
read I/O response time is low with SSDs, decompression la- _
tency becomes comparable to 1/O response time and affecté4 EXxtent Size
PostMark performance. CPU utilization increases by up to In all the experiments presented so far we use an extent
350%, as shown in Figure 4(b). size of 32 KB. Extent size irFlaZ determines I/O read
To examine what happens with PostMark at higher I/O volume, fragmentation, and placement. In general, a small
rates we use four concurrent instances of PostMark. Fig- extent size is preferable for applications with little salt



locality, whereas application with good spatial localignc ~ and “valleys” indicates that the cleaner regularly starid a
benefit from larger extent sizes. Figure 8(a) shows TPC-H stops the cleaning process, as the amount of available ex-
performance when we vary extent size. To isolate the im- tents is depleted and refilled. Performance degrades by up to
pact of extent size in these experiments, the working set fits 100% when the cleaner is running. Average performance, in-
in the SSD cache (100% hit ratio). Also, we use only Q14, cluding all periods, drops to 123.5 MB/s, resulting in a 20%
as Q3 and Q11 are less sensitive to the size of the extentperformance slowdown compared to the same configuration
We see that best execution time is achieved in TPC-H with without the cleaner. The rate the cleaner reclaims space is
32 KB extents. Although /O traffic increases when using practically limited by the SSD peak throughput, since the
larger extents, performance increases by up to 29% com-cleaner does very large sequential reads during scan and
pared to smaller extents. Further increasing extent size re fewer sequential writes to write back live blocks. The CPU
sults in lower performance as /O traffic increases dispro- cost of the compaction algorithm along with the copying of

portionally, up to 4x with 256 KB extents. live blocks is overlapped with the reading of extents.
—+— Throughput
Execution Time —e— /O Read Traffic 200
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0o+—r—1—11+0 0 0 Figure 9. Impact of cleaner in PostMark throughput. “Val-
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(a) TPC-H, 1D-1S (b) PM, 4 instances, 8D-2S Typical storage systems exhibit idle 1/O periods over

large intervals of operation. In such systems, our cleaner
Figure 8. Impact of varying extent sizes for PostMark and would not impact performance as it would run during these
TPC-H idle periods. However, the cleaner would require further
work in order to be suitable for systems that do not exhibit
The four-instance PostMark exhibits the highest through- idle periods for very long intervals, i.e. a system that rans
put with extents between 128-512 KB, with 64 KB extents peak I/O rates for days.
being only slightly (2%) worse than the best throughput, as
illustrated in Figure 8(b). Larger extent sizes lead to less
fragmentation, resulting in lower write 1/O traffic. The sitna ~ An issue when employing block-level compression is the
est read I/0 traffic is achieved when using 32-KB extents. achieved compression efficiency when compared to larger
Very small extents £ 16 KB) lead to poor extent space compression units, such as files. Also, the layer at which
management resulting in consecutive blocks “spreading” to compression is performed affects coverage of the compres-
neighboring extents, while large extents {28 KB) lead to sion scheme; block-level compression schemes will typi-
extents containing unrelated blocks. SPECsfs presents sim cally compress both data and file-system metadata, whereas
ilar behavior with PostMark with respect to the extent size. file-level approaches compress only file data. Table 3 shows
Given these results, an extent size in the range of 32-64 KBthe compression ratio obtained for various types of data

4.6 Compression Efficiency

seems to be appropriate as a base parameter. using three different levels: per archive where all files are
placed in a single archive, per file, and per block.
4.5 Effect of cleanup on performance In all cases, compressing data as a single archive will gen-

Figure 9 illustrates the impact on performance when the erally yield the best compression ratio. We see that in most
cleaning mechanism is active during benchmark execution. cases, block-level compression witaZ is slightly inferior

In this configuration we use PostMark on a 2D-1S configu- to file-level compression, when usihg@o and slightly su-
ration and the workload marginally fitting in the compressed perior, when usingl i b.

cache, thus activating the cleaner to reclaim free space. To Next, we examine the impact of different compression li-
better visualize the impact of cleaner in throughput, we use braries on performance and in particular CPU utilizaticat th

a lower threshold of 10% of free extents below which the affects both hit time and hit ratio. Table 2 shows thab
cleaner is activated and an upper threshold of 20% of freeis about 3x and 5x faster tharl i b for compression and
extents above which the cleaner stops. In Figure 9, the im-decompression respectively and results in up to 37% worse
pact of the cleaner on performance is seen as two “valleys” compression ratio. We use PostMark on 1D-1S configura-
in the throughput graph during time periods from 200s to tion, start with a cache size that marginally fits the work-
280s and from 315s to 390s. The succession of “plateaus”load when using! i b, and we use the same cache size for



| Files | Orig. MB | gzip -r | gzip .tar| NTFS | ZFS | FlaZ (zl i b) | FlaZ (I zo) ]
Mailbox 1 (single file folder) 125 N/A 71% 93% | 96% 83% 89%
Mailbox 2 (single file folder) 63 N/A 22% 61% | 69% 46% 66%
MS word collection 1100 50% 49% 63% | 65% 56% 67%
MS excel collection 756 33% 33% 53% | 59% 45% 53%
pdf collection 1400 78% 78% 86% | 85% 85% 88%
Linux kernel source 277 45% 24% 73% | 57% 31% 54%
Linux kernel compiled 1400 37% 29% 53% | 48% 33% 42%

Table 3. Compression ratios for various level of compression andyfjes. Ratios shown are the size of the compressed data

divided by the original data volume (lower is bettagzipis used

- - lzo, 8D-4S, 4 inst.
— a— Zlib, 8D-4S, 4 inst.

—e— Iz0, 1D-1S, 1 inst.
—a— zIib, 1D-1S, 1 inst.
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Figure 10. | zo vs.zl i b performance in PostMark.

| zo. We decrease cache size to only fit 50% and 12.5%
of the workload. Figure 10(a) shows that althoughi b
achieves 30-50% better hit ratio, its CPU cost, shown in Fig-
ure 10(b), is significantly higher (up to 50%), resulting in
only marginal improvement in performance. Seen from an-
other anglez!l i b can achieve the same performanckas
using a 30% smaller SSD cache. With four PostMark in-
stances on 8D-42/ i b achieves up to 40% lower through-
put thanl zo, as it becomes CPU limited.
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Figure 11. Impact of metadata cache size on 1D-1S Post-
Mark and work granularity on 4D-2S PostMark.

4.7 Metadata Cache Size

The current capacity ratio of SSD-DRAM allovidaZ to
keep all required metadata in DRAM. However, given the

with-6 (default) in all cases.

increasing size of SSDs, it would be meaningful to exam-
ine more scalable solutions. For this reason, we implement
a metadata cachdor FlaZ; a general-purpose, fully-set-
associative cache implemented as a hash table with a col-
lision list and an LRU eviction policy. The size of the meta-
data cache ifrlaZ affects the amount of additional I/O that
will be incurred due to metadata accesses. Figure 11(a)illu
trates the impact of cache size on performance using 1D-1S
PostMark. Performance remains unchanged with the num-
ber of misses, as the amount of extra I/Os is less than 1% of
application traffic. This shows that a small metadata cache
of a few hundred KBs is adequate felaZ.

4.8 Compression Granularity

Figure 11(b) shows the impact of job granularity and the pri-
ority of read vs. write on PostMark. In particular, we see
that PostMark is sensitive to read latency. Increasingaenc
rency for large read 1/Os results in almost 50% improvement
in latency and 20% in overall throughput. Introducing split
writes, further improves latency by about 7%.

5. Discussion

There are five remaining considerations in the design of
Flaz: (a) the amount of DRAM required for metadata pur-
poses; (b) how the cache remains persistent after a nor-
mal shutdown or system failure; (c) how the capacity of
a compressed device whose size varies over time is pre-
sented to higher layers; (d) FTL and wear-leveling issues;
and (e) power efficiency.

5.1 Metadata memory footprint

Flaz requires 2.31 MB of cache metadata per GB of SSD:
880 KB for the caching layer and 1.25 MB for the compres-
sion layer. This metadata footprint scales with the siz&ef t
SSD cache size in the system, not with the capacity of the un-
derlying HDDs. Therefore, DRAM space requirements for
metadata are moderate. Additionally, a larger cache-lzee s
further reduces metadata footprint. Finally, although DRA
caching can be used to reduce metadata footprint at the cost
of additional 1/0s FlaZ does support caching for metadata),



this is not necessary for today’s DRAM and SSD capacities currently do not expose any block state information, we
in server systems. rely on the flash translation layer (FTL) implementation
within the SSD for wear-leveling. Furthermore, we cannot
directly influence the FTL's block allocation and re-magpin
Traditional block-level systems do not update metadata in policies. Currently, our implementation avoids issuingam
the common I/O path but only perform configuration updates random writes as much as possible. Designing block-level
that result in little additional synchronous 1/0. Metadata drivers and file-systems in a manner cooperative to SSD
consistency after a failure is not an issue in such systems.FTLs which improves wear-leveling and reduces FTL over-
FlaZ makes extensive use of metadata to keep track of blockhead is an important direction, especially while raw access
placement. A key observation is that SSD cache metadatato SSDs is not provided by vendors to system software.

are not required to be consistent after a system failurerAft

an unclean shutdowilaZ assumes that a failure occurred 5.5 Power efficiency

and starts with a cold cache; all data have their latest aopy i Trading of CPU cycles for increased SSD capacity has
the hard disk. If the SSD cache has to survive failures, this power implications as well. On the one hand, by consum-
would require an additional synchronous I/O for metadata to ing more CPU cycles for compression and decompression,
guarantee consistency, resulting in lower performanceént  we increase power consumption. On the other hand, a higher
common path. IrFlaZ, we choose to optimize the common  SSD cache hit rate improves 1/0 power consumption. This
path at the expense of starting with a cold cache after acreates an additional parameter that should be taken into ac
failure. count when trading CPU cycles for 1/0 performance. How-
ever, we believe that it is important to examine this trafleof

alongside offloading compression, e.g. to specialized-hard
Space-saving techniques, such as compression result in deware, and we leave this for future work.

vices whose effective size is data-dependent and varies ove
time. When a device that supports transparent, online com-g.  Related Work
pression is created, most today’s operating systems and file )
systems need to attach a specific size attribute to it before6'1 SSD Caching
applications can access it. Although some operating sys-Current SSD technology exhibits interesting performance
tems may allow resizing a device dynamically, not many file- and cost characteristics. For this reason, there has be¢n a |
systems and applications support such functionality. Wthen of work on how to improve I/O performance using SSDs
device is created iRlazZ, its nominal size provided to higher either by replacing HDDs or inserting SSDs between HDDs
layers is a configurable multiple of its actual size. Thisreve and DRAM. For instance, in [22] the authors propose the use
booking approach has the disadvantage that if compressiorof flash memory as a secondary file cache for web servers.
is eventually less or more effective than estimated, théi-app They show that the main disadvantages of flash, long write
cation will either see write errors or device space will rema  cycle and wear leveling, can be overcome with both energy
unused. and performance benefits. The authors in [24] study whether
An alternative approach is to be conservative at the begin- SSDs can benefit transaction processing performance. They
ning and declare the nominal device size to be its actual size find that despite the poor performance of flash memory for
Then, when the logical device fills up, the remaining space small-to-moderate sized random writes, transaction [msce
in the physical device can be presented as a new device ining performance can improve up to one order of magnitude
the system, allowing applications to use the space that hasby migrating to SSDs the transaction log, rollback segments
been saved biflaZ. This approach has the disadvantage that and temporary table spaces. The authors in [31] examine
further use of a device may result in different compression whether SSDs can fully replace traditional disks in data-
ratios and thus, the need to allocate more free space to thecenter environments. They find that SSDs are not a cost-
device. This leads to the need for a mechanism that supportsffective technology for this purpose, yet. Thus, given cur
multiple fixed-size logical block devices on top of a pool of rent tradeoffs, mixed SSD and HDD environments are more
free storage, similar to thin provisioning techniques ie us attractive. Along similar lines, currently, there exist am-
today. We believe that such a mechanism will be an essentialber of storage products that use flash-based memory for per-
part of future block-level storage systems; However, this i formance purposes: FusionlO [2], HotZone [33], MaxIQ [4],
beyond the scope of our work and we do not consider it any and ZFS’s L2ARC [26], all using SSDs as disk caches. Our
further. work builds on these observations and further improves the
effectiveness of SSD caching by employing transparent, on-
line compression in the 1/0 path.
In this work we focus on how a compression layer could ReadyBoost [30] uses flash-based devices as a disk cache
be used to extend SSD capacity in a manner that is or-to improve 1/O performance. In addition, ReadyBoost com-
thogonal to SSD characteristics. Given that SSD contller presses and encrypts the data cache. It requires a Windows-

5.2 SSD cache persistence

5.3 Variable compressed device size

5.4 FTL and wear-leveling



specific file-system on top of the cache device. Hence, it cancache [20] is a system that transparently compresses mem-
take advantage of the file-systems ability, e.g. to writé-var ory pages to increase the effective capacity of system mem-
able size segments as well as to manage metadata. This, foory and to reduce swapping requirements. All these sys-
instance, implies that applications requiring raw access t tems maintain compressed pages only in memory and al-
the storage medium, such as databases, cannot take advamvays store to disk uncompressed data. Furthermore, these
tage of ReadyBoost. In contragiaZ employs all required  approaches require only in memory metadata and the mem-
metadata and techniques for achieving transparent compresory subsystem in the OS offers the required structures for
sion and can be layered below any file-system or other ap-managing additional metadata. Unlike disk blocks, the ad-
plication. dress of each virtual page in memory and on disk is explic-
itly recorded in a page table. Our work requinesoducing
metadata to the block layer and employing a number of tech-

The argument that trends in processor and interconnectniques to mitigate associated performance issues.
speeds will increasingly favor the use of compression for

optimizing throughput in various distributed and netwatke
systems, even if compression is performed in software, has
been discussed in [17]. We believe that the same trend holds , ,
today with increasingly powerful multicore CPUs that offer ©6-3  File-system Compression
both processing cycles and require large amounts of effec-Compression has been employed by file-systems to improve
tive data throughput. effective storage capacity: Overall, [13] categorizes disel
Improving I/O performance with compression has been cusses various file-level compression approaches, while a
examined in the past, mainly in the context of database sys-survey of data compression algorithms can be found in [25,
tems. The authors in [35] examine how a compression al- 41].
gorithm specifically designed for relational data can ferth The authors in [11] describe how LFS can be extended
boost Oracle’s performance. They show that compressionwith compression. They use a 16-KB compression unit and
decreases full table scan execution time by 50% while in- a mechanism similar to our extents in order to store com-
creasing total CPU utilization only slightly (5%). Theytg#ta  pressed data on disks. They find that compression in their
that the actual overhead of decompressing blocks is smallstorage system has cost benefits and that in certain cases
and that the performance gain of compression can be large. there is a 1.6 performance degradation for file-system inten
In [14] the authors encompass compression to IBM'’s In- sive operations. They use the Sprite file-system for maigagin
formation Management Systems (IMS) by using a method variable size metadata.
based on modified Huffman codes. They find that this In [12], the authors gather data from various systems
method achieves 42.1% saving of space in student-recordand they show that compression can double the amount
databases and less on employee-record databases, wherd data stored in a system. To mitigate the performance
custom compression routines were more effective. Their ap-impact of compression, they propose a tiered, two-level file
proach reduces I/O traffic necessary for loading the dagabas system architecture; Tier 1 cach@scompressedrequently
by 32.7% and increases CPU utilization by 17.2%, showing accessed files and Tier 2 stores the infrequently accessed
that online compression can be beneficial not only for spacefiles in a compressed form.
savings, but for performance reasons as well. More recently, both Sun’s ZFS [10] and Microsoft’s
The authors in [32] discuss compression techniques for NTFS [29] support compression over any storage device.
large statistical databases. They find that these techsique e2conpr [8] is an extension of thext2file-system, where
can reduce the size of real census databases by up to 76.2% user explicitly selects the files and directories to be com-
and improve query I/O time by up to 41.3%. pressed. LogFS [19] is specifically designed for flash de-
Similar to these techniques, our work shows that on- vices and supports compression. FuseCompress [1] offers a
line compression can be beneficial for improving 1/0 per- mountable Linux file-system that transparently compresses
formance. However, these approaches target specificallyits contents. Compression is also supported in read-oely fil
database environments or specific structures within daggha systems, such as SquashFS [27] and CramFS [42].
In contrast, our work shows how I/O compression can be  Our work differs in two ways from these efforts: First,
achieved transparently to all applications. In additioe, w we explore how compression can improve 1/O performance
guantify the benefits when employing compression on top which requires dealing with the cost of compression itself.
of SSD-based caches. To achieve thiaZ employs exten-  Second, we perform compression below the file-system,
sive metadata at the block-layer and multiple techniques to which requires introducing several techniques for metadat
reduce all induced metadata-and I/O-related overheads. management. The benefit of our approach is both improved
Also, previous research [7, 18, 37, 45] has argued that I/O performance and transparency to all applications, re-
online compression of memory (fixed-size) pages can im- gardless of whether the require a specific file-system or they
prove memory performance. More recently, Linux Comp- run directly on top of block storage.

6.2 Use of Compression to Improve I/O Performance



6.4 Other Capacity and I/O Optimization Techniques server workloads. Transparent block-level compressien al
lows such improvements by increasing the effective SSD ca-
pacity, at the cost of increased CPU utilization. Overail, a
though compression at the block-level introduces significa
complexity, our work shows that online data compression is
a promising technique for improving the performance of 1/0
subsystems.

Deduplication [9, 28, 47] is an alternative, space-saving a
proach that has recently attracted significant attentiedD
plication tries to identify and eliminatielentical variable-
size segments in files. Compression is orthogonal to dedupli
cation and is typically applied at some stage of the dedupli-
cation process. The authorsin [47] show how they are able to
achieve over 210 MB/s for four write data streams and over
140 MB/s for four read data streams on a storage server withAcknowledgments
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