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Figure 6: Impact of interleaving

Microbenchmarks. We ran a set of 6 synthetic mi-
crobenchmarks involving 4 KB I/O operations and report
the access latency and respective I/O rates in Table 3. In
a fully-connected SSD, sequential and random I/Os have
equivalent latencies. Note that this latency includes the
time to transfer both the page data and the 128-byte page
metadata. When cleaning is enabled, the latencies for
write operations reflect the additional overhead. Notice
that sequential writes result in better cleaning efficiency,
and therefore less cleaning overhead.

Page Size, Striping, and Interleaving. Choice of logi-
cal page size has a substantial impact on overall perfor-
mance. As discussed in Section 3.1, every write that is
smaller than the logical page size requires a read-modify-
write operation. When run with a full-block page size
(256KB) at unit depth (e.g., the entire logical page on
the same die), TPC-C produces an average I/O latency of
over 20 ms, more than two orders of magnitude greater
than what can be expected with a 4KB page size. Our
eight package configuration with a 256KB page size can
(barely) keep up with the average trace rate of 300 IOPS
per SSD, but only due to the inherent parallelism avail-
able in the SSD. We do much better with a smaller page
size. The average latency for TPC-C is 200 µs with a
page size of 4KB, although the workload does not have
enough events to test the 40,000 IOPS that this implies.
As described in Section 2.2, I/O performance can be im-
proved by interleaving multiple requests within a single
flash package or die. Our simulator accounts for inter-
leaving by noticing when two requests are queued on a
flash package that can proceed concurrently according to
the hardware constraints. Figure 6(a) presents I/O rates
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Figure 7: Shared-control ganging

normalized with respect to our baseline configuration
and shows how various types of interleaving improves
the performance of our baseline configuration. While
IOzone and Postmark show an increase in throughput,
TPC-C and Exchange do not benefit from interleaving.
As shown in Figure 6(b), the average number of queued
requests (per flash package, as measured by DiskSim)
is very close to zero for these two workloads. With no
queuing, interleaving will not occur. IOzone and Post-
mark have a significant sequential I/O component. When
a large sequential request is dispatched to multiple pack-
ages due to stripe boundaries, queuing occurs and inter-
leaving becomes beneficial. One might think that TPC-C
would benefit from striping its 8KB requests at 8KB in-
crements thereby allowing every request to interleave at
the package or die level. However, splitting up each re-
quest into parallel 4KB requests is in this case superior.

No gang 8-gang 16-gang
Host IO Latency 237 µs 553 µs 746 µs

IOPS per gang 4425 1807 1340

Table 4: Shared-bus gang performance for Exchange

Gang Performance. As suggested in Section 3.3, gang-
ing flash components offers the possibility of scaling ca-
pacity without linearly scaling pin density and firmware
logic complexity. We proposed two types of ganging:
shared-bus and shared-control. Table 4 shows the av-
erage latency of Exchange I/O requests (variable size)
under 8-wide (32KB) and 16-wide (64KB) shared-bus
gangs. As it happens, this workload requires only about
900 IOPS, so the 16-gang is fast enough even though the
ganged components have to be accessed serially. There
is no obvious load-balancing problem when simple page-
level striping is used, even though one would expect such
problems to be exacerbated by ganging.

A shared-control gang can be organized in two ways.
First, although the flash packages are ganged, separate
allocation and cleaning decisions can be made on each
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package, enabling one to perform opportunistic parallel
operations, e.g., when two reads are presented on dif-
ferent gang members at the same time, they can be per-
formed concurrently. We refer to this as asynchronous-
shared-control ganging. Second, all packages in a gang
can be managed in synchrony by utilizing a logical page
depth equal to that of gang size, e.g., a 8-wide gang
would have a page size of 32KB, and we call this design
synchronous-shared-control ganging. We use intra-plane
copy-back to implement read-modify-write for writes of
less than a page in synchronous ganging.

Figure 7 presents normalized response time (with re-
spect to the base line configuration) from various syn-
chronous and asynchronous shared-control gang sizes.
Since the logical page size of a synchronous gang is big-
ger than the corresponding asynchronous gang, it lim-
its the number of simultaneous operations that can be
performed in a gang unit, and hence synchronous gang-
ing uniformly underperforms when compared to asyn-
chronous ganging. The synchronous 8-way gang could
not support the IOzone workload in simulated real-time
and hence its result is absent in the Figure 7.

# cleaned Avg. time (ms) Efficiency
TPC-C (inter-plane) 114 9.65 70%
TPC-C (copy-back) 108 5.85 70%
IOzone 101170 1.5 100%
Postmark 2693 1.5 100%

Table 5: Cleaning frequency and efficiency

Copy-back vs. Inter-plane Transfer. Cleaning a block
involves moving any valid pages to another block. If the
source and destination blocks are within a plane, pages
can be moved using the copy-back feature without hav-
ing to transfer them across the serial pins. Otherwise,
pages can be moved between planes through the serial
pins. Table 5 presents the average number of blocks
cleaned per flash package, the average time to clean a
block, and the average cleaning efficiency. Using the
copy-back feature, TPC-C shows a 40% improvement
in cleaning cost per block. In spite of the large number
blocks being cleaned, IOzone and Postmark do not show
any benefit from copy-back. These benchmarks produce
perfect cleaning efficiency; they move no pages during
cleaning.

Cleaning Thresholds. An SSD needs a minimum num-
ber of free blocks to operate correctly; for example, free
blocks are required to perform data transfer during clean-
ing or to sustain sudden bursts of write requests. In-
creasing this minimum-block threshold triggers cleaning
earlier and therefore increases observed overhead. Fig-
ure 8(a) shows the variation in access latency as we in-
crease the free blocks threshold. While the access laten-
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cies increase in TPC-C with the threshold, other work-
loads show little difference. This difference in the access
latencies among different workloads is explained by Fig-
ure 8(b), which plots the number of pages moved during
cleaning against the free blocks threshold. Figures 8(a)
and 8(b) show that increasing the minimum free blocks
threshold may affect the overall performance of the SSD
depending upon the pages moved under the workload.

4.4 Tradeoff Summary

In Table 6, we present a brief summary of the benefits
and drawbacks of the design techniques discussed above.
We believe that these tradeoffs are largely independent
of each other, but leave a rigorous examination of this
hypothesis for future work.

Technique Positives Negatives
Large allocation pool Load balancing Few intra-chip ops
Large page size Small page table Read-modify-writes
Overprovisioning Less cleaning Reduced capacity
Ganging Sparser wiring Reduced parallelism
Striping Concurrency Loss of locality

Table 6: SSD Design Tradeoffs in Brief

5 Wear-leveling

In the discussion below, we propose a cleaning and wear-
leveling algorithm applicable to NAND-flash SSDs. We
assume that an SSD implements a block-oriented disk in-
terface which provides no a priori knowledge of optimal
data placement or likely longevity.

Efficient cleaning, while it may reduce overall wear,
does not translate to even wear. The drawback of choos-
ing a greedy approach (maximal cleaning efficiency) is
that the same blocks may get used over and over again
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and a large collection of blocks with relatively cold con-
tent may remain unused. For example, if 50% of the
blocks contain cold data that is never superseded, and
the rest contains hot data that is modified frequently, then
the block to be erased will always be taken from the hot
blocks. This will lead to a situation where the life of the
hot blocks will be consumed while that of the cold blocks
will be unutilized, wasting half the total life of the device.

Our objective is to design a block management algo-
rithm so as to delay the expiry time of any single block;
that is, we wish to avoid the situation where one or a
few blocks have finished their life when most blocks have
much life left. This goal implies that we must ensure that
the remaining lifetime across all blocks is equal within an
acceptable variance. To this end, we propose tracking the
average lifetime remaining over all blocks. The remain-
ing lifetime of any block should be within ageV ariance

(say 20%) of the average remaining lifetime.
This desired policy can be achieved by running the

greedy strategy as long as it picks a page whose remain-
ing lifetime is above the threshold. To do this, we must
maintain some notion of block erase count in persistent
storage (for example in the metadata portion of the first
page). What then should we do for worn out blocks
that drop below the threshold? A simple approach is to
only allow recycling when a candidate’s remaining life-
time exceeds the threshold. Doing this could exclude
large numbers of blocks from consideration which in turn
would cause the remaining blocks to be recycled more
frequently and with poorer cleaning efficiency. For ex-
ample if 25% of the blocks have cold data and the re-
maining 75% have hot data accessed uniformly then af-
ter a certain number of writes, the latter will get worn
out and become ineligible for erasure. Subsequently, re-
cycling will be concentrated on the 25% of the blocks
containing cold data. So these blocks will be reused 4

times faster and yield commensurately fewer pages per
erasure. Hence, we need to avoid making a large number
of blocks ineligible for recycling over an extended period
of time.

Instead of freezing the recycling of worn out blocks,
we can rate-limit their usage. Randomization can be used
here to evenly spread out the effect of a rate-limit on the
worn out blocks. We use an approach similar to Random
Early Discard [8] in which the probability of recycling
drops linearly from 1 to 0 as a block’s remaining lifetime
drops from say 80% to 0% of the average.

Another way to slow down the usage of worn out
blocks is to migrate cold data into old blocks. When
data is migrated, cleaning is performed as usual, but
then rather than attaching the recycled block to the al-
location pool queue, instead data from a cold block is
used to fill it. The cold block is then recycled and
added to the free queue. This action can be triggered,

for example, if the remaining lifetime in a block drops
below retirementAge (say 85% of the average re-
maining lifetime). retirementAge should be less than
ageV ariance of average remaining lifetime so that cold
data can be migrated into a worn out block before rate-
limiting kicks in.

One method to identify cold data is to look for blocks
that have exceeded specified parameters for remaining
lifetime and time since last erasure. This approximation
can be made more accurate by keeping track of when
a block was last written in its metadata. In this case,
it is important that temperature metadata travel with the
content as it is moved to a new physical block. When
a block is migrated, the migration should not affect its
temperature metric. However, the process of cleaning
can group pages of different temperatures in the same
block, in this case, the resultant block temperature needs
to reflect that of the aggregate.

So in summary, we propose running the greedy strat-
egy (e.g., the most superseded pages) for picking the next
block to be recycled, as modified below.

• If the remaining lifetime in the chosen block is be-
low retirementAge of the average remaining life-
time then migrate cold data into this block from
a migration-candidate queue, and recycle the head
block of the queue. Populate the queue with blocks
exceeding parametric thresholds for remaining life-
time and duration, or alternatively, choose migra-
tion candidates by tracking content temperature.

• Otherwise, if the remaining lifetime in the chosen
block is below ageV ariance, then restrict recy-
cling of the block with a probability that increases
linearly as the remaining lifetime drops to 0.

5.1 Wear-leveling Simulation

We ran IOzone (due to its high cleaning rate) to study the
wear-leveling algorithm described above. We reduced
the lifetime of a flash block from 100K to 50 cycles for
our experiment so that the ageV ariance (set to 20%)
and retirementAge (set to 85%) thresholds become rel-
evant. Tables 7 and 8 present the results for 3 differ-
ent techniques: the greedy algorithm, greedy with rate-
limited cleaning of worn-out blocks, and greedy with
rate-limiting and cold data migration. Although the av-
erage block lifetime is similar across the techniques, in-
voking migration gives a much smaller standard devia-
tion of remaining block lifetimes at the end of the run.
Moreover, with migration, there were no block expiries
(e.g., blocks over the erasure limit). Since the sim-
ple greedy technique does not perform any rate-limiting,
fewer blocks reach expiry when rate-limiting is used than
without it. Table 8 presents the distribution of flash-block
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lifetimes around the mean. One can observe that cold
data migration offers better clustering around the mean
than the other options.

Mean Lifetime Std.Dev. Expired blocks
Greedy 43.82 13.47 223

+ Rate-limiting 43.82 13.42 153
+ Migration 43.34 5.71 0

Table 7: Block wear in IOzone

< 40% < 80% < 100% ≥ 100%
Greedy 1442 1323 523 13096

+ Rate-limiting 1449 1341 501 13092
+ Migration 0 0 8987 7397

Table 8: Lifetime distribution with respect to mean

The cost of migrating cold pages across blocks im-
poses a performance cost that is workload-dependent.
Our simulation of wear-leveling for IOzone involved
7902 migrations per package which added a 4.7% over-
head to the average I/O operation latency.

5.2 Opening the Box

A system that implements a traditional disk-block in-
terface incurs unnecessary overhead by managing disk
blocks that are free from the point of view of the file sys-
tem. Under a random workload, a disk that is half full
will have twice the cleaning efficiency of a full disk (and
all disks are full except those that are overprovisioned).
Previous work on Semantically-Smart Disk Systems [21]
has shown the benefits of greater file-system informa-
tion being available at the disk level. Although SSDs
that implement a pure disk interface provide advantages
from a perspective of compatibility, it is worth consider-
ing whether the SSD API might support the abstraction
of an unused block. With such a modification, SSD per-
formance would vary with the percentage of free space
rather than always suffering maximal cleaning load and
wear.

Cleaning load can be reduced if an SSD has knowl-
edge of content volatility. For example, certain file types
such as audio and video files are not often modified. If
available at the disk block level, this information would
provide a better predictive metric than the history-based
approximations above. More importantly, if cold data
can be identified a priori, then there is a better chance of
establishing locality for warm data, localization of warm
data will lead to better cleaning efficiency.

6 Related Work

We discuss related work in designing solid-state stor-
age devices, file systems for improving performance, and
work on algorithms and data structures for such devices.

6.1 Solid-State Storage Devices

Previous work on solid-state storage design has focused
on resource-constrained environments such as embedded
systems or sensor networks (e.g., Capsule [19], Micro-
Hash [34]). This body of work has largely dealt with
small flash devices (up to a few hundred MB), with low-
power, shock resistance and size being primary consid-
erations. The MicroHash index [34] attempts to support
temporal queries on data stored locally on a flash chip in
the presence of a low energy budget. Nath and Kansal
propose FlashDB [23], a hybrid B+-tree index design.
The key idea is to have different update strategies de-
pending on the frequency of reads and writes: in-place
updates for pages that are frequently read or infrequently
written, and logging for those that are frequently written.

While the work in embedded and sensor environments
has given useful insights into the workings and con-
straints of solid-state devices, our work systematically
explores design issues in high-performance storage sys-
tems. In these environments, operation throughput is of-
ten the most important metric of interest.

Hybrid disks are another area of research [3] and com-
mercial interest. These devices place a small amount of
flash memory alongside a much larger traditional disk
to improve performance. Flash is not the final persis-
tent store, but rather a write-cache to improve latency.
The non-volatile cache on hybrid disks can be controlled
through specific ATA commands [25].

File systems have also used non-volatile memory to
log data or requests. WAFL [13] is one such file system
that uses non-volatile RAM (NVRAM) to keep a log of
NFS requests it has processed since the last consistency
point. After an unclean shutdown, WAFL replays any
requests in the log to prevent them from being lost.

The hybrid disk and NVRAM approaches use flash
as an add-on storage for rotating disks. In our designs,
solid-state devices serve as a replacement for rotating
disks, providing a better rate of operation throughput.

Kim and Ahn [17] propose a cache-management strat-
egy that improves random-write performance for SSDs
operating with a block-sized logical page. They attempt
to flush write-cache pages that occupy the same block at
the same time, thereby reducing read-modify-write over-
head. This works well if the workload does not over-
whelm the cache or require immediate write persistence.
Moreover, write-caching that handles bursty or repetitive
writes is complementary to our approach.

6.2 File System Designs

File systems specific to flash devices have also been
proposed. Most of these designs are based on Log-
structured File Systems [28], as a way to compensate
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for the write latency associated with erasures. JFFS, and
its successor JFFS2 [27], are journaling file systems for
flash. The JFFS file systems are not memory-efficient for
storing volatile data structures, and require a full scan to
reconstruct these data structures from persistent storage
upon a crash. JFFS2 performs wear-leveling, in a some-
what ad-hoc fashion, with the cleaner selecting a block
with valid data at every 100th cleaning, and one with
most invalid data at other times.

YAFFS [18] is flash file system for use in embedded
devices. It treats handling of wear-leveling akin to han-
dling bad blocks, which appear as the device gets used.
Other examples of embedded micro-controller file sys-
tems include the Transactional Flash File System [11]
and the Efficient Log Structured Flash File System [6].
The former was designed for more expensive, byte ad-
dressable NOR flash memory, which has considerably
fewer constraints than NAND flash. The latter was de-
signed for sensor nodes using NAND flash. It supports
simple garbage collection and provides an optional best
effort crash recovery mechanism.

It is useful to compare our approach with improve-
ments higher up in the storage stack, such as the spe-
cialized file systems for flash devices. Enhancements at
the flash controller will obviate the need to invest signifi-
cant effort in re-writing a custom flash file system. It will
also alleviate the overhead of transitioning from rotating
disks to flash-based storage by exporting a “flash-disk”
that performs well even with existing file systems.

6.3 Algorithms and Data-structures

Much prior work has been done on proposing and eval-
uating algorithms and data structures specially suited for
operation in flash devices. A recent survey [12] discusses
much of this work in greater detail.

Wear-leveling is an important constraint of flash de-
vices and several proposals have been made to perform it
efficiently, increasing the usable life time of the device.
Wu and Zwaenepoel [33] use a relative wear-count of
blocks for wear-leveling. Similar to our approach, data
is swapped when the block chosen for cleaning exceeds
a wear-count. Wells [32] proposed a reclamation policy
based on weighted combination of efficiency and wear-
leveling, while the work by Chiang and Chang [5] uses
the likelihood of a block being used soon, which is equiv-
alent to the logical hotness or coldness of data within the
block chosen for cleaning.

Recent work by Myers [22] looks at ways to exploit
the inherent parallelism offered by the flash chip. He
fragments a block and stores it on multiple physical
pages on different chips, under the hypotheses that a dy-
namic striping or replication strategy based on workload
will outperform a static one. His work focuses on ap-

plicability of flash for database workloads and concludes
that widespread adoption is not yet possible. In contrast,
our design and analysis shows that while there are sev-
eral tradeoffs, SSDs are a viable and possibly an attrac-
tive option for transactional workloads such as TPC-C.

7 Conclusion

As we have shown, there are numerous design tradeoffs
for SSDs that impact performance. There is also sig-
nificant interplay between both the hardware and soft-
ware components and the workload. Our work pro-
vides insight into how all of these components must co-
operate in order to produce an SSD design that meets
the performance goals of the targeted workload. From
the hardware standpoint, the SSD interface (SATA, IDE,
PCI-Express) and package organization dictate theoret-
ical maximum I/O performance. On the software side,
the properties of the allocation pool, load balancing, data
placement, and block management (wear-leveling and
cleaning) combined with workload characteristics de-
termine overall SSD performance. Moreover, we have
demonstrated that all designs can benefit from plane in-
terleaving and some degree of overprovisioning, and we
have proposed a wear-leveling algorithm and shown its
efficacy in at least one scenario.

We have demonstrated a simulation-based technique
for modeling SSD performance driven by traces ex-
tracted from real hardware. In some cases, the traced
systems require storage components that would be much
too expensive for most organizations to provide for the
purposes of experimentation. Our simulation framework
has proved both resilient and flexible, and we expect to
continue to add to the set of behaviors that we can model.
Shared-control ganging and refined wear-leveling data
are particular topics of interest.

There is no fixed rule that NAND flash be integrated
into computer systems as disk storage. However, the
block-access nature of NAND suggests that a block-
oriented interface will often be appropriate. Although
outside of the scope of this work, we suspect that our
simulation techniques will be applicable to NAND-flash
block-storage independent of architecture because the
same issues (e.g. cleaning, wear-leveling) will still arise.

Flash-based storage is certain to play an important role
in future storage architectures. One corollary of our sim-
ulation results is that the storage systems necessary to
support a substantial TPC-C workload, which in the past
have involved many hundreds of spindles, might well be
replaced in future by small numbers of SSD-like devices.
Our work represents a step towards understanding and
optimizing the performance of such systems.
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