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ABSTRACT

1.

NAND ﬂash memory based storage such as SSDs is gaining
popularity in commodity computer systems. Some low-end
SSDs use the block mapping FTL (Flash Translation Layer)
that is good for sequential write patterns but poor for random ones. On the other hand, high-end SSDs tend to use the
page mapping FTL that is eﬀective for random write patterns, but whose performance degrades after successive random writes. Designing an FTL that adapts to various workload patterns and provides long-term stable performance is
a challenging issue. To resolve this issue, we propose a new
FTL, which we call Janus-FTL, that provides a spectrum
between the block and page mapping schemes. By adapting along the spectrum, Janus-FTL can provide long-term
superior write performance for various workload patterns.
We also present a cost model of Janus-FTL that shows the
existence of the optimal point on the spectrum for a given
workload. Our experimental results show the superiority
of Janus-FTL, which adapts itself along the spectrum for a
given workload, over state-of-the-art hybrid mapping FTLs
and the pure page mapping FTL.

NAND ﬂash memory, which is the storage medium of
SSDs (Solid State Drives), has multiple blocks, and each
block has multiple pages. Data can be written to a page
within a block only after the block has been erased. Data
once written cannot be modiﬁed without erasing the block
again. Like this, ﬂash memory has diﬀerent properties from
magnetic disks. To provide readable and writable sector interface of magnetic disks, ﬂash memory storage employs a
sophisticated software module called the FTL (Flash Translation Layer) that maps sectors to physical locations in ﬂash
memory storage [1, 3].
The two basic mapping techniques used in FTLs are page
mapping [26] and block mapping [12]. The block mapping
FTL relocates a group of consecutive sectors to a new block
altogether if one or more sectors of the group are modiﬁed.
Naturally, the block mapping FTL works well for sequential
writes but not for random writes. On the other hand, the
page mapping FTL relocates each modiﬁed sector (or multiple sectors in a page) separately to any available page in
pre-erased blocks. Hence, random writes need not be randomly written any more, and this is why high-end SSDs using the page mapping FTL perform well for random writes.
However, performance of the page mapping FTL degrades
after successive random writes [6].
Designing an FTL that adapts to evolving workloads while
providing long-term stable performance for various workload
patterns has been a challenging issue. The design goal of
Janus-FTL, which is the FTL of interest in this paper, is to
resolve this issue. In particular, Janus-FTL provides a spectrum between the page and block mapping schemes. The
cost model of Janus-FTL shows the existence of the optimal
point on the spectrum for a given workload. Through various experimental results, we show the superiority of JanusFTL that adapts to evolving workloads.
The rest of the paper is organized as follows. In the
next section, we provide background information about ﬂash
memory storage and the various techniques for FTL design.
Then, we explain the motivation and the basic operations
of Janus-FTL in Section 3. In Section 4, we derive the cost
model of Janus-FTL that shows the existence of the optimal
point on the spectrum between the page and block mapping
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INTRODUCTION

schemes. In Sections 5 and 6, we discuss the implementation issues and present the performance evaluation results.
Finally, we conclude this paper in Section 7.

2.

CHARACTERISTICS OF FLASH MEMORY AND RELATED WORK

Typically, FTLs reserve some over-provisioning blocks and
relocate modiﬁed sectors to clean pages of these over-provisioned
blocks. In the block mapping FTL, a block contains a ﬁxed
number of sectors and a group of sectors are relocated altogether to an over-provisioned block when one or more
sectors of the group are modiﬁed. In contrast, the page
mapping FTL separately relocates each modiﬁed sector (or
multiple sectors in a page) to an available page in any overprovisioned block [26]. Operations of the page mapping FTL
are similar to those of LFS (Log-structured File System)
because all modiﬁed data are appended to over-provisioned
blocks and used blocks are reclaimed by garbage collection,
which is called segment cleaning in LFS [21].
Though the page mapping FTL generally works well for
random write patterns, it has the disadvantage of performance instability that is caused by the cost variance of
garbage collection. On average, garbage collection cost is
determined by the ratio of the total number of valid sectors
to the size of the over-provisioned space. If we reserve more
over-provisioned space in ﬂash memory storage, the average garbage collection cost comes down. However, reserving
more over-provisioned space has the eﬀect of reducing the capacity of storage for a given set of ﬂash memory chips. Furthermore, the garbage collection cost can ﬂuctuate according to how the hot and cold data are intermixed within the
blocks regardless of the size of the over-provisioned space.
Chen et al. showed interesting characteristics of commercial SSDs [6] and, according to their results, performance of both high-end and middle-class SSDs deteriorate
signiﬁcantly when they are fragmented by successive random writes. Usually, this degraded performance cannot be
recovered without explicit rearrangement of data. To alleviate the performance degradation, some techniques have
been proposed to distinguish and separate hot and cold data
for LFS [5, 18] and for ﬂash memory storage [7, 8]. In reality, however, distinguishing hot and cold data at the storage
level involves considerable overhead.
In magnetic disks, logically adjacent sectors are physically
adjacent except when they belong to diﬀerent tracks. In
page mapping FTLs, however, logical adjacency does not
guarantee physical adjacency because the actual location of
data is determined when it is written. Also, sectors are relocated to new locations whenever they are updated. Thus, ﬁle
systems could be wasting much of their eﬀorts when they try
to assign adjacent sector numbers to relevant data. However,
this is not a serious matter for block mapping and hybrid
mapping FTLs where logically adjacent sectors have high
probability to reside in the same data block except when
they are temporarily placed in log blocks (a name used for
over-provisioned blocks) or when they belong to diﬀerent
logical blocks1 .
Many hybrid mapping FTLs have been proposed to combine the advantages of page and block mapping schemes. Lee
et al. proposed a hybrid mapping scheme called FAST (Fully
Associative Sector Translation) that applies page mapping
1

See Section 3 for logical blocks
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to log blocks, while applying block mapping to data blocks [16].
Kang et al. proposed a super-block based FTL [10], where
multiple blocks form a super-block and multiple log-blocks
can be assigned to a super-block. Also, the super-block
based FTL applies the page mapping scheme to pages inside
the super-block and distinguishes hot and cold data to lower
the garbage collection cost. Park el al. proposed the Reconﬁgurable FTL that assigns K log blocks to N data blocks
and present experimental results for determining K and N
for various workloads [20]. Liu et al. proposed an adaptive
block-set based management scheme where a hot data block
has an exclusive replacement block (another name used for
over-provisioned blocks), while many cold blocks share one
replacement block [17].
There have been other studies on SSD design and characterization. Agrawal et al. gave a taxonomy of the many
design choices for SSDs [4]. Also, Shin et al. analyzed tradeoﬀs of various conﬁgurations such as striping and allocation
methods [23]. Chen et al. analyzed the performance characteristics of state-of-the-art SSDs through various experiments [6]. Kim et al. proposed methods to extract performance parameters of SSDs such as the read/write/erase
unit sizes, the type of ﬂash memory chips, and the buﬀer
capacity for read/write [13]. Finally, Seo et al. investigated
the power issue in SSDs [22].

3.
3.1

JANUS-FTL
Motivation of Janus-FTL

To better understand the motivation behind Janus-FTL,
in the following, we ﬁrst explain the operations of a virtual
FTL, which we will refer to as the vFTL. For data blocks,
vFTL uses block mapping, keeping all sectors in sequence
within data blocks, while for log blocks, that is, the overprovisioned blocks, page mapping is used. (The merge operation of vFTL, depicted in Figure 1, is almost identical to
that of the FAST scheme [16] and is similar to that of many
hybrid mapping FTLs. We believe that the vFTL example that we use is a close example of typical contemporary
FTLs.)
In Figure 1, three log blocks comprise the Page Mapping
Area (PMA) and all other data blocks comprise the Block
Mapping Area (BMA). In the BMA of Figure 1, the three
large rectangles represent the data blocks, where a group
of consecutive sectors are stored. Each large rectangle has
ﬁve small rectangles that represent pages in the block. Each
block in the BMA is designated by a block number, which
refers to the logical block number. In a real implementation, a block map would translate the logical block number
to the physical block number; however, for our explanation,
the physical block number is not important. Each page in
the block is designated by a white number, which refers to
the sector number stored in the page. In the PMA, block
numbers are primed, and these will be used to refer to speciﬁc blocks during our explanation. A page map translates
the sector number to the physical location in the PMA. In
the PMA, at least one log block is erased and designated as
the active log block, where updates will be written to.
Let us assume that, in Figure 1(a), log block 0’ had been
the active log block and all updated sectors 0, 1, and 7 had
been written to the pages in it. Then, log block 1’ was erased
and designated as the new active log block. Thereafter, sectors 1, 2, 3, 9, and 10 were written to the pages in log block
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garbage collection instead of a merge, erasing log block 2’
and copying valid sectors 0 and 7 from log block 0’ to log
block 2’. Then, we have three clean pages in log block 2’
and an empty log block 0’ as shown in Figure 1(c’). Now,
incoming write requests may be served with clean pages in
log block 2’.
In this manner, a cost based selection between merge and
garbage collection makes it possible for vFTL to provide
clean pages more eﬃciently. If utilization of log blocks is
low, then consequently, garbage collection cost will be low,
and garbage collection will be better than merge; otherwise merge will be better. From a broad perspective, the
merge operation evicts some sectors from log blocks so as to
lower the utilization of log blocks and, consequently, garbage
collection cost thereafter. Therefore, it could be better to
perform merge ﬁrst, then garbage collection rather than to
perform garbage collection alone.
Now the question becomes: Can we ﬁnd an optimal sequence of merges and garbage collections? This question can
be converted to ﬁnding the optimal utilization of log blocks
that minimizes overall page write cost for a given workload.
If utilization is higher than the optimal value, the FTL performs a merge to lower the utilization. Otherwise, the FTL
performs garbage collection. We will pose and answer this
question in Section 4, where we show the existence of the
optimal utilization of PMA for a given workload.
Let us now discuss an important diﬀerence between JanusFTL and other hybrid mapping FTLs. In Figure 1(b), logical blocks 0∼2 have some invalid sectors, and space occupied by these sectors are not utilized for any purpose.
Speciﬁcally, logical block 0 in Figure 1(b) has one valid page
and four invalid pages. In many cases, data blocks (logical
blocks in our example) may have only a small number of
valid pages, sometimes, in fact, no valid pages at all, when
all their sectors have been updated in log blocks. In this
way, a signiﬁcant portion of the data blocks is wasted, and
the size of wasted space, in the worst case, may be up to
the size of the initial over-provisioned space. For example,
if an FTL reserved 3% of the total space as over-provisioned
blocks, then, in the worst case, roughly another 3% of the
space in data blocks may be wasted due to invalid sectors.
At this point, we may pose another question: Can we utilize
the wasted space occupied by invalid sectors in data blocks?
To the best of our knowledge, there is no block mapping or
hybrid mapping FTLs that try to utilize this wasted space.
Later on, we will show how Janus-FTL utilizes this wasted
space.
We posed two questions, and the answers to these two
questions are correlated. As we show next, Janus-FTL eliminates the wasted space by dynamically changing the sizes of
the page mapping and block mapping areas. Furthermore,
the answer to the ﬁrst question, that is, ﬁnding the optimal
utilization of the page mapping area, provides a solution for
ﬁnding the optimal sizes of both areas.

PMA

9

0’

Figure 1: Procedures of typical merge and garbage
collection
1’ resulting in Figure 1(b). In all the ﬁgures, all invalid pages
are marked by X. Now there is only one empty log block 2’
and vFTL must maintain at least one empty log block for
the merge operation. Let us assume that vFTL chooses log
block 0’ for the merge operation. As this block has two valid
sectors 0 and 7 that belong to two diﬀerent logical blocks 0
and 1, respectively, vFTL merges two logical blocks to make
one more empty log block. To merge logical block 0, it erases
the last empty log block 2’ and copies all the valid sectors
0∼4 from the log blocks and logical block 0 to the empty log
block 2’ (depicted by the arrows in Figure 1(b)). Then, the
empty log block 2’ becomes logical block 0 and the previous
logical block 0 becomes the new empty log block 2’ resulting
in Figure 1(c). Now vFTL merges logical block 1 following
the same steps (the arrows in Figure 1(c)), resulting in two
empty log blocks 0’ and 2’ as shown in Figure 1(d). For
further write requests, one of the two empty blocks would
now be designated as the new active log block.
The thing to note here is that vFTL could have provided
clean pages more eﬃciently by performing garbage collection rather than merging multiple blocks. For example,
as depicted in Figure 1(b’), assume that vFTL performs a

3.2

Design of Janus-FTL

In this section, we will explain how Janus-FTL recycles
the wasted space in data blocks. In the explanation, we
will focus on the two basic operations of Janus-FTL, that
is, Fusion and Defusion, and omit descriptions of already
known implementation techniques for page and block mapping FTLs (See [4, 9, 12] for details). For brevity, we will
skip discussions on additional features such as bad block
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Figure 2: Fusion and garbage collection

Figure 3: Defusion

management and wear-leveling. We assume that a page
keeps only one sector, where in reality multiple sectors are
kept. However, the cost model that we will introduce later is
not aﬀected by this assumption because it uses the “number
of pages in a block” rather than the “number of sectors in a
block”. Also, in our previous discussion, we mentioned utilization; formally, we deﬁne utilization u as u = d/s, where
d and s refers to the size of data and total available space,
respectively.
Figure 2(a) shows an example of the initial state of ﬂash
memory storage, where three over-provisioned blocks are reserved to comprise the Page Mapping Area (PMA), to which
the page mapping scheme is applied. Also, all other blocks
comprise the Block Mapping Area (BMA), where each block
stores a group of consecutive sectors and the block mapping
scheme is applied. Like the vFTL, a block map translates
the logical block number to the physical block number in the
BMA and a page map translates the logical sector number
to the physical location in the PMA. Also, the page map
maintains a list of logical block numbers in the PMA.
As we mentioned earlier, the average garbage collection
cost depends on utilization, and this may be unreasonably
high if the initial over-provisioned space is too small for the
total data size. However, we may keep the garbage collection
cost low by setting a limit to the number of data blocks
that share the over-provisioned blocks at the same time.
To control the utilization of the PMA, we introduce two
operations that move data blocks between the BMA and
PMA, namely, Fusion and Defusion. Moreover, wasted space
can be utilized by fusing data blocks with invalid page(s)
into the over-provisioned blocks in the PMA. In Figure 2(b),
block 2’ was erased and is designated as the active log block.
Assume that a write request to sector 3 in logical block 0
has just arrived. Then, the modiﬁed sector 3 is written to
the ﬁrst page of log block 2’ as shown in Figure 2(b). Now,
logical block 0 has an invalid page and Janus-FTL migrates
logical block 0 to the PMA (Figure 2(b)), and we call this

the Fusion operation. The Fusion operation updates the
page map that keeps a list of logical blocks and also the
locations of all sectors in the PMA. It should be noted that
logical block 0 does not exist any more in the BMA and the
physical block occupied by logical block 0 is now log block
3’.
Now, let us assume that a write request to sector 6 in
logical block 1 arrived and logical block 1 is moved to the
PMA. Then, modiﬁed sectors 6, 9, 0, and 1 are written to
active log block 2’, the result being as shown in Figure 2(c).
Now, there is no available page in active log block 2’ and one
of the two empty blocks must now become the new active
log block. However, as we shall see later, Janus-FTL must
maintain at least two empty blocks all the time, and using
one of the two empty blocks violates this rule. Hence, JanusFTL executes a garbage collection to make a new active log
block. For the ﬁrst step of garbage collection, Janus-FTL
(randomly) erases, say, empty log block 1’. In the next step,
it chooses a block with the smallest number of valid sectors,
in this case block 3’, and copies all valid sectors to block
1’ as depicted in Figure 2(d). After these copies, block 1’
is designated as the active log block and, from then on, all
modiﬁed sectors will be written to the available pages of
this new active log block. In Figure 2(d), it should be noted
that there are two empty blocks, block 0’ and block 3’, after
garbage collection.
Again, we need to mention an important diﬀerence between Janus-FTL and other FTLs that do not recycle invalid
space in data blocks. In particular, in the FAST scheme,
data blocks with invalid pages never join the PMA when updated sectors are written to pages in the PMA. If 10 blocks
were reserved as over-provisioned space, then utilization of
the over-provisioned space is 0.8 (= 8/10) in the FAST
scheme when all sectors of the 8 data blocks are updated in
the over-provisioned blocks. In contrast, utilization of the
over-provisioned space in Janus-FTL is 0.44 (= 8/(10 + 8))
for the same case because data blocks with invalid pages
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lization of the PMA increases as logical blocks start joining
it. Garbage collection cost increases along with utilization.
Due to the similarity between the page mapping scheme and
LFS, garbage collection cost of the PMA can be derived from
the LFS cost model.
Let us assume that NP is the number of pages in a block,
CP ROG is the page write cost (time), CCP is the page copy
cost (time), and CE is the block erase cost (time). Utilization of the PMA is ud . We assume that, for garbage collection, Janus-FTL selects a block that has the least valid
pages. In general, utilization of the selected block, u, is typically smaller than the utilization of the PMA, ud . (We will
present the relation between ud and u later.) Then, the average garbage collection cost of the PMA, CGC , depends on
utilization, u, and can be deﬁned as follows:

lend their space to the over-provisioned space. Even when
sectors of 40 data blocks are modiﬁed, the utilization of the
over-provisioned space becomes 0.8 (= 40/(10 + 40)). Like
this, recycling wasted space in data blocks can lower utilization of over-provisioned space, consequently leading to
lower garbage collection cost. This is one reason behind the
superior write performance of Janus-FTL.
Now we will describe the Defusion operation of Janus-FTL
that is similar to the merge operation in Figure 1. Assume
that Janus-FTL decides to evict logical block 0 from the
PMA. We start from the situation depicted in Figure 3(a).
Note that sectors 0∼4 of logical block 0 are dispersed in
blocks 1’ and 2’. For the ﬁrst step, an empty log block
, say block 0’, is (randomly) chosen to be erased. Then,
it copies all sectors of logical block 0, sectors 0∼4, to the
empty log block 0’ as depicted in Figure 3(b). After these
copies, logical block 0 is removed from the PMA via a map
update resulting in Figure 3(c). We now see that logical
block 0 appears in the BMA. As a result of these steps, we
observe that the PMA has only one empty log block, and
this is against the aforementioned rule that there must be at
least two empty blocks in the PMA. Now, Janus-FTL has to
make another empty log block. In this example, as shown
in Figure 3(d), we can make the second empty log block
by just copying sectors of block 2’ to the active log block
1’. However, in some cases, this may require an additional
garbage collection using the last empty log block 3’, and this
is why Janus-FTL must maintain at least two empty blocks
at all times. (If Janus-FTL executes garbage collection before the Defusion operation, then it must maintain at least
one empty block at all times.)
With the Fusion and Defusion operations, Janus-FTL can
dynamically change the sizes of PMA and BMA. If only a few
logical blocks temporarily join the PMA to update their sectors and are merged out quickly, the behavior of Janus-FTL
is that of the block mapping FTL. As more logical blocks
join the PMA, the behavior of Janus-FTL gradually changes
to that of page mapping FTL. When all logical blocks join
the PMA, Janus-FTL becomes the pure page mapping FTL.
Therefore, Janus-FTL can be regarded as a spectrum between two extremes, that is, the block mapping FTL and
the page mapping FTL. Let us now ﬁnd the optimal point
on the spectrum for a given workload.

4.

CGC = u · NP · CCP + CE

From the utilization of the selected block, u, we can expect
u × NP valid pages in the selected block. Then, garbage
collection erases an empty block with cost CE and copies
valid pages to the empty block with cost u×NP ×CCP . After
garbage collection, the previously empty block becomes the
new active log block, where modiﬁed sectors will be written
to. Right after garbage collection, we can expect (1 − u) ×
NP available pages in the new active log block and, thus,
(1 − u) × NP write requests can be served with each garbage
collection. Counting that (1 − u) × NP write requests share
the garbage collection cost, we can derive the average page
write cost of the PMA as follows:
CP W =

CGC
+ CP ROG
(1 − u) · NP

(2)

Before deriving the Defusion cost, we should note that
the Fusion cost can be ignored because the Fusion operation
only requires an update of the map that keeps a list of the
fused logical blocks. Let us now focus on the Defusion cost.
From Figure 3(b), we saw that Defusion erases an empty
block with cost CE and copies all sectors of a logical block
to the empty block with cost NP × CCP . In steady state,
the Defusion operation consumes an empty log block and
thus, it has to make another empty log block. To make an
empty block, it selects a block with the least valid pages
in the PMA. With utilization, u, we can expect u × NP
valid pages in the block. Also, copying those pages to the
active log block may cause garbage collections when there
are no available pages in the active log block. As a result,
we must consider a possible garbage collection cost during
page copies. Interestingly, CP W in Equation (2) deﬁnes the
page write cost considering a possible garbage collection and
thus, page copy cost after Defusion can be calculated by
multiplying u × NP to CP W . Hence, the Defusion cost can
be derived as follows:

THE COST MODEL

In this section, we will answer the question of ﬁnding the
optimal utilization of the PMA that will indicate the optimal
point on the spectrum between the page mapping and block
mapping schemes. It is important to ﬁnd the optimal value
because maintaining utilization at the optimal value can lead
to minimal write cost for a given workload. To ﬁgure out the
optimal utilization, ﬁrst, we will derive the cost models for
Defusion and garbage collection of the PMA. Then, we will
give a discussion on the existence of the optimal utilization
for a given workload in Section 4.2. In our cost models, we do
not consider the map update cost because it is comparatively
much smaller than the costs of other operations in JanusFTL. Moreover, with various optimization techniques, for
example, such as using non-volatile RAMs, the map can be
updated with almost negligible cost.

4.1

(1)

CDef usion = NP · CCP + CE + u · NP · CP W

4.2

(3)

Existence of PMA Optimal Utilization

Using the above equations, we can derive the overall write
cost model of Janus-FTL that shows the existence of the
optimal utilization for a given workload. From many studies on cache replacement policies, we were able to observe
that performance of a storage device depends on the characteristics of workloads, speciﬁcally the locality of reference
pattern. To derive the overall write cost model, we need to

Garbage Collection and Defusion

When the initial over-provisioned blocks are given, uti-
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Figure 4: Average write cost and existence of optimal utilization of Page Mapping Area in Janus-FTL
We assume that the number of blocks and initial over-provisioned blocks is 1024 and 20, respectively.
Also, we set NP =64, CE =2ms, CCP =225μs, and CP ROG =200μs.

of the PMA and, in turn, the optimal point on the spectrum
for a given workload. Let us take two examples for ﬁnding
the optimal value; one for the workload with strong locality and one with a random write pattern. Assume that the
workload has strong locality and the hit rate varies according to the number of fused blocks in the PMA as shown in
Figure 4(a). In particular, the hit rate soars as recently referenced blocks join the PMA. However, as more blocks join,
the increase in hit rate drops quickly. Now we can redraw
Figure 4(a) with ud in the x -axis because we can calculate ud
with the number of initial over-provisioned blocks (NO ) and
F
the number of fused blocks (NF ) such that ud = NON+N
.
F
However, u, the utilization of the selected block for garbage
collection, is needed to calculate the average write cost with
Equation (4).
To ﬁnd u, we take from the following interesting relation
between ud and u that has been proposed with some justiﬁcations by previous LFS studies [19, 24]:
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Figure 5: The measured and estimated values of u
and its relation with ud for the OLTP Financial Trace
characterize a workload and, for that purpose, we will use
the hit rate curve of a given workload. Hereafter, we will
use the term miss when a write is requested to a sector in
the BMA and hit when a write is requested to a sector in
the PMA. Also, we assume that Janus-FTL uses the LRU
(Least Recently Used) policy to select a block to be evicted
from the PMA.
Let us assume that r is the hit rate of the PMA at a certain
time. As blocks with recently updated sectors reside in the
PMA, the PMA can be regarded as a cache with hit rate
r. Now, with probability r, a sector write can be done with
cost CP W . On the other hand, with probability of (1 − r),
a sector write pays a cost of “CDef usion + CF usion + CP W ”
because it incurs a Defusion to evict the LRU block from
the PMA, a Fusion to migrate the newly referenced block to
the PMA, and a write of the requested sector to the PMA.
Since Fusion cost is negligible, the overall sector write cost
of Janus-FTL can be derived as follows:
CAvgw = (1 − r) · CDef usion + CP W

ud =

(u − 1)
ln u

(5)

To conﬁrm that Equation (5), which was proposed for the
LFS, is still valid for ﬂash memory storage, we measured u,
the average utilization of the victim block for garbage collection with the OLTP Financial Trace [2] in our simulation environment that will be described later, and compared it with
the estimated value obtained from Equation (5) as shown
Figure 5. In this ﬁgure, we can observe that, at least for
database workloads used in our experiments, the estimated
u from Equation (5) matches well with the measured u even
in ﬂash memory storage and, hence, we use this equation in
our examples and experiments. (The Postmark benchmark
also shows similar results. However, in the case of the PC
Trace [15], the estimated u diﬀers somewhat from the measured u. We believe this is because the length of the trace
is quite short and that most requests are sequential.)
With u derived from Equation (5), we can obtain the average write cost graph as seen in Figure 4(b). In the ﬁgure,
the average write cost increases at ﬁrst but then plunges as

(4)

Now we can use this equation to ﬁnd the optimal utilization
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Figure 6: Comparison of Pure Page Mapping FTL and Janus-FTL
The percent in the parenthesis refers to the ratio of over-provisioned blocks to the total number of blocks in ﬂash memory.

recently referenced blocks join the PMA and the hit rate of
the PMA increases sharply, culminating at the minimal average write cost point. Beyond the minimal point, it again
increases because garbage collection cost rises, while the hit
rate increase slows down. These two contradicting factors,
that is, the gain from hit rate increase and the loss from
the increase in garbage collection cost, result in the optimal
utilization of the PMA that minimizes the overall average
write cost of Janus-FTL. This optimal utilization indicates
the optimal point on the spectrum between the block mapping and page mapping schemes.
Let us now consider the other random write pattern example. In this case, the hit rate increases monotonically as
more logical blocks join the PMA. Then, the average write
cost becomes minimal at the page mapping extreme of the
spectrum. (We do not present a graph of this result in this
paper.) Generally, the optimal point moves toward the page
mapping extreme if the workload becomes more random and
moves toward the block mapping extreme as the locality gets
stronger. Like this, there exists an optimal point for each
workload on the spectrum and Janus-FTL can dynamically
move along the spectrum between the block and page mapping schemes.

5.

Then, all unused pages in the sequential log block are used
for incoming write requests in the PMA. With these optimizations, sequential write requests are processed eﬃciently
in sequential log blocks and only seemingly random write
requests enter the PMA. It should be noted that those optimizations for sequential writes do not aﬀect the Janus-FTL
cost model if we ﬁlter out the sequential references processed
by the optimization techniques. To keep utilization of the
PMA at a certain level determined by an adaptation scheme,
some logical blocks may be evicted from the PMA before
fusing new logical blocks into the PMA.
In order to adapt to the workload, a deliberate adaptation scheme is required to determine the optimal utilization
of the PMA. Our implementation of Janus-FTL uses ghost
buﬀers to estimate the hit rate curve by simultaneously simulating various cache sizes (that is, various number of blocks
in the PMA). Based on the estimated hit rates, Janus-FTL
periodically (after every ND write requests in the current implementation, where ND is the number of initial data blocks)
makes a decision to inﬂate or deﬂate the PMA and gradually
increases/decreases the size of the PMA.
We implemented two versions of Janus-FTL, one for our
simulation environment and the other for the Linux MTD
(Memory Technology Device) subsystem. Also, we implemented a pure page mapping FTL that uses a greedy policy for garbage collection and modiﬁed existing code of the
FAST scheme [16] to port it to our environments. (We implemented BS-FTL [17], Reconﬁgurable-FTL [20], A-FTL [25],
and SB-FTL [10] in the simulation environment. However,
we do not present their performance results as they are moreor-less similar to the FAST scheme on various workloads.)
All FTLs in the simulation environment, including JanusFTL, assume that maps are kept in non-volatile RAM such
that we can focus only on the performance of basic FTL
algorithms. In contrast, all FTLs running in the Linux
MTD subsystem write maps to ﬂash memory for consistency
recover upon sudden power-failures since they are without
non-volatile RAM. Our implementation of map management
is similar to the i-node map management of LFS, which uses
two techniques, namely, check-point and roll-forward, and
has little overhead for map writes while providing powerfailure recovery.

IMPLEMENTATION

Our implementation of Janus-FTL maintains a pool of
more than two empty blocks that can be used for garbage
collection, Defusion, and sequential buﬀering. In the previous sections, we assumed that a block in the BMA always moves to the PMA to modify its sectors. However,
our implementation of Janus-FTL uses some optimization
techniques for the sequential write pattern. In more detail,
if a write is requested to a sector in the BMA, Janus-FTL
allocates a sequential log block for the logical block where the
requested sector resides. Then all write-requested sectors in
the logical block will be written to the sequential log block.
When Janus-FTL needs to reclaim an allocated sequential
log block, it evaluates the write pattern of the sequential
log block. According to the evaluation result, Janus-FTL
selectively applies a switch merge [12], a partial merge, or
a migration [14] to reclaim the sequential log block and the
logical data block. In random write cases, it fuses the logical data block and the sequential log block to the PMA.
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6.

EXPERIMENTS

storage and software has been optimized to generate sequential write patterns, optimizations for sequential write have
much potential to improve performance of storage devices.
Unfortunately, those optimizations are feasible only when
sectors are stored consecutively in a block, which is the case
of the BMA in Janus-FTL. If the storage device is aged, it is
diﬃcult for PPM-FTL to achieve the eﬃciency of the switch
merge, and even of the partial merge, during garbage collection. In contrast, as sectors are placed sequentially in the
BMA, Janus-FTL can apply various optimization techniques
for sequential writes. Also, Janus-FTL controls the utilization of the PMA to keep the garbage collection cost low and
this is another reason for its superior write performance.
The second set of experiments compares Janus-FTL with
block mapping and hybrid mapping FTLs. Figure 7 shows
the experimental results of the four FTLs, namely BAST,
FAST, Janus-FTL with ﬁxed utilization (denoted as “Janus(Fix)”),
and Janus-FTL with adaptive scheme (denoted as “Janus”).
In particular, Janus(Fix) tries to maintain the utilization of
the PMA to 75%.
In Figure 7(a), BAST and Janus(Fix) perform the worst
and the best, respectively. Interestingly, the adaptive JanusFTL performs worse than the Janus(Fix) because PC Trace
is too short and the size of the working set (unique sectors
referenced within a time span) changes too quickly. However, the opposite is true for the OLTP Financial Trace,
which is long enough for adaptation, as seen in Figure 7(b).
Speciﬁcally, the adaptive Janus-FTL performs 20% better
than Janus(Fix). In the experiments with the OLTP Financial Trace, FAST performs worse than BAST, and the
reason is that FAST uses only one sequential log block while
BAST exploits several log blocks for sequential references.
As a result, we observe more switch or partial merge cases
in BAST than FAST.
In the last set of experiments, we compare the performance of Janus-FTL and other FTLs with the Postmark
benchmark [11] running on Linux. As we mentioned previously, all FTLs in these experiments are embedded in
the Linux MTD subsystem. They write modiﬁed maps to
ﬂash memory storage for consistency recovery upon sudden
power-failure. In the experiments, we reserved 10% of the
total ﬂash memory capacity (1GB, 8192 blocks of 128KB)
as over-provisioned space in all FTLs.
The Postmark benchmark makes random read and write
requests to data ﬁles. If the total size of data ﬁles is small,

In the ﬁrst and second sets of experiments, we used our
simulation environment that mimics ﬂash memory operations and measured their execution times. (Number of blocks
is set to 8192 and other parameters of the simulator are
given in Figure 4.) For the experiments, we used two traces,
namely, the PC Trace [15] and OLTP Financial Trace [2].
Speciﬁcally, the PC Trace was collected from various applications such as a word processor, music player, web browser,
and game running on Windows XP. The OLTP Financial
Trace is a write-intensive trace collected from banking facilities. Comparatively speaking, the PC Trace has mostly
sequential writes while the OLTP Financial Trace has random and locality-based writes.
In the ﬁrst set of experiments, we compare Janus-FTL
with pure page mapping FTL. The experimental results also
show the trade-oﬀ between performance and the amount of
initial over-provisioned space. In general, performance of
the pure page mapping (PPM) FTL is known to increase
with more over-provisioned blocks, and we conﬁrm this in
Figure 6. For the experiments, we put aside 3%, 5%, 10%,
15%, and 20% of the total blocks in ﬂash memory as overprovisioned blocks. Though performance of the PPM-FTL
depends on how hot and cold data are mixed during the
aging process, we just placed all sectors sequentially in the
PPM-FTL before the experiments. This is because the aging
process can be controversial and also, we wanted to give
favor to the PPM-FTL in our experiments. However, it
should be noted that Janus-FTL shows almost consistent
performance regardless of storage aging.
In Figure 6, we observe that for PPM-FTL execution
time decreases with more over-provisioned blocks. JanusFTL with 3% over-provisioned space performs much better
(about four times under the OLTP Financial Trace) than
PPM-FTL with the same over-provisioned space. PPM-FTL
outperforms Janus-FTL only when over-provisioned space is
larger than or equal to 10% of the total space in the experiments with the PC Trace and fails to outperform Janus-FTL
in the experiments with the OLTP Financial Trace. Overall,
Janus-FTL outperforms PPM-FTL with even much smaller
over-provisioned space.
One disadvantage of the PPM scheme is that it cannot exploit the various optimization techniques for sequential write
patterns. As recycling blocks with the switch merge is the
best way to write a given amount of data to ﬂash memory
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Figure 8: Workload adaptation of Janus-FTL during
Postmark benchmark execution

current implementation of Janus-FTL uses a page map for
both the BMA and the PMA and, thus, it has the same
map overhead as PPM-FTL. In Figure 9, however, JanusFTL seems to incur less overhead than the PPM-FTL due to
its superior performance and infrequent occurrence of block
recycling operations. We should note that the “Map Time”
of Janus-FTL may be reduced with a sophisticated implementation that uses a block map for the BMA.
Figure 9 shows that Janus-FTL, which adapts to the evolving workload, performs the best among the four FTLs. Specifically, it performs more than two times better than PPMFTL if we exclude the “Data Time”. As expected, BAST
performs the worst due to the dominant random writes of
the Postmark benchmark. In the experiments, FAST performs well but still worse than Janus-FTL. FAST is similar
to the non-adaptive Janus-FTL in that both FTLs apply
page mapping to a limited area, though FAST does not control the utilization of the log blocks and also does not recycle
wasted space in data blocks, and these diﬀerences result in
the performance diﬀerences. In particular, Janus-FTL performs 1.6 times better than FAST if we exclude the “Data
Time”. Furthermore, extra overhead (”Map Time” and “GC
Time”) for writing sector data in Janus-FTL can be reduced
to less than half that of FAST in a system using non-volatile
RAM to update a map with negligible “Map Time”.

then the optimal point may exist somewhere in the middle
of the page mapping and block mapping extremes. The optimal point moves toward the page mapping extreme as the
total size becomes larger. If the total size is close to the
storage capacity, then the Postmark benchmark randomly
accesses almost the entire storage device area and, in this
case, the optimal point will be around the page mapping
extreme. To investigate the beneﬁt of the workload adaptation feature of Janus-FTL, we ran the Postmark benchmark
four times with each iteration of the benchmark having a
diﬀerent total data ﬁle size. Speciﬁcally, we set the total
data ﬁle size to 90% and 10% of the storage capacity for the
ﬁrst and the second iterations, respectively. Then, we set
it to 70% and 30% for the third and the fourth iterations,
respectively.
In Figure 8, we can see that Janus-FTL adapts well to the
workload changes during the Postmark benchmark. In particular, about 7,200 data blocks were fused to the PMA at
the ﬁrst iteration, and the number of fused blocks changed to
roughly 1,300, 5,500, and 2,800 at the second, the third, and
the fourth iterations, respectively. From these experiments,
we can conjecture that the performance diﬀerence between
PPM-FTL and Janus-FTL is mainly due to the capability
of Janus-FTL to adapt to the evolving workload.
In the experimental results of Figure 9, “Map Time” accounts for the elapsed time for map read/write, “ GC Time”
accounts for block recycling time such as garbage collection,
merge, Fusion, and Defusion, while “Data Time” refers to
the elapsed time for reading and writing requested sectors.
Note that the “Data Time” is exactly the same for all FTLs
and the diﬀerences among FTLs are only caused by block
recycling and map read/write.
As expected, PPM-FTL has the largest map read/write
overhead because its map size is the largest. The map
read/write overhead of BAST, which has the smallest map,
seems to be larger than we expected at ﬁrst glance. However, the large map overhead of BAST is mainly due to its
inferior performance and frequent occurrence of block recycling operations that incur map writes. In the experiments,
FAST shows the lowest map read/write overhead because it
performs moderately well and its map size is slightly larger
than that of BAST. (FAST has a small page map for log
blocks in addition to a block map for data blocks.) The

7.

CONCLUSION

In this paper we proposed the Janus-FTL that provides a
spectrum between page and block mapping schemes. With
adaptation for workloads on the spectrum, Janus-FTL can
provide superior long-term performance for both sequential
and random writes. Also, by recycling wasted space and
controlling the utilization of the page mapping area, it can
maintain garbage collection overhead low even with a small
amount of over-provisioned space.
Janus-FTL can be enhanced even further. To estimate u
from ud , our current implementation uses only one equation
regardless of the workload. Deriving and applying diﬀerent
equations for various workloads will be our next research
topic. We expect that distinguishing hot and cold data will
further lower the garbage collection overhead of Janus-FTL.
Also, the map writing overhead of Janus-FTL can be reduced further through implementation optimizations. Fi-
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nally, developing a prudent replacement policy that determines the blocks to be evicted from the PMA may be a
promising research topic.
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