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LAC: A Workload Intensity-Aware Caching
Scheme for High-Performance SSDs

Hui Sun®®, Haoqiang Tong

Abstract—Inside an NAND Flash-based solid-state disk (SSD),
utilizing DRAM-based write-back caching is a practical approach
to bolstering the SSD performance. Existing caching schemes
overlook the problem of high user I/Os intensity due to the dra-
matic increment of I/Os accesses. The hefty I/O intensity causes
access conflict of I/O requests inside an SSD: a large number
of requests are blocked to impair response time. Conventional
passive update caching schemes merely replace pages upon access
misses in event of full cache. Tail latency occurs facing a colossal
I/O intensity. Active write-back caching schemes utilize idle time
among requests coupled with free internal bandwidth to flush
dirty data into flash memory in advance, lowering response time.
Frequent active write-back operations, however, cause access
conflict of requests — a culprit that expands write amplification
(WA) and degrades SSD lifetime. We address the above issues
by proposing a workLoad intensity-aware and Active parallel
Caching scheme - LAC - that is powered by collaborative-load
awareness. LAC fends off user I/0s’ access conflict under high-
I/O-intensity workloads. If the I/O intensity is low — intervals
between consecutive I/O requests are large — and the target die is
free, LAC actively and concurrently writes dirty data of adjacent
addresses back to the die, cultivating clean data generated by the
active write-back. Replacing clean data in priority can reduce
response time and prevent flash transactions from being blocked.
We devise a data protection method to write back cold data based
on various criteria in the cache replacement and active write-
backs. Thus, LAC reduces WA incurred by actively writing back
hot data and extends SSD lifetime. We compare LAC against
the six caching schemes (LRU, CFLRU, GCaR-LRU, MQSim,
VS-Batch, and Co-Active) in the modern MQSim simulator. The
results unveil that LAC trims response time and erase count by
up to 78.5% and 47.8%, with an average of 64.4% and 16.6%,
respectively.

Index Terms—Caching scheme, I/O-intensity awareness, par-
allel write, die-level monitor, solid state disk, NAND flash.
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1. INTRODUCTION

AND Flash-based solid-state drives (SSDs) are widely

deployed in storage systems [1] thanks to exceptional
random performance and low power consumption [2]. Unfor-
tunately, NAND flash inside an SSD has a limited number of
Program/Erase cycles (P/E) [3], which determines SSD life-
time. SSDs use built-in DRAM as a cache [4] to slash the
number of user requests of updating flash memory [5] — and the
performance difference between the host-side I/O interface and
flash memory [6] can be balanced out. As such, user response
time is significantly reduced. Existing workloads are featured
with high I/O intensity [7] and burstiness [8]. In an SSD, data
volume per unit time - intensity - increases dramatically in real-
world loads in recent years, affecting user response time and
causing high tail latency'. Taking the Systor’17 traces [8] for
example, the I/O intensity is large, and the distribution of the
request intervals is unbalanced. The percentage of logical page
addresses (LPAs) that are rewritten is high, accompanied by a
short rewrite distance. This metric is the number of requests
between two write requests to the same LPA. In our tested SSD
(see Section III) serving user requests, there are numerous free
chips and dies in the flash memory. Although the chip is busy,
most dies are free.

Conventional caching schemes applied in SSDs are primarily
classified into three camps. First, the SSD front-end caching
algorithms [9], [10], [11] are designed based on I/O access
patterns - hot and cold, temporal locality, spatial locality, and
I/0O intensity. More often than not, the above caching schemes
overlook the I/O intensity issue. Facing high I/O intensity, the
replacement of dirty data causes access conflict with subsequent
requests, the process of which is delayed. Second, the back-
end caching schemes [12], [13], [14] exploit the read-write
imbalance to preferentially replace clean data. This technique is
adequate for the chip-level state and idle time in flash memory
to prioritize replacing pages in target idle chips [15]. However,
the fully parallelism in SSDs has been rarely studied. Third,
the front-back-end caching schemes [3], [16] combine both
I/O access pattern and flash features, including I/O hotness,
I/0 intensity, cache-miss cost, and access conflict between user
I/Os and internal I/Os in flash memory. These schemes ignore
the relationship between I/O intensity and flash write latency,
thereby wasting flash memory resources. When the I/O intensity

I'The term tail latency refers to extreme values at the tail end of the latency
distribution under workloads with high I/O intensity in this paper
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is high, a large number of I/O conflicts are incurred by flash
transactions, and response time is enlarged.

To solve the above problems, we propose a caching scheme
that is collaboratively aware of user I/O access patterns and flash
memory status — and simultaneously detects (1) I/O hotness and
I/O intensity at the user level and (2) write latency and state
in flash memory. The overarching goal of LAC is to mitigate
access conflict between user requests in workloads with high
I/0O intensity. When LAC detects that a request interval becomes
long and a target die in flash memory is free, the dirty data with
adjacent logical addresses is actively written back to flash mem-
ory in parallel. Afterward, LAC increases the amount of the
clean data generated by active write back, lowers response time,
and avoids flash transactions from being blocked. To reduce
write amplification (WA) caused by actively writing hot data to
flash memory, we divide cache space into cold, warm, and hot
regions. We propose a data protection method to evict cold data
in the cache based on different criteria in the cache replacement
and active write-backs, aiming to extend SSD lifetime. Our
contributions are tabulated as follows.

> We propose a workload-intensity-aware and active parallel
caching scheme named LAC that is adaptive. LAC alleviates
access conflict arising from user I/Os under workloads with
high I/O intensity. When the I/O intensity is low, LAC increases
the number of active write-backs for dirty data and expands
the size of clean data to be preferentially replaced, thereby
minimizing cache replacement cost.

> We devise an approach in LAC to predicting I/O intensity
by leveraging the status in flash memory. This method mitigates
access conflict and minimizes response time by slashing the
parallel write backs of cold and dirty data in the context of low
I/O intensity accompanied by idle target die.

> We design an algorithm focused on safeguarding hot data
from excessive write-backs to flash memory, enhancing the SSD
lifetime. LAC protects hot data during the cache replacement
and parallel write-back, averting redundant flash transactions
due to repeated dispatch? after a write-back.

> We validate the advantages of LAC by comparing against
the popular caching schemes under realistic traces. Our findings
demonstrate that LAC reduces the response time and erase
count of the alternative caching schemes by up to 78.5% and
47.8% with averages of 64.4% and 16.6%, respectively.

The rest of the paper is organized as follows. We introduce
the background in Section II. We analyze the motivation behind
the development of LAC in Section III. Section IV elaborates
on the design of LAC. After presenting the experimental setup
in Section V, we validate LAC’s performance by comparing
it with the state-of-the-art caching schemes in Section VI. We
present the related work in Section VII. Finally, Section VIII
discusses and concludes this paper.

II. BACKGROUND

SSD Architecture. A typical NVMe SSD [14] comprises
host- and device-side subsystems. Within NVMe drives, multi-
ple submission queues (SQs) and completion queues (CQs) are

2Writing hot data back may result in multiple rewrites of the same data
and dispatch duplicate flash write transactions.

1739

configured in the host-side DRAM. I/O requests, generated by
a host bypassing the OS I/O stack and block-level queue and
directly inserted into the SQ, are submitted to an SSD device
for scheduling. After the I/O requests are executed, the status is
returned to the CQ. The device side is divided into a front end
and a back end: the front end includes the host interface logic
(HIL) [14] and flash translation layer (FTL)), whereas the back
end embraces storage NAND flash arrays. The HIL converts
user requests into flash transactions. In the FTL, flash transac-
tions pass through the cache units. The cache space, containing
a portion of the DRAM, stores accessed page requests with a
low latency. The FTL maintains the I/O queue for each chip, and
the flash transactions in the I/O queue are then written/read to
the flash chip through the transaction schedule and flash channel
controller (FCC). An SSD has channel-, chip-, die-, and plane-
level parallelisms. A die is a basic unit for executing commands;
a block is the basic unit of an erase operation; and a page is
the basic unit of read and write operations. An erase duration
is around ten times of a write duration. The delay of read is
lower than those of the other two operations. Flash memory has
a limited number of program/erases (P/Es), which determines
SSD lifetime [2], [3].

Caching scheme. Caching influences the SSD performance.
Caching schemes encompass active and passive write-back
schemes [3], which are determined by the data-update method.
In the passive write-back mode, pages are written back to the
flash memory solely when the cache reaches its capacity or
when a cache miss happens. The cache space then can be
freed for incoming user I/O requests. The active write-back
mode writes dirty data back to flash memory while converting
the dirty data into clean ones. This method minimizes cache
replacement costs at the cost of increasing WA. The replaced
data are flushed to the flash memory — and logical-and-physical
address mapping is updated

III. MOTIVATIONS

In this section, we analyze the workload and flash paral-
lelism, which motivates us to design LAC. We focus on the I/O-
intensity workloads from Systor’17 traces [8], see Table 1. The
prior active write-back modes [3], [17] flush dirty cache data
into the target idle chip, lowering the cache replacement cost.
If the interval between two consecutive requests is smaller than
the duration of an active write-back, subsequent requests are
blocked, and the write latency is worsened. Recognizing that the
request interval depends on access patterns, we analyze traces
to unveil the interval between two consecutive requests.

First, we define I/O intensity in a workload as Wintensity =
b S"‘“’e , which is the data volume from the host per unit time.
The denominator t denotes the length of time, whose default
value is one second. A hefty I/O intensity W;piensity entails
a small average request interval Ty, and we have Ty, =
N t = Wmtei‘i"ge . The ratio of Inax to I, for work-
loads is higher than 10 ‘times. The Systor’17 traces are featured
with high I/O intensity, frequent bursts of requests, and short
inter-request intervals. In addition, user requests are split into
page-sized requests with an interval less than the flash write
delay (e.g., 0.75 ms). When an active write-back occurs within
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TABLE 1
CHARACTERIZATION OF SYSTOR’17 TRACES

Tracel TotalReq Write Average | WriteSize Tavg” Tnax Tavg® Imax Seq 4 RewFite

(10%) Ratio Size(KB) (GB) (ms) (s) (MB/s) (MB/s) Ratio(%) Ratio®
LUNO-0 1.07 0.73 13.42 5.68 3.35 6.49 3.91 174.3 1.97 0.94
LUNO-1 2.31 0.70 15.47 18.90 1.56 1.51 9.69 84.2 1.64 0.93
LUN2-0 2.70 0.69 12.50 13.82 1.33 1.32 9.17 92.8 1.56 0.94
LUN2-1 1.83 0.66 13.57 7.97 1.97 0.61 6.73 99.7 1.93 0.93
LUN2-2 4.44 0.80 10.35 24.14 0.81 0.60 12.50 223.7 0.80 0.97
LUN2-3 2.90 0.79 10.91 13.90 1.24 0.52 8.59 147.8 1.11 0.97
LUN2-4 2.47 0.69 11.32 10.37 1.45 4.39 7.60 89.4 1.13 0.96
LUN2-5 1.47 0.72 11.77 7.66 2.44 5.89 4.71 68.4 0.73 0.94
LUN2-6 2.41 0.86 9.39 13.48 1.49 4.44 6.13 114.8 0.63 0.98
LUN3-0 4.24 0.06 25.06 2.22 0.85 0.13 28.83 151.5 0.96 0.31

#1 Column 1 represent traces 2016021615-LUNO, 2016031614-LUNO, 2016030117-LUN2, 2016030415-LUN2, 2016030817-LUN2, 2016030819-
LUN2, 2016030917-LUN2, 2016031015-LUN2, 2016031115-LUN2, and 2016022113-LUNS3, respectively. 2 Tavg and Thmax are the mean and

maximum values of the request interval, respectively. 3

Tavg and Imax are the mean and maximum values of the I/O intensity, respectively. 4 The

Seq Ratio indicates the ratio of sequential I/O requests to ones. > The Rewrite Ratio denotes the requests with the same LPA occurring re-write.

== LUN0-0—— LUNO-I— LUN2-0— LUN2-T— LUN22
1.0 - LUN23—— LUN24— LUN2-5— LUN2-6— LUN3-0)
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(b) The CDF of the rewrite distance
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(a) The CDF of the request interval

Fig. 1. The CDF of workload analysis.

this interval, the write-back delays the subsequent request. The
ratio of T to Ty is close to 10% times. The larger the
disparity between the two metrics, the greater the imbalance
in the workload’s access pattern and the more pronounced the
burstiness. Fig. 1(a) plots the cumulative distribution function
(CDF) curve of request intervals in the workloads, where the
requests with an interval less than 0.75 ms account for 35.9%
to 68.8% of all the requests.

Observation 1: The Systor’17 traces show both high I/O
intensity and frequent bursts of intense I/O activity. Request
interval sizes show uneven distribution, and active write-backs
in short intervals without I/O intensity prediction tend to block
requests. It is wise to leverage a large-size request interval to
actively write dirty data back to flash memory amid low I/O
intensity at the host side; otherwise, active writes should be
averted at all costs.

Second, in the last column, we refer to two writes on the same
LPA as one rewrite operation; similarly, two read operations on
the same LPA are named reread operation. In addition, there
are write-read and read-write operations. The rewrite ratio is
gauged as a proportion of rewrite operations among the four-
type operations. Given an LPA in an SSD, the rewrite distance
refers to the total number of requests between two write oper-
ations on the same LPA. Actively writing back a short-rewrite-
distance page can cause extra writes, impairing the response
time and SSD lifetime. More often than not, the percentage of
rewrite operations exceeds 90% — meaning that a written page is
likely be re-accessed by a write request. After studying the CDF
curve for rewrite distances ranging from 1 to 10%, we observe

that requests with a rewrite distance of less than 103 accounted
for more than 80%.

Observation 2: A substantial portion of requests involve
rewriting the same LPA, with a tendency for these rewrites to
occur in close temporal proximity. If dirty data — given a short
rewrite distance — are actively updated to flash memory, sub-
sequent host write requests will repeatedly flush back to flash
memory to worsen WA. Conversely, a long rewrite distance
alleviates this issue.

Third, the fluctuation of rewrite distance is large, as evi-
denced in prior work [18]. We count the rewrite distances of
all requests with the same access frequency in a workload. We
study the variance and median of these rewrite distances, see
Fig. 2, which signifies similar trends under all the workloads.
As the number of I/O accesses goes up, the two metrics drop —
and the rate of decrement tendency slows down. We categorize
the data points based on the position along the curve: those
near the two ends of the curve are defined as cold and hot
data, respectively. Cold data are characterized by high variance
(10®) and median (10%). Hot data have low variance (10%) and
median (3 x 10%). Moreover, warm data accesses, which rep-
resent intermediate access metrics between hot and cold data,
are evident. There are several peaks with the number of I/Os
accesses ranging from 10 to 100, as plotted in Fig. 2(b), which
unveils that a large number of I/O accesses cannot guarantee
low variance and median.

Observation 3: The Systor’17 traces suggest that the rewrite
distance of requests is very high due to low access frequency.
The rewrite distance becomes low and stable for high access
frequency of requests. The rewrite distance highly fluctuates for
moderate access frequency of requests. Dividing cache space
into — cold, warm, and hot regions, we propose the cache
replacement strategies coupled with a data protection method
for each region. Our design aims to, by the virtue of improved
accuracy of identifying cold and hot data, fend off high WA
incurred by write-back hot data.

Fourth, in the Systor’17 traces, the consecutive request inter-
vals are mostly smaller than a flash write latency. In this case,
active write-backs commandeer request intervals, exacerbating
access conflict between user requests. The number of active
write-backs decreases, and this operation converts dirty data

Authorized licensed use limited to: Auburn University. Downloaded on March 14,2025 at 20:05:43 UTC from |IEEE Xplore. Restrictions apply.



SUN et al.: LAC: A WORKLOAD INTENSITY-AWARE CACHING SCHEME FOR HIGH-PERFORMANCE SSDs

l*-— Variance of RD—— Median of RD

W Ao
‘ ‘ “."‘W W M"'\‘M\««

4 ‘ ‘Warm
Hot

S0 100 5

lell

W iR Al
;‘mNJ | W M

100

led4

1741

T
i |
\H A (W) 3
)y ] q}m'w w '(\ ™ )

||
T

% o4

/ 2

ic10 ] led
16

A‘C"“’ \hg hm'l\l It}

S0 100 150 200 250

il & Warm

4

0 M’!‘!ﬁrm‘m:ﬁ_.. ——} 0 ks T S o 1(; . it J‘U o eI T E’i‘ 0
0 100 200 300 400 500 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
(a) LUNO-0 (b) LUNO-1 (c) LUN2-0 (d) LUN2-1 (e) LUN2-2
b el 14 . Te10 e4 2()j\c" ST ‘\?j Tel0 wwﬁ s T \;‘4 Tel0 o T—v—*— les
“ | cold > cold 12 i cold 4 Cold ' “r“ L‘NL‘\ y 30 cota | ’h 6
5 (W N v W F6 > [
. i , /fv M 12 1" w s 15 |/ W wo e , Nu Ny 16 A
”"M s o B TSR RN A W A S| A P s
1 ) H ! o)
4 = 2 10 / -
Hot i Warm
R, == e BT e e A ———
T — T (,,\:‘_";mm.m.u..,..ﬂm-...ﬁl o ‘I T I © o
0 200 400 600 800 1000 0 200 400 G600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

(f) LUN2-3

(g) LUN2-4

(h) LUN2-5

(i) LUN2-6

(j) LUN3-0

Fig. 2.

The analysis of rewrite distance (RD) in workloads. X-axis represents the I/Os access frequency of requests. Left y-axis and right y-axis denote the

variance and median of RD of requests with the same number of I/Os access frequencies, respectively.

TABLE 1I
THE BUSINESS OF A DIE IN A CHIP INSIDE AN SSD
Trace LUNO-0 | LUNO-1 | LUN2-0 | LUN2-1 | LUN2-2
C];‘.‘PB“SY 0.91736 | 093558 | 093838 | 0.91684 | 0.95667
ieFree
ChipBusy | o764 | 004735 | 0.06162 | 0.08316 | 0.04333
DieBusy
Trace LUN2-3 | LUN2-4 | LUN25 | LUN2-6 | LUN3-0
ChipBusy | 53358 | 000093 | 095081 | 0.95667 | 0.95265
DieFree
ChipBusy 1 6670 | 0.09907 | 0.04919 | 0.04333 | 0.06442
DieBusy

to clean one. The amount of dirty data becomes large in the
cache. Consequently, significant overhead is incurred in the
cache replacement. In an SSD, the die is the smallest unit of
execution. If the chip is busy, the die in the chip is still idle,
which affects the amount of active write-back data and the dies’
utilization. We define ChipBusyDieBusy as all dies being busy
when the chip is busy, and ChipBusyDieFree as there being
one free die when the chip is busy. Our study, examining a 32-
chip and 64-die SSD configuration (see Section V), reveals that
die idle time when the chip is busy occupies about 90% (see
Table II). This ratio increases with the number of dies in a chip,
wasting resources in flash memory.

Fig. 3 shows the CDF of the number of chips and dies in
parallel when a new request arrives. When the chip-level status
is disclosed, a chip allows only one die to perform the active
write-back, which can significantly reduce dies’ utilization. For
example, in LUN3-0, with the chip-level detection, the number
of chips in parallelism less than 9 occupies 80%. With the die-
level detection, the number of parallelisms increases to 14 at
the same probability, increasing the utilization of die to a larger
extent — and enhancing the active write-back throughput. Then,
more clean data are originated to shorten response time.

Observation 4: When a chip is busy, the dies in the chip have
a high probability of being idle. There are a large number of idle

[=— LUN0-0—— LUN3-0—— LUN2-0— LUN2-6] [ LUN0-0—— LUN3-0—— LUN2-0— LUN2-6

10 — 1.0 —
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oot———» 00
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(a) CDF of chips in parallel (b) CDF of dies in parallel

Fig. 3. CDF between chip- and die-level utilization.

dies in flash memory whenever a request arrives. There are mul-
tiple dies in a chip. With a chip-level monitoring scheme, if one
die is busy, the other dies cannot be fully utilized. However, a
die-level load monitor (see Section IV-D for detail) can discover
idle dies with finer granularity, increasing dies’ utilization.

Summary. When data are replaced in an aggressive manner,
it can quickly free up space at the cost of serious WA issues
(Observations 2 and 3). Moreover, frequent replacement of data
at high I/O intensity leads to tail latency due to access conflict
between user I/Os (Observation 1). Replacing small-sized data
fails to fully utilize the parallel resources (dies) of flash mem-
ory (Observation 4). We are motivated by the aforementioned
observations to propose LAC optimizing the amount of actively
write-back data when I/O intensity is low and dies are idle. LAC
incorporates the data protection method to control the amount
of data, thereby reducing WA.

IV. DESIGN OF LAC
A. System Overview

Fig. 4 sketches the LAC system architecture that em-
braces five modules - hot/cold separation, data protection,
I/O-intensity-aware, die-level load monitor, and parallel-write
modules. In Section IV-B, hot/cold separation classifies incom-
ing page-sized requests into cold, warm, and hot data. The hot
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TABLE III
NOTATIONS AND DESCRIPTION USED IN THIS PAPER

Wintensity The amount of data per unit time
Spage A page size in sectors
Tavg Average interval of all requests in a second
Nreq The number of page requests

I The selected item in the linked-list

NewrPage The number of pages currently requested
channel The number of channels of an SSD

Npage Average number of pages in a second

Nparellel The number of channel parallel operations
parallel The LPA region size for a parallel write

Pgegree The number of channels utilized in parallel write

Nuriteback The number of write-back operations

Lpie The load of a die

Lextern The waiting time of requests on the chip queue

Lezcute The remaining execution time

Tr, Tw, Te The wait time on the chip queue for read, write, and erase

g“se“ Coo The number of user read/write, GC, and mapping
Mapping

Ly, Ly, Le Execution time of a read, write, erase

Fr, Fy, Fe The flag for a read, write, and erase

Teur The current system time

data-protection method protects hot data from being mistakenly
evicted from the cache, thereby avoiding multiple active write
backs that deteriorate WA. In Section IV-C, the I/O-intensity-
aware method detects the magnitude of the I/O intensity from
the host and the size of a request interval through the slid-
ing window. The die-level load monitor module monitors the
status - idle or busy - of the flash memory, see Section IV-D.
In Section IV-E, active write-backs are triggered when the I/O
intensity is low and the die is idle. To originate clean data, the
parallel-write module uses channel-level parallelism to write
cached cold and dirty data to the flash memory in parallel when
the die is idle. The parallel write-back process is sparked based
on die-level load monitor and I/O-intensity-aware modules.
These page requests with adjacent logical addresses are written
back into flash memory. This method can enhance the through-
put and convert much dirty data into clean data, minimizing the
cost of cache miss. Table III lists the notations and description
used in this paper.

B. Hot/Cold Management

Inspired by observations 2 and 3, we propose a hot-and-
cold management scheme that integrates cold-hot separation
and data protection methods. In LAC, cold data is actively

IEEE TRANSACTIONS ON COMPUTERS, VOL. 73, NO. 7, JULY 2024

written back into the flash memory because there will be no
access to the cold data in the future. The cold data is actively
written back in advance to axe WA, whereas writing back hot
data that is accessed again escalates WA. Thus, we design an
accurate hot-and-cold separation module that distinguishes hot
and cold data amid dynamically changing I/O access patterns,
thereby bolstering the accuracy of cold-hot data identification.
When replacing cache data, the data protection method of LAC
avoids active write-backs of hot data, with a significant reduc-
tion of write overhead caused by multiple repeated write-backs,
thereby reducing WA. As described in Section III, the cache
space is divided into cold, warm, and hot regions. An LRU-
linked list manages the cache space, and each real region is
partitioned into the clean- and dirty-linked lists. Replaced pages
are stored in the meta region based on metadata, which contains
the addresses of page requests.

We demonstrate cold, warm, and hot data from perspectives
of classification, data movement, and data protection below.

1) Cold Data: Conditions for Cold Classification: Cold
pages are those that are infrequently accessed or have not been
accessed for a considerable amount of time. They are likely
to have a low access frequency F' and a long rewrite distance
RD. In this paper, the term accesses includes read and write
accesses, which register the total number of reads and writes
handled by the LPA. The rewrite distance’s accesses include
writes; otherwise, read and write accesses refer to the number
of reads and writes, respectively.

Moving to Cold Region: Pages are classified as cold data
when (1) they are first visited or (2) moved from the warm
region when the cold region is empty.

Data Protection: The cold region stores first-access pages.
C denotes the cache capacity; F' x C represents the maximum
value at which a page request can survive. If the lifetime after
the last access exceed this maximum value, it signifies that the
request, which has been kept in the cache for a long period,
should be expelled to mitigate cache pollution. Hot data is
protected by moving it to the head of the current linked list and
halving the number of times it is accessed.

2) Warm Data: Conditions for warm classification: Warm
pages are those that are accessed less frequently than hot pages
but more frequently than cold ones. Warm pages have an inter-
mediate access frequency and large rewrite distance.

Moving to Warm Region: A page may transition to the
warm category from cold under the conditions: (1) its access
frequency increases but is insufficient to be classified as hot
data, (2) cache hits in the meta-cold region, or (3) data from a
hot region is moved to the warm region as it is empty.

Data Protection: Access frequency F' in the warm region
is small — and functions in conjunction with rewrite distance
RD. F x RD denotes the time data are kept in the cache. If
the lifetime after the last access is less than this value, the page
request ought to be protected.

3) Hot Data: Conditions for Hot Classification: Hot pages
are accessed frequently or has been accessed recently. Specific
metrics for this classification include a high access frequency,
short rewrite distance, or both.

Authorized licensed use limited to: Auburn University. Downloaded on March 14,2025 at 20:05:43 UTC from |IEEE Xplore. Restrictions apply.



SUN et al.: LAC: A WORKLOAD INTENSITY-AWARE CACHING SCHEME FOR HIGH-PERFORMANCE SSDs

Moving to Hot Region: A page transitions to the hot region
from the warm region a cache hit occurs in the meta-warm or
meta-hot region.

Data Protection: The data in the hot region is frequently
accessed with a stable rewrite distance. If Age is less than
the median rewrite distance of all requests RD,,cdian, the
request — being hotter than a majority of its peers, is a promising
candidate for the cache.

Notably, the data protection method in the above three cases
exhibits two features. First, it improves SSD lifetime by maxi-
mizing the retention of hot data in the cache, increasing hit rate,
and reducing the number of flash writes. Second, it avoids extra
writes incurred by multiple flushes of hot data back to the flash
memory — and access conflict between user I/Os is alleviated
to lower response time.

4) Cache Replacement in LAC: If a flash transaction hits the
real region, the page request should be relocated to the higher-
level region. If it hits the meta-cold region, most cold data is
accessed. Then, high priority is given to replacing pages from
the real warm region. Hit meta-warm region indicates that the
current request involves infrequently accessed data. Therefore,
a preference should be given to replacing a page from a linked
list in the real hot region. If it hits the meta-hot region, high
priority is given to replacing pages from the linked list in the
real-cold region because more hot data is accessed. The data
protection method traverses the linked list to locate data that is
inappropriate for storage in the real cold region. Subsequently,
the data is evicted from the cache. If any region has a cache
miss, cache replacement will be provoked. Cache replacement
occurs in the real cold region.

5) Time to Transition From Hot to Cold: The time for a
page transition from hot to cold is not fixed; it is dynamically
determined by access patterns and the data protection algorithm.
If a page in the hot region has not yet been accessed for a while,
the page’s access frequency and rewrite distance will change,
potentially leading to its cache replacement by the protection
algorithm if the page is deemed cold data.

C. I/O-Intensity-Aware Module

The I/O intensity of Systor’17 traces is high. If the active
write-back time is not well orchestrated under short request
intervals, the response time of subsequent requests increases.
Thus, we defined the interval write-back threshold (Sy,) as

Tavg * NcurPage * Spage * Nchannel

Sy =
Npage * Ly

ey

This threshold is the maximum amount of data written back
during the time interval between two consecutive requests.
Active write-back data volume beyond this threshold prevents
subsequent requests from being served. Below this interval, on
the other hand, dirty data cannot be swiftly transformed at the
maximum. The threshold is adjusted based on the request inter-
val, and the request interval measure is inversely proportional
to the intensity.

Eq. 1 unveils the relationship between the I/O access pattern
and flash write latency. The number of active write-backs is

1743

estimated using the I/O intensity-aware method. Thye/Npage is
an interval between individual page requests, determining
the number of active write-backs within the interval.
Tave/Npage/ Lw * Nehannet 18 the maximum number of
write-backs within an interval. The amount of written
data accumulates in the active back-pressure buffer. When the
SSD controller receives a new request, the request is appended
to the back-pressure buffer queue. When the number of I/O
requests in the buffer exceeds its maximum capacity, the
buffer will pause receiving new requests while processing the
buffered requests. When the value of the active back-pressure
buffer is less than Sy, an active write-back will be possible.
The active back-pressure buffer gradually decreases as flash
transactions are executed. Subsequently, new active write-back
requests are admitted.

Based on the size of the historical request intervals, we pro-
pose a time-smoothing approach with a one-second window to
predict the request intervals and the number of pages within
the subsequent one-second period. In this prediction, the time
window moves on the time series in one-second steps, and we
obtain five consecutive one-second time windows before the
current time. After each movement step, we calculate the aver-
age sizes of the request interval within five windows. Then, we
employ this average value as a prediction value of the request
interval in the next one-second period. The predicted request
interval is applied in S, (see Eq. 1) to determine the maximal
amount of write-back data after a request is completed. 7 is an
interval time between requests ¢ and ¢ + 1 in a second; n is the
number of requests in the second. The average interval of all
requests in the second is expressed as

@)

The average number of pages of all requests in a second is

n\/ H?ZI S'L (3)

)

Npage Spage
where S; denotes the size of sectors in request <. The
time-smoothing approach bolsters the calculation accuracy by
smoothing data and reduces the interference of outliers in re-
quest intervals.

The reasons behind employing one second as the time win-
dow are elaborated as follows. In the extensive experiments,
we reckon that the I/O intensity in the workload varies over a
short period. If the time window size is too small — for example,
less than 1 ms, the predicted result might be inaccurate due to
random short-term fluctuations. When the window size is larger
than one second, the window cannot capture the true size of re-
quest intervals: the time window is too large and the difference
in the average value of request intervals per unit time is small.
A time window between 1 ms and 1 s can well capture short-
term variations; thus, we choose 1s to achieve high accuracy
and minimal computational overhead. In Section VI-BI, we
tested the performance impact of I/O intensity predictions based
on a one-second time window — and the module can indeed
significantly cut back response time.
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The above strategy combines host I/O intensity with flash
write latency. The interval write-back threshold becomes low
under high I/O intensity, mitigating access conflict between user
I/Os. In contrast, the interval write-back threshold hikes given
low I/O intensity — and SSD performance is optimized.

D. Die-Level Load Monitor

We propose a die-level load monitor to detect busy flash
memory, the load Lp;. of which is denoted as

LDie = Lextern + Lexecute- (4)

where Lexiern 1S the waiting time of requests on chip queue.
Lexecute 18 the remaining execution time of the current die. Lp;e
being zero signifies an idle die. Notably, Leyier 1S given as

Lexlern = Tr + TW + Te; (5)

which includes read time 7)., write time 73,, and erase time 7.
Cuser» Cge, and Cwapping denote the number of user read/write,
garbage collection, and mapping operations, respectively. Read
(write) operations have three types: user read (write), GC read
(write), and mapped read (write). Erase only originate from
GC. Symbols L., L, and L. denote time of a basic read,
write, and erase, respectively, in flash memory. Thus, die-
level wait time of read, write, and erase requests is gauged
as T, = (Cuser + CGC + CMapping) ‘L, Ty = (Cuser + CGC +
ChMapping) - Lw, and T = Cgc - L, respectively.
The remaining execution time on the die can be given as

Lexecute = FW . Lw + Fr . Lr + Fe : Le - Tcura (6)

which is the expected completion time of a basic operation
being executed in the die minus the current system time. 7¢;
is the current system time. Fy, F}, and F, are the Boole value
(‘0 or ‘I’) for a basic operation. Active write back is sparked
only when the die-level load is ‘0’. This approach has a finer
granularity than that of chip-level load monitoring, discovering
more idle target dies in time — and improving utilization of dies
by increasing the amount of write-back data.

E. Parallel-Write Mode

To write as much data as possible in a limited time, LAC
incorporates a multi-channel parallel write-back method, where
parallel active write-backs fully exploit the spatial locality of the
workload in conjunction with the parallelism of flash memory.
Page requests with close spatial locality are written back in
parallel through channel-level parallelism, increasing through-
put. The HIL module in an SSD slices requests into page-sized
requests with increasing logical addresses, high spatial locality,
and similar hotness. Writing these requests back amid an active
write-back increases the write data volume during low hotness.

Parallel Region. A static page allocation assigns logically
adjacent pages to different channels. The number of channel-
parallel operations (Npgraile) is given as Npgiiel = NT‘”?L ,
which depends on the request interval and flash memolgj p\;l-
rameters. Given a fixed write latency, a large request interval
leads to high parallelism degree. The LPA region size for a
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parallel active write-back (Raranter) is derived from the number
of parallel operations as (Rparaitet = Nparaltel * Nchannel)-

A parallel write only selects pages within the address region,
and pages beyond this region compete for parallel resources
while suffering from low spatial locality due to wide discrep-
ancies in LPAs. This problem results in misjudgment of data
elected for active write-backs. Notably, a large-sized request is
split into multiple page-sized requests having adjacent LPAs
and similar hotness, which is prioritized in the active write-
back. If a large-sized request does not exist, we search pages
with adjacent or close LPAs — and write them back to flash
memory in parallel. The number of channels utilized for parallel
write-backs depends on the workloads. Parallel active write-
backs cause high WA, which is more pronounced in face of writ-
ing back hot data. Frequent updates of hot data incur multiple
write-backs that downgrade SSD lifetime. We integrate parallel
write-backs with the data protection method: only cold data are
written back in parallel.

Parallel-write Procedure. Algorithm 1 presents the parallel-
write process, in which LAC nominates cache item I, from
the tail of the dirty linked list to warrant an active write back.
The conditions under which the active write back is invoked
include: 1) Dirty data exist in the cache, and the number of clean
pages is fewer than the preset write-back threshold. Dirty data
may trigger an active write back. The write-back threshold is
set to increase the number of clean pages without many write-
backs (Lines 4-6). 2) The die-level load is zero. In this case, the
active write-back pages are served in time — preventing a request
from awaiting while reducing access conflict between flash
transactions. The algorithm calculates I,’s channel, chip, and
die number under the static allocation strategy using the LPA
(see Lines 7—13). The die-level load monitor detects whether a
physical address is free. The active write-back procedure moves
the page request from the dirty linked list to the clean list,
followed by delivering the write transaction. Then, the parallel
write-back module writes back the other requests with adjacent
LPAs based on the spatial locality, using the flash bandwidth
to enhance throughput. 3) The proactive back-pressure buffer
is less than Sy, which is limited by I/O intensity — and the
write-back data volume is expanded when the intensity is low.
Increasing the write-back data volume under hefty intensity
maximizes the flash bandwidth and alleviates access conflict
between user I/Os (see Line 23). Lines 1622 articulate the
parallel active write-back process under two conditions. First,
when an active write back is initiated, a parallel region is gen-
erated based on the current LPA. The request that satisfies the
region is located. Therefore, the spatial locality is fully utilized
to increase write-back throughput. Second, only data that do not
trigger the data protection procedure are written back in parallel
because writing back hot data shortens the SSD lifetime.

V. EXPERIMENTAL SETUP

Settings. We implement LAC on an open-source NVMe SSD
simulator, MQSim [14]. We configure cache sizes from 8§ MB
to 1024 MB. Table 1V lists parameters of MQSim. We employ
the realistic enterprise-scale Systor’ 17 traces [8], [22] collected
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Algorithm 1 Parallel-Write Mode
Require: Flash Transaction 71,72,73,...,T4,...
1: procedure ACTIVEPARALLELWRITEBACK

2 repeat
3: Get the cache entry from LRU in dirty_list: I,
4: if Ngiryy ==0 || Write-back threshold < Ngjeqn
then
5 return & Exit
6: end if
7: Get the LPA(Z,)
8: channell D < LPA mod N hannel
9: chipID <+ (|LPA/channelN |) mod Nepip
10: dieID «+ (| (LPA/channelN)/chipN |) mod
Ndie
11: if The Die(channell D, chipI D, diel D) is in Busy
then
12: return
13: end if
14: ACTIVEWRITEBACKTONANDFLASHDIE(Z,,)
15: MOVETOLIST(LPA, clean_list)
16: while I, next. LPA — I,.LPA < N hannel X
Nparallel do
17: if | HOTPROTECT(LPA) then
18: ACTIVEPARALLELWRITEBACK
19: I, .next < I, .next.next
20: end if
21: end while
22: I, < I,..next
23: until Proactive_back_pressure < Sy,

24: end procedure

TABLE IV
SIMULATION PARAMETERS IN MQSIM

Host Interface: PCle 3.0 (NVMe 1.2)

Capacity: 512 GB, 8 channels, 4 chips/channel
ONFI 3.1 (NVDDR?2)

256 pages/block, 2048 blocks/plane

2 planes/die, 2 dies/chip, 8 KB/page

Read: 25 ps (S), 50 pus (M), 75 ps (T), 100 ps (Q)
Program: 0.3 ms (S), 0.75 ms (M), 1.3 ms (T), 2 ms (Q)
Erase: 2 ms (S), 3 ms (M), 4 ms (T), 5 ms (Q)
GC Policy: Greedy [19], GC Threshold: 0.05
Mapping: DFTL [20], TSU: Sprinkler [21]

Over provisioning Ratio: 0.07

*Symbols S, M, T, and Q means SLC, MLC, TLC, and QLC flash memory,
respectively.

SSD Organization

Flash Interface

Flash Structural

Flash Latency

FTL

from the Fujitsu Laboratories in Japan to evaluate the perfor-
mance of the caching scheme. Systor’17 traces have higher
I/Os per second and higher I/O intensity than those in prior
work [23], [24] MQSim performs a preconditioning step prior
to simulation, where it processes an input trace to extract the
LPA access patterns of application I/O requests. The extracted
information is used to feed a valid/invalid page distribution
model [25], which preconditions the model for SSD use by
marking physical pages as valid or invalid. Similar to [5], [26],
the preconditioning ratio is set to 80%. Extensive experiments
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Fig. 5.  Normalized response time.

are performed to validate LAC under workloads with write- and
read-intensive scenarios. We compare LAC with LRU, CFLRU
[12], GCaR-LRU [27], VS-batch [11], MQSim [14], and Co-
Active [3].

Tested metrics. Average response time represents the time
interval between an I/O request entering the SQ and the host
receiving feedback from the SSD. We normalize the perfor-
mance metrics to investigate the performance of the caching
schemes. Tail latency is the longest latency in a set of requests,
and it reveals the system’s performance in the worst-case sce-
nario. The tail latency in this paper can help us improve system
performance under workloads with high I/O intensity. Write
amplification (WA) is the ratio of the data volume written to
flash memory to that issued by a host. WA unveils the impact
of the cache scheme on SSD lifetime. Erase count in the flash
memory quantifies the SSD lifetime. Write/read hit ratio is the
ratio at which an I/O request hits the cache; a high hit ratio
reduces the response time.

VI. PERFORMANCE EVALUATION

We conducted basic experiments (Section VI-A) and ex-
tended experiments (Section VI-B) to evaluate the performance
of LAC.

A. Basic Experiments

1) Response Time and Tail Latency: Response Time. In
Fig. 5, LAC outperforms other caching schemes under various
cache sizes and workloads. Given a 32-MB cache, LAC reduces
the response time by averages of 50.6%, 52.1%, 48.4%, 33.2%,
42.4%, and 8.29%, compared with LRU, CFLRU, GCaR-LRU,
MQSim, VS-Batch, and Co-Active, respectively. The 256-MB
cache-based LAC shortens the response time by 76.8%, 76.0%,
74.1%, 69.3%, 66.1%, and 16.2% on average. Under the read-
intensive LUN3-0, LAC optimizes the first three cache schemes
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Fig. 6. Tail latency of caching schemes with 32- and 256-MB cache.

by averages of 83.4%, 82.8%, and 83.0% because LAC ad-
dresses the flash read/write performance imbalance while pro-
cessing writes during idle time. The response time of the most
cache schemes decreases as the cache size increases, and LAC
delivers an outstanding optimization under a large-sized cache.

MQSim uses an improved write-through method to write
back the cache cold data to flash memory followed by the
deletion of cache pages. This technique warrants a low response
time under low-I/O-intensity workloads; however, it increases
the response latency owing to access conflict between user
I/Os caused by a large number of flash writes under workloads
with high I/O intensity. LAC has a performance edge under the
majority of workloads. LAC slashes the response time of Co-
Active by up to 42.3%. Co-Active has no limited data volume
actively written back into flash memory, causing access conflict
among consecutive requests. LAC detects the low I/O-intensity
duration — and maximizes the data volume written back in the
shortest time through the parallel write-back mode, lessening
access conflict and maximizing the amount of dirty data con-
verted into clean ones. Thus, the replacement cost is suppressed
amid cache misses with reduced response time. Under a few
workloads, the response time of LAC is marginally smaller than
that of Co-Active because LAC aims to reduce the number of
active writes to prevent excessive writes from impairing the
SSD lifetime.

Tail Latency. In Fig. 6, LAC mostly exhibits lower tail
latency under all the workloads. With a 32-MB cache, LAC’s
tail latency is dropped by averages of 33.9%, 30.5%, 24.4%,
53.8%, 47.8%, and 20.8% compared to LRU, CFLRU, GCaR-
LRU, MQSim, VS-Batch, and Co-Active, respectively. In case
of a 256-MB cache, LAC shortens tail latency by averages of
57.7%, 47.4%, 43.0%, 68.2%, 44.8%, and 15.4% compared to
the other schemes. Notably, the reduction rate of tail latency
is high in write-intensive workloads — and the rate is slightly
low in read-intensive workloads. LAC writes back dirty data
to flash memory to originate clean data as I/O intensity is low,
optimizing the replacement latency of cache misses. Thus, tail
latency becomes low under the high-I/O-intensity workloads.

2) SSD Lifetime: SSD lifetime, affected by WA and erase
counts, is one of important metrics for validating the LAC.
In Fig. 7, with a 32-MB cache, LAC reduces WA by 34.3%,
30.8%, 33.0%, 43.3%, 3.7%, and 14.8% on average compared
with LRU, CFLRU, GCaR-LRU, MQSim, VS-Batch, and Co-
Active, respectively. Given a 256-MB cache, LAC further cur-
tails WA and erase counts. LAC’s optimization performance
becomes more prominent in case of a large-sized cache. Fig. 8
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displays LAC’s erase counts which are 34.4%, 31.0%, 32.1%,
42.2%, 3.6%, and 15.2% smaller on average than those of LRU,
CFLRU, GCaR-LRU, MQSim, VS-Batch, and Co-Active, re-
spectively, under a 32-MB cache. When it comes a 256-MB
cache, LAC outperform LRU, CFLRU, GCaR, LRU, MQSim,
and Co-Active in erase count by averages of 42.1%, 32.3%,
37.5%, 57.2%, 4.3%, and 20.8%, respectively. In the major-
ity of cases, the erase count decreased as the cache size in-
creased. Importantly, LAC exhibits the lowest erase count with
a large-sized cache. In LAC, we design an accurate hot-and-
cold separation module that distinguishes hot and cold data
during dynamically changing I/O access patterns. The data
protection method of LAC avoids active write backs of hot
data, with a significant reduction of write overhead caused by
multiple repeated write backs. MQSim has a high WA and
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erase count because of the unrestricted write-back data volume,
which severely diminishes SSD lifetime.

3) Hit Ratio: In Fig. 9, LAC curbs the write-hit rates of
LRU, CFLRU, GCaR-LRU, MQSim, VS-Batch, and Co-Active
by averages of 9.6%, 4.0%, 9.2%, -2.3%, 9.4%, and -1.9%,
respectively, under a 32-MB cache. With a 256-MB cache, LAC
trims the hit rates of LRU, CFLRU, GCaR, LRU, MQSim, and
Co-Active by 8.9%, 1.3%, 7.7%, -2.9%, 6.8%, and -2.6% on
average, respectively. The write-hit ratio of the schemes rises
with an increasing cache size. MQSim and Co-Active present
low read-hit ratios owing to the write cache mode, in which
read requests bypass cache to enhance the write-hit ratio. Facing
write-intensive workloads, the write-hit ratios are extremely
close to each other because the majority of the rewrite distances
are smaller than the cache size. Under the read-intensive work-
load LUN3-0, the write-hit ratio significantly goes up as the
cache size increases because a small number of writes are more
likely to remain in the cache as the cache size expands. Under
write-intensive workloads (LUNO-0 and LUN2-0), the write-hit
rate converges with an increasing cache capacity.

In Fig. 10, LAC improves the read-hit rate by averages of
-14.7%, -12.6%, -14.5%, 51.3x, -3.8%, and 53.1x compared
with LRU, CFLRU, GCaR-LRU, MQSim, VS-Batch, and Co-
Active based on a 32-MB cache. LAC optimizes, in the 256-MB
cache case, LRU, CFLRU, GCaR-LRU, MQSim, VS-Batch,
and Co-Active by averages of 2.2%, 3.9%, -6.7%, 25.2x, 8.1%,
and 25.4 x, respectively. Write-intensive workloads include few
reads, and the alternative caching schemes share similar read
hits because these schemes are extended from LRU. MQSim
and Co-Active have a low read ratio due to the bypassing
of reads from the cache. Under read-intensive workloads, the
caching schemes that prioritize writes present marginally lower
hit ratios than the peers.

B. Extended Evaluation

1) Impact of I/O-Intensity-Aware Module: To study
the impact of the I/O intensity-aware module on the LAC
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performance, we set up three sets of experiments. Symbol
I10_min indicates that S, is set to “0”, meaning that no oc-
curred active write back. IO_max entails that S, is set to the
maximum value — the maximum depth of the back-pressure
buffer. In Fig. 11, LAC trims the average response time of
10_min and IO_mazx by 51.4% and 15.1%, respectively,
with a reduction of the maximum response time by 82.5% and
39.1%, respectively. IO_min cuts down LAC’s erase count by
31.8% —and IO_max increases LAC’S WA by 4.2%. [O_min-
based LAC enjoys the smallest erase count; however, its re-
sponse time is longer than that of LAC due to the lack of
active write backs that fail in fully utilizing idle intervals. The
amount of data written back in the intervals is unrestricted —
causing access conflict that expand response times with high
WA. LAC adjusts Sy, between zero and the maximum depth of
the back-press buffer by detecting any change in I/O intensity.
LAC effectively mitigates the access conflict between user I/Os
amid high I/O intensity — and the flash memory’s utilization
maximized to curb response time.

2) Parallel-Write Mode: Fig. 12 plots the impacts of parallel
write backs on the response time and lifetime. Parallel_of f and
Parallel_on represents the parallel write-back module is turn off
and on scenarios. Under the six workloads, parallel write-back
shortens the response time by 39.1% and the maximum erase
count by 10.0%. The parallel write-back module determines
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Fig. 13. Impact of data protection module on performance.

the maximum number of parallel write-backs according to I/O
intensity. Then, the adjacent cache pages are simultaneously
written back to the flash memory anchored on the spatial local-
ity and high sequential write performance of the flash memory,
alleviating access conflict and lowering response time. The tra-
ditional cache write-back scheme replaces data in the linked list
upon a full cache. Parallel active write-back changes the order
of conventional write-back based on the LRU — and cold data
that have a close spatial locality are written back to suppress
erase count.

3) Data Protection: We validate the data protection mod-
ule in the context of four caching schemes: (1) turning off
data protection (None), (2) triggering data protection in the
cache replacement (Replace), (3) enabling data protection in the
cache replacement and write-back (Write-back & Replace), and
(4) kicking off data protection in the write-back (Write-back).
Fig. 13 shows that for the above three schemes under the write-
intensive workloads, the Write-back & Replace case reduces the
response time by up to 21.2%, 20.3%, and 6.5%. the highest de-
clines in erase count for the above three are 69.1%, 65.6%, and
3.9%. The results confirm that the three data protection methods
trim response time and erase count. The Replace case reduces
these metrics the least whereas the Write-back & Replace case
achieves the most optimization because most dirty data are
converted into clean data by active write backs. Write-back
& Replace, which can refine hot data, is marginally improved
compared to Write-back. Under a read-intensive workload, the
erase counts of the four schemes are similar: the response time
of Write-back & Replace is marginally higher than those of its
peers because the write-back feature cannot be fully exploited
in LAC under read-intensive conditions.

4) Die-Level Load Monitor: We study the impact of the die-
level load monitor module on the response time and erase count.
Symbols CHIP-LAC and DIE-LAC in Fig. 14 represent the

IEEE TRANSACTIONS ON COMPUTERS, VOL. 73, NO. 7, JULY 2024

S

DIE R CHIP B NONE

Pa?

L DIE N CHIP [ NONE]

o

(S}
o
=)

IS4
%

4

o0
e
9

Normalized Response Time
(=]

o
o

Normalized Erase Count
=3

P Nzl7 i
LU LUNp FUNFUN, FUN2 LUN3

(a) Response Time (b) Erase Count

Fig. 14.  Impact of die-level load monitor module on performance.

LAC
Co-Active
LCR
B LRU

LAC
Co-Active
LCR
B LRU

)
S
=

3

Response Time (ms)
3
Write Amplification

LUNO-0"SLC

LUNO0-0"SLC

(a) Response Time (b) Write Amplification

Fig. 15. Impact of flash memory cell on performance.

chip- and die-level load monitor methods in LAC, respectively.
NONE means that the access conflict between internal I/Os in
flash memory and user I/Os is neglected in the write-back. DIE-
LAC slashes the response time of CHIP- and NONE-LAC by
up to 11.3% and 20.6% but these schemes share similar erase
counts. Compared with CHIP-LAC, DIE-LAC shortens latency
by mitigating access conflict between flash transactions in the
active write-backs; however, DIE-LAC pushes up the number
of pages converted to clean data and erase count. Compared
with CHIP-LAC, the DIE-LAC has limited performance im-
provement because the static allocation strategy in LAC handles
the cold-and-hot access patterns, and most requests concentrate
on a small portion of LPAs, which incurs infrequent address
mappings in some idle dies.

5) Impact of Flash Memory Cell: We study the impact of
write latency in flash memory on LAC performance in the I/O
intensity-aware module. We deploy four flash memory cells -
SLC, MLC, TLC, and QLC [28], see Table IV. LAC is a winner
among its peers — and the response time of Co-Active, LCR,
LRU, and LAC climbs when the write latency enlarges. In the
SLC case, LAC cuts down the response time of Co-Active,
LCR, and LRU by -6.7%, 75.2%, and 77.8%; LAC reduces WA
by 5.4%, 35.4%, and 28.9%. With respect to MLC, LAC slashes
the response time of Co-Active, LCR, and LRU by 24.3%,
80.4%, and 79.4% with a WA reduction of 9.4%, 37.6%, and
31.5%. TLC-based LAC shortens the response time by 39.6%,
82.5%, and 82.7%, compared against Co-Active, LCR, and
LRU, in which WA is optimized by 18.4%, 42.3%, and 37.0%.
Similarly, QLC-based LAC curtails the response time by 46.4%,
81.8%, and 82.4% with the WA reduction of 22.1%, 43.8%,
and 38.5%, respectively. LAC’s 1/O intensity-aware module,
adjusting Sy, in accordance to I/O intensity and flash latency,
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Fig. 16. Impact of large-capability SSDs.

determines an appropriate write-back data volume to mitigate
access conflict between user I/Os and optimize response time.

6) Impact of Large-Capability SSDs: We investigate the
performance of LAC in MQsim configured with 1 TB and
2 TB capacity, see Fig. 16. Due to the large-sized SSD, we
preconditions a stable-status SSD to generate garbage collec-
tion. Compared with LRU, CFLRU, GCaR-LRU, VS-Batch,
MQSim, and Co-Active, 1-TB-SSD LAC achieves lower re-
sponse time than by 79.0%, 82.7%, 78.3%, 73.4%, 80.1%, and
8.4%, respectively. The erase count is slashed by 27.0%, 18.8%,
26.9%, 49.2%, -14.6%, and 7.3%, respectively. On the 2-TB
SSD, LAC reduces the response time by 81.6%, 82.0%, 80.6%,
56.1%, 61.4%, and 29.7%. Furthermore, LAC cuts back the
erase count by 49.6%, 44.5%, 49.5%, 49.0%, 0.3%, and 11.1%.
The performance of LAC increases when the capacity is scaled
up because LAC can find low I/O-intensity write-back time
dramatically, avoiding request access conflict and — generating
a large amount of clean data. Thus, LAC streamlines the cache
replacement process, reducing replacement latency. On the 1-
TB SSD, VS-batch has a lower erase count thanks to its unified
temporal localization, batch processing of requests, and reduced
WA. LAC and VS-batch share a similar result on the 2-TB SSD
because of the inverse relationship between SSD capacity and
erase count.

7) Performance of LAC Under Other Workloads: We under-
take empirical studies on LAC under workloads from Microsoft
Research’s Cambridge traces [23] and the UMass Trace Reposi-
tory [24]. Fig. 17 shows that LAC shortens the response time for
LRU, CFLRU, GCaR-LRU, VS-Batch, MQSim, and Co-Active
by an average of 11.5%, 34.5%, 10.6%, 11.2%, 3.3%, and 1.4%,
respectively. The request intervals in these workloads are more
than a hundred times larger compared with that of Systor’17,
which has larger request intervals and fewer access conflicts.
The advantage of LAC to locate time for active write backs
cannot be fully utilized under low-I/O intensity workloads.
Moreover, LAC reduces erase count by 1.3%, 1.5%, 2.6%,
and -8.1%, respectively, compared to the passive write-back

[CIpac LAC| [pac LAC|
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o o o o

0.0 =2 4
mix] mix2 mix3 mix4 mix5 mix6

(b) Erase Count

mix] mix2 mix3 mix4 mix5 mix6
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Fig. 18.  Performance comparison of LAC and DAC.

schemes LRU, CFLRU, GCaR-LRU, and VS-Batch. It achieves
lower erase count than the active write-back schemes MQSim
and Co-Active by 49.3% and 20.6%, respectively. LAC exhibits
optimized performance with a marginally increased erase count
compared with VS-Batch. However, LAC significantly reduces
response time and erase count than other schemes.

8) Comparison of LAC and DAC: We study the perfor-
mance of DAC and LAC under mixed loads with a 256-MB
cache in the 512-GB SSD. These mixed workloads used in this
test are listed in Table V. In Fig. 18, LAC reduces response
times by 21.5%, 13.2%, 16.1%, 10.0%, 11.5%, and 10.6%
compared to DAC under mix1, mix2, mix3, mix4, mix5, and
mix6, respectively. Nonetheless, LAC exhibits an increment in
the erase count by 8.8%, 7.0%, 7.1%, 6.2%, 5.9%, and 4.8%
across the tested workloads. There is a smaller request interval
in the mixed workloads, and access conflict of user requests
becomes more severe. LAC detects the appropriate time to
write back within a small request interval, minimizing response
time. The active write-back threshold of DAC indicates the
proportion of clean data space in the cache. This threshold
is judiciously adjusted according to the ratio of pages in the
linked list, but the adjustment range is small. This threshold
may be small for a long period, which leads to an insufficient
frequency of active writes and cannot generate enough clean
data. LAC exhibits greater WA than DAC due to its larger write-
back threshold, which writes back a small portion of the hot
data, and consequently increases WA.
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TABLE VI
CACHING SCHEMES IN RELATED WORK
Caching Prior work 1/01 Page? Miss? Chip? Die’ Parallel® Dynamic’
Schemes Intensity Hotness Penalty State State Write Adjustment
[9] X X X X X X X
[11] X v X X X X X
[10][29][30][31][32][33] X ['4 X 4 X X 4
Front end (6] X v X X X v 4
[34] X v ['4 X X X X
[35] X X X X X X "4
[12] X X v X X X X
[271[36][15] X X v v X X X
Back end 7 X v v X X X X
[13] X X v v X X X
[37][16] X v ['4 X X X X
Front-Back 73] X v v v X X X
LAC ['4 %4 ['4 %4 ['4 4 ['4

11/0 Intensity is measured as the amount of data per second for the workload. 2Page Hotness refers to if cached data is separated based on

temperature. *Miss Penalty indicates if the replacement order of dirty and clean data is taken into consideration. *Chip State and Die State
refer to whether the idle states of flash chip and die are considered. °Parallel write indicates if cached pages are replaced in parallel. ”Dynamic
adjustment is the ability to adjust execution parameters according to access patterns.

VII. RELATED WORK

We classify caching schemes into three categories. Symbols
v/ or X in Table VI indicates if a caching scheme incorporates
or ignore a metric.

A. Front-End Caching Scheme

Front-end caching schemes — focusing on the HIL of SSDs
advocate for algorithms driven by I/O access patterns. For ex-
ample, ARC [10], SHARC [29], TinyLFU [30], Clock-Pro [31],
and Wang [33] embrace the access frequency of page requests.
SHARC allows the shadow recency cache to be used as an alter-
native to a virtual cache region, and the shadow recency cache
grows as needed to achieve good performance under strong and
weak localities. TinyLFU acts as an admission filter and inserts
entries from the window cache that fulfill the conditions into the
main cache, improving the cache hit ratio under skewed-access
workloads. TinyLFU focuses on frequency, whereas LAC de-
pends on multidimensional access history. CLOCK-Pro uses a
circular queue to simulate the hotness of pages. The reference
bits and access history is used to determine cache replacement
and protect frequently accessed pages. However, LAC divides
the cache space into three regions based on the number of
accesses and the rewrite distance of the request. In each region,
we design a data protection scheme to avoid high WA caused
by repeated write-backs of hot data.

The other solutions [32], such as VS-Batch [11], Pattern+
[26], GALRU [34], and ARB [6] utilize I/O temporal and spatial
locality. For instance, VS-Batch [11] employs the I/O temporal
and spatial locality — and employs the visibility graph [38] to
unify the temporal and spatial locality of I/O accesses [39]. In
our study, LAC leverages the spatial locality to write back page
requests with adjacent or close logical addresses in parallel,
which ramps up the clean data conversion rate under small-
request intervals. Cacheus [35] and work [40] increase the
accuracy of classification for workloads and request types by
using a machine learning model. Cacheus [35] adapts to various

workloads by using machine learning, and its two lightweight
cache replacement policies can be dynamically adjusted based
on real-time workloads. LAC relies on the I/O access patterns
in workloads to adjust the hot, warm, and cold region sizes
for accurate hot-cold data separation. LAC’s implementation is
easier than that of Cacheus, and the resource overhead of LAC
is marginal.

These algorithms mostly consider the I/O access pattern of
the workloads rather than the hot-and-cold I/O access patterns
over time and flash memory status inside the SSD. We should
consider both the I/O access pattern and the flash memory
status, aiming to maximize the overall system performance.

B. Back-End Caching Strategy

Back-end caching schemes exploit flash memory features:
read/write imbalance, cache miss cost, and execution state.
CFLRU [12] and CFDC [41] deal with read/write performance
imbalance in flash memory, and replacing clean data is pri-
oritized over updating data in flash memory. This method is
inefficient because there are limited clean data under write-
intensive workloads. Caching schemes such as GCaR [27], LCR
[36], ECR [15], and caching-aware GC [13] incorporate the
flash state of the SSD back-end in cache management algo-
rithms, thereby alleviating access conflict between external and
internal I/Os. With a quantified cost of cache misses in place
[17], MQSim [14] proactively writes dirty data back from cache
to flash memory. Uncontrolled write backs, however, tend to
enlarge response times and WA under high I/O intensity. The
majority of the above approaches fail to exploit flash paral-
lelism coupled with a die-level load monitor. In contrast, LAC
increases the utilization of parallelism by sequentially write
requests with continued spatial addresses back to flash memory
through parallel writes. The die-level monitor module revamp
the die utilization, where the number of active write-backs is
surged with reduced response time.
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C. Front-Back-End Caching Scheme

Front-back-end caching schemes combine both I/O access
patterns and flash memory status. LRU-WSR [37] and CCF-
LRU [16] explore the hot and cold states of I/O requests and
cache-miss costs. These schemes prioritize replacing cold-clean
and cold-dirty pages, thereby minimizing replacement cost and
response latency. Co-Active [3] detects the flash chip status
through a chip-level monitor. Facing an idle chip, the active
write-back module writes cold-dirty data from the cache to the
flash memory: clean data are originated — and replacing clean
data is prioritized in cache replacement. The analysis on the
relationship between I/O intensity and write latency in flash
memory is in its infancy: such an analysis makes it possible
to fully utilize idle intervals among I/O requests and the idle
flash memory. LAC writes back more cold data under low I/O
intensity: access conflict between user I/Os are averted to slash
response time and WA.

VIII. DISCUSSION AND CONCLUSION

In this section, we discuss the overhead and complexity of
LAC and its trade-offs between performance and costs. Then,
we conclude our work in this paper.

A. Discussion

1) Overhead and Complexity: To achieve a high-
performance lookup of requests, we designed a set of
hash tables. The time complexity of the hashing algorithm
is O(I). When an active write-back is invoked, data that
meets the write-back conditions in the dirty linked list will
be traversed — and the time complexity in the worst-case
scenario is O(n). The amount of dirty data is small under
active write-back, which entails short traversal time. The space
overhead includes the data structure of a linked list node, the
linked list, and a hash table. The cache data structure has
four items: last_access, rewrite distance, F', and Age. The
last_access is the sequence number of the last page request
in the cache. Each item in the data structure consumes 4 B.
The size of each node in the linked list and hash map is 8
B; hence, the total space is 32 B. The size of each cached
page is 8 KB. Therefore, the space overhead is approximately
0.4%. The other spatial costs, such as the I/O-intensity-aware
and die-level load monitor modules, remain constant without
introducing significant overheads.

LAC is a software-based caching layer within SSD firmware
that enhances data access performance without altering the
back-end hardware. LAC’s parameters and policies can be tuned
for various workloads and system requirements without addi-
tional hardware required and costs.

2) Trade-Offs Between Performance, Lifespan, and Costs:
LAC does not sacrifice performance to enhance SSD lifetime
and does not reduce the total amount of data to be actively writ-
ten back. LAC spreads write-backs during low-I/O-intensity
periods discovered by the I/O-intensity awareness module,
which avoids blocking requests to shorten latency. LAC lowers
WA by separating hot and cold data. It is preferential to write
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back cold data in advance without increasing WA, whereas
writing back hot data that is reaccessed escalates WA. We
studied the performance of LAC in the case of multiple cache
sizes in Section VI-A. We observed that LAC maintains stable
performance under various cache sizes; thus, LAC can adapt to
various workloads and system requirements. While increasing
cache size may introduce extra costs, the significant perfor-
mance improvements enabled by LAC, particularly in latency-
sensitive applications, are likely to outweigh these costs.

B. Conclusion

LAC leverages I/0O intensity awareness accompanied by flash
load monitoring to boost the parallel write-back the dirty data,
which generates clean data during low I/O intensity and idle
die periods. LAC generates more clean data, prioritizes the
replacement of clean data, and minimizes the overhead of cache
replacement. LAC is adroit at avoiding access conflict between
user I/Os and flash transaction bottlenecks, thereby cutting back
response time. Furthermore, the data protection method is incor-
porated in LAC to fend off multiple refreshes of hot data back
to flash memory, reducing WA and extending SSD lifetime. We
conducted extensive experiments in MQSim to validate LAC
compared with LRU, CFLRU, GCaR-LRU, MQSim, VS-Batch,
and Co-Active. The results unveil that LAC curtails response
time by up to 78.5% with 64.4% on average — and the number
of erase counts is slashed by an average of 16.6% on average
with a maximum of 47.8%.
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