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Abstract
The relatively high cost of write operations has become
the performance bottleneck of flash memory. Write cost
refers to the time needed to program a flash page using
incremental-step pulse programming (ISPP), while read
cost refers to the time needed to sense and transfer a page
from the storage. If a flash page is written with a higher
cost by using a finer step size during the ISPP process,
it can be read with a relatively low cost due to the time
saved in sensing and transferring, and vice versa.

We introduce AGCR, an access characteristic guided
cost regulation scheme that exploits this tradeoff to im-
prove flash performance. Based on workload character-
istics, logical pages receiving more reads will be written
using a finer step size so that their read cost is reduced.
Similarly, logical pages receiving more writes will be
written using a coarser step size so that their write cost
is reduced. Our evaluation shows that AGCR incurs neg-
ligible overhead, while improving performance by 15%
on average, compared to previous approaches.

1 Introduction

NAND flash memory sees an increasing deployment in
embedded systems, personal computers, mobile devices
and servers over the last decades due to its advantages,
such as light weight, high performance, and small form
factors [1][2]. Although flash-based storage outperforms
most magnetic-based storage, the costs of write and read
operations are still the performance bottleneck of cur-
rent systems. The write operation of flash memory is
performed by the incremental-step pulse programming
(ISPP) [3] scheme. ISPP is designed to iteratively in-
crease the program voltage and use a small verification
voltage to reliably program flash cells to their specified
voltages. In each iteration, the program voltage is in-
creased by a predefined program step size. Generally,
write cost is much higher than read cost, usually by 10 to
20 times, and has been identified as a major performance

bottleneck [4][5]. At the same time, read cost has also in-
creased significantly with the increasing bit density and
technology scaling [6][7][8].

The following tradeoffs of read and write costs have
been identified [9][10][11][12][13]. First, read cost
highly depends on the maximum raw bit error rate
(RBER) of data pages and the deployed error correcting
code (ECC). For a specific ECC, the lower the maximum
RBER, the lower the read cost [6][7][14]. Second, write
cost can be reduced by increasing the program step sizes
in the ISPP process, at the cost of increasing the maxi-
mum RBER of the programmed pages. This in turn re-
duces the maximum retention time [9][10] and increases
the read cost of the programmed page [13].

Previous approaches differ in the strategies used to
select the data pages that will be written with different
write costs. Pan et al. [9] and Liu et al. [10] proposed
to apply low-cost writes (i.e., using coarser step sizes) to
the data pages through retention time relaxation. Their
approach was motivated by the significantly short life-
time of most data in several workloads compared to the
predefined retention time. On the other hand, a high-
cost write reduces the cost of the following reads to the
same page [6][14]. Based on this characteristic, Li et al.
[13] proposed to apply low-cost writes when there are
several queued requests, and high-cost writes otherwise.
Wu et al. [12] proposed to apply high-cost writes when,
according to their estimation, the next access operation
will not be delayed due to the increased cost. However,
none of these works exploit the access characteristics of
workloads.

This work is the first to exploit the access character-
istics of workloads for cost regulation. We define three
page access characteristics: If almost all the accesses to
a data page are read (write) requests, the page is char-
acterized as read-only (write-only). If the accesses to
a data page are interleaved with reads and writes, the
page is characterized as interleaved-access. Our ap-
proach is based on the observation that most accesses
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from the host are performed on either read-only or write-
only pages. We exploit this observation to regulate ac-
cess costs: for accesses identified as read-only, low-cost
reads are preferred; for accesses identified as write-only,
low-cost writes are preferred. The proposed approach
chooses low-density parity code (LPDC) as the ECC,
which is the best candidate for the advanced flash mem-
ory storage systems [6][14]. For the pages that are writ-
ten with low cost, the required retention time can still
be maintained as long as the resulting error rates do not
exceed the error correction capability of the deployed
LPDC code. Thus, read and write costs can be regulated
to significantly improve overall performance. Our main
contributions are as follows:
• We propose AGCR, a comprehensive approach to reg-

ulate the cost of writes and reads;
• We present a preliminary study to show the potential

performance improvement of AGCR;
• We present an efficient implementation of AGCR

with negligible overhead. Experimental results on a
trace driven simulator [15][16] with 12 workloads [17]
show that AGCR achieves significant performance im-
provement.

The rest of the paper is organized as follows. Section
2 presents the motivation and problem statement. Sec-
tion 3 presents our proposed approach. Experiments and
analysis are presented in Section 4. Section 5 concludes
this work.

2 Motivation and Preliminary Study
2.1 Read and Write in Flash Memory
Write operations are the performance bottleneck of flash
memory, not only because they require more time than
read operations, but also because they block waiting op-
erations. Moreover, the cost of write operations implic-
itly determines the cost of subsequent reads. Flash tech-
nology uses incremental-step pulse programming (ISPP)
to program pages [3]. ISPP is designed to reliably pro-
gram flash cells to their specific voltage levels using an
iterative program-verify algorithm. The iterative algo-
rithm has two stages in each iteration step: it first pro-
grams a flash cell with an incremental program voltage,
and then verifies the voltage of the cell. If the voltage
is lower than the predefined threshold, the process con-
tinues. In each iteration, the program voltage increases
by a step size of ∆Vpp. The step size ∆Vpp determines
the write cost – a coarser step size indicates a smaller
number of steps (hence a lower write cost), but results
in higher raw bit error rate (RBER) in the programmed
page, and vice versa.

Low-density parity code (LDPC) is deployed as the
default ECC for most advanced flash memory technolo-
gies [14]. For a high RBER, LDPC requires fine-grained

memory-cell sensing, which is realized by comparing a
series of N reference voltages. The error correction ca-
pability of LDPC increases with N, but a larger N results
in a higher read cost.

Thus, there is a strong relationship between ISPP and
LDPC on the read and write cost of flash memory. With
a large step size in the ISPP process, the write cost is
reduced but the RBER and read cost increase, and vice
versa. The step size also affects the retention time of
flash pages. A longer retention time is expected for pages
written with finer step sizes [9][10]. In this work, we
focus on read and write cost interaction by tuning the step
size, where the tuning is constrained by the minimum
required retention time [18].

2.2 Read and Write Cost Regulator
Several strategies have been recently proposed for ex-
ploiting the reliability characteristics of flash memory to
regulate read and write costs. Pan et al. [9] and Liu et al.
[10] proposed to reduce write costs by relaxing the reten-
tion time requirement of the programmed pages. Wu et
al. [12] proposed to apply a high-cost write to reduce the
cost of read requests performed on the same page. The
high-cost write is performed on the premise that upcom-
ing requests will not be delayed by the increased cost.
Li et al. [13] proposed to apply low-cost writes when
there are queued requests to reduce the queueing delay,
and apply high-cost writes otherwise, allowing low-cost
reads of the page. However, none of these works ex-
ploit the access characteristics for cost regulation. Sev-
eral types of workload access characteristics have been
studied in previous works, including hot and cold ac-
cesses [19], inter-reference gaps [20], and temporal and
spacial locality [21][22][23]. These access characteris-
tics have been employed to guide the design of buffer
caches [20][21][22] and flash translation layers (FTL)
[19][23]. However, these characteristics imply the ac-
cess frequency, which cannot be exploited for read and
write cost regulation.

In this work, we applied the cost regulator proposed in
Li et al. [13], which has been validated by simulation in
previous studies [14][12][24]. The regulator consists of
a write cost regulator and a read cost regulator. The write
cost is inversely proportional to the program step size of
ISPP [3][9][10]. Thus, the write cost regulator is defined
as:

WC(∆Vpp) = γ × 1
∆Vpp

where RBER(∆Vpp)<CBERLDPC(N); (1)

WC(∆Vpp) denotes the write cost when the program step
size is ∆Vpp, and γ is a variable. A coarser step size re-
sults in a lower write cost, but a higher RBER. In ad-
dition, the reduction of the write cost is limited by the
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(a) Overall average access latency
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(b) Average access latency for read requests
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(c) Average access latency for write requests

Figure 1: IO latency comparison for read and write requests with different access costs.

condition that the resulting RBER should be within the
error correction capability of the deployed LDPC code,
CBERLDPC(N), with N reference voltages.

The read cost is composed of the time to sense the
page, which is proportional to N, and the time to trans-
fer the data from the page to the controller, which is
proportional to the size of the transferred information
[6][7][14]. Thus, the read cost regulator is defined as:

RC(N) = α ×N +β ×�log(N +1)�
where RBER(∆Vpp)<CBERLDPC(N); (2)

where RC(N) denotes the read cost with N reference
voltages in the deployed LDPC code, and α and β are
two variables. With a larger N, longer on-chip memory
sensing time and longer flash-to-controller data transfer
time are required, which lead to increased read cost.

Based on the two parts of the regulator, a low-cost
write leaves the page with a higher RBER, thereby re-
quiring an LDPC with more reference voltages, which
further results in higher-cost reads. On the other hand,
a high-cost write leaves the page with a lower RBER,
thereby requiring an LDPC with less reference voltages,
which further results in lower-cost reads. Note that the
regulator ensures that the retention time requirement is
always satisfied when writing data using different costs.

2.3 Preliminary Study
In the preliminary study, we evaluate three combi-
nations of read and write costs: 1) All the writes
are performed with a high cost, followed by low-cost
reads (HCW/LCR); 2) All the writes are performed
with a medium cost, followed by medium-cost reads
(MCW/MCR); 3) All the writes are performed with a low
cost, followed by high-cost reads (LCW/HCR). The de-
tailed settings for the regulator can be found in Section
4.1.

Figure 1 presents the comparison of access latency for
12 representative traces of the enterprise servers from
Microsoft Research (MSR) Cambridge [17]. Compared
to the default MCW/MCR, HCW/LCR improves read
performance by 54%, and LCW/HCR improves write
performance by 26%. The significant performance im-
provement comes from the corresponding reduction in
access costs. Comparing LCW/HCR and HCW/LCR, the

differences in their read and write latencies are 114% and
61%, respectively. The performance gap indicates that
the read and write cost regulator should be applied care-
fully. While LCW/HCR is able to improve the overall
performance, it introduces the worst read performance,
as shown Figure 1(b). However, read operations are al-
ways in the critical path, which motivates our approach.

3 AGCR: Access Characteristic Guided
Cost Regulation

In this section, we propose AGCR, an access charac-
teristic guided cost regulation scheme. We first present
the study on the access characteristics of several work-
loads. Then, based on the observations from this study,
we propose a comprehensive approach that includes a
high-accuracy access characteristic identification method
and a guided cost regulation scheme. Finally, we present
the implementation and the overhead analysis.

3.1 Access Characteristics of Workloads
In order to guide the read and write cost regulation, the
access characteristics of workloads are very important.
For example, if the accesses to a data page (logical page
at the host system) are dominated by read requests, ac-
cessing the data page with low-cost reads can signifi-
cantly improve performance.

Figure 2 presents the statistical results for the work-
loads analyzed in our preliminary study. We collected
access characteristics for all data pages at the host system
and distinguished between three types of data accesses:

1. Read-only: If almost all the accesses (>95%) to a data
page are read requests, we characterize this page as
read-only. This is typical when accessing media files
or other read-only files;

2. Write-only: If almost all the accesses (>95%) to a data
page are write requests, we characterize this page as
write-only. This is typical in periodical data flushes
from the memory system to storage for consistency
maintenance;

3. Interleaved-access: If the accesses to a data page are
interleaved with reads and writes, we characterize this
page as interleaved-access.

Figure 2 shows the request distributions for these logical
data page access characteristics. Figure 2(a) shows the
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(a) Distribution of read requests
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(b) Distribution of write requests

Figure 2: Distribution of read and write requests on the three access characteristics.
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Figure 3: Example on the access characteristic identification and cost regulation: access characteristic, ↑ – read-only,
↓ – write-only, and � – interleaved-access; access cost, L – low-cost, M – medium-cost, and H – high-cost.

distribution of read requests of read-only pages and of
interleaved-access pages. Similarly, Figure 2(b) shows
the distribution of write request of write-only pages and
of interleaved-access pages. For each trace, the accesses
from both Figure 2(a) and 2(b) sum to 100%. We make
three observations from Figure 2:
• Observation 1 – Most read requests access read-only

pages, more than 85% on average;
• Observation 2 – Most write requests access write-only

pages, more than 91% on average;
• Observation 3 – Only a small part of all requests ac-

cess interleaved-access pages.
These observations guide the design of our read and write
cost regulation. We first present a simple, yet accurate,
access characteristic identification method.

3.2 Access Characteristic Identification
We identify the access characteristic of a data page
based on its most recent requests and the upcoming re-
quest which are recorded using a history window. If
the most recent requests and the upcoming request are
all reads (writes), the page is characterized as read-only
(write-only). Otherwise, the page is characterized as
interleaved-access. Essentially, the identification method
looks for consecutive reads or writes to characterize the
page.

Figure 3 shows examples of the identification method.
The first line shows the access lists. Case 1 has read
requests only, case 2 has write requests only, and case
3 has interleaved read and write requests. The length of
the history window is set to 2 in the examples. Thus it
includes the upcoming request (indicated by the arrow
above the window) and the most recent request to this
page. The arrows below the access lists represent the

identified access type of the page. As can be seen, the
identification is updated on the arrival of each access to
the page. If the access characteristic of the page is indeed
read-only or write-only, the identification is accurate and
stable, as shown in Figure 3(a) and 3(b). However, if the
access characteristic of the page is interleaved, such as in
Figure 3(c), the identification is unstable and may change
from time to time.

This simple identification method works well, be-
cause, as observed above, most accesses are either write-
only or read-only. The accuracy of the identification
method is further evaluated in Section 3.4, where we an-
alyze the effects of the size of the history window.

3.3 Access Cost Regulation

Based on the identified access characteristics of a page,
the cost of its upcoming requests can be regulated. The
main idea is to apply low-cost writes for write-only
pages, low-cost reads (enabled by applying high-cost
write), for read-only pages, and medium-cost accesses
for interleaved-access pages.

Write cost regulation. The cost of a write is regulated
when it is issued. As shown in Figure 3, there are two
cases for write cost regulation. Upon arrival of a write
request, the page is characterized and its cost is regulated
as follows:
• A write-only page will be written with a low-cost write

to improve write performance;

• An interleaved-access page , as in Figure 3(c), will be
written with a medium-cost write to avoid read perfor-
mance impact.

When a page is written for the first time, a high-cost write
is performed.
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Read cost regulation. A low-cost read can only be is-
sued if the page was written with a high-cost write. Thus,
a high-cost write will be inserted to the list of reads to
re-write the page before upcoming reads, if the page was
not written with a high cost before. As shown in Figure
3, there are three cases of read cost regulation. Upon ar-
rival of a read request, the page is characterized, and its
cost is regulated as follows:
• For a read-only page with a low-cost read, nothing

should be done;
• For an interleaved-access page, the read cost is not

regulated;
• For a read-only page with a high-cost read, a high-

cost re-write operation is inserted to the re-write queue
and performed during idle time to reduce the cost of
upcoming reads (denoted with H in Figure 3(c)).

3.4 Implementation and Overheads
Figure 4 shows the implementation of AGCR in the
flash memory controller. We add three new components:
Access Characteristic Identification, Cost Regulator and
Re-Write Queue. In addition, each mapping entry in the
FTL is extended with two fields, as shown in Figure 5.
The first is the access history, and the second is a 1-bit
low-cost write tag. When the low-cost write tag is set
for a read-only page, this indicates that the page must be
re-written. When an I/O request is issued, the page is
characterized, and its cost is regulated according to the
rules in Section 3.3. If a re-write operation is needed
for read cost regulation, the logical address of the data
page is added to the re-write queue. During idle time,
re-write operations are triggered to program the data in
the queue with a high cost, which guarantees low-cost
reads on these read-only pages. The re-write overhead
is evaluated in the experiments. This implementation
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incurs three types of overheads: storage, hardware and
firmware overhead. The storage overhead includes, for

each page, a number of bits for access history and one
bit for the low-cost write tag. Assuming access his-
tory is set to one bit, which records only the most re-
cent request to the page, the storage overhead is 4MB for
a 64GB flash memory with 4KB pages. The hardware
overhead includes the voltage thresholds needed to sup-
port the three sets of reads and writes with different costs.
This overhead is negligible according to previous stud-
ies [10][25]. The firmware overhead includes the pro-
cesses involved in access characterization, cost regula-
tion and re-write queuing. The overhead of these simple
processes is negligible. AGCR does not introduce relia-
bility issues thanks to the constraints in the read and write
cost regulators. In addition, the energy consumption of
the additional components is negligible.

4 Evaluation
4.1 Experimental Setup

Table 1: The access cost configurations.
Read Cost (µs) Low Medium High

70 170 310

Write Cost (µs) High Medium Low
800 600 450

Erase Cost (µs) 3000 3000 3000
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We use SSDsim [15] and workloads from MSR [17]
to evaluate our cost-regulation approach. From our stud-
ies, we found that all workloads in MSR have similar
access characteristics. We select the 12 representative
traces from Figure 2 for our evaluation. The simulated
storage system is configured with two bits per cell MLC
flash memory. It has eight channels, with eight chips
per channel and four planes per chip. Each chip has
2048 blocks and each block has 64 4KB pages. Default
page mapping based FTL, garbage collection, and wear
leveling are implemented in the simulator, representing
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Figure 8: Normalized access latency compared with traditional case and Li et al.[13].
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(a) Operation Ratios for read requests and Re-write Operations
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(b) Operation Ratios for write requests

Figure 9: Distributions of different cost operations: T–Traditional, L–Li et al., and A–AGCR.

state-of-the-art storage systems [16]. The internal read
and write operations for these mechanisms are processed
with the regulated access costs. For fair comparison, we
use the parameters for the cost regulator from Li et al.
[13]. Table 1 shows the access costs. The cost of the
erase operation does not depend on the write cost.

One of the most important parameters is the size of
history window in the identification method. It affects
the storage overhead as well as the identification accu-
racy. Figure 6 shows the identification accuracy for three
window sizes. The results show that a larger window
results in a higher accuracy. However, the increase in ac-
curacy decreases as the size increases. In the following
experiments, we consider only the most recent request
and the upcoming request for identification to trade-off
the storage overhead and identification accuracy.

4.2 Experimental Results
In this section, read, write and overall performance of
AGCR are evaluated and compared with the traditional
case and the state-of-the-art work from Li et al. [13]. In
the traditional case, all reads and writes are performed
with medium-cost, while Li et al. used low-cost reads or
writes to reduce queueing delay. Cost regulation highly
depends on the access history in AGCR. If there is no
history for the accessed page, a high-cost write is used
for write requests and a low-cost read is used for read
requests. Figures 7 and 8 show the normalized access
latency compared to the traditional, non-regulated costs
(MCW/MCR in Figure 1) and to Li et al. Figure 7 shows
that, compared to Li et al., AGCR achieves the best over-
all performance improvement, 15%, on average. In addi-
tion, as shown in Figures 8(a) and 8(b), AGCR achieves

up to 48.3% and 20.4% latency improvement for reads
and writes, respectively, over Li et al.

To understand the performance variations, Figure 9
shows the distributions of operations of different costs,
including fast, medium, and slow reads and writes, as
well as re-writes. Comparing to Li et al.’s work, AGCR
issues considerably more low-cost reads and writes, thus
achieving great improvement. In addition, the percent-
age of re-write operations is negligible, no more than 1%
of all accesses issued by the host, thanks to the small
portion of interleaved-access page requests.

5 Conclusions and Future Work
In this paper, we introduced AGCR, a cost regulation ap-
proach for flash memory to improve access performance.
The proposed approach is motivated by observations de-
rived from widely studied workloads. Based on these
observations, we propose an accurate access characteri-
zation method, and regulate access costs to improve per-
formance. Our simulation results show that AGCR is ef-
fective, reducing I/O latency by as much as 48.3% and
20.4% for read and write requests respectively, compared
to the state-of-the-art approach.
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