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Abstract-Flash-based SSDs are usually equipped with an on­
board cache to further improve system performance by smooth­
ing the gap between the upper-level applications and lower-level
flash chips. Since modern SSDs are usually composed of multiple
flash chips, and the load of flash chips are significantly different,
it is very meaningful to be aware of the chip load condition when
designing a cache replacement algorithm. Nevertheless, existing
cache replacement algorithms only consider to reduce the cache
miss ratio so as to reduce the I/O requests to the underlying
flash memory as much as possible, none of them considers the
load condition of flash chips. In this paper, we propose a Load­
aware Cache Replacement algorithm, called LCR, to improve
the performance of flash-based SSDs. The basic idea is to give
a higher priority to cache the blocks on overloaded flash chips.
We evaluate the performance of our scheme by using a trace­
driven simulator with multiple real-world workloads, and results
show that compared with the most common algorithm LRU and
the state-of-the-art algorithm GCaR, LCR reduces the average
response time by as much as 39.2% and 12.3%, respectively

Index Terms-Flash; SSD; Cache Replacement

1. INTRODUCTION

NAND-flash based Solid-State Disks (SSDs) show superior
performance over hard disks in lower access latency, smaller
size, lower energy consumption, no noise, and shock resistance
[6]. In recent years, SSDs have received a great deal of
attention from industry and academia. Besides the deployment
on personal computers and mobile devices, they also have
been widely deployed in the high performance computing and
enterprise environments [2, 7]. Moreover, with the drop of its
per-bit cost, SSDs will be more widely deployed.

In order to reduce the access latency, SSDs usually adopt an
on-board device cache, such as DRAM or SDRAM, which is
used for smoothing user I/O requests traffic [22]. The user I/O
requests from upper-level file systems can be kept in the cache
for as long time as possible before being flushed to the flash
chips. In other words, the on-board cache plays an important
role in offering a better I/O performance since a majority of
requests can be serviced at the cache speed [20]. However,
the effectiveness of the cache mechanism relies on the cache
replacement policy [10].

Due to its simple and effective exploitation of temporal
locality, the Least Recently Used (LRU) is the most widely
used cache replacement algorithm [4]. Over the years, a large
number of cache replacement algorithms have been proposed,
such as 2Q [14], MQ [26], LIRS [12], ARC [18], DULO [11],
etc. These traditional cache replacement algorithms have been
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optimized in various ways for operating systems, but they are
customized for disk-based secondary storage. Unfortunately,
flash-based SSDs exhibit unique characteristics compared to
Hard Disk Drives (HDDs), such as asymmetric read and
write latencies [13], out-of-place update policy, and Garbage
Collection (GC) to reclaim invalid pages and to create free
space for incoming write requests. Due to the huge overhead
of GC process [25] and the evidently unbalanced distribution
of I/O requests on different flash chips, it is necessary to revisit
various cache replacement policies for disk-based storage, so
as to optimize them for flash-based SSDs.

There are also multiple studies on cache replacement al­
gorithms for flash-based SSDs, and they optimize the cache
performance from different perspectives. Firstly, CFLRU [19]
and LRU-WSR [15] are designed to reduce the average
replacement cost by making an effort to minimize the number
of write requests from upper-level file system to the backend
devices. Secondly, GC-ARM [9] and PUD-LRU [8] aim for
improving the GC efficiency by considering how to reorganize
data blocks so as to improve the process of flushing data to
flash chips. Finally, GCaR [24], which is aimed at maximally
reducing the contentions between the user I/O operations and
the GC-induced I/O operations. The basic idea of the GCaR
is giving a higher priority to cache the data blocks belonging
to the flash chips that are currently doing GC.

However, none of existing works take the load of flash
chips coming from real-time workloads into consideration,
making them ineffective in reducing the expensive I/O traffic to
overloaded flash chips. We find that alleviating the contention
and interference between the flushed I/O requests and the total
I/O operations on overloaded chips will greatly reduce both
the tail and average response time of user I/O requests.

In this paper, we propose a Load-aware Cache Replacement
algorithm, named LCR, to improve the performance of flash­
based SSDs. The basic idea is to give a higher priority to cache
the data blocks on the flash chips that are in overloaded state.
The main contributions of this paper are as follows.

• We propose a Load-aware Cache Replacement algorithm,
named LCR, which selects the victim data block in the
cache line according to the load levels on flash chips
and assigns a higher priority to cache the data blocks on
overloaded chips.

• We propose a two-level caching policy by dividing the
LRU list into two regions, working region and destaging





and wear leveling, etc. As a result, the unbalanced load of
flash chips remains, especially when garbage collection and
wear leveling are performed.

B. The Analysis of Factors Affecting Cache Efficiency
There are many kinds of storage devices, such as RAM,

NVM, disk and flash, which show different performance
characteristics. The cache mechanism plays an important role
in smoothing performance gap between two neighboring layers
of the storage devices. Wu et al. [24] proposed a model to
analyze the cache efficiency. In details, the Average Memory
Access Time (AMAT) is regarded as the most important
standard to measure the efficiency of the cache management.
AMAT is formulated as follows.

AMAT = HiCTime +Miss_Rate x Miss_Penalty. (1)

As we can see, the AMAT depends on three factors,
HiCflme, Miss_Rate and Miss_Penalty. The HiCTzme of
internal cache built-in SSDs is consistent. The proposed opti­
mization of cache management makes an effort to reduce the
Miss_Rate by exploiting access locality to delay the process
of flushing upper-level user I/O requests to the low-level flash
chips. For Miss_Penalty, they assume that the access time of
flash chips are almost the same, meaning that the Miss_Penalty
is a constant. However, the assumption is beneficial to HDDs,
but it may not be applicable to SSDs. From aforementioned
discussion, we know that the delay of accessing a flash chip
is not a constant and depends on its load level. So the
Miss_Penalty of accessing different chips must be different,
and it may vary greatly under seriously skewed workload.

The existing cache replacement algorithms do not take the
load levels on flash chips into consideration, e.g., the LRU
scheme always evicts the tail data blocks in the LRU list.
But if we evict a data block near the tail which is on a
chip with lighter load, we may keep almost the same cache
miss ratio, but the Miss_Penalty will become smaller. So the
cache efficiency will be improved. Therefore, both Miss_Rate
and Miss_Penalty should be taken into consideration when
designing cache replacement algorithms for flash-based SSDs.

C. Cache Replacement Policies for Flash-based SSDs
In recent years, many cache replacement algorithms have

been proposed to improve the efficiency of ca che management
for SSDs. We will present two cache replacement algorithms
for SSDs, which are most relevant to this study.

Based on the asymmetric read and write costs in delay and
energy consumption of flash-based SSDs, a Clean First LRU
(CFLRU) cache replacement policy was proposed in [19].
CFLRU divides the LRU list into a working region and a clean­
first region. It evicts clean pages preferentially in the clean­
first region until the number of pages that hit in the working
region reaches a suitable level. In other words, CFLRU reduces
the number of costly write and potential erase operations by
trading off the number of reads as long as the degradation of
cache hit ratio does not degrade the performance.

As revealed by previous studies, there are serious contention
for the flash resources and the severe mutually adversary
interference between the user I/O requests and GC-induced
I/O requests in SSDs. In order to address this important
performance issue in flash-based storage systems, a Garbage
Collection aware Replacement policy (GCaR) was proposed
in [24]. Different from the traditional cache management
schemes, GCaR not only exploits the locality of workloads,
but also takes the Miss_Penalty as an important design factor
in the cache replacement. The basic idea is to give higher
priority to cache the data blocks belonging to the flash chips
that are currently doing GC. This substantially lessens the
contentions between the user I/O operations and the GC­
induced I/O operations.

D. Motivation
For the on-board cache management within the flash-based

SSDs, the access times depend on the workload on flash
chips. However, existing cache replacement algorithms, such
as CFLRU, are not aware of the variance of Miss_Penalty.
They assume that the access times to low-level flash chips
are consistent. The GCaR algorithm considers the GC state of
flash chips, which is orthogonal and can be easily incorporated
into existing cache management algorithms. But it becomes
effective only when GC operations occur. If the flash chips,
where the cached data blocks are resident, are all not in the
GC state, the GCaR degrades to the normal cache replacement
policies. None of them takes the length of I/O queue within
flash chips into consideration.

As revealed by aforementioned discussion, the Miss_Penalty
is very related to the length of queues on chips and it has
a significant impact on the system performance, which is
also validate in our experiments, shown in Fig. 5 in Section
IV. It motivates us to propose a chip-level load-aware cache
replacement algorithm to improve the efficiency of equipped
cache within flash-based SSDs. Its basic idea is to give a
higher priority to cache the blocks on the flash chips that are
in overloaded state. When replacing a data block in the cache
line, we will check whether the data block belonging to the
flash chip that is in overloaded state or not. If so, the data
block will be kept in the cache for a longer time until the chip
becomes light loaded. Otherwise, it will be replaced as usual.
We present the details of our algorithm in Section m.

III. LOAD-AWARE CACHE REPLACEMENT ALGORITHM

In this section, we first present the main idea of LCR, then
describe its implementation details, and finally show its read
and write flows.

A. The Main Idea of LCR

Different from traditional cache management policies for
flash-based SSDs, LCR not only exploits the locality of work­
loads, but also takes the Miss_Penalty into consideration. From
Fig. 2, we can find that the Miss_Penalty to an overloaded
flash chip may be orders of magnitude larger than flash chips
with light load. We should assign a higher priority to the data
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