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Abstract

I/0 caching has widely been used in enterprise storage sys-
tems to enhance the system performance with minimal cost.
Using Solid-State Drives (SSDs) as an I/O caching layer on
the top of arrays of Hard Disk Drives (HDDs) has been well
studied in numerous studies. With the emergence of ultra-fast
storage devices, recent studies suggest using them as an I/0O
cache layer on top of mainstream SSDs in I/O intensive ap-
plications. Our detailed analysis shows despite significant
potential of ultra-fast storage devices, existing I/O cache ar-
chitectures may act as a major performance bottleneck in
enterprise storage systems, which prevents taking advantage
of the device full performance potential.

In this paper, using an enterprise-grade all-flash storage
system, we first present a thorough analysis on the perfor-
mance of I/O cache modules when ultra-fast memories are
used as a caching layer on top of mainstream SSDs. Unlike
traditional SSD-based caching on HDD arrays, we show the
use of ultra-fast memory as an I/O cache device on SSD arrays
exhibits completely unexpected performance behavior. As an
example, we show two popular cache architectures exhibit
similar throughput due to performance bottleneck on the tradi-
tional SSD/HDD devices, but with ultra-fast memory on SSD
arrays, their true potential is released and show 5x perfor-
mance difference. We then propose an experimental evalua-
tion framework to systematically examine the behavior of I/O
cache modules on emerging ultra-fast devices. Our framework
enables system architects to examine performance-critical de-
sign choices including multi-threading, locking granularity,
promotion logic, cache line size, and flushing policy. We fur-
ther offer several optimizations using the proposed framework,
integrate the proposed optimizations, and evaluate them on
real use cases. The experiments on an industry-grade storage
system show our I/O cache architecture optimally configured
by the proposed framework provides up to 11X higher through-
put and up to 30x improved tail latency over a non-optimal
architecture.

1. Introduction

In recent years, I/O intensive applications in enterprise envi-
ronments, e.g., databases and Virtual Desktop Infrastructures

(VDI), have become popular and shown an increasing demand
for high I/O rates and low access latency [40, 22]. Replacing
arrays of Hard Disk Drives (HDDs) with Solid State Drives
(SSDs) has been an early trend to comply with this perfor-
mance need. With recent technology downscaling to accom-
modate the cost of SSD arrays, however, the performance and
lifetime limitations of flash-based SSDs have placed a major
barrier to further improve the overall array performance.

To meet the rising performance demands of recent data-
intensive workloads, fast and ultra-fast storage devices are
emerging products in the industry. For example, P5800X
Optane SSDs based on 3DxPoint technology [24],[20] pro-
vides 1.5M I/0 per Second (I0PS) for random reads and less
than 10us 1/0O latency. For shorter latency, persistent memory
DIMMs, e.g., Intel Persistent memory [23], provide similar
I/0O throughput, but with much lower I/O latency.

Despite being extremely high performance, ultra-fast de-
vices impose up to 85x higher cost (e.g., 12,150 $/TB PMEM
[14,21]) compared to the conventional SATA SSDs (143 $/TB)
[37]). Such high price makes it impossible or unaffordable
for business owners to build large-capacity enterprise systems
(i.e., over 100 TBs [40]). Alternatively, using the conventional
SSD arrays as the backend storage and adding small-sized
ultra-fast devices as a temporary storage for frequently ac-
cessed blocks (i.e., I/O cache device) can be adopted as a
cost-effective practice to provide both high performance and
high capacity.

A limited number of existing works have studied ultra-fast
devices as I/O caches, but they fail to provide sufficient insight
for an I/O cache design in general Storage Area Networks
(SANSs). Some consider special use cases such as accelerat-
ing HPC applications through compute-node caching [7] or
accelerating filesystem synchronization operations through
buffer caching based on either PMEM or DRAM [6]. Orthus-
CAS [45] considers a limited scenario where the cache device
has similar IOPS (but lower latency) compared to the backend
device and proposes a cache-tier load balancing mechanism.
Several studies address SSD caching for backend HDD arrays
[19, 39, 4, 43, 46, 19, 25, 8]. To the best of our knowledge,
none of the previous work has examined the ultimate per-
formance of I/O caches and none of them has offered any



insight into the behavior of I/O caches in presence of ultra-fast
devices.

First contribution: an empirical analysis of existing I/O
caches for emerging fast storage devices. In this paper, we
show that the existing insights are no longer valid for mod-
ern SAN systems with emerging ultra-fast devices (as the I/O
cache) and SSD arrays (as the backend). We observe that
the same I/O cache architecture exhibits significantly differ-
ent behavior in traditional SANs compared to modern SANs.
For example, our evaluation of three real I/O caches shows
that their performance is bounded to 78K IOPS in traditional
SANs (SSD cache on top of HDD array) but when switching
to modern SANs (e.g., RAMDisk as the I/O cache and SSD
array as the backend), the internal parallelism of these caches
are unleashed. Depending on the architecture, they can pro-
vide 335K to 1.5M IOPS. As another example, in traditional
SAN:Ss, reducing the cache hit rate significantly degrades the
performance due to serving more requests from slow HDD
arrays but in modern SANs, lower hit rate may provide oppor-
tunities to load balance requests between 1/O cache and fast
SSD backend and even boost the overall performance.

Second contribution: a framework to architect 1/0
caches for fast storage devices. We present an experimenta-
tion and analysis framework to systematically understand the
behavior of I/O caches on emerging fast devices and propose
a scalable I/O cache architecture. Our framework has five key
features: (a) proper evaluation of real system I/O caches with
intrinsic complexity by relying on industry-grade I/O cache
modules rather than simplistic cache models, (b) real measure-
ments rather than simulations, (c) deep architectural analysis
by combining real measurements and source code analysis
of industry-grade I/O caches, and (d) generate synthetic I/O
loads to cover various I/O patterns of enterprise workloads,
and (e) high applicability of our framework to analyze the
performance behavior of any I/O cache in the production envi-
ronments.

Third contribution: production-level performance mea-
sure for I/O cache developers. Throughout the paper, we
show the real performance of three open-source I/O caches
(OpenCAS, EnhancelO, and DM-Cache) in fast SAN envi-
ronments. Developers of these caches and other I/O caches
(which are usually based on such open-source caches) can
benefit from our reported results.

Fourth contribution: a scalable I/O cache architecture.
By using our framework, we provide a couple of major find-
ings on how to design a scalable I/O cache for emerging
SAN storage systems. (1) If an I/O cache lookup logic is
implemented by a small number of threads (e.g., EnhancelO
cache [9]), or uses many threads but simple coarse-grained
locks (e.g., locking full metadata table for tag search in DM-
Cache [2]), the system IOPS is bounded to few hundred thou-
sand IOPS. But matching the number of cache threads to CPU
cores and using fine-grained locks (e.g., one lock per small
number of cache entries of interest as in OpenCAS [12]) pro-
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Figure 1: Common data-center architecture using SAN storage

vides multi-million IOPS scalability. (2) Immediate promotion
of a missed block may cause I/O cache contention while delay-
ing the promotion by even one more access leading to a miss
in the same address (e.g., nhit-2 policy) provides opportuni-
ties to take advantage of the fast backend SSD array, which
boosts IOPS by over 2x in workloads with medium locality
and improves read latency predictability or Quality of Service
(QoS), i.e., lower tail latency, by 6 x-76 . (3) Emerging ultra-
fast cache devices are small-sized and become full of dirty
blocks by write bursts. We show bypassing the write misses
to the backend, i.e., lazy flushing, avoids cache contention
and may improve the overall IOPS (load balancing with the
backend), while aggressive cache flushing to free cache blocks
causes performance degradation, e.g., due to locking during
victim block selection. In addition, lazy flushing improves
QoS by 4.3x in high hit rate workloads. Overall, on real
workloads, our proposed optimal architecture provides 1.7 x-
11x higher IOPS and 2.6x-30x lower 99.99% tail latency
over a non-optimal architecture.

2. Background

2.1. Storage Area Network

A Storage Area Network (SAN) is a high-speed storage net-
working architecture, which interconnects multiple servers to
shared pools of storage. SAN is predominantly deployed in
enterprise environments, which require low latency and high
throughput. A SAN consists of host, fabric, and storage lay-
ers (Fig. 1). The host layer includes servers (compute nodes)
attached to the SAN. Enterprise workloads such as databases
run on host servers and access the storage through a dedicated
networking infrastructure, typically using the Fiber Channel
protocol, called the fabric layer. The storage layer mainly
includes storage devices. Modern SANs usually leverage
all-flash storage devices including SATA SSDs and NVMe de-
vices. Storage devices are organized as arrays of disks (RAID)
with data replication or parity support to provide high perfor-
mance and fault tolerance. The storage space is divided into
logical storage entities, each is assigned a unique Logical Unit
Number (LUN) and is presented to host servers as a logical
block disk.

2.2, Ultra-fast Storage Devices and I/0 Caching

Emerging storage devices (e.g., modern persistent memories)
provide orders of magnitude higher performance than con-
ventional SSDs (Table 1); thus, they are finding their way to



Table 1: Performance-price of fast and ultra-fast storage de-
vices. Device prices follow major online shops [5, 36]. Charac-
teristics obtained from datasheets or published measured data
of Micron 5100 Eco SATA SSD [34], Intel Optane P5800X SSD
[24, 20], Intel Persistent Memory 200 series (NVDIMM) [23], and
a 16GB DDR-4 DIMM (2133 MT/s) with SW block RAM Disk (brd)
layer (RAMDisk).

Device SATA SSD  Optane SSD NVDIMM RAMDisk
Technology NAND Flash 3DxPoint 3DxPoint  SW block on RAM
Interface SATA NVMe DDR DDR for HW
Example Capacity 3.8TB 400GB 128GB 16GB
Max IOPS (R/W) 93K/30K 1.5M/1.6M  1.9M/560K  1.8M/1.4M
4KB Latency (R) 150us 6us <lus <3us
Price ($/TB) 143 2500 12,150 6400

mission-critical and high-performance SAN storage systems.
An example conventional SATA SSD provides up to 93K IOPS
for random reads and 24K IOPS for random writes. Recent
NVMe SSDs (and Optane SSDs) boost the 1/O rates by 6x
to 14x and provide very short latency compared to SATA
SSDs. To handle increasing performance demands, moving to-
ward ultra-fast devices with near-DRAM performance is vital.
Emerging persistent memory DIMMs push the performance
closer to DRAM, with sub-microsecond latency and over a
million IOPS. RAMDisk is also an example of an ultra-fast
device with its DRAM hardware and software layer to make a
block device. RAMDisk with one DIMM also provides about
2 million IOPS and less than 3 us latency.

Although ultra-fast storage devices provide high perfor-
mance, they can be up to 85 more expensive than conven-
tional devices (Table 1). This makes using ultra-fast devices
at large capacities very difficult, which motivates using them
as small-sized persistent I/O caches for existing conventional
SSD arrays. I/0 caching in the SAN storage stack is responsi-
ble to track frequently accessed data and following its caching
policy, place them on the ultra-fast device. If the running ap-
plication on the host has enough access locality, SAN storage
serves most of the I/O requests from the I/O cache device.
In this case, the performance of the SAN storage increases
toward that of an ultra-fast device, while it provides the large
capacity of the conventional SSD arrays.

3. Motivation

Here, we provide three insights to motivate the need for archi-
tectural redesign of I/O caches and relying on industry-grade
I/O caches for valid analysis on emerging fast storage devices.
First, we reveal that existing analyses on I/O caches, which
mainly focus on SSD caching for HDD arrays are not directly
applicable to emerging fast storage devices. We also show
I/O caching in fast environments exhibits completely different
behavior. Second, we show that I/O caches for real environ-
ments are very complex, e.g., 60,000 Lines of Code (LOC) in
OpenCAS, which makes their evaluation either intractable or
very inaccurate using simulation-based environments or sim-
plistic cache models. Hence, any evaluation of architectural
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Figure 2: Motivation to redesign I/0 caches: (a) high sensitivity
of performance to architectural choices with emerging devices
and (b) opposite performance trend compared to widespread
SSD cache on HDD arrays

ideas necessitates to use industry-grade I/O caches rather than
using simulation-based toolsets. Third, we show that enter-
prise workloads have a wide spectrum of I/O patterns, which
requires a valid analysis to cover various workload patterns.

3.1. Need for Redesign of I/O Caches

We observe that various I/0 cache architectures with different
levels of complexity show almost similar performance on
traditional SAN storage environment with SSD cache on HDD-
array backend due to device-level bottleneck; however, in fast
SAN storage systems with emerging fast devices as cache
devices and SSD-array as backend, such I/0O caches show
significantly different performance for the same workload,
and even reverse performance trend across two workloads
(Fig. 2). To experiment, we use three real, enterprise-grade
I/O cache modules (OpenCAS, DM-Cache, and EnhancelO)
and run two I/O workloads with random 4KB read accesses
with 100% and 85% cache hit rate potential. We use an SSD
as the cache layer with RAID5(8+1) HDDs (as the backend)
in a traditional setup and RAMDisk (as the ultra-fast cache)
with RAID5(8+1) SSDs as the backend of the modern setup.
Our observation reveals that emerging fast SAN storage
systems are highly dependent on the I/O cache architecture,
while this was not true for traditional SANs and hence, re-
designing for scalability is crucial. For example, OpenCAS,
DM-Cache, and EnhancelO with default configuration show
up to 1.5M IOPS, 540K TOPS and 335K IOPS for 100% cache
hit workload, respectively; however, all of these three cache
modules show roughly 78K IOPS in a traditional SAN setup
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(Fig. 2a). As another example, DM-Cache on a traditional
environment shows lower performance when a workload hit
rate changes from 100% to 85%; however, with a fast SSD ar-
ray as the backend, a lower hit rate even provides 15% higher
performance (Fig. 2b). Such reverse performance trend is an
attribute of a fast backend array compared to an HDD array,
which enables the DM-Cache cache promotion policies to in-
directly perform load balancing across the cache device and
backend, which was not possible in traditional slow-backend
arrays.

3.2. Need to Experiment Real Caches in Architectural De-
sign

An I/O cache in a SAN storage is a complex piece of code,
which may behave completely differently compared to simpli-
fied implementations of cache models. For example, Open-
CAS [13], an open source I/O cache initiated by Intel, has
over 60,000 lines of code and is designed for deployment in
the block I/O layer of Linux kernel. DM-Cache is another /O
cache module, which has smaller code base (8,300 LOC), but
tightly depends on using external functions in Linux kernel,
which increases the complexity of its component interactions.
Our observations show that a) it is very hard to build an I/O
cache within an operating system from scratch and b) evalua-
tions of new policies or popular existing policies on simplified
cache implementations may not be valid for SAN storage sys-
tems. Thus, it is mandatory to rely on the implementations of
existing real I/O caches to do a practical performance analysis
on emerging fast storage devices.

3.3. Variety of I/0 Patterns

Enterprise workloads have a variety of performance require-
ments and I/O patterns (Fig. 3). Our characterization of five
major workloads shows that the I/O behavior of such work-
loads varies from low access locality (e.g., VDI [30]) to high
access locality (e.g., the database of financial transactions
on MySQL DB [15, 11]), read-intensive (e.g., VDI) to write-

intensive (e.g., some mail servers [29]). Among such work-
loads, some require high average performance (i.e., IOPS and
average latency as in large-scale mail servers) and some re-
quire short tail latency (i.e., QoS guarantee as in financial
transactional databases). The wide spectrum of I/O patterns
makes the I/O cache design challenging, especially in the
presence of ultra-fast devices.

4. Our Proposed Framework

To understand the behavior of I/O caches on emerging fast de-
vices and design a scalable architecture, we propose an experi-
mentation and analysis framework with four considerations.
First, to properly evaluate the I/O caches with their intrinsic
complexity, we use industry-grade I/O cache modules rather
than simplistic cache models. Second, to consider full-stack
effects, we use real system measurements and statistics log-
ging at different layers instead of simple simulations. Third,
to provide in-depth architectural analysis, we combine con-
clusions of real measurements with expectations from source
code analysis of industry-grade I/O caches. Fourth, we de-
sign specialized synthetic tests to cover various I/O workload
patterns, in addition to final measurements with real traces.

I/O cache components/architecture/workload choices.
We classify the major components of I/O caches for emerging
storage devices into three groups: (1) lookup logic (2) cache
line size and promotion logic, and (3) flushing logic. These
components have a few important architectural choices follow-
ing industry-grade I/O caches (Table 2). The first component,
lookup logic, is mainly about the level of multi-threading and
locking granularity of cache architecture. We evaluate three
major industry-grade implementations of this layer through
synthetic workloads with 100% hit rate and different I/O paral-
lelism (i.e., number of I/O threads). For the second component,
cache line size, and promotion logic, we analyze the effect of
different cache line sizes and three important promotion poli-
cies (always, nhit, and SMQ). The workload patterns that we
use for this component cover different I/O request sizes, I/0
access locality (hit rates), and I/O access skewness. Finally,
the third component, flushing logic, has two popular architec-
tural choices that we analyze; lazy flushing and aggressive
flushing. we also evaluate these architectural choices by mixed
read-write workloads and different access localities.

Proposed Framework. To systematically analyze the ar-
chitectural choices, we propose a partly automated framework
with three stages: inputs, online part, and offline part (Fig. 4).
At the first stage (Inputs), our master script generates the
desired synthetic tests, in addition to setting up the SW/HW
stack following our desired scenarios. In our master script, we
define which I/O cache components and at what conditions
should be analyzed in each test, and accordingly, we define
the range of the values for the parameters of the test (e.g., /O
access locality and I/O request type). Setting up the SW/HW
stack (e.g., the backend HW array and system parameters) is
executed in this stage.
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Table 2: Major I/0O cache components and selected important design choices analyzed for a scalable I/O cache design on emerging
fast devices. CG: Coarse-Grained, FG: Fine-Grained, HT: Highly Multi-threaded, LT: Low Multi-threaded

(c) HT + E.G. Locking

1/0 cache components Arc.h itecture/implementation Workload feature dependency Answer
choices analyzed (Sec. #)
.. i (a) LT + E.G. Locking
b Lookup logic internal (b) HT + C.G. Locking Number of I/O submitting threads
parallelism? 5.1

2) Cache line size and
promotion logic?

(a) Cache line size

(b) Promotion: always, nhit, SMQ

(a) Block size of I/0 requests
(b) I/O access locality [cache hit rate] | 5.2
(c) I/0 access skewness

3) Flushing logic? (a) Delayed lazy flushing

(b) Aggressive periodic flushing

(a) Amount of workload writes
(b) I/O access locality 5.3

Table 3: Design choices in block-level caches. AG:aggressive

Caches OpenCAS | EnhancelO | DM-cache | bcache
. . 4KB- 2KB- 32KB- 512B-
Cache Line Size | ¢/ 8KB 1GB 4KB
Promotion iLv:tay s always SMQ always
Flushing lazy, AG AG AG AG
Lookup HT+FG LT+FG HT+CG HT+CG

At the second stage (online part), our framework runs the
script on the desired system configurations and uses system
profiling tools to log statistics at different layers. We record
application-side performance (IOPS or latency), I/O band-
width utilization on the backend array (in the block layer using
iostat tool [17]), I/O cache statistics (in the device mapper
layer), and CPU utilization per system function (using perf
tool [44]).

At the third stage (offline part), our framework collects the
statistics logs in different layers and automatically converts
them into summarized useful visual diagrams. Such diagrams
would show how each architectural choice affects the perfor-
mance of the I/O cache along with other statistics (in the cache,
and other layers) for easier reasoning. By combining visual ex-
periment data with manual inspection of the I/O cache source
at designated components, we provide in-depth valuable in-
sights on the performance effect of architectural choices on

I/O caches for emerging fast devices.

I/O cache component prototypes. Following the moti-
vation to use real I/O caches, our analysis reveals architec-
tural design choices of popular industry-grade block-level I/O
caches (Table 3). We select three caches with widely different
architectures to serve as our real prototypes in performance
analysis. Selected caches are OpenCAS (initiated by Intel),
EnhancelO (initiated by STEC Inc.), and DM-Cache (initiated
by IBM). The software versions we use are OpenCAS ver-
sion 21.3 [12], Lanconnected branch of EnhancelO [1], and
DM-Cache integrated with CentOS 7.

Synthetic workloads. We use FIO to run synthetic work-
loads with desired I/O patterns for specific I/O cache compo-
nents. We set the number of I/O jobs and I/O queue depth
to 16, and the I/O request size to 4KB. For selected tests, we
modify the number of I/O jobs or I/O request size, which is
explicitly mentioned in each section.

We use FIO zoned random distribution to create workloads
with desired cache hit rates. For example, for a workload
with 55% cache hit rate and 60 GB cache size, we define 55%
of read accesses to be on the first 60GB address range and
the remaining 45% to be on the rest of address range. Exact
values for zoned accesses to achieve specific hit rates were set
through multiple trial and error. For selected tests that require
highly skewed locality, we use FIO Zipf distribution. Note that



we do not run sequential I/O workloads in this work, because
enterprise workloads with sequential accesses especially with
large blocks (e.g., video recording) may quickly fill up the
expensive small-sized ultrafast caches and cannot properly
benefit from such environments. In fact, most storage vendors
do not recommend using I/O cache for sequential workloads.

Devices for 1/0 caching. We deploy our I/O caches on top
of RAMDisk as an example emerging fast DRAM-like device,
but the results are applicable to other emerging devices with
similar performance characteristics.

Experimental setup. We use a Chenbro storage server
with dual-socket Intel Xeon E5-2620 v4 8-core CPUs (total
32 logical cores), 9x Samsung SM863a 1.92TB SSDs setup
using MegaRAID 9361. We set up a 6TB partition from
a RAID5(8+1) as back-end storage, unless explicitly other
configurations are stated. Our I/O cache device is 60GB,
which is as small as 1% of back-end storage to be practical in
enterprise environments with petabyte-scale storage servers.

Real workload usecases. In addition to synthetic workload
patterns, we also evaluate the proposed cache architecture
with real I/O traces. We select three large enough real traces
with widely different behaviors: (1) VDI (read-intensive), (2)
enterprise mail server (with half-reads, half-writes), and (3)
transactional database workload (write-intensive).

VDI Trace: We select a single volume (LUNO) of a VDI
trace [30] for two consecutive days (2016.2.24-25), one day as
a warm-up and the second day as the main test. We re-parse
the trace and distribute the I/O across 16 threads for more
realistic I/O parallelism. The total amount of I/O in both days
is equal to 1TB, from which 78% are I/O reads. We set the
I/0O cache to 1% of the workload address range (i.e., 50GB).

Microsoft Exchange traces: We replay three volumes (i.e.,
volumes 2-4 ) of Microsoft Exchange mail traces [35]. In
this trace, 52%-57% of 1/O requests are reads. To replay
these three volumes simultaneously and evaluate the effect of
caching more realistically, we set up a logical volume group
(using LVM) on top of the I/O caching layer. We make three
LUNSs, each with around 480GB of size, which is the address
range of the trace volumes. We then replay trace volume 2 to 4
on LUNI to LUN3, respectively. We set up the I/O cache with
the size of 5% of the address range of three LUNS (i.e., 74GB).
We consider the first half of the trace I/Os as a warm-up and
the second half as the main test.

Oltpbench TPCC: This workload on MySQL database mod-
els the transactions in financial environments [11, 15]. In this
workload, over 95% of requests are writes. We first set the
benchmark scale factor to 3750 warehouses to create a 400GB
table. We run the workload with 25 terminals for 20 minutes
(5 minutes as a warm-up and 15 minutes as the main phase).
Since this workload is CPU intensiveness, we first capture its
block I/O trace and then replay it with 32 threads at maximum
speed to evaluate the cache performance without worrying of
CPU bottleneck of workload generator. The used I/O cache
has 5% size of database table (i.e., 20GB).
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Figure 5: 1/0 cache lookup logic in three popular architectures

5. Analysis and Findings
5.1. Internal Scalability in I/O Caching

Question 1: What architecture for request lookup manage-
ment provides the most scalable hit-request management on
emerging fast I/0 cache devices?

The core of lookup operations in any I/O cache is usually
the same: it hashes an I/O request address, looks up the tag in
the metadata table, and reads the data. Based on the number
of parallel cache processes and the granularity of accessing
shared cache resources, we consider three popular architec-
tures (Fig. 5). The first architecture is Low multi-Threaded
(LT) and has minimal parallelism with a fixed number of pro-
cesses (or threads) to handle specific operations (e.g., one
process for metadata update and one for flushing). This is
easy to implement and is used in popular I/O caches (e.g., En-
hancelO). The second architecture (similar to DM-Cache) is
Highly multi-Threaded with Coarse-Grained locks (HT+CG).
It can take advantage of many CPU cores for parallel I/O han-
dling but uses coarse-grained locks (i.e., locking the full cache
metadata table for tag search/update). The third architecture
is Highly multi-Threaded with Fine-Grained locks (HT+FG)
as in OpenCAS. It takes advantage of a high core count, but
the locking is more optimized (i.e., locking is applied at set or
bucket granularity instead of full cache locking).

Finding 1: As the number of I/O submitting jobs increases,
the architecture with the number of threads matched to the
CPU core count, accompanied by a fine-grained locking mech-
anism (e.g., in OpenCAS) provides linear performance scal-
ability; however, the architecture with low, fixed number of
threads (e.g., in EnhancelO), or multi-threaded design with
coarse-grained locking (e.g., in DM-Cache) causes major
performance bottleneck on emerging fast SAN systems.

Modern storage applications demand supporting many I/O
submissions at the same time (e.g., in databases or multi-VM
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environments) and a simplified but valuable way to check the
architecture scalability is through evaluating its IOPS-latency
and CPU utilization breakdown under a varying number of I/O
submitting jobs (Fig. 6). We observe that I/O caches with LT
architecture saturate at low IOPS. For example, EnhancelO
saturates with four jobs at 350K IOPS. Increasing the I/O load
is not supported by the limited cache parallelism, thus the load
generator is put to sleep (ie., CPU cycles of the swapper pro-
cess increase). For HT+CG design, as the number of 1/0 jobs
increases from 1 to 64, this architecture suffers from increased
spin-lock overheads to over 80% of CPU cycles, which causes
a sharp performance degradation with high parallel loads. HT
+ FG architecture exhibits the most scalable design. Increasing
the number of jobs does not change the portion of CPU cycles
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Figure 7: Conceptual view of three I/O cache promotion logic

for locking and swapper. This enables the performance of this
architecture to linearly scale to over 2.2M IOPS.

Note that fine-grained locking and multi-threading are
known techniques to improve application performance (e.g.,
as stated in Shinjuku [26]). In this paper, for the first time,
we reveal the architecture of three industry-grade caches (re-
garding threading and locking decisions) and also show a
complete insight on how fine-grained locking compared to
coarse-grained locking and low-multi threading compared to
high multi-threading affects the performance of I/O caching
in emerging fast SAN storage environments.

5.2. Read Miss Management

Question 2. Which cache line size and promotion logic ar-
chitectures best suit the read-intensive workloads running on
systems equipped with emerging fast I/O cache devices?

Fig. 7 shows the conceptual view of three popular promotion
logic architectures; namely always, nhit, and SMQ. Always is
the most simple and popular promotion logic that promotes
a block to the cache as soon as the block address is detected
as a miss (i.e., not found in the cache). This policy may
provide a cache hit for the next time that the same address
is accessed. However, due to the limited cache space, this
policy may sometimes result in cache pollution and degrade
performance. To account for this issue, some I/O caches use
nhit policy. In this policy, instead of immediate promotion,
after N times that the same block address is accessed, the
block is promoted to the cache. This reduces cache contention
and serves more requests from the backend. Stochastic Multi-
Queue (SMQ) is also an extended, more complex version of
nhit that assumes (a) multiple queues or levels that requests
move up till they reach a level that promotes the block to
the cache and (b) the number of steps moving up or down in
queues is determined following predefined conditions. For
example, DM-Cache implements a variation of SMQ that uses
64 queues, in which requests start from the first queue and are
gradually elevated till they reach the level for promotion to the
cache. The number of moving up or down in queues is usually
determined by cache hit rates.

Finding 2a.

Delaying a missed request by one access
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before promoting to the cache (i.e., nhit-2) usually provides a
load balancing between the backend SSD array and fast cache
device, which boosts IOPS, while other promotion policies
either cannot take advantage of the fast cache device due to
very delayed promotions (e.g., nhit-16) or limit performance
due to contention on the 1/O cache device (i.e., always policy).

To observe the performance effect of different promotion
logic architectures, we first run read-intensive workloads with
a very low hit rate (10%) to very high hit rate (85%). These
workloads have fairly uniform access in specified regions (we
name controlled uniform workloads). We also run a workload
with zipf 1.1 distribution (with most requests accessing a very
small region) to observe the effect of access skewness.

On workloads with controlled uniform accesses, the nhit
policy always performs better than the simple, widely-used
always promotion policy, with some workloads showing up
to 3x higher IOPS on nhit (Fig. 8). The nhit promotion logic
provides less cache contention and also serves some requests
from the SSD array. In modern storage systems with ultra-fast
I/O cache and very fast SSD array in the backend, serving
requests from the backend is not always undesired and can be
interpreted as load balancing between the cache device and
the backend. Optimal value of N in nhit is partly workload de-
pendent. However, our measurements show two solid results:
(a) With delaying the promotion by one hit (i.e., nhit-2 policy),
most workloads with small-block accesses work pretty well
on modern fast SAN systems, (b) significantly delaying the
promotion of a block to the cache (e.g., nhit-16) results in
low performance especially at high hit rates due to losing an
opportunity of serving blocks from the ultra-fast cache device.

Unlike the controlled uniform workloads, those with highly
skewed accesses show smaller improvement with nhit policy,
with nhit-2 providing about 10% IOPS speedup. We use the
random read workload with zipf 1.1 distribution, which pro-
vides about 70% cache hit rate to a region as small as 1GB.
With a such high frequency of per-address accesses, the best
promotion logic is the one that maximizes opportunities of
serving such requests from the ultra-fast cache. While always
policy may seem like the best choice, it causes the cache to
get filled quickly and some hot accesses become replaced by
rarely accessed blocks. Nhit-2 delays the time that the cache

becomes full, thus hot blocks always stay in the cache and
provide a decent 10% IOPS speedup. Further delaying the
requests (e.g., nhit-4) provides similar performance to always
policy or even degrades performance (as in nhit-8 or nhit-16).

Finding 2b. Cache line size is highly correlated to the
promotion logic especially at larger cache lines, but has little
dependence on the I/0 granularity of workloads. Increasing
cache line size, accompanied by delayed promotion policy (i.e.,
nhit) boosts performance while larger cache lines make the
immediate promotion policies (i.e., always) to provide up to
4x lower performance than with default 4KB lines.

We conduct numerous experiments with different cache
line sizes, promotion policies, workload localities, and block
sizes. Due to limited space, we show only 128 representative
results with low hit rate (25%) and high hit rate (85%) work-
loads (Fig. 9). We observe that increasing the cache line size
naturally reduces the metadata overheads of cache manage-
ment, but also increases unit of data fetching from the backend,
whose efficiency depends on the promotion logic.

The always policy has suitable performance with 4KB work-
load and 4KB cache line sizes. However, increasing the cache
line size to larger values (e.g., 32KB) makes the always policy
to fetch large blocks to handle partial misses, which in turn
degrades the performance by up to 75% at workloads with
high locality. However, delaying the block promotion using
nhit policy avoids such problem and boosts performance, es-
pecially at larger cache blocks, with nhit-2 or nhit-4 providing
the best performance. Low hit rate workloads also exhibit
similar performance trend with less difference between always
and rhit policy due to less overall efficiency of cache usage.
For workloads with larger block sizes (e.g., many read requests
of an SQL DB server [16]), the default cache line size in many
caches (e.g., 4KB in OpenCAS and EnhancelO [13, 1]) lim-
its the performance at low IOPS (320-482 KIOPS) due to
frequent metadata management and locking overheads. In-
creasing the cache line size to match the workload block size
(i.e., 32KB blocks) with nhit policy provides up to 2x speedup
and saturates at around 765K IOPS.

Finding 2¢c. While delaying the promotion of missed re-
quests (i.e., nhit policy) improves average IOPS and average
latency, a properly tuned nhit policy has the potential to guar-
antee the quality of service (QoS) of read requests at up to
76 x lower latency than default always policy.

Guaranteeing QoS on a cache requires minimizing unpre-
dictable behaviors arising from cache contentions. Delaying
the promotion of requests properly (i.e., nhit policy with proper
value) enhances the predictable performance in read-intensive
workloads (Fig. 10). In our experiments with workloads of
25% hit rate (i.e., low locality) to 85% hit rate (i.e., high
locality), nhit-4 provides the lowest latency. As switching
from 99% percentile to 99.99% percentile, the performance
gap of nhit-4 with other policies becomes significant. Work-
loads with lower hit rate and more address randomness show
more cache contention with always policy. If nhit policy with
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proper value is set, the tail latency is reducible by 76 x, but an
improperly configured nhit policy is either partially optimal
(e.g., nhit-2) or degrades performance (e.g., nhit-16). When
the workloads have a higher hit rate, nhit-4 still provides the
lowest tail latency, but the performance gap with the always
policy is reduced from 76 x down to 6.

5.3. Write Request Management

Before a cache is full, all write requests are easily written to
the cache. Interesting scenarios arise when the cache becomes
full (of dirty blocks). Such a situation easily happens for
emerging fast I/O caches due to high prices and low capacity
devices used. For example, a cache based on 200GB optane
DIMM may become fully dirty in just 100-second write burst.
Thus, the design of flushing policies for such cases becomes
very important.

Question 3. For workloads with long write bursts, which
policies for eviction, flushing, and promotion are well-suited
for the properties of emerging fast I/0 cache devices?

Handling a write request miss when the cache is not full is
usually the same across different implementations: searching
the cache (step 1), detecting a write miss (step 2), finding
an empty cache block and updating that block with new data
(step 3) (Fig. 11a). When the cache is full of dirty blocks, how-
ever, two popular approaches exist to handle a write request
(Fig. 11b and Fig. 11c). The first approach considers newly
received writes to have a priority over older blocks. In this
approach, after the request lookup in the cache (step 1) and
detecting a write miss (step 2), the cache management logic
selects a victim cache block (e.g., the least recently used block
using LRU list) and evicts its content to the backend storage
(step 3). After the completion of the block eviction, the newly
received block is written to the freed cache location (step 4).
In the second approach (as shown in Fig. 11c), after detecting
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the write miss (step 2), the cache module does not evict any
cache block and thus does not write the request data to the
cache. Instead, it bypasses the cache device by directly writing
the write-request data to the backend (step 3). While the first
approach may be suited for SANs with very slow HDDs, mod-
ern backend storage with fast SSD arrays may take advantage
of the second approach as well.

Handling a write request is also correlated with the cache
flushing mechanisms, namely, aggressive flushing and lazy
delayed flushing (Fig. 12). Aggressive flushing follows victim
block selection and eviction under any circumstances. Follow-
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ing the conceptual view of its effect on performance, when
aggressive flushing periodically starts its operation, the arrival
I/O rate decreases. This is due to the additional load on the
cache to read victim blocks and clearing the corresponding
dirty flag. When the I/O cache is full, the block eviction be-
comes more forceful to free blocks for new write requests,
and this may further degrade performance. On the contrary,
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lazy flushing does not flush any blocks unless the I/O cache is
idle (to avoid any I/O contention). If the I/O cache becomes
full of dirty blocks and it has a high load, write misses by-
pass the cache, and in effect, the I/O arrival write bandwidth
becomes the sum of the I/O cache bandwidth and backend
bandwidth, thus, further boosting performance. In our fol-
lowing experiments, lazy flushing is the same as the default
flushing policy in OpenCAS while aggressive flushing is the
acp policy in OpenCAS (or similar to the default flushing
policy in DM-Cache).

Finding 3. For workloads that have long write bursts, using
delayed lazy flushing over aggressive flushing provides the
easiest implementation with less cache contention and better
load balancing between the fast backend SSD array and the
ultra-fast I/O cache, improving the average performance by
10% and boosting QoS at 4.3 x lower tail latency.

Fig. 13 shows the flushing policy effect on IOPS of two
workloads with low and high hit rates starting from the empty
cache till the cache becomes fully dirty after a few intervals.
We observe that at low hit rate workloads, after the cache is
fully dirty, whether to flush aggressively (i.e., ACP) or avoid
flushing (i.e., lazy flushing) has almost no effect on IOPS. In
such workloads, most requests are served from the backend
(due to low hit rate) and thus, trying to free some cache blocks
(through flushing) may not provide enough opportunities for
speedup. On the other hand, for workloads that have a high
hit rate (e.g., 85% hit rate), when the cache is fully dirty, lazy
flushing boosts the performance by 10% from 845K to 940K
IOPS. In this case, most requests would hit in the cache and
only a small portion needs to be served from the backend. As
the backend in modern SANs (i.e., SSD array) is fairly fast,
bypassing the cache can help load balancing between the cache



device and the backend. Using aggressive flushing with small
batches (i.e., the default with 128 blocks in single flush) has a
fairly similar result to lazy flushing, but increasing the batch
size increases the load on the cache (mainly locking cache
entries) and imposes a 20% lower IOPS than lazy flushing.

While average latency is fairly similar across different flush-
ing policies, the tail latency can be significantly lower using
lazy flushing (Fig. 14). For 99.99% write tail latency, lazy
flushing compared to aggressive flushing can be up to 2.2x
better in low hit rate workloads and up to 3.3 x better in high
hit rate workloads. We expect this gap to be hugely due to the
effects of locking cache blocks during flushing (and avoiding
writes to those blocks for consistency guarantee). Note that
aggressive flushing with the small batch size is fairly simi-
lar to lazy flushing at low hit rate, but this is not the case
for high rate workloads. Similarly, lazy flushing provides up
to 4.3 x lower read tail latency than aggressive flushing with
large batches. Aggressive flushing with minimal batch size
provides almost similar latency to lazy flushing, as we expect
write-locks for flushing do not block read requests, thus have
no big impact on performance. These results show that lazy
flushing is (especially at a high hit rate) almost the best choice
for high average performance and QoS guarantee while there
is no major concern about the flush batch size.

6. Real Usecases

In this section, we evaluate real workloads (explained in Sec. 4)
and run each one for 62 different architectural choices. We
reveal that the optimal design choices with a properly de-
signed/configured cache (i.e., our proposed architecture) pro-
vides significantly higher performance over improperly con-
figured/designed caches. Note that improperly configured
caches easily arise due to many system administrators using
the default configuration of an I/O cache or setting the cache
configuration following incomplete insight of the cache behav-
ior in emerging applications and environments.

6.1. Average IOPS

Our proposed optimal architecture for I/O caching on three ma-
jor real workloads provides 1.7 x-11x higher IOPS compared
to non-optimally configured architecture (Fig. 15a, 15b, 15c¢).
The optimal architecture in these three workloads is consistent
with our findings: HT+FG (as lookup logic) to maximize inter-
nal parallelism of handling I/O requests, lazy or aggr-128 (as
flushing logic) which minimizes the flushing load on the cache
device while handling normal I/O requests, cache line size of
16KB-32KB which is almost matched to the workload average
request sizes, and nhit-2 or nhit-4 (as promotion logic). We
observe that the difference between optimal and non-optimal
architecture is as high as 11x (100K IOPS vs. 1.1M IOPS) on
TPCC, which has 32 parallel I/O jobs and about 85% cache
hit rate. On MS Exchange traces and VDI that have lower
parallel jobs and lower hit rate (55% and 35%, respectively),
the optimal architecture has less opportunity for speedup but
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is still 1.7x faster on MS Exchange and 2.3x on VDI (44.9
KIOPS vs. 103 KIOPS).

6.2. Tail Latency

For 99.99% tail latency (QoS), our proposed optimal architec-
ture improves the performance by up to 2.6 x for read latency
and over 30x for write latency of measured real workloads
compared to non-optimal architecture (Fig. 15d, 15e, 15f).
The optimal cache architecture design choices for low tail
latency are similar to high IOPS choices, but the promotion
logic is an exception. Promotion logic (e.g., nhit vs. always) is
about load balancing requests between the cache and the back-
end (i.e., nhit policy) compared to efforts to serve everything
from the cache (i.e., always policy). Load balancing requests
with the backend may improve the overall I/O rate but im-
proper use of such technique would suffer from backend SSD
array latency (100s of microsecond) instead of the RAM Disk
cache latency (less than 10 microseconds). In VDI, which has
a low hit rate while 30% of requests are writes (thus making
cache dirty and hard to use for read requests), significantly
delaying request promotion (e.g., nhit-8 or nhit-16) minimizes
the tail latency (while nhit2 or nhit-4 works well for high
IOPS). On the other hand, when the cache hit rate is high as
in MSS Exchange or TPCC and high locality exists (e.g., zipf
access distribution in TPCC), then always promotion policy
or nhit-2 may also work well and improve the tail latency.

7. Related Work

SSD Caching for HDD Arrays. Many existing works use
HDDs as backend storage and exploit a faster device such as
an SSD as the cache [3, 19, 39, 4, 43, 46, 33, 18, 19, 27, 25, 8].
ECI-Cache [3] presents a hypervisor-based caching architec-
ture that prioritizes data based on reuse distance and request
type. LARC [19] uses a virtual LRU queue to improve the
LRU algorithm for a higher hit rate, and thus better perfor-
mance. Few studies [4, 43] propose bypassing the SSD cache
for selected write requests and submit the writes to HDDs.
All these studies assume HDDs as the backend storage, and
following our motivational data, their performance results may
no longer be valid in fast SAN systems, which we target in
this paper.

Some studies propose models to improve performance.
These models include machine learning for cache write man-
agement [46] and techniques to estimate cache miss rate for
specific cache configurations [33, 18]. The domain of these
studies differs from modern SANs, but their approach is or-
thogonal to ours and can be used as a complementary mecha-
nism.

I/O Caching on Ultra-fast Devices. A limited number of
studies use faster SSDs (i.e., NVMe SSDs) as the caching
layer [6, 7, 28, 45, 31]. Chen et. al [6] use non-volatile main
memories and DRAM as buffer caching to improve perfor-
mance and lifetime of SSDs. This work focuses on frequent
synchronization operations of file systems to improve the per-
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Figure 15: Performance of three major real workloads under various design choices for an I/O cache on an ultra-fast device

formance and endurance of SSDs, instead of our target on
general block storage. Cheng et. al [7] propose an NVMM-
based caching in the Lustre file system on the compute-node
side (instead of SAN storage side) of HPC clusters. Kim et. al
[28] suggest utilizing application hints to cache write requests
and passing such hints to low-level storage layers, which is
orthogonal to our work. OrthusCAS [45] proposes a cache-tier
for modern storage systems and assumes the cache device and
backend storage have similar IOPS, but the cache has lower
latency. The authors propose a load balancing mechanism,
which is similar to nhit promotion policy with dynamic N se-
lection. We may adopt their policy to improve the promotion
logic and combine it with our other proposed per-component
architecture. A recent work characterized the performance
of DM-cache and b-cache on NVDIMM [31]. However, they
do not consider recent high-performance I/O cache architec-
tures (e.g., OpenCAS), important design choices (e.g., flushing
logic), and workload behaviors (e.g., I/O access locality).
Small Cache Inside SSD Device. Few works have aimed
for improving the management of the small cache inside SSDs
[41, 42, 32]. For example, Tripathy et. al [42] improve the
performance of concurrently running workloads on NVMe
SSDs by prioritizing workloads and reducing the request in-
terference at the NVMe SSD internal device (DRAM) cache.
Co-Active [41] modifies the management policy of NVMe
SSD internal device (DRAM) cache to reduce the request re-
sponse times and also improves SSD lifetime. Our work with
I/0 caching in the OS layer is orthogonal to these studies.

8. Discussion

RAMDisk as an ultrafast device. RAMDisk is very fast and
easily deployable in SAN storage systems and does not require
special support from CPU and motherboard (unlike persistent
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memory DIMMs). Thus, we used RAMDisk throughout the
paper, but our results are applicable to any fast memory with
similar performance characteristics.

Analyzed architectures. With the goal of providing an I/O
cache architecture for real SAN storage environment, we fo-
cused on popular choices in industry-grade I/O caches. While
a few I/O cache policies exist, most of them are either mi-
nor variations of our analyzed choices or are less popular in
industry (e.g., due to implementation difficulties).

Our framework logging overhead and accuracy. We
avoid the overheads of log collection by using three techniques:
(a) using separate SSDs for OS (and logs) and data SSDs,
thus no I/O contention happens between logging and normal
workload I/O requests, (b) enabling only required logging
features per test scenario, (c) controlling the period of each
log sample. In our tests, Perf tool has the most overhead (less
than 10% effect) on IOPS, but we only enable it for specific
CPU task breakdown tests in Section 5.1.

Risk of data loss in different flushing policies. If the
cache device is volatile (e.g., DRAM), all flushing policies
(e.g., aggressive or lazy) will have a risk of data loss, due to
keeping some dirty blocks in the cache. In our paper, we use
RAMDisk as an example of emerging fast devices. In practice,
enterprise systems are either battery-backed (e.g., by using
Universal Power Supply) or use non-volatile fast persistent
memory; thus, flushing more frequently (i.e., aggressive) or
less frequently (i.e., lazy) has practically no effect on data loss.

How the community can benefit from our paper. The
community can use our findings in a couple of ways. First,
we revealed that system administrators should NOT use the
best practices of SSD caching on HDDs to tune I/O caches
for emerging fast devices. Second, our proposed framework
can be used to analyze the performance behavior of any I/O



caches. Third, our findings are helpful for architects to convert
a conventional I/O cache to a scalable one on emerging fast de-
vices. Fourth, many existing I/O caches are designed based on
open-source caches, thus developers and companies relying on
the examined caches (OpenCAS, DM-Cache, and EnhancelO)
can directly benefit from our reported performance results to
tune their caches.

9. Conclusion

In this paper, we showed that I/O cache architectures in
HDD-array SANSs are not applicable to modern SAN systems.
Through evaluating major architectural choices on real I/O
caches, we provided guidelines on how to make a scalable I/O
cache for emerging storage systems. We revealed that com-
pared to non-optimal configuration, our proposed architecture
provides up to 11x higher IOPS and 30 lower tail latency.
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A. Artifact Appendix

A.1. Abstract

Throughout this artifact, we briefly explain about the im-
plementation of our proposed framework and its soft-
ware/hardware requirements. We plan to release the source
codes and more details on how to run the framework through
GitHub.

A.2. Artifact Check-list

* Compilation: gcc 4.8.5, Python 2.7.5, and Python 3.6.8 to run
the prerequisites (e.g., I/O caches). The main code of our frame-
work consists of bash scripts, which do not require any separate
compilation.

Data set: We use two groups of data sets: synthetic and real traces.

‘We generate the synthetic data sets using our scripts and FIO tool.

The real data sets are based on public I/O traces of Microsoft

Exchange server, VDI, and the benchmark of Oltpbench TPCC

(refer to Section 4 for more details).

* Hardware: Almost all of our scripts run on any hardware that can
provide two block devices (one as the cache device and the other
as the backend). To provide expected results, the hardware config-
urations must match the hardware specifications stated Section 4.

¢ Output: Our scripts generate a couple of files as the output of each
experiment: (1) overall I/O performance results in a single FIO out-
put file (average IOPS, average latency, 99%, 99.9%, 99.99% tail
latency), (2) various periodic system logs including cache statistics
(number of allocated blocks, number of dirty blocks, read/write
hit rates, etc.), disk bandwidth usage and periodic performance
logs (especially, IOPS), (3) Perf statistics (i.e., CPU utilization
breakdown) for specified experiments.

* How much disk space required (approximately)?: Each exper-
iment requires about SMB of disk space to store the monitoring
logs. For all experiments throughout the paper, about SGB space is
required to store the experiment logs. Real trace runs require an
additional 6GB for the input traces.

* How much time is needed to prepare workflow (approxi-
mately)?: 10-15 minutes

* How much time is needed to complete experiments (approx-
imately)?: The experiment time significantly varies (approx-
imately 2-60 minutes) depending on the performance of cache
device and backend storage and the test scenario.

* Publicly available?: We plan to publicly release the main codes
of our proposed framework through GitHub.

A.3. Description

A.3.1. How to access We plan to release codes through
GitHub [38].

A.3.2. Hardware dependencies Using the same system hard-
ware as we specified in the paper would result in similar output
to what we showed. However, using any other server config-
uration with minimal hardware requirements makes it still
possible to run our scripts, but would naturally lead to dif-
ferent absolute performance, and system resource utilization
numbers.

Recommended configuration: The same as specified in Sec-
tion 4 of this paper.

Minimal configuration: A server with at least an 8-core
CPU (total 16 logical cores), one server-grade SSD as the
backend (in addition to the OS disk), and 32GB DRAM, from
which 10GB are usable as the I/O cache device. Note that this
configuration leads to different absolute performance numbers
compared to our paper results, and thus is only suitable to
check the ability to run our scripts.

A.3.3. Software dependencies Running the experiments re-
quire the benchmarking tool FIO (version 3.8), CentOS 7 with
kernel updated to 5.4.52, OpenCAS version 21.3, Lancon-
nected branch of EnhancelO, and DM-Cache integrated in
CentOS 7. The user needs to ensure that both python version
2.7.5 (for EnhancelO), and python version 3.6.8 (for Open-
CAS), in addition to libaio (for FIO) are installed in their
system.

A.4. Installation

No installation is needed for the main scripts but before you
can use scripts, make sure that your system meets the prereq-
uisites as follows. The first prerequisite is FIO tool. First,
ensure /ibaio is installed in your system. Then, download
FIO version 3.8 source code from its repository [10], use the
specified three simple commands for installation. Then install
OpenCAS [12], and EnhancelO [1] following the instructions
in each cache repository (DM-Cache is already installed in
CentOS 7 and no further action needed).



A.5. Evaluation and Expected Results

Once you run scripts for a specific test scenario, our framework
generates various results in a single output directory. One of
the main summarized results shows the average IOPS, average
latency, and tail latency during the test. If the hardware and
software environments of the test are same as the paper, the
expected output results would match what we have shown in
the paper; otherwise, they may become significantly different.

A.6. Experiment Customization

Our framework is easily customizable thanks to its organized
structure and bash scripting platform. Example customizable
parameters include (1) I/O cache module, (2) the block device
provided as the I/O cache device and the block device provided
as the backend, (3) cache-specific parameters (size, policy,
etc.) (4) workload specific parameters (block size, locality,
etc.), and (5) FIO-replayable real traces of interest.
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