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SSD Performance at an HDD Price

he PC market is about to enter a

new architecture phase. Al-

though all PCs sold to this time
have used DRAM and HDD as adjacent
layers on the memory hierarchy, NAND
is now finding a natural fit between
these two technologies, where it pro-
vides performance that is faster than
HDD but slower than DRAM at a cost
per gigabyte that is cheaper than DRAM
but more costly than HDD.

This paper will explore this development,
explaining some technical and economic
details, giving reasons why it will soon
become standard, and showing its impact
on the NAND market’s growth.

Why SSDs Didn’t Happen
t may come as a surprise to some
readers that NAND SSDs will never

I completely
replace the

Figure 1. Three Leading 2007 SSD Forecasts vs. AeluShipments

Since 2004 NAND flash companies and

other SSD makers have been devoting an
enormous amount of energy in an at-

tempt to drive demand for SSDs among
PC OEMs and PC buyers. Despite a
laudable effort, penetration is still below

1%. Figure 1 shows actual shipments as
a black line that overlays the forecasts’

columns.

What went wrong?

The unfortunate fact is that consumers
are not excited about the price-
performance tradeoff that SSDs bring to
the PC.

SSDs are simply too expensive or too
small to be used as the only storage in a
PC, and the current thrust of SSD ven-
dors is to encourage the user to do ex-
actly that. Benefits of faster boot times,
longer battery life, and improved rug-
gedness fade in
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The net result
of years of SSD
vendor market-
ing efforts has
been a penetra-
tion of less than 1% of PC sales, with
SSD sales stemming mainly from retro-
fits of existing PCs rather than sales into
new PCs. It is generally accepted that
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2009 shipments were well below ten
million units.

Still Hope for NAND in PCs?

here is an alternative to com-

pletely replacing a PC’'s HDD

with an SSD. One such approach
that showed some promise was to add a
smaller capacity of NAND to serve as a
cache between the HDD and DRAM
layers of the memory hierarchy. This
hybrid approach would provide near-
SSD performance at a price that is only a
fraction that of an SSD alone. The idea
is to leverage the low cost-per-bit of the
HDD for capacity, and leverage a
smaller amount of NAND for perform-
ance.

Caching is a well understood technology
already used in PCs where expensive
and high-performance SRAM is used as
a cache by the processor to avoid the ac-
cessing the slower DRAM for data. A
great deal of attention is paid to the
cache algorithms to determine which
data might be “reused” and thus might
be a good candidate to store in the cache.

The same approach is used to fit a
NAND cache between the DRAM and
the HDD -
caching algo-

Figure 2. NAND and HDD $/GB Trends

2) Is there enough NAND capacity
to store that data?

3) Is the NAND performance sig-
nificantly greater than that of the
HDD?

Ideally the caching algorithm would
identify most of the key data and store it
in the NAND cache, vyielding the SSD-
like performance of the NAND cache
most of the time. The user would rarely
notice those times that the system ac-
cessed data from the HDD (which is ac-
tually quite fast thanks to today’s
7,200RPM consumer drives)

Flash Cache Successes &
Failures

lash caches have been used suc-
cessfully in a number of larger
computing applications, but they

have failed to penetrate the PC. A closer
look will explain why.

Efforts to place NAND between a PC’s
DRAM and HDD include the Intel
Robson or Turbo Memory, Intel's
aborted Braidwootiprogram, the early
hybrid HDDs offered by Samsung and
Seagate, various attempts to introduce
secondary SSDs in addition to an HDD
as was the case
with SanDisk’s
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Three key criteria must be considered
when choosing flash cache solutions:

1) Do the algorithms correctly iden-
tify the most frequently used and
most recently used data?
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the simple ad-
dition of an ex-
ternal USB flash drive. The PC market
has yet to find success in OEMs’ at-
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Analysis, August 2009



tempts to insert a NAND layer between
the PC’s HDD and main memory.

With the exception of ReadyBoost, all
these solutions were designed to use a
NAND that was extraordinarily small in
comparison to the HDD it attempted to
accelerate, and

Figure 3. SSD vs HDD $/GB and Capacity

ratio intact. This trend is most likely to

continue into the foreseeable future.
This means that users will always get
significantly more storage out of a $50
bargain HDD than they will from a

$200-$300 SSD.
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While the size of the NAND layer may
have been one reason that many of these
approaches failed to bring a meaningful
performance improvement to the system,
we understand that inadequate support
software was also responsible.

How Expensive is_ NAND?

he big drawback to replacing

HDDs with SSDs in a PC is that

an SSD costs so much more than
an HDD yet it brings very little in return.

The relative price differences between
HDD, NAND, and DRAM pricing pro-
vide significant motivation to find the
right balance of these three technologies
to optimize price and performance. A
convenient rule of thumb for PC capaci-
ties today is that DRAM costs about
$20.00/GB, MLC NAND $2.00/GB, and
HDD about $0.20/GB.

The price dynamics of NAND and HDD
pricing is illustrated in Figure 2. NAND
flash price per gigabyte (the upper line)
is about 20 times the price per gigabyte
of an HDD. Over time, as NAND prices
have declined, HDD prices have de-
clined at the same rate, keeping the 20:1

SSD instead of an HDD.

How does the price of NAND influence
the price of an SSD? As a simple exam-
ple we collected figures on HDD and
SSD prices from two on-line sources:
Fry’s Electronics and NexTag. These
appear in Figure 3. The chart presents
the data as a scatter plot of capacity
(horizontal axis) and price per gigabyte
(vertical axis.) The clustering of SSD
and HDD data points is very clear in this
chart, with SSD prices (red) averaging
$2.75/GB with an average capacity of
113GB, and HDDs (black) priced at an
average of $0.12/GB with an average
capacity of 806GB. The SSDs in these
two websites were priced an average of
24 times as much as the HDDs while the
HDDs had an average of seven times the
capacity of the SSDs.

How Much NAND?

erhaps the trickiest question is:

“What is the right amount of

NAND to put into the system?”
This can be a little hard to answer, since
it depends on a number of variables, in-

cluding the type of software being used,



the size of the main memory, the value
of the speed improvements to the user,
and even the user’'s computing habits.

Figure 4 is based upon the same SSD
and HDD pricing data that appeared in
Figure 3. In this chart we present the
cost of the drive as a function of its ca-
pacity. The SSDs make up the cluster of
red points toward the top center of the
chart while the HDDs appear further
right, where capacity is high. We drew
two lines through these points to illus-
trate how price

both HDD and SSD prices continue to
fall following the trends shown earlier in
Figure 2.

In all cases we believe that the price of a
NAND cache is likely to range from
20% to 200% of the cost of the HDD.
This implies that the size of the cache
will range from 4% to 40% of the size of
the HDD it accelerates.

We should note that Seagate had just
introduced a hybrid HDD as this report
was being fi-
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straight from the highest capacity SSD in
this survey, at 256GB and extends well
below the 1GB level at the far left side
of the chart. HDDs, on the other hand,
have a “floor price” somewhere between
$30-$50 — it's impossible to make and
sell an HDD economically below the
floor price. It follows that SSDs can be
made cheaper than HDDs to meet a stor-
age budget that is lower than the floor
price for an HDD.

This puts some perspective on the prob-
lem. It would seem reasonable in many
systems to add an amount of flash that
costs about the same as the system’s
HDD. In more cost-sensitive systems

the number might be lower than that, and
in more performance-sensitive systems
the number could be higher. Based upon
the data in Figure 4 an SSD of 11GB

would have the same price as the floor
price of an HDD. The capacity of this

crossover point increases over time as

that is claimed
to approach the speed of an SSD in most
cases.

Managing the Cache

t's no easy feat to manage a NAND

cache. Manual efforts to decide

whether certain files should reside
on the SSD or the HDD are beyond the
scope of even most PC enthusiasts. Fur-
thermore, such manual methods can be-
come very complex, and are generally
ineffective in meeting the goal of im-
proving overall system performance.

One example of such an effort is boot-
drives, a new category of small SSD.
Boot drives are small, affordable SSDs
designed to be paired with an HDD to
store a static configuration of the PC’s
boot image, the operating system, and
maybe even certain software applica-
tions



While this sounds like a reasonable way
to team an SSD with an HDD, in reality
it can be tricky to manage.

The rationale for using a boot drive is to
achieve higher system performance at a
low incremental cost by using only a
very small amount of NAND. The
smaller the NAND is, the more judg-
ment must be used in managing its con-
tents. To squeeze the NAND down to the
most economical size the NAND’s con-
tents need to be updated to match the
user’s work habits which will vary over
time. The NAND’s contents will also
need to be modified whenever there are
any updates to the system software.

Hand tuning requires an understanding
of which files are in high demand and
which ones are
seldom used.

Figure 5. SYSmark Scores for HDD, SSD, and CachedD

manages an SSD or other flash cache
used in conjunction with an HDD.

NVELO Dataplex

lthough NVELO Software is
Aproviding SSD vendors and PC

OEMs with early versions of its
Dataplex cache software, most bench-
marks are covered by strict nondisclo-
sure agreements and are thus unavailable
to Objective Analysis for publication.
NVELO has given us some limited
benchmark data that the company gener-
ated by running the Dataplex cache
management software on an off-the-shelf
PC'. This information is shown in Fig-
ure 5.

NVELO ran the SYSmark 2007 Preview
test using the
same PC but
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Fortunately, this process can be auto-
mated. Tiered storage management sys-
tems use algorithms that adapt to user
behaviors and move frequently-needed
data into NAND to optimize efficiency,

reliability, and performance, the same
way that the cache is managed inside the
processor chip. Several companies are
either developing or shipping software

products that perform this management
for enterprise systems. The only cur-
rently-sampling storage management
software for the PC that we are aware of
is NVELO’s Dataplex product, which

HDD + Cache

with three dif-
ferent storage
configurations:

1) The pro-
duction 7,200
RPM SATA I
HDD,

2) A
Intel
SSD,

3) The combi-
nation of the production HDD and a
16GB cache. The cache was managed
by NVELO’s Dataplex softwaré.

While the HDD-only system had SYS-
mark score of 123, or 69% that of the
SSD-based system, the cached system

32GB
Extreme

SSD Alone

12.80 GHz Intel® CoreT 2 Duo Processor
T9600, Intel PM45 Express Chipset, 4GB 800-
MHz DDR2 DRAM, ATI Mobility Radeon HD
3650 with 256MB VRAM, 320 GB SATA I
7200 rpm HDD.

% The 16GB cache used the Intel SSD but limited
the available capacity. The benchmark for this
case was run multiple times to allow the cache to
learn the system'’s typical storage patterns and
optimize the contents appropriately.



ran at 94% the speed of the SSD-based
system, attaining 83% of the perform-
ance improvement that the SSD system
provided.

Boot-up time was also improved. The

Dataplex system booted equally rapidly

as the SSD system quite simply because
Dataplex automatically caches the boot
image.

Although there is a wide range of
benchmarks to choose from NVELO se-
lected the SYSmark benchmark suite.
SYSmark is generally accepted as a
good proxy for real-world system per-
formance since it installs standard soft-
ware applications, like Microsoft Office,
Adobe tools, CAD, video editing suites,
etc., and then automatically recreates
actual usage scenarios including opening,
editing, and saving files.

NVELO’s goal was to increase overall

system performance. The company
claims that most PCs can achieve be-
tween 85% - 95% of the performance of
an SSD by teaming Dataplex software
with a NAND cache as small as 16GB.

A 16GB SLC NAND cache costs ap-
proximately $75 today, so this perform-
ance boost would increase the cost over
a standard PC by $75 plus the yet-
undisclosed cost of NVELO’s Dataplex
software. Assuming that the combined
cost is less than the $200+ adder nor-
mally associated with upgrading a PC to
an SSD, a flash cache looks to have a lot
going for it. NVELO has explained that
Dataplex will initially be available only
through OEMs.

NVELQO’s Dataplex provides one novel

feature that should be comforting to us-

ers. SSDs are known to suddenly shut
down because of wear. What is really
happening is that the operating system
has not been designed to accommodate
storage volumes whose capacity decays
over time: Once the SSD’s capacity

drops below the size the software ex-
pects to see, the operating system de-

cides that it has failed and stops access-
ing it. NVELO’s Dataplex software has
been designed to support graceful decay
of the cache, converting the device to
read-only mode only when the NAND
has reached the end of its life.

Like many SSDs, Dataplex includes a
wear reporting mechanism that allows
the system to monitor the health of the
cache and perform diagnostics so that
preventative action can be taken before
difficulties arise. We have been told to
expect to see OEMs guarantee operation
of a 16GB SLC NAND cache for 5 years.

Caches Use SLC NAND

t is reasonable to explain here that

PC NAND caches typically use SLC

NAND flash because a NAND
cache’s traffic tends to be higher than
that experienced by the NAND in a typi-
cal SSD. Also, a NAND cache is inten-
tionally kept completely full over the
course of its operating life, while an SSD
usually has a significant amount of un-
used space that its wear leveling algo-
rithm can borrow to improve endurance.
In order to reliably accommodate this
higher level of traffic and larger wear
load, SLC flash is the most sensible al-
ternative.

Although MLC flash would drive the
cost of a 16GB cache significantly lower,
to about half the cost of the SLC cache,
the system would have to compensate
for the lower wear rating of the MLC
NAND by over provisioning — that is,
using more NAND than is absolutely
required. If the system were over provi-
sioned by two times, there would be no
financial benefit in using MLC flash.

Impact on the NAND Market

he main reason that NAND chip
manufacturers have been so eager
to grow the SSD market is be-

cause the potential market for NAND
bits would be so enormous. Hundreds of



millions of PCs ship every year, and an
SSD typically uses ten or more times as
much NAND as does a flash card, USB
drive, smart phone, or music player.

Just how large is the market potential for
SSDs compared to that of standard
NAND? In 2009 6.7 Exabytes (millions

of terabytes) of NAND flash shipped

into all applications. The consumption

of HDDs in the notebook computer mar-
ket was 24.2 Exabytes or more than 3%
times as much. Even a modest 10%
share of the notebook PC market would
give a significant 35% boost to the

NAND market.

Since the past few years have shown us
that a 10% penetration is not likely to
occur, then what of NAND caches?
Well, a low-cost NAND cache is signifi-
cantly more likely to penetrate the PC
than an expensive SSD, especially if it
can yield 80% or more of the perform-
ance of an SSD for only a fraction of the
added cost.

In Figure 6 Objective Analysis compares
a reasonable penetration of NAND cache
in the PC versus likely adoption of SSDs
into the PC (based on historic adoption

fill this market void that should start ap-
pearing by early 2011.

By 2013 our models indicate that 6.1
exabytes of SLC NAND will ship into
the PC NAND cache market, 90% as
many exabytes as the entire NAND mar-
ket of 2009! This will add nearly $7 bil-
lion to NAND revenues in that year.
SSDs, on the other hand, would have
only driven $1.2 billion of NAND reve-
nues representing 2 exabytes of MLC
NAND. Note that these SSD figures as-
sume adoption rates that follow historic
patterns, and do not account for the fact
that NAND caches are quite likely to
undermine the market for SSDs in PCs.

It is quite clear that NAND flash manu-

facturers would do well to prepare to
take advantage of the inevitable adoption
of flash cache in the PC, rather than to
pin their hopes on an SSD market that
shows no signs of springing to life any-
time soon.

In fact, Objective Analysis has learned
that a number of leading OEMS have
entered into relationships with compa-
nies who are developing NAND caching
technologies. These OEMs are prepar-
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Intel’'s aborted

Braidwood initiativé. Braidwood was
postponed immediately prior to its early
2010 introduction. We have delayed our
original forecast for this technology by
one year to account for the fact that there
are other non-Intel solutions poised to

plans to detail

them in a report to keep our clients fully

appraised of the status of the NAND
cache market as it evolves.



In Summary

y now the reader should under-

stand that a market for NAND

caches will inevitably develop,
and that multiple contenders are already
getting ready to participate. This market
will prove to be more significant to
overall NAND revenues than the SSD
market, and the caching technology will
provide near-SSD performance to PC
users at a cost that is only incremental to
the overall cost of the PC.

The NAND cache market will need to
follow three rules to achieve success:

NAND caches must be sized to
fit well within the memory hier-
archy, remaining smaller than the
HDD (to manage costs) yet lar-
ger than the main memory’'s
DRAM.

NAND caches must be designed
for the task, delivering both per-
formance and reliability from a
small capacity.

Sophisticated management soft-
ware will be required to allow the

cache to fulfill its role and pro-

vide near-SSD performance lev-
els at a cost that is significantly
lower than that of an SSD.

Furthermore, the reader should under-
stand why SSDs have failed to displace
HDDs, and that the demise of the HDD
is unlikely for the foreseeable future,
since HDDs will continue to provide
relatively fast storage at a very afford-
able price.

Jim Handy, June 2010






