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Abstract—Flash memory has been widely deployed during the
recent years with the improvement of bit density and technology
scaling. However, a significant performance degradation is also
introduced with the development trend. The latency of IO requests
on flash memory storage systems is composed of access conflict
latency, data transfer latency, flash chip access latency and ECC
encoding/decoding latency. Studies show that the access conflict
latency, which is mainly induced by the slow transfer latency and
access latency, has become the dominate part of the IO latency,
especially for IO intensive applications. This paper proposes to
reduce the flash access conflict latency through the reduction of
the transfer and flash access latencies. A latency model is built to
construct the relationship among the transfer latency and access
latency based on the reliability characteristics of flash memory.
Simulation experiments show that the proposed approach achieves
significant performance improvement.

I. INTRODUCTION

During the recent years, the technology of flash memory has
been advanced in many ways, including the bit density improve-
ment from 1 bit per cell to the latest 6 bits per cell [3] [4],
technology scaling from 65nm to the latest 10nm technology [7].
However, with these development of flash memory, significant
performance degradation has been found in the process of IO
requests in flash memory storage systems [1]. The degraded
performance is the result of many reasons. The increased access
latency (read/write/erase operations) and the latency induced by
complex ECC schemes, such as Low-Density Parity-Check Code
(LDPC) [1] [3] [14], are the two major components. In addition
to these two issues, access conflict induced IO latency is enlarged
with the slowdown on the processing of IO requests in the flash
memory storage systems [5] [2].
Access latency of IO requests on flash memory storage systems

includes at least three major parts: the access conflict latency,
which depends on the queueing time when IO requests are pending
in the IO queue, waiting for the process of the preceding IO
requests; the data transfer latency, which is the time required
to transfer data between flash controller and flash memory chip;
the access latency (sensing for read and programming for write),
which is determined by the type of flash chips and operations. In
addition to the three parts, ECC encoding during write operations
and ECC decoding during read operations also contribute to the
overall latency of their corresponding operations. Several works
have been proposed to optimize separate parts of the IO latency
[1] [14] [12] [13] [11]. Gao et al. [2] proposed to exploit the
parallelism of solid state drives to reduce the access conflict
latency. Data transfer latency is reduced with the introduction
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of high speed interface between flash chips and flash controller
[3]. Access latency is improved with enhanced ECC schemes
or relaxed reliability requirement of flash memory [9] [6] [13].
However, none of these works takes the relationship among these
three parts into consideration.
In this work, we propose a comprehensive approach to improve

the performance of flash memory storage systems by taking the
relationship among all the three main parts into consideration.
Based on the study of the characteristics of the three types of
latencies, we found that, while access conflict latency is always
the dominant factor for most IO intensive applications, it is in
fact the consequence by the other two factors: slow data transfer,
and/or slow flash accesses. Hence instead of directly reducing the
access conflict latency, the main idea of this work is to reduce the
data transfer latency and flash access latency. The access conflict
latency is then reduced naturally. The data transfer and flash
access latency reduction is realized by exploring the reliability
characteristics of flash memory. In this paper, we take LDPC [1],
the highly recommended ECC scheme for the state-of-the-art flash
memory due to the increased raw bit error rates [14] [3], as the
default ECC scheme. As a side effect of offering stronger error
correction capability, however, LDPC also introduces large data
sensing and transfer latencies of read requests. When LDPC is
applied on flash memory storage system as ECC, an interesting
trade-off between the read and write latencies can be seen. On
one hand, reading data that have a lower raw bit error rate can
be done with less numbers of sensing levels for LDPC decoding,
hence incurring less sensing and data transfer latencies for read
requests. On the other hand, writing data faster (i.e., programming
with a larger step size ΔVpp [9] [6]) can reduce the programming
latency of write requests but at the cost of leaving the written
data a higher raw bit error rate [10]. To make the situation even
more complex, it can be seen that, though a faster write leads
to a slower read of the same data in the future, it does help in
reducing the access conflict latency (waiting time) of the requests
scheduled immediately after this write!
The rest of the paper is organized as follows. Section II

discusses the proposed conflict reduction approach for read and
write requests. Experiments and result analysis are presented in
Section III. Finally, Section IV concludes the paper.

II. READ AND WRITE CONFLICT REDUCTION FOR
PERFORMANCE IMPROVEMENT

In this section, the latency relationship along the IO path is
exploited for performance improvement. A latency model is first
proposed to build the relationship among data sensing latency of
read requests (SL), data transfer latency of read requests (TL),
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and data programming latency of write requests (PL) along the
IO path of requests. Note that the data transfer latency of write
operations is constant. Based on the model, SL, TL and PL can be
well traded off with each other to improve overall performance.
Then, the reduction of SL, TL and PL is exploited to reduce the
access conflict latency (CL).

A. Latency Model for Data Sensing, Transferring and Program-
ming

In this section, we discuss the latency model for read requests
and write requests. Note that the latency of requests in flash
memory is highly correlated with the ECC scheme in the flash
memory controller [14] [9] [6]. In this work, we assume LDPC as
the default ECC scheme. In the following part, we first construct
the relationship between SL/TL and error correct capability of
LDPC, and the relationship between PL and LDPC. Finally,
latency model is proposed.

1) SL and TL with LDPC: Recently, several works have
showed that soft-decision scheme achieves stronger error correc-
tion capability at the cost of longer data sensing and transfer
latency because of more reference voltages, i.e. more sensing
levels [3] [1] [14]. Assume that the correctable raw bit error rates
by LDPC with N reference voltages are CBERLDPC(N) and
the raw bit error rates of flash cells are RBER. The relationship
between LDPC and SL/TL can be represented as follows:

SL(N) ∝ N

TL(N) ∝ �log(N + 1)�
where RBER < CBERLDPC(N); (1)

This formula implies that SL is proportional to N and TL is a
logarithmic function of N + 1 with the precondition that RBER
can be corrected by LDPC.

2) PL with LDPC: Write requests are processed by ISPP in
current flash memory [10]. PL is determined by the programming
step size ΔVpp of ISPP. Previous works have shown that PL is
inversely proportional to ΔVpp [10] [9] [6]. However, different
ΔVpp have different reliability characteristics on flash memory
[9] [6]. A larger ΔVpp always results in a higher RBER [9].
The RBER is RBER(ΔVpp) for ISPP with ΔVpp. Note that
the data transfer latency of write requests is different from that of
read requests. Data transfer latency of write requests is a constant
value, and is determined by the interface bandwidth of flash chips.
Based on the above descriptions, the relationship between PL and
LDPC is constructed as follows.

PL(ΔVpp) ∝ 1

ΔVpp

where RBER(ΔVpp) < CBERLDPC(N); (2)

This formula means that PL is inversely proportional to ΔVpp.
In order to support the applied ΔVpp, the number of reference
voltages in LDPC should make sure that CBERLDPC(N) is
larger than RBER(ΔVpp).

3) Latency Model: Based on the above two relationships, the
latency model among SL, TL and PL is summarized as follows.

SL(N) ∝ N

TL(N) ∝ �log(N + 1)�
PL(ΔVpp) ∝ 1

ΔVpp

where RBER(ΔVpp) < CBERLDPC(N); (3)

Once the number of reference voltages N is determined,
CBERLDPC(N) can be easily computed. RBER is determined
by many factors of flash memory, including retention time, P/E
cycles, temperature, ΔVpp, and cell-to-cell interference [9] [6].
Several flash device models has been proposed for the relationship
among these factors. In this work, the flash device model in [9]
is applied to calculate RBER of flash memory cell.
The latency model shows that PL and SL/TL can be traded off

with each other to achieve read and write reduction.

B. Conflict Reduction for Read and Write Requests

When several IO requests access flash memory storage systems
in a short time interval, many IO requests will wait in the IO
queue for the process of the outstanding IO requests. These IO
requests are called conflict requests. In the following part, read
and write conflict reduction approach is proposed for read and
write requests, respectively.

1) Read Conflict Reduction: Read requests may introduce
access conflict especially when LDPC is implemented as the ECC
scheme. In order to reduce the access conflict introduced by read
requests, a simple approach is to reduce SL and TL. However,
SL and TL are hard to reduce. The reason is that SL and TL
are determined by the number of reference voltages, which has
to provide required accuracy of sensed probability information
to correctly decode data. As presented in Section II-A, SL and
TL can be determined by PL for the programmed data. SL and
TL of reading a page of data become more significant when the
data were programmed with faster write speed. In order to reduce
SL and TL, straightforward approach is to program the data with
slower speed. However, simply programming all data with slow
speed introduces bad write performance, which would introduce
more conflicts.
Based on above descriptions, we propose a recording-based re-

programming approach for SL and TL reduction. The basic idea
is to record the information of data that have experienced access
conflicts but were not programmed with slow speed. Then, during
idle time, these data are re-programmed with the slow program
speed. The approach is designed based on the idea that if the
data have caused conflicts, they have a higher probability to cause
conflicts in the future. Then, after slowly re-programming of these
data, the future access conflict would be reduced when the data
are accessed again. Note that since we only re-program the data
that have caused access conflicts and were programmed using
the normal or fast program speed, the re-programming overhead
is small, which will be presented in the experiment section. In
addition, many write requests are also programmed with slow
speed to further increase the probability of fast read and reduce
the re-programming probability, which will be presented in the
next section.
Take Figure 1 as example to show the process of read conflict

reduction. In this figure, assume that there are 4 pending read
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Fig. 1. Read Conflict Reduction Process.

requests in the IO queue with different read speeds represented by
Slow (S), Normal (N) and Fast (F). R1 is the next scheduled read
request. As shown in Figure 1, even though R1 induces access
conflict, it is not recorded since R1 is a fast read and can not
be accelerated anymore. R2 is a slow read request with access
conflict. When R2 is scheduled, the page number of R2 is recorded
in a queue maintained in the flash controller. R3 is a normal
speed read request and can be speeded up. In this case, it is also
recorded. Finally, for R4, it does not introduce conflict to the IO
queue. Even though R4 is a slow read, it is not recorded for re-
programming to avoid additional overhead to the flash memory.

2) Write Conflict Reduction: Generally speaking, write re-
quests are more time consuming than read requests in flash
memory, which will induce serious access conflict. In order to
solve this problem, a simple approach is to speed up the process of
programming operations. However, fast programming operations
would result in slow read operations. From the latency model
presented in Section II-A, fast programming increases RBER,
which then demands a much larger number of reference voltages
to reliably sense the data for LDPC decoding. In this case, SL
and TL are increased.
In order to solve the problem, write conflict reduction approach

is proposed, which uses fast programming operations only when
there are access conflict in the IO queue. If conflicts are elimi-
nated, normal or slow programming operations are used to avoid
bad read performance and reduce the re-programming overhead.
The speed for write requests during conflict free is determined
by the types of the last read request. If the last read request is
conflict, then slow programming operation is applied to increase
the possibility of fast read in the future. Otherwise, normal speed
programming operation is applied.
Take Figure 2 as example to show the process of write conflict

reduction. Assume there are 4 IO requests pending in the IO queue
and W1 is the next scheduled write request. W1 is processed
with fast programming operation. In this case, access conflict is
reduced and pending requests in the queue would be processed
faster. When the last write request in the queue is processed, two
cases could happen. For the first case (Figure 2(a)), the last read
request R1 is conflict. The write request, W3, is then processed
with slow program speed to reduce the latency of future read
requests. A tag, read conflict tag, is added in the IO queue to
record types of the last read request. For the second case (Figure
2(b)), the read conflict tag is not set, then the last write request,
W4, is processed with normal programming speed.

III. EXPERIMENT AND ANALYSIS

In this section, we first present the experimental methodology.
Then, the experimental results are presented, followed by the
analysis of the improved performance.
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Fig. 2. Write Conflict Reduction Process.

A. Experiment Setup

In this paper, we use trace driven simulator to verify the
proposed approach. The developed simulator is configured with 8
channels with 8 flash chips equipped in each channel. Each chip
has two flash planes, and each plane has 2048 blocks. Each block
has 64 pages. The page size is 4KB. A page mapping based flash
translation layer, greedy garbage collection, and dynamic wear
leveling approaches are implemented in the simulator. Eight IO
intensive workloads are selected to evaluate the proposed approach
[8].
The parameters for SL, TL and PL are produced as follows:

First, we use different number of reference voltages in LDPC to
compute the correctable error rates. Then, based on the model
proposed in Section II, SL and TL are computed. Finally, based
on the flash device model in [9], the supported program speed for
the corresponding LDPC is produced. Table I shows the applied
parameters used in the work.

TABLE I. PARAMETERS IN THIS WORK.

Latency (μs)
Read

Fast Normal Slow
Sensing 30 90 210

Data Transfer for Read 40 80 100

Latency (μs)
Write

Slow Normal Fast
Programming 800 600 450

Data Transfer for Write 40 40 40

Erase 3000 3000 3000
Encoding/Decoding 8 8 8

B. Experimental Results

In this section, the experiment results are presented and ana-
lyzed. Four schemes are implemented to show the effectiveness
of the proposed approach: Traditional, Read Conflict Reduction
(RR), Write Conflict Reduction (WR), and the combination of RR
and WR (RR+WR). RR and WR represent that only read or write
conflicts are relaxed. RR+WR represents that both RR and WR
are implemented.
Figure 3 shows the IO latency for read and write requests,

respectively. Compared with Traditional, RR and WR achieve
significant read and write performance improvement, respectively.
For read requests, RR achieves 36.3% IO latency reduction for
read requests as shown in Figure 3(a). The latency reduction for
RR scheme comes from two aspects at least: reduction of SL
and TL, and reduction of CL. With RR scheme, SL and TL are
reduced by 13%. CL is reduced by 47.8%. For write requests,
WR achieves 16.2% IO latency reduction for write requests. The
latency reduction also comes from two aspects: PL reduction and
CL reduction. As shown in Figure 3(b), PL and CL are reduced
by 13.2% and 19.5%, respectively. Based on these results, we
can find that read and write conflicts can be significantly reduced
via read and write conflict reduction. RR+WR combines RR and
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Fig. 3. IO Latency Improvement for Read and Write Requests.

WR to improve both read and write performance. As shown in
Figure 3, RR+WR averagely reduces IO latency by 20.8% and
16.2% for read and write requests compared with Traditional,
respectively. Compared with RR, RR+WR has 15% IO latency
increases. The reason comes from that WR relaxes many write
operations, which would induce read access latency increases, as
presented in Section II-A. With the combination of these two
approaches, we can find that the proposed approach achieves
balanced performance improvement. From this experiment, we
can find that the proposed approach is very efficient in the
reduction of CL.
RR requires re-programming operations when there are conflict

read requests with slow or normal speed. In order to reduce the
overhead of re-programming operations, only slow and normal
speed read operations with conflict are re-programmed. In ad-
dition, re-programming operations can be further reduced when
write requests are processed with slow speed if there are read con-
flicts. Figure 4 shows the overhead of re-programming operations
compared with all IO requests. The re-programming overhead is
consistent with CL of IO requests. For example, USR 0 has
the largest overhead since it has the largest CL. On average,
the percentage of re-programming operation is smaller than 5%.
The small re-programming overhead can be negligible through the
exploration of the idle time.
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IV. CONCLUSIONS

In this paper, we proposed a conflict reduction approach for read
and write requests to improve the performance of flash memory
storage systems. Different from previous works, the reduction
of read and write conflicts is proposed to reduce the conflict
latency of IO requests, which has been verified as the dominate
part in the IO latency. A latency model is first proposed to
construct the latency relationship among data sensing, transferring
during read operations and data programming. Then, based on
the proposed latency model, the conflict reduction approach is

proposed to improve the performance of read and write requests
with the awareness of access conflict in the IO queue. An efficient
implementation with negligible cost is then presented. Simulation
results show that the proposed approach works effectively, with
around 20.8% and 16.2% IO latency reduction for read and write
requests.
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