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ABSTRACT

Solid-state disks (SSDs) are becoming widely used in per-
sonal computers and are expected to replace a great portion
of magnetic disks in servers and supercomputers. Although
many high-speed SSDs are present in the market, both the
design of hardware architecture and the details of the flash
translation layer (FTL) are not well known. Meanwhile,
in the systems requiring high-end storages, specially tuned
SSDs can perform better than the generic ones, because the
applications in such environment are usually fixed.

Based on the architectural design of our reconfigurable
high-performance SSD prototype and by using a trace-driven
simulator, we explore the key factors and tradeoffs that must
be considered when designing a customized FTL. FTL re-
lated issues, such as data allocation, cleaning, and wear
leveling, are analyzed in detail presenting suitable design
decisions for different workload characteristics. The exper-
imental result shows that the figures for the performance
metrics will vary from several percent to more than tens of
times among each other depending on the decision made for
designing each FTL functionality.

Categories and Subject Descriptors

B.1.4 [Microprogram Design Aids]: Firmware engineer-
ing; B.3.3 [Performance Analysis and Design Aids]:
Simulation

General Terms

Design, Measurement and Performance
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NAND flash memory, FTL design, solid state disk, high per-
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1. INTRODUCTION

Recent advancement of NAND-flash based solid-state disks
(SSD) is expected to impact greatly on the future of storage
subsystems [7, 1]. The reason for this is SSDs provide supe-
rior features, such as higher performance and lower power
consumption, compared to magnetic disks. However, to uti-
lize SSDs a variety of design criteria must be considered.
Specifically, design of the flash translation layer (FTL) must
be carefully reviewed. Even with the same hardware orga-
nizations, the performance and the lifetime of each SSD can
significantly differ depending on the FTL design. In ad-
dition, the performance of flash memory-based devices is
highly workload sensitive [1], making the design decision for
FTL more crucial.

In the environments that require high-end storages, such
as in servers and supercomputers, applications are likely to
be fixed. Thus, FTL design for specific applications will
leverage the performance of the system. However, to the
best of our knowledge there hasn’t been any research pub-
lication focusing on the application specific FTL design in
SSDs for high-performance environment. In this paper, we
analyze the key factors and tradeoffs for customizing FTL re-
garding workload characteristics in a high performance SSD
(HPSSD) environment, and propose guidelines for FTL de-
sign decisions.

Efforts have made to utilize NAND flash memories in ar-
eas requiring high performance storages. The overall band-
width of generic SSDs in the market is usually bounded by
the host-to-SSD interface, such as SCSI, PATA, and SATA.
Thus, multiple chips in the SSDs will usually share a flash
channel, or a bus connecting flash chips and flash controller,
and the channels will collectively have similar bandwidth
to the interface. However, high-end SSDs for enterprise
servers [8] take advantage of a host-to-SSD interface with gi-
gabytes of bandwidth. Acceleration platforms using NAND
flash chips [27, 18], employ independent channels per flash
chips to gain maximum parallelism. Accordingly, we define
the HPSSD as SSDs with high-bandwidth host-to-SSD in-
terface as large as several gigabytes per second and tens or
hundreds of flash chips and channels that can be parallelized
to fully utilize the interface. Yet, in research using the accel-
eration platforms, very generic FTLs are used, and for most
of the SSDs in the market the designs of FTLs are kept as
the manufacturers’ intellectual properties.
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Previous research has focused mostly on FTLs in limited
resource environments, such as embedded devices or low cost
SSDs. In particular, considering the limited size of random
access memory (RAM), the focus has been on log-based
block mapping algorithms [20, 21, 14, 24]. Because high-
overhead block merge operations are involved, they perform
worse than page mapping algorithms. In addition, band-
width to SSD is often limited, so only a few flash chips on
shared channels are employed [1, 17]. Thus, not many ways
to manage wear level and to maximize parallelism among a
large number of independent chips as in HPSSDs are stud-
ied.

Throughout our work we have discovered some tradeoffs
in designing FTLs for HPSSDs. The experimental results
show that, different from the embedded flash storage en-
vironments utilizing few flash chips, tradeoff lies between
gaining high performance and reducing the number of erase
operations for longer lifetime of SSDs. Introducing wide
striping-based allocation in unit of page or greedy-based dy-
namic methods may maximize parallelism, but high locality
of write, which reduces the number of erase operations, can
be achieved when large striping units than a page size are
used for allocations. By introducing a novel concept of wear
leveling cluster we also have verified the tradeoffs between
achieving even wear level in a large area and gaining high
performance.

Considering the workload characteristics, sequential 10O
intensive workloads benefits from wide striping based allo-
cation methods, while random IO intensive workloads run
better on dynamic based allocations. When the data and
requests are distributed evenly within a SSD, hot/cold data
separation can help reduce the cleaning overhead. When
data are skewed, however, proposed load balancing can re-
solve the situation with low overhead. The experimental
results collectively show that the workload characteristics
and the corresponding design decisions for each FTL func-
tionality changes the figures of the performance metrics from
several percent to more than thousands of percent.

The rest of the paper is organized as follows. Background

information about NAND flash memory, reconfigurable HPSSD

(RHPSSD), which provides the base architecture for HPSSD
in this paper, and related works will be introduced in Sec-
tion 2. Section 3 will provide the exploration of design con-
siderations in FTL. Section 4 will present the evaluation
work regarding the discussions in the previous section. Our
study will be summarized in Section 5, and finally a conclu-
sion will be given in Section 6.

2. BACKGROUND AND RELATED WORK

2.1 Characteristics of NAND Flash Memory

NAND Flash memory consists of multiple blocks which
are composed of pages. Flash blocks must be erased before
data is written and the blocks wear out as they are being
erased. The unit of read and write operations is a page while
that of erase is a block, with the latencies for each operation
differing depending on the manufacturer.

There are two types of NAND flash memories: single level
cell (SLC) and multi level cell (MLC). The capacity of MLC
doubles that of SLC, but SLC has lower operational latency
and higher endurance. The erase count that a block in SLC
can endure is typically 100K, while it is 10K in MLC.

In this paper, we used a configuration of SLC NAND flash
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Operation

Page read to register 25 us

Page write from register 250 ps

Block erase 500 ps

Page register access through flash channel 100 ps

Table 1: Timing parameters for NAND flash chips

chips in Table 1. SLC chips are used to take advantage of
the high performance and endurance in IO intensive envi-
ronments.

2.2 NAND Flash Chip Organization and Op-
erations
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Figure 1: Flash chip organization

The capacities of flash chips used in this paper are 4GB
and 8GB. Although they share the same latencies for the
basic operations, the internal organizations of the chips are
different. Figure 1 shows the general organization of a flash
chip. A NAND flash chip consists of dies which contains
several planes. Within a die planes can be interleaved only
when the same types of commands are issued together. A
die is an independent unit that has its own ready/busy and
chip-enable signals. The dies in a chip can execute different
operations from each other in an interleaved manner. The
difference between the two chips is that the 4GB chip con-
sists of 2 dies while the 8 GB chip consists of 4 dies. The rest
of the organizational settings used in this paper are summa-
rized in Table 2.

For most of NAND flash chips interleaved plane and die
commands, and read and write for copy commands are sup-
ported. The interleaved commands provide parallelism within
a chip, and the read and write for copy commands enable a
page to be copied within a plane without utilizing the flash
channel.

4GB Chip | 8GB Chip
Page size 4KB 4KB
Pages per block 64 64
Blocks per plane 4096 4096
Planes per die 2 2
Dies per chip 2 4

Table 2: Internal organizational
flash chips

settings of NAND

Open NAND flash interface (ONFI) 2.0 [23] compliant
flash chips provide cache mode operations using cache regis-
ters. If each plane has only one page register, flash channel
operation and plane access operation cannot be pipelined,
because the page register must be exclusively available to the
either operation. However, introducing the cache register
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and the cache mode commands enables the both operations
to be executed independently.

2.3 Role of FTL

The primary role of FTL is to provide abstraction of the
flash memory characteristics to the host machine: maintain-
ing an address mapping table, cleaning the blocks for reuse,
and conducting wear leveling are some of the basic func-
tions. As employing multiple NAND flash chips as in SSDs
becomes common, FTL should also consider the parallelism
and the load balancing of requests among flash modules such
as chips, dies, and planes.

2.4 Reconfigurable High Performance SSD

The discussion about the FTL design in the rest of the
paper will be based on the architecture of the RHPSSD pro-
totype that we have designed and are currently testing.

In our RHPSSD, PCI Express is used as the host-to-SSD
interface. A total of 4GB/s uplink and downlink provides
sufficient bandwidth to fully utilize tens of flash chips in par-
allel. The high level view of the SSD prototype is shown in
Figure 2. The SSD has a FPGA between the PCI Express
bus and the flash channels. The FPGA is where the FTL
and the flash channel controllers are implemented. FTL
can be implemented and utilized as software by adding a
general purpose processor on the FPGA or as hardware by
using HDL code. This flexibility makes our prototype re-
configurable and facilitates the FTL to be customized. The
flash-channel controllers are independently implemented in
FPGA for each channel to maximize parallelism. Each flash
chip possesses an independent flash channel and is placed on
a daughter board that can be disconnected from the main
board of the RHPSSD. There are more than 30 flash chips on
the daughter board and the bandwidth between the daugh-
ter and the main board is sufficient enough to utilize all the
flash channels at the same time. RHPSSD also has a large
amount of RAM that can be utilized by the FTL. Although
the RAM can be used as cache buffers, we leave using it as
the buffer for future work.

Daughter Board
Random Access Memories

4{ Flash chip ‘ Flash chip ‘ Flash chip ‘

% Flash chip M—{ Flash chip ‘ Flash chip ‘
il

4{ Flash chip ‘ Flash chip ‘ Flash chip ‘

FPGA

Flash CH Ctir

Flash CH Ctir
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Figure 2: High-level view of reconfigurable high-
performance SSD

Compared to the generic SSDs the performance of RH-
PSSD will be greatly affected by the algorithms used to
keep the chips busy. Wear leveling is considered more im-
portant than in the generic ones, because RHPSSD is likely
to be placed under IO intensive environments. Addition-
ally, maintaining even wear level among flash modules is
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important, because each module contributes to the parallel
performance.

Although the RHPSSD might not be the standard design
for HPSSDs, we expect that most HPSSDs will have similar
high level organizations.

2.5 Related Work

Agrawal et al. [1] have studied the tradeoffs that lie in
SSDs focusing on the different organization of flash chip
arrays and corresponding basic FTL issues. However, we
fix the SSD architecture to the extreme to gain the highest
performance, and concentrate on the detailed analysis and
tradeoffs in each FTL functionality considering the workload
characteristics.

Park et al. [24] proposed a dynamically reconfigurable
FTL in a block mapping scheme, but the focus of the work
was reducing the number of erase operations using different
block mapping algorithms without considering the multi-
chip environments. In this paper, page mapping is used,
FTL related issues in multi-chip environments are covered
more comprehensively, and concerns of statically reconfigur-
ing FTL are studied.

Data allocation to multiple chips in SSDs are very similar
to the issues studied in the RAID [25] system. The adap-
tive striping method for a flash chip with banks, or dies
employing one plane each, has been investgated by Chang
and Kuo [4]. Different from our paper the investigation in-
volved only one chip with multiple banks and posed passive
measures to deal with load imbalance among banks.

There were also approaches to optimize the array of disks
in accordance with workload characteristics, such as in HP
AutoRAID [31] and by using RAID configuration tools [33].
Yet, SSDs do not have moving mechanical parts, and clean-
ing and wear leveling operations distinguishes the factors
that must be considered.

3. EXPLORATION OF DESIGN CONSIDER-
ATIONS FOR SPECIALIZED FTL

3.1 Page Mapping Algorithms

Taking advantage of abundant RAM in the RHPSSD ar-
chitecture, we focus on page mapping methods. Logical
pages in flash memories are not stored in a fixed position.
A Concept of allocation pool is used to limit the assignable
physical locations of logical pages to physical flash modules.
Within the allocation pools logical pages are assigned to
physical pages in runtime. Depending on the size of the al-
location pool and the allocation policy the performance of
SSD can vary.

Because a plane is the smallest unit that can process a
page request, we set the minimum allocation pool as plane
and the maximum as SSD in this paper. Thus, we define al-
locating page addresses statically to planes as static alloca-
tion and using larger allocation pools as dynamic allocation
since a logical page can be allocated to any plane within the
pool in runtime.

3.1.1 Static Allocation

Utilizing a static allocation can be very convenient if the
allocation can distribute the requests evenly to each plane,
because flash modules will be automatically parallelized and
the wear levels among the modules will be balanced. How-
ever, an improperly skewed distribution of requests to few
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flash modules can rather degrade the overall performance.
Organization and properties of flash chips, and workload
characteristics must be considered before determining how
to allocate the addresses. Taking these into account, there
can be a variety of striping-based allocation methods. Al-
though the plane is the unit that will be in charge of pro-
cessing each stripe, striping the addresses to planes can be
carried out in different sequences presenting different per-
formances.

Striping the address in a fine grain manner to gain par-
allelism may seem to result in good performance, but con-
sidering the wear leveling and cleaning operation the choice
may not always be optimal. A small striping unit may not
benefit from spatial locality within blocks and result in more
valid page migrations during cleaning operations. This can
again do harm to the lifetime of SSD because increased page
migrations causes more erase operations.

3.1.2  Dynamic Allocation

As studied earlier in the RAID systems, workloads with
small and random IO access patterns will not benefit much
from using static striping-based allocation, because small
requests cannot usually take advantage of parallel opera-
tions and the requests may be skewed to a small number
of disks [22, 11, 9]. Dynamically allocating the requests to
storages can be a potential solution, but again the amount
of data in each storage location can be imbalanced. For ex-
ample, if write requests are skewed to only a few storage
devices, the devices will be full and no longer capable of
receiving new data. Then the storage system will lose par-
allelism and from a SSD point of view the wear leveling will
also be harmed.

One of the easiest ways to avoid the load imbalance in dy-
namic allocations is migrating data to storage devices with
relatively more free space [28]. For SSDs migrating cold
pages to the flash module with a small number of valid pages
will balance the number of hot and cold data in each flash
module and will likely benefit the wear leveling at the same
time.

Considering planes as disks the flash modules in an allo-
cation pool can be considered as an IO system in charge of
distributing the request dynamically to planes. When the al-
location pool is set to a large unit it will have more flexibility
to assign the requests, but unless a larger degree of freedom
is managed in a very intelligent way high performance will
not always be guaranteed.

3.2 Cleaning and Hot/Cold Data Separation

Because the erase operation is conducted in a unit of
blocks, valid pages in a block to be erased must be moved
to another location. Thus, an important consideration for
cleaning operations is to minimize the operational latency by
reducing the number of page migrations so as not to delay
the 1O requests.

Selecting the block with the minimum number of valid
pages for cleaning is one of the most commonly used clean-
ing policies. It would be the best if we can find blocks with
no valid pages, but it is not always the case. However, sepa-
rating hot and cold data can facilitate reducing the number
of page migrations [6, 12, 19]: blocks with only hot pages
are likely to be full of invalid pages in the near future, while
blocks with only cold pages are likely to maintain the num-
ber of valid pages.
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However, most methods for identifying data’s hotness or
coldness are on the basis of history based prediction. They
work well with most cases, but depending on the workload
characteristics or the allocation policies the prediction may
lead to misclassification of data, further degrading the clean-
ing performance.

3.3 Wear leveling

Wear leveling and cleaning operations cannot be separated
from each other, because cleaning will wear out the blocks.
Consequently, wear leveling algorithms are commonly trig-
gered during cleaning or write operations [16, 5, 3]. There
have also been studies on triggering wear leveling algorithms
periodically [32], but it is not desirable to use periodic mea-
sures in environments, where it is difficult to predict when
the flash modules will be idle.

Following Pareto’s 80/20 rule, there are usually blocks of
data that have rare access frequencies. Wear leveling usually
involves migrating this data to the blocks with less remaining
lifetime. Because migrating a block of pages requires tens of
reads and writes, it can degrade the IO response time.

Here we introduce a concept of wear leveling cluster. The
cluster is similar to the allocation pool. The wear leveling
algorithms will balance the lifetime of blocks only within
the same cluster. Thus, the remaining lifetime of blocks
from different cluster can have large gaps. When the cluster
is large, the lifetime of blocks will be distributed evenly in
SSD, but the maintenance overhead can be larger than using
smaller cluster.

The wear leveling cluster must be smaller than or equal to
the allocation pool, because logical pages cannot be moved
to the outside of the allocation pool. Therefore, when static
allocations are used, the wear level of different flash modules
can vary greatly, so selecting the static allocation with an
even distribution of erase operations is necessary. In con-
trast, the size of the cluster can be selected for dynamic
allocations depending on the size of allocation pool. The
performance and wear leveling goal of the SSD must be con-
sidered to determine the size of the cluster.

4. IMPLEMENTATION AND EVALUATION

In this section simulation-based evaluation of the issues
discussed in the previous section and a more detailed anal-
ysis of FTL matters will be presented.

4.1 Simulation Environment

Our simulation environment was built after extensive mod-
ification of the DiskSim [10] based SSD simulation plug-
in [26]. Cache mode operation, a module aging flash chips,
and various FTL functionalities that are discussed in the fol-
lowing sections were added. The aging module carries out
write requests similar to each workload’s IO pattern until
the cleaning operation is triggered in all planes before sim-
ulation starts. This module enables us to simulate an aged
SSD, where there are few clean blocks to write and requires
cleaning operations to secure writable blocks. Although SSD
without aging shows better performance, the aging configu-
ration reflects a more realistic situation.

The base FTL follows the design of [2]. Other fixed config-
urations besides the latencies in Table 1 are summarized in
Table 3. The amount of over-provisioned region and clean-
ing thresholds were fixed because the effect of controlling
the former was already studied [1], and the latter does not
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Postmark (22GB) I0zone (16GB) WebDC (234GB)

Overall Read Write Overall Read Write Overall Read Write

1I0PS 126.944 105.581 21.363 102.058 45.129 56.928 331.085 190.934 140.152
Avg. inter arrival time (ms) 8.006 9.625 41.798 6.752 15.502 11.958 3.032 5.247 7.163
Total data requested™ 27,682K | 17,455K | 10,227K 642,110K | 414,512K | 227,598K 382,528K | 161,109K | 221,419K
Data request per millisecond™ 56.444 35.591 20.853 54.961 35.480 19.481 42.131 17.744 24.387
Avg. req size™ 444.635 337.092 976.150 538.527 786.180 342.203 127.251 92.934 174.002

TPC-C (154GB) SQL (223GB) Exchange (478GB)

Overall Read Write Overall Read Write Overall Read Write

I0PS 3,635.196 2,348.523 1286.673 61.872 39.617 22.255 90.519 49.740 40.779
Avg. inter arrival time (ms) 0.275 0.426 0.777 20.904 32.295 58.117 11.056 20.110 24.542
Total data requested™ 112,108K 41,483K 70,625K 37,939K 11,230K 26,709K 1,836K 835K 1,001K
Data request per millisecond™ 59.647 22.071 37.576 12.388 3.667 8.721 2.039 0.927 1.112
Avg. req size® 16.408 9.398 29.204 200.221 92.560 391.876 22.525 18.638 27.268

*

in unit of number of 512B disk sectors

Table 4: Workload characteristics

Parameter Value
Over-provisioning 13%
Cleaning threshold 5%
Use of cache mode operation true
Use of read and write for copy operation true
Use of interleaved plane operation true
Use of interleaved die operation true
Flash chips per flash channel 1
Number of flash channels and chips per SSD 36

Table 3: Fixed configurations of SSD in simulations

affect the performance much when SSD is aged. For high
performance, the special operations supported by the chip
are used as default when they can be issued. The SSDs
are configured to hold 36 chips with independent channels.
Other varying configurations will be introduced in each of
the following subsections.

4.2 Workload Analysis

The disk traces of workloads used in the experiments are
as follows: Postmark [15], IOzone [13], WebDC, TPC-C [30],
SQL, and Exchange. Postmark, I0zone, TPC-C, and Ex-
change traces are the same ones used [1], which we received
from the authors. Postmark and IOzone are IO-intensive
file system benchmarks, where the traces were gathered by
running the benchmarks on workstation-class PCs. TPC-
C is a database benchmark for comparing the performance
of online transaction processing and Exchange is a work-
load collected from a Microsoft Exchange server. WebDC
is taken from running a highly IO-concentrated algorithm
used to classify massive data collected from the web. SQL
was obtained by running SQLIOSim [29], a software simulat-
ing 10 behavior of Microsoft SQL Server 2005. SQLIOSim
was configured to simulate a server with over 200 users on
a 40GB database.

Some of the characteristics of the traces are summarized
in Table 4. The amount of the minimum address spaces
necessary for the workloads are shown next to their names.
Depending on the address space required, we used the con-
figuration of one 144GB SSD with 4GB chips, one 288GB
SSD with 8GB chips, and two 288GB SSDs with 8 GB chips.

IO operations per second (IOPS) of each trace and the
amount of data requested per millisecond show how much 10
stress leans toward the storage. Postmark, I0zone, WebDC,
and TPC-C show highly IO intensive behavior compared to
SQL and Exchange. Considering the request size, TPC-C
and Exchange are random workloads. SQL shows a similar
proportion of random and sequential IO requests and the
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other workloads are mostly dominated by sequential 1Os.
Although not described in the table, the requests in IOzone
shows a very high locality compared to others. The majority
of the logical pages in I0zone are accessed more than 32 to
40 times while those in others are accessed less than 16 to
32 times.

Flash Chip 0 Flash Chip 1 Flash Chip 0 Flash Chip 1
Die 0 Die 1 Die 0 Die 1 Die 0 Die 1
[10]
[18]
(@) No striping (b) Plane-wise striping from SSD point
of view
Flash Chip 0 Flash Chip 1 Flash Chip 0 Flash Chip 1
Die 0 Die 1 Die 0 Die 1 Die 0 Die 1 Die 0 Die 1

Die-wise striping from SSD point of (d)

Chip-wise and then die-wise striping

view from SSD point of view
Flash Chip 0 Flash Chip 1 Flash Chip 0 Flash Chip 1
Die 0 Die 1 Die 1 Die 1 Die 1

(e) Plane-wise striping within (f) Die-wise and then plane-wise

striping within sequentially allocated chip

sequentially allocated chip
Flash Chip 1

(9)

Plane-wise striping within
sequentially allocated die

Figure 3: Striping-based static allocation methods

4.3 Different Allocation Methods
4.3.1 Striping-Based Static Allocations

For each workload, we tested seven different static alloca-
tions described in Figure 3. All the methods are based on
striping except for (a), which simply allocates logical page
addresses sequentially to each plane. (b), (c), and (d) are
striping the addresses from a viewpoint of SSD: (b) is strip-
ing addresses to each plane not considering the die or chip;
(c) is striping to dies first and again to each plane; and (d) is
striping to each chip first, then to dies and finally to planes.
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Figure 4: Average response time of static allocaion

(e) and (g) are stripings based on chips: when continuous
addresses are allocated to each chip, they will be allocated
internally in the striping-manner as in (b) and (c). Finally,
(g) is again allocating sequential addresses to each die and
striping to each plane. We will call (b), (c), and (d) as
wide striping and (a), (e), (f), and (g) as narrow striping for
convenience.

Page and block are used as striping units when allocating
the addresses. Thus, the numbers in the figure can be log-
ical page addresses, or logical block numbers depending on
which unit we use. According to the base FTL configura-
tions [2], the logical page address and the block number are
determined by the following formulas:

logical sector number
logical page address =

(page size / disk sector size)

logical page address
logical block number = g bag

(block size / page size) - 1

The order of the pages within a plane can change, because
the numbers only indicates in which plane the page addresses
are allocated to.

The response times of the allocations for the workloads
are shown in Figure 4 in a normalized form to non-aged of
d-page, which performs the best for all workloads. We ran
the traces with and without the aging process. The entry
without any bar indicates that we have failed to run the trace
due to the saturation of the IO queue. The page and block in
the figure shows the striping unit used for the allocation, and
the alphabet in the front indicates the allocation method.
The numbers above the bars that reached the top shows
that the bars originally points to the values of the Y-axis
that are larger than the numbers.

For all cases, narrow stripings perform notably worse than
wide stripings, and using the striping unit of block for initial
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allocation performs worse than using that of page. This is
clearer for workloads with sequential IO and high data rates,
such as Postmark, IOzone, and WebDC.

If continuous page addresses are allocated to flash mod-
ules, page requests can be concentrated to few modules. The
standard deviations for the number of requests that each
flash module received explain this. Except for TPC-C and
Exchange, the standard deviations from narrow stripings are
ten to several hundred times as large as that of wide stripings
and this applies the same to using different striping units.

When SSDs are aged the gap becomes larger because of
the erase operations entailed. Similarly, IOzone failed to
run on narrow stripings because of cleaning operations from
frequent data update, while Postmark, which has more data
writes per millisecond, has succeeded.

The response time of different allocation methods in TPC-
C and Exchange do not have larger gaps than the others.
This is because the workloads inherently consist of small
random requests. The requests will be distributed evenly to
flash modules even when continuous addresses are mapped
to the modules. However, this randomness makes the work-
loads take less advantage of the striping based allocations.

The standard deviations for request distribution of wide
stripings are very similar to each other in all workloads.
However, (d) performs the best for all cases because it uti-
lizes the maximum number of independent modules to pro-
cess an 1O request. Yet, in a comparison with dynamic allo-
cations and considering the cleaning and wear leveling, (d)
allocation may not be the ultimate optimal choice, which
will be shown in the later sections.

4.3.2 Hot/Cold Data Separation

To test the impact of separating hot and cold data pages,
the dynamic data clustering (DAC) [6] algorithm is modified
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Figure 5: Improvement from hot and cold data separation

and implemented for SSDs. Different from other algorithms,
DAC classifies data into multiple degrees of temperatures.
The classification of data takes place within each plane and
the temperatures for the pages are traced globally in SSDs.
The simulation was conducted in aged SSDs and the ex-
perimental result in Figure 5 shows the improvements on
the average response time, number of erase operations, and
number of valid page migrations in percentages when using
the classification.

SQL, Exchange, and 10zone benefit more from hot and
cold data separation for most of the cases compared to the
others. SQL and Exchange workloads have very few logical
pages that are written more than once while more than 90
percent of pages in IOzone are overwritten more than 40
times. Therefore, hot data is easily distinguished from rarely
accessed pages, and they can benefit much from the data
separation.

Postmark, WebDC and SQL exhibit an increased number
of page migrations and a slightly worsened response time
when continuous addresses are concentrated in flash mod-
ules. In these cases there are higher possibilities for mis-
classification because it is difficult to perceive the changing
temperature over time when many requests are mixed. Con-
sequently, it is important to spread the hot and cold data
evenly to all flash modules. This is why all cases in the wide
stripings using page-sized unit show improvements.

Although there aren’t any dramatic changes in the num-
ber of erase and migration operations, the average response
time in most of allocations of TPC-C is degraded. The 10
intensiveness and the small request patterns make TPC-C
the workload with the largest write-to-cleaning ratio among
all workloads. Moreover, the logical addresses in TPC-C
are accessed almost uniformly over time making it difficult
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to capture the temperature of pages. These characteris-
tics and misclassification unevenly distributed the erase and
page migration, with the result that the response time was
increased.

4.3.3 Dynamic Allocation and Load Balancing

We first propose greedy-based dynamic allocation and load
balancing methods, and then evaluate them using various
initial data allocations.

Dynamic Allocation and Load Balancing Meth-
ods. As observed in Section 4.3.1, utilizing as many in-
dependent SSD parts when processing a request leads to a
small response time. It would be best if the dynamic al-
location methods utilize independent SSD parts as in the
best-performed static allocation. However, if requests arrive
when all the dies are busy, it is not clear which would be bet-
ter; whether to issue the requests as soon as a die becomes
idle or to wait and issue them to multiple dies.

Thus, we propose an operational-latency-based estimation
method. To dynamically issue the requests to maximize par-
allelism, we maintain a request queue storing groups of in-
terleaved plane requests and an estimated time value for
each die. We sum up the flash channel and memory cell ac-
cess latencies and add the value to the estimated time when
inserting a group of requests to the queue.

Based on the estimated time, page requests are greedily
assigned to the dies with the smallest estimated time. When
the estimated time values among dies are the same, first
the chip and then the die will be selected in a round-robin
manner similar to the static allocation (d) of the page-sized
striping unit.

As previously stated, once a die is selected, the request
will be assigned to a plane in a round robin manner. When
requests are assigned to all the planes in a die, a group
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Figure 6: Average response time of dynamic allocation

of interleaved requests is formed and will be added to the
queue. When the requests are finished the estimated time
will be decreased.

We use the SSD or chip as the allocation pool in dynamic
allocation. When the chip is the allocation pool addresses
are allocated statically to the chips in one of the ways in
Figure 3, and the write requests are issued using the same
algorithm without chip selection.

To actively react on the skew of data, load balancing is
used. When the number of valid pages that are assigned
to a plane exceeds a certain threshold, a block from the
lowest temperature group of the DAC algorithm is migrated
to the plane with the smallest number of valid pages. The
migration takes place only in the same allocation pool and
the block that contained cold pages will be erased after the
migration. So as not to disturb the 10 requests the process
will be carried out as a background operations.

Performance of Dynamic Allocation and Load Bal-
ancing. In the experiments we used the allocations in Fig-
ure 3 employing a page-sized striping unit as initial data
placement. Hot/cold separation is used as default, because
it reduced the erase and page migration, and affected the
response time less than 1 percent for the majority of the
cases in dynamic allocations.

Figure 6 demonstrates the average response time for each
run normalized to non-aged of the static d-page allocation in
Figure 4. Chip and SSD in the figure indicate the allocation
pool, the alphabets shows the initial data placement, and
LB means load balancing is used. When the number of valid
pages of a flash module exceeds the load balancing threshold,
the module will not become a write candidate unless load
balancing is used. We configure the threshold as 91 percent

345

of the total number of physical pages in a plane considering
the middle point of percentages for an over-provisioned re-
gion and cleaning threshold. Non-aged dynamic LB or aged
dynamic LB without any bar in the figure are the cases,
where no load balancing was triggered.

Overall Read Write

Postmark static 26.24 20.11 20.71
dynamic 123.09 595.43 86.59

IOzone static 1860.26 91.41 1844.26
dynamic 1638.82 745.45 1255.28

WebDC static | 13571.13 [ 10087.50 3642.22
dynamic | 33308.77 | 18673.43 | 14655.24

TPC-C static 2861.02 1800.98 1065.56
dynamic 1200.72 1201.19 48.31

SQL static 576.88 517.60 94.82
dynamic 506.02 465.13 84.70

Exchange static 1233.18 618.59 615.57
dynamic 145.13 73.35 76.54

Table 5: Standard deviation of number of requests
per die

Workloads with a low request arrival rate or random 1O
access pattern, such as TPC-C, SQL, and Exchange, tend
to work well with dynamic allocations. D-ssd of TPC-C and
Exchange, and d-chip of SQL and Exchange, which effec-
tively parallelized random IOs, showed better performance
than the static allocations regardless of aging. The stan-
dard deviations of the number of requests processed by each
die in the best performed static and the dynamic allocations
are shown in Table 5. The table verifies that it is better to
use dynamic allocation to evenly utilize the parallel parts in
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Figure 7: Number

SSD for workloads that consist of a large amount of random
10s.

When allocation pool of chip is used we can see that it
partially benefits from statically allocating addresses to each
chip; allocation pool of chip shows a similar trend of response
time to static allocations more than that of SSD does. Be-
cause SQL has a similar ratio of sequential and random IOs;
it shows the best performance for this case. Sequential IOs
benefit from statically allocating addresses to chip and ran-
dom IO benefits from dynamically allocating addresses to
plane creating a synergy effect.

The response time of the SSD allocation pool does not
vary among different initial data placement as much as in
using chip allocation pools. Additionally, improved perfor-
mance are mostly presented for initial data placement using
narrow stripings compared to utilizing chip allocation pools.

Load balancing was not triggered for TPC-C, SQL, and
Exchange unless large chunks of continuous addresses were
allocated to each flash module. This again shows that dy-
namic allocation methods spread the addresses evenly to
each flash modules when request arrival rate is low or small
requests are dominant.

For Postmark, 10zone, and WebDC load balancing took
place in all SSD allocation pools. Comparing the dynamic
and dynamic LB of initial data placement using wide strip-
ings we can see that the overhead of load balancing is not
large. Yet, as shown in Table 5 and Figure 6, static alloca-
tion is a better choice from a performance point of view for
workloads with dominant sequential 1Os.

SSD allocation pool using narrow striping as initial data
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Each Y-axis shows the number of operations normalized to d-page

of erase and valid page copying

placement in Postmark, I0zone, and TPC-C demonstrates
the importance of load balancing. When load balancing is
not employed, some flash modules were not utilized well.
Employing load balancing solves this problem and performs
several tens of times better.

4.4 Cleaning and Wear Leveling Analysis

Efforts have been made to reduce the cleaning operation
by introducing hot/cold data separation, but again the num-
ber after the reduction and the distribution of erase opera-
tion among flash modules must be considered for wear lev-
eling. We only use the simulation results with aging and
hot/cold data separation in this section.

4.4.1 Cleaning Analysis

Although some allocations showed smaller response time
than others, the number and the distribution of erase and
valid page copy operations are a different story. The number
of erase operations and valid page copying operations for
dynamic allocations with the smallest response time and all
static allocations are in Figure 7.

Because of the locality of data pages, static allocations
using a block-sized striping unit shows a similar or lesser
number of erase and page copying compared to using page-
sized striping unit for most cases. However, when too many
continuous addresses are concentrated as in narrow strip-
ings, the benefit from the locality rather decreases by the
skewed requests. Nevertheless, Postmark benefits from nar-
row stripings, because it has the largest average write re-
quest size compared to the others.
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Meanwhile, Figure 7 and the response times from other
figures show that parallelizing the IO requests are more rel-
evant to the response time than decreasing the number of
erase operations when there are many flash modules.

For dynamic allocation methods the number of erase op-
erations differs by a maximum of 2 percent from d-page and
the number of page copying is also similar. However, when
load balancing is triggered the number of copying opera-
tions increases notably. This is because the load balancing
operation includes copying a block of data. Dy SSD LB of
Postmark, 10zone, and WebDC in the figure are the ones
that the load balancing took place. Yet, comparing the dy-
namic allocations with and without load balancing, we can
see that the erase operation during load balancing does not
greatly increase the total number of erases. Erasing blocks
during load balancing prevents erase operation that would
have happened in the future making the total number of
erases even. In addition, different from the copying process
triggered during the regular cleaning operation load balanc-
ing creates a clean block while reducing the number of valid
pages in a plane with skewed requests. This helps reducing
the number blocks, which are fragmented with valid and in-
valid pages and have potentials to trigger additional cleaning
operations in the future.

4.4.2 Wear Leveling Analysis

The distributions of erase operations in planes without
wear leveling is shown in Figure 8. Only the three best per-
formed static allocations with different striping units, and
the best performed dynamic allocations of the two alloca-
tion pools with load balancing, are placed in the figure.

20 100< 60<_ 100<
Ob-block O c-block

18 | | @ d-block B b-page
B c-page W d-page
Ody chip LB @dy SSD LB

the Smallest Value in Each Workload

Std. Dev. of Erase Count per Plane Normalized to

|t I ] ol el

Postmark  10zone WebDC TPC-C sQL Exchange
Figure 8: Standard deviation of erase operation per

plane

The trend presented in the figure is reflected by the distri-
bution of write requests. For static allocations the standard
deviation of the average lifetime of each plane follows the
same trend in the figure even with wear leveling. The num-
ber of erase operations in Figure 7 and the distribution must
be thoroughly considered when choosing a static allocation
method. Because the wear leveling cannot be conducted
across planes, selecting the allocation with the most even
distribution or alternatively choosing dynamic allocations
should be considered depending on the target environment.
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While any existing wear leveling algorithms can be used
within the allocation pools, balancing the wear level among
the allocation pools cannot be achieved by such algorithms.
We first propose a wear leveling algorithm utilizing the DAC
algorithm and based on it we explore the further issues.

Wear Leveling Algorithm. According to our proposal,
the wear leveling takes place only during the cleaning oper-
ation, where the blocks with the largest number of invalid
pages are selected for erased. As in [16, 3] we use the dif-
ference between the remaining lifetime of the block selected
for erase and the largest remaining lifetime of a block in
the wear leveling cluster as the trigger for wear leveling. If
the difference is larger than or equal to a given threshold, a
cold block from the lowest temperature region of the DAC
algorithm will be copied to the block selected for erase. The
block from the cold region will then be erased. To minimize
the overhead, wear leveling is conducted as a background
job like load balancing.

Wear Leveling in Different Clusters. We set the life-
time of each block to 50 and test the wear leveling algorithm
using 2 as the threshold to trigger the algorithm. However,
even with aging process the total number of erases is not
large enough to study wear leveling for most traces, except
for I0zone.

2

OcChip P
1.5 7~ mchip C
1
0.5 4
(9]
resp avg life overall chip die plane
time stddev stddev stddev stddev
3
25 1 OssD P _
’ @ESSD S _
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(0]
resp avg life overall chip die plane

time stddev stddev stddev stddev

Each Y-axis shows the figures normalized

to the smaller value of each item in X-axis

Figure 9: Wear leveling using different cluster

Therefore, to explore the effect of choosing different wear
leveling cluster in dynamic allocations, the I0zone work-
load is used. When wear leveling was not employed, the
average remaining lifetime of all blocks in SSD was around
48.6 and the standard deviation was over 19 for all alloca-
tions. After wear leveling was utilized the average lifetime
became around 47.3 and the standard deviation dropped to
less than 1.3. Because the proposed algorithm is a simple
modification of general existing wear leveling methodologies,
the numbers can be considered as indications for the effec-
tiveness of the algorithm. Figure 9 shows the average and
the standard deviation of the remaining lifetime of all blocks
in SSD, and the standard deviation for the average remain-
ing lifetime of blocks in chip, die, and plane in a normalized
form for dynamic allocation using chip and SSD allocation
pools. We have tested the clusters as large as a plane and
the selected allocation pool for each dynamic allocations. P,
C, and S stands for the size of the cluster which are plane,
chip, and SSD respectively.
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FTL design Best conditions to use Pros Cons

choices ||

Static allocation Dominant sequential IO re- | High parallelism, Even distribu- | Less benefit for random 10, un-

(b, c, d) quests tion of requests controllable wear level among

flash modules

Static allocation No benefit for most cases N.A. Bad figures for most of evalua-

(a, e, f, g) tion metrics

Page striping unit High IO rate Utilizes many flash modules in | Small advantage from data local-
parallel ity increasing cleaning operation

Block striping Low IO rate Small number of cleaning opera- | Uneven request distribution in-

unit tions creasing response time

Dynamic alloca- Similar ratio of random and | Parallelism for both sequential | Potential for data and request

tion with chip sequential IO and random IOs, moderate per- | skew

allocation pool formance for most cases

Dynamic alloca- Dominant random IO re- | High parallelism for random IO, | Potential for data and request

tion with SSD quests Even distribution of random re- | skew, relatively worse perfor-

allocation pool

quests

mance for sequential 10s

Skewed IO request to few
flash modules

Load balancing

Even utilization of flash modules

Increased page migration

Evenly distributed IO re-

Hot/Cold Separa-
quest and hot/cold data

tion

Less erase, and page copying

Misclassification of data de-

grades performance

Large wear level-
ing cluster

Unevenly distributed IO and
erase requests, requirements
for even wear level through-
out SSD

Even wear level throughout large
cluster

Larger overhead and response
time

Small wear level-
ing cluster

Evenly distributed IO and
erase requests, Requirements
for small IO response time

Small overhead for wear leveling

Potential for uneven wear level
among flash modules

Table 6: Summary of FTL exploration and tradeoffs

As shown in Figure 8, the erase distribution for utilizing
chip allocation pool in IOzone is very even while that for
utilizing SSD as the pool is the opposite. We can see in
Figure 9 that the response time is larger and the average
remaining lifetime is smaller when using larger cluster than
using a smaller one. This is because the larger a cluster
is the more the wear leveling is triggered to balance the
larger number of blocks. However, when erase operations
are evenly distributed, as in the chip allocation pool, the
overhead for using large cluster is relatively small.

The standard deviation of average the lifetime in each
flash module in Figure 9 demonstrates that using small clus-
ters will create larger gaps on the remaining lifetime among
the modules compared to using larger clusters. Although
the overall standard deviation of SSD S is large because it
covers larger area, the value is expected to be maintained
while that of SSD P is expected to grow larger in the future.

S. PUTTING IT ALL TOGETHER

Using six different workloads we have tested various FTL
issues including data allocation, hot/cold data separation,
and wear leveling in distinctive clusters. The summary of the
exploration and tradeoffs of FTL from our study is outlined
in Table 6.

6. CONCLUSION

We have discovered the design considerations and trade-
offs for designing a customized FTL regarding the workload
characteristics in HPSSD using a simulation-based method.
Based on the discovery, guidelines for FTL design, such as
page allocations, load balancing, hot/cold data separation,
and wear leveling cluster, have been proposed.

Wide striping-based static allocations using page as strip-
ing unit cope with sequential 10s very well, while dynamic
allocations deal with random IOs well from a performance
point of view. However, because tradeoffs exist between in-
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creasing parallelism within SSD and gaining write locality,
utilizing static allocations with block striping unit is better
than employing page striping unit or dynamic allocations to
reduce the number of cleaning operations.

Hot/cold data separation is known to be effective for re-
ducing the number of cleaning operations in environments
with evenly distributed requests. Load balancing is proven
to be helpful to resolve data skewness in dynamic alloca-
tions. To increase the degree of even wear level in SSDs, we
need to employ large wear leveling clusters. However, large
wear leveling clusters have the potentials to degrade the re-
sponse time, so using small clusters are recommended when
performance is a crucial issue.

As we have shown, the decisions for designing customized
FTLs in HPSSDs can vary depending on workload charac-
teristics, system requirements, and the remaining lifetime of
SSDs. Our study provides the basis to understand, design,
and utilize such FTL for HPSSDs in different conditions,
and also yields insights into designing a high-performance
generic SSD.
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