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Abstract

With the ever-increasing demand of supercomputing and hyperscale data centers
for high-performance and reliable storage systems, solid-state drives (SSDs) have
emerged as a dominant technology. Unlike traditional hard disk drives (HDDs),
SSDs utilize flash memory to achieve significantly faster data access and higher
bandwidth. These advantages translate to improved system responsiveness, faster
boot times, and enhanced application performance across various compute and
data-intensive workloads.

However, the intricate architecture and dynamic nature of modern SSDs pose sig-
nificant challenges for designers. Hardware advancements, such as the adoption
of 3D NAND flash memory and complex controller algorithms, necessitate rig-
orous testing and optimization before real-world deployment. This is where SSD
simulators and emulators become indispensable tools in the development cycle.

*He is now a Visiting Research Professor at Chosun University under the Brain Pool (BP)
Program of the National Research Foundation (NRF) of Korea.



This survey delves into the critical role of SSD simulators and emulators, high-
lighting their contributions to accelerated innovation, performance optimization,
predictive analysis, and future-proofing capabilities. Through a comprehen-
sive evaluation of these tools, this work aims to provide valuable insights for
researchers and developers, ultimately leading to the continued advancement of
efficient, reliable, and future-proof SSD solutions.
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1 Introduction

The rapid adoption of solid-state drives (SSDs) in modern computing has transformed
the storage landscape, offering significant advantages over traditional hard disk drives
(HDDs) [1]. With their superior speed, energy efficiency, and durability, SSDs have
become essential in a wide range of applications, from personal devices to large-scale
data centers and high-performance computing systems [2]. As the demand for faster,
more reliable storage solutions continues to grow [3], so too does the complexity of
SSD technology, with advancements in flash memory, storage interfaces, and firmware
designs. This growing complexity underscores the need for robust evaluation tools that
can help researchers and developers design, test, and optimize SSDs under various
conditions. Evaluation methods include measurement using real hardware, simulation
through software models, and analytical modeling for performance predictions. Among
these, simulation has emerged as the most popular approach due to its flexibility,
cost-effectiveness, and ability to model a wide range of scenarios without the need for
physical hardware.

Simulation has gained prominence because it enables the exploration of different
SSD architectures and algorithms without the significant financial and time invest-
ments required for hardware-based measurement. Unlike analytical models, which can
sometimes oversimplify complex systems, simulators allow for detailed and customiz-
able experimentation with various workload patterns, flash memory technologies, and
firmware algorithms. Furthermore, simulation offers the ability to assess long-term per-
formance and reliability metrics, such as wear leveling and garbage collection efficiency,
which are difficult to measure in real time on actual devices. This makes simulation
an indispensable tool in SSD research, allowing developers to make informed decisions
about design optimizations and performance improvements.

Given the intricate nature of SSD architectures—comprising flash memory cells,
flash translation layers (FTLs), and complex algorithms for garbage collection, wear
leveling, and error correction—it is essential to have a clear understanding of their
internal workings. In the second section of this paper, we provide a comprehensive
overview of these basic SSD architecture concepts, establishing a foundation for the
discussion of the tools and methods used to evaluate SSD performance and reliability.
Understanding these core components and how they interact within an SSD is crucial
for evaluating the effectiveness of the various simulation, emulation, and hardware
platforms explored later in the paper.



In the third section, we shift our focus to SSD simulators, which play a key role in
the early stages of SSD development. Simulators allow researchers to model SSD archi-
tectures and algorithms, enabling them to assess performance, energy consumption,
and reliability without the need for physical hardware. We discuss several well-known
SSD simulators in detail, comparing their capabilities and use cases, and highlighting
how they help in understanding and improving SSD design.

The fourth section covers SSD emulators, which bridge the gap between theoretical
simulation and real-world testing. Emulators provide a hands-on environment where
researchers can test firmware and algorithms in a virtualized SSD setting. Unlike
simulators, emulators are designed to mimic the behavior of actual SSD hardware,
making them invaluable for testing the performance and compatibility of different
SSD configurations under real operating conditions. We present a detailed analysis of
popular SSD emulators and their impact on SSD research and development.

Finally, in the fifth section, we explore hardware platforms that allow for direct
testing of SSDs in real-world environments. These platforms provide crucial insights
into how SSDs perform under actual workloads, offering a more holistic view of their
behavior compared to simulation and emulation tools. By analyzing prominent hard-
ware platforms, we highlight their role in pushing the boundaries of SSD performance
and reliability. The paper concludes with a summary and recommendations for future
work.

2 Basic Concepts

Solid State Drives (SSDs) are specifically engineered to harness the advantages of flash
devices while mitigating their limitations. Flash memory is a non-volatile computer
memory storage medium with the capability of electrically erasing and reprogramming
data. This technology is constructed with a metal oxide semiconductor field-effect
transistor incorporating a floating gate [4-6]. The floating gate is interposed between
the metal control gate and the substrate layer. This floating gate serves to allow the
flash cell to sustain one of two potential states, which are predicated on the presence
or absence of trapped electrons in the floating gate [4, 5, 7, 8]. As can be shown in
Figure 1, in the absence of electrons in the floating gate, the cell is in a 71" state.
Conversely, with the presence of electrons in the floating gate, the cell is deemed to
be in a 70" state.
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The two primary forms of flash memory, namely NOR flash and NAND flash, are
denoted after the NOR and NAND logic gates. Both variants incorporate the same cell
design, featuring floating gate MOSFETSs. Their differentiation occurs at the circuit
level implementation on whether the state of the bit line or word line is pulled high or
low: in NAND flash, the correlation between the bit line and the word line resembles
a NAND gate, whereas, in NOR flash, it emulates a NOR gate [9]. NAND Flash SSDs
have gained prominence in contemporary applications due to their enhanced density,
which affords greater capacity compared to NOR SSDs [4, 5, 10].

Leveraging non-volatile flash memory, solid-state drives (SSDs) represent a sig-
nificant leap forward in storage technology compared to traditional hard disk drives
(HDDs) [1]. SSDs offer substantially lower latency, higher bandwidth, and greater
energy efficiency. By enabling concurrent access to multiple flash memory chips, SSDs
harness internal parallelism to surpass the performance limits of conventional storage
solutions. This makes them an attractive option for a wide range of applications, from
portable devices to high-capacity servers. Despite these advantages, the adoption of
SSDs comes with certain challenges. While SSDs provide superior performance, they
are often limited by factors such as shorter lifespan, higher cost per unit of storage, and
lower overall storage capacity compared to HDDs [11]. Nevertheless, even with their
higher upfront cost, SSDs have gained widespread acceptance, particularly in data
centers, due to their lower energy consumption and enhanced performance [12-14].

The limited operational lifespan of flash memory cells stems from the frequent
erase-before-write operations brought about by program and erase commands [9, 15,
16]. This challenge is chiefly addressed through the implementation of the Flash Trans-
lation Layer (FTL), which carries out address mapping, garbage collection, and wear
leveling. The FTL layer fulfills a critical function in addressing the bottlenecks of
flash memory, facilitating SSDs in sustaining high performance throughout their oper-
ational lifespan [9]. To better follow the functions and bottlenecks of SSDs, we give a
brief explanation of the modern SSD architectures.

2.1 Modern SSD Architecture

As it is shown in Figure 2, SSDs are composed of an SSD controller @) and an array
of flash memory chips o, each containing one or more dies @ that share a common
multiplexed interface. Each die can operate independently, enhancing overall through-
put. However, the shared interface for all dies may lead to potential contention among
requests. Typically, a die consists of two or more planes @, the smallest units for
processing an 1/O request. Each plane (3) consists of hundreds to thousands of flash
blocks @ A block is structured as a two-dimensional array made up of hundreds of
rows (word line for accessing flash memory pages) of flash cells (usually 256 to 1024
rows), where each row stores consecutive data (5). Similar to multi-bank memory sys-
tems, the planes within a die can perform flash operations in parallel. However, these
planes share a common set of data and control buses [17]. Consequently, operations
can be initiated in different planes of the same die in a pipelined manner, with one
operation starting each cycle. Data in a block is written at the page level, with each
page typically ranging from 8 to 16 kB in NAND flash memory. Both read and write



operations occur at the granularity of a page, and each block generally contains hun-
dreds of pages [3] [8] [18] [19] [7] [20]. Blocks within each plane are assigned a unique
ID within that plane, though this ID may be shared across multiple planes. Pages
within a block are numbered sequentially [3].

To optimize multi-plane commands, such as read/program and erase operations, it
is essential that the involved pages (5) or blocks (4) share identical die, block, and page
addresses. Additionally, advanced commands in NAND flash memory chips, including
interleaved and copy-back commands, further enhance functionality by enabling par-
allelism within a chip and facilitating page copying within a plane without utilizing
communication channels.

To gain a deeper understanding of how modern SSDs function, we will now explore
the SSD Controller and Flash Memory components in detail, beginning with the
architecture of the SSD controller, followed by an examination of the flash memory
architecture.
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Fig. 2 High-level overview of a solid-state drive [11].

2.1.1 SSD Controller

An SSD controller comprises multiple key components, including a host interface
layer @, a processor (typically a multi-core processor in contemporary SSDs) respon-
sible for executing the Flash Translation Layer (FTL) @. Dynamic Random-Access
Memory (DRAM) @, a system bus (e.g., AXI), and flash controllers @ linked to
numerous flash memory chips through flash channels/buses [11]. Also, some controllers
include both compression and decompression features, enabling the reconstruction of
the original data from the compressed version stored in flash memory [21][22].

Each of these key components plays a crucial role in ensuring the efficient oper-
ation of the SSD, from managing data flow between the host and the flash memory
to handling error correction and data integrity. In the following, we will explore
these components in greater detail, highlighting their specific functions and how they
contribute to the overall performance and reliability of modern SSDs.



Host Interface Layer (HIL): The Host Interface Layer (HIL) serves as the inter-
face between the host system and the SSD controller. It communicates with the host
system via a communication protocol over the system I/O bus. SSDs and their asso-
ciated protocols continually advance to meet evolving system requirements. A key
advancement has been the introduction of novel host interfaces for SSDs. Previously,
many SSDs relied on the Serial Advanced Technology Attachment (SATA) protocol,
originally intended for hard disk drives (HDDs). Over time, SATA has demonstrated
inefficiency for SSDs due to its inability to support rapid I/O accesses and millions of
I/0 operations per second (IOPS) achievable with contemporary SSDs. Emerging pro-
tocols like NVMe mitigate these constraints by being specifically tailored to harness
the high throughput capabilities inherent in SSDs [11].

Flash Translation Layer (FTL): The primary function of the Flash Translation
Layer (FTL) is to manage the mapping between logical addresses (used by the host)
and physical addresses in the underlying flash memory (where data is actually stored
and only accessible to the SSD controller) for each page of data [23][24]. By maintaining
this indirection between the two address spaces, the FTL can remap a logical address
to a different physical location (i.e., move data to a new physical address) without
informing the host. When the host writes to a page or when data is moved for SSD
maintenance tasks (such as garbage collection [25][26]), the old data (i.e., the previous
physical location) is marked as invalid in the metadata of the physical block, and the
new data is written to a page in the currently open block [3].

Over time, these page invalidations lead to block fragmentation, where most pages
in a block become invalid. The FTL periodically conducts garbage collection to address
this. It identifies highly fragmented blocks, migrates any remaining valid pages to a
new block (aiming to fully populate it with valid pages), and then erases the entire
fragmented block [25][26]. Garbage collection typically prioritizes selecting blocks with
the lowest utilization (i.e., those containing the fewest valid pages) for erasure. Once
garbage collection is completed and a block is erased, the block is added to a free list
managed by the FTL. When the current block being written to becomes full, the SSD
controller selects a new block from the free list to continue writing [3].

The FTL is also tasked with wear leveling, which ensures that all blocks within
the SSD experience uniform wear out [25][26]. By evenly distributing the number of
program/erase (P/E) cycles across the blocks, the SSD controller minimizes differences
in wear levels, thereby prolonging the device’s lifespan. Wear-leveling algorithms are
activated when the current block being written to becomes full (i.e., when no more
pages in the block are available), prompting the controller to select a new block from
the free list. The wear-leveling algorithm determines which block is chosen from this
list. A basic method is to select the block with the fewest P/E cycles to reduce wear
variability across blocks, though various algorithms have been developed to optimize
this process [3][27][28].

Moreover, FTL minimizes frequent accesses to flash memory by caching commonly
accessed data, such as the logical-to-physical page mapping table [24], or frequently
requested pages from the host, in the DRAM embedded within the SSD [11].

Flash Controller: The flash controller (FC) is an embedded processor within an
SSD that interfaces with multiple flash chips via a shared channel. The FTL interacts



with the FC to execute NAND flash operations. The flash controller encompasses an
ECC unit, internal memory page buffers, command control logic for overseeing flash
operations, and timing sequence generators for each control/data pin. Modern SSDs
adopt a multi-channel (or multi-bus) architecture, where a flash memory channel/bus
is interfaced with multiple flash chips. The flash controllers establish communication
with the flash memory chips utilizing control/data and arbitration pins. During a
write operation, the controller obfuscates data to forestall high bit error rates stem-
ming from extreme data patterns. Furthermore, it employs ECC encoding to heighten
reliability and performance. Subsequently, the controller transmits a write command
accompanied by the physical page address to the target flash chip and then transfers
the obfuscated ECC-encoded write data to the chip. For read operations, the flash
controller conducts several sequential steps: issuance of a read command to the target
flash chip, reception of data from the flash chip, execution of ECC decoding to rectify
potential data errors, and final derandomization of the read data to restore its orig-
inal form. [29] [3] [19] [7][30][31][32]. Two main tasks for the flash controller are i)
error-correcting codes (ECC) , and ii) data randomization [32][33][34][3].

ECC is employed to detect and correct raw bit errors in flash memory. When the
host writes a page of data, the SSD controller divides it into one or more chunks.
For each chunk, the controller generates a codeword, which includes both the chunk
and a correction code. The level of protection provided by ECC is determined by
the coding rate, defined as the ratio of chunk size to codeword size. A higher coding
rate offers weaker protection but requires less storage, representing a critical tradeoff
between reliability and storage efficiency in SSDs [3]. Along with ECC information, a
codeword also includes cyclic redundancy checksum (CRC) parity data [35][36]. When
reading data from NAND flash memory, the ECC algorithm may occasionally indicate
that it has corrected all errors, even though some errors remain. To prevent returning
incorrect data to the user, the controller performs a hardware-based CRC check to
verify that the data is free from errors [3][35].

Errors in flash memory are heavily influenced by the specific data values stored in
memory cells [20][37][38]. Data Randomization before writing it to the flash chips is
utilized by SSD controller to minimize the impact of data-dependent errors[34][39]. The
primary goal of scrambling (data randomization) is to ensure the data written to the
SSD contains a balanced distribution of zeroes and ones, reducing any dependence on
the data values and preventing value-related error patterns. Scrambling is performed
through a reversible process, allowing the controller to descramble the data during read
operations. A linear feedback shift register (LFSR) is used by the controller to handle
both scrambling and descrambling. An n bit LFSR generates 2("~1) pseudo-random
bits without repetition. To ensure data can be correctly descrambled even if it is
moved during maintenance tasks (such as garbage collection), the LFSR is seeded with
the logical address of the page being written. This approach ensures that the logical
address remains unchanged, eliminating the need for descrambling and rescrambling
during data migration, which also reduces maintenance latency. The LFSR produces
a pseudo-random number based on the seed, which is then XORed with the data
to produce the scrambled version. Since the XOR operation is reversible, the same
process is used to descramble the data when it is read back [3].
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Fig. 3 Flash cell storage capacity. (a) SLC, (b) MLC, (¢) TLC, (d) QLC.
2.1.2 Flash Memory

As mentioned before, one or more flash chips are connected to a shared channel, each
flash chip contains one or more dies and each die contains one or more planes. Each
plane consists of many blocks and each block consists of many pages. Each page con-
tains many flash cells. Flash cells are categorized by their storage capacity, denoted as
single-level cell (SLC), multi-level cell (MLC), triple-level cell (TLC), or quad-level cell
(QLC). In SLC NAND flash, each cell stores a 1-bit value and can be programmed to
one of two distinct threshold voltage states (Figure 3.a). In contrast, MLC NAND flash
stores 2 bits per cell, corresponding to four possible states (Figure 3.b), while TLC
NAND flash stores 3 bits per cell, allowing for eight possible states (Figure 3.c), and
QLC NAND flash stores 4 bits per cell, allowing for sixteen possible states (Figure 3.d).
Each state signifies a specific value and is assigned a voltage window within the overall
range of threshold voltages. Variations in programming operations result in the thresh-
old voltage of cells programmed to the same state being initially distributed across this
voltage window [3]. As the number of bits in the flash cell increases, the SSD’s storage
capacity also increases. However, this higher density of flash cells leads to increased
latency and decreased endurance [40] [29] [3] [7] [20] [41] [42] [43] [44][45] [46] [11].
The programming of a ”0” is achieved by introducing electrons into the floating
gate during the programming operation. This is carried out using the process of Fowler-
Nordheim tunneling to inject electrons into the floating gate. Fowler-Nordheim (FN)
tunneling occurs when a significant voltage, for instance, 18 V, is applied between the
control gate and the substrate. The process of reading data from a flash memory cell is
contingent upon a threshold voltage. In a Single-Level Cell (SLC) flash memory con-
figuration, the threshold voltage for interpreting a ”1” should be lower than the read



voltage, while the threshold voltage for a ”70” should be higher than the read voltage.
During a page read operation, the read voltage is utilized to access the control gate of
the flash cell in question. Subsequently, the presence or absence of electric current flow
through the transistor is used to discern the stored information. If an electric current
is detected, the cell contains the data ”1”; conversely, if no current is present, it holds
the data ”0”. During the erase operation, electrons are removed from the floating gate
to alter the cell’s state to ”1”. This is achieved by applying a substantial negative volt-
age to the substrate while connecting the control gate to the ground. Consequently,
electrons move away from the floating gate through the FN tunneling. The erase pro-
cess is carried out in a block-by-block manner to prevent unintended changes from
”0” to ”1” in individual flash cells. As a result, before writing new data, empty blocks
must be prepared (erase-before-write). It is important to note that the erase process
takes longer compared to read and write operations, leading to a significant perfor-
mance bottleneck for NAND flash memories. To mitigate this extended erase latency,
efforts are made to conceal its impact on overall performance [3] [7] [20] [41] [42].
Numerous emerging types of devices are frequently optimized to efficiently handle
their primary workloads, necessitating a customized communication model between
the host and the device. Therefore, the research community started to introduce simu-
lation tools that reliably model these new features and protocols. There is a variety of
simulators, emulators, and also hardware platforms that model different generations
of SSDs and their protocols . In this paper, we provide an overview of the cutting-
edge infrastructures that simulate, emulate, or implement SSDs at both the software
and hardware levels. The main purpose of this paper is to familiarize researchers with
these infrastructures and to aid the advancement of storage devices by exploring their
limitations, as well as the potential of innovative solutions in shaping the future of

SSDs.

3 Simulators

The role of simulators in the study and development of SSD technology is crucial
for understanding and predicting the behavior of these storage systems under a wide
range of conditions. Simulators provide researchers and engineers with the ability to
model SSD architectures and simulate their performance, reliability, and energy con-
sumption without the need for physical prototypes. These tools are instrumental in
experimenting with various algorithms, such as garbage collection, wear leveling, and
error correction techniques, and in assessing their effectiveness in improving SSD per-
formance and longevity. By simulating different workloads, hardware configurations,
and firmware strategies, simulators offer invaluable insights into the optimization of
SSDs, enabling the development of more efficient, reliable, and cost-effective storage
solutions. In this section, we will explore some of the most well-known simulators used
in SSD research, providing a detailed comparison of their features and capabilities.

3.1 MQSim

MQSim [2], introduced in 2018 at the 16th USENIX Conference on File and Stor-
age Technologies, is a simulation framework designed for studying multi-queue SSD



devices. Developed by ETH Ziirich and Carnegie Mellon University, MQSim improves
upon earlier simulators by accurately modeling both traditional SATA SSDs and mod-
ern types like NVMe. It supports diverse workloads and detailed modeling of SSD
protocols, ensuring precise performance simulations across various interfaces and archi-
tectures. With comprehensive models of conventional and modern host interfaces,
MQSim accurately simulates SSD behavior and request latency. Its modular design
allows users to modify individual components without altering the overall frame-
work, ensuring adaptability to future SSD developments. By simulating features like
multi-queue request handling and advanced maintenance algorithms, MQSim provides
performance results that closely match those of real SSDs, making it an invaluable tool
for researchers. Key features of MQSim include support for standalone programming
mode, offering a dedicated environment for simulating SSD behaviors in isolation. The
simulator supports integration with full-system simulators, enabling detailed simula-
tion of memory-related behaviors. It also incorporates advanced storage features like
transaction scheduling and incremental step pulse programming for comprehensive
flash memory simulations. MQSim offers configurable cache settings, including fully
associative cache configurations, allowing for the testing of various caching strategies.
Also, it can simulate both hybrid and page-level flash translation layers for in-depth
analysis of flash memory behavior and management [47].

MQSim excels in steady-state simulation, accurately and quickly modeling steady-
state SSD behavior, which is crucial for realistic performance evaluation. The simulator
captures the full end-to-end latency of I/O requests, offering a comprehensive under-
standing of SSD performance. Additionally, MQSim simulates various workloads,
uncovering issues like inter-flow interference and performance impacts not captured
by existing simulators. As it has mentioned above, the simulator reports performance
results that closely match those of real state-of-the-art SSDs, with an average error
margin of only 11%. However, some weaknesses exist. The detailed and comprehen-
sive modeling in MQSim can make it complex to set up and use. The accuracy and
depth of the simulations can also be computationally intensive, demanding significant
processing power and memory. Additionally, MQSim’s focus on SSDs limits its suit-
ability for simulating other types of storage devices or broader storage systems without
modification.

MQSim-E [48] is an extension of MQSim that enhances the capabilities of MQSim
by incorporating essential features needed in enterprise environments. Among the
key functionalities of MQSim-E are the accurate modeling of the NVMe interface,
which is vital for modern enterprise SSDs, and the inclusion of advanced SSD mainte-
nance algorithms, such as dynamic address allocation, fine-grained address mapping,
and token-based garbage collection. Additionally, MQSim-E offers a more realistic
perspective of performance over time.

3.2 SimpleSSD version 1.x

SimpleSSD [49], introduced in 2017 by Jung et al., is a sophisticated SSD simulator
designed to provide high-fidelity modeling of both hardware and software charac-
teristics of SSDs. This simulator supports comprehensive system-level performance
evaluations and a variety of workloads. SimpleSSD employs a layered approach to
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simulate SSD internal processes, featuring a host interface layer (HIL) for managing
I/0 requests, a flash translation layer (FTL) for address translation, and a parallelism
abstraction layer (PAL) for request parallelism. This architecture delivers detailed
performance metrics and integrates with full-system simulators like gem5, facilitating
CPU performance evaluations and exploration of different SSD architectures.

The framework supports both standalone and full system modes, enhancing SSD
design flexibility. It is compatible with Atomic ARM CPU models and aligns with
modern storage standards through NVMe support. SimpleSSD includes DRAM sup-
port within its computation complex and offers advanced features like transaction
scheduling, super page/block management, and incremental step pulse programming
for detailed flash memory simulations. Configurable cache settings optimize data
retrieval and storage efficiency, while power models for NAND enable accurate power
consumption simulations. The framework also supports dynamic firmware execution
and comprehensive queue management for realistic data transfer emulation [2][47].
The SimpleSSD’s layered architecture allows for detailed simulation of SSD internals,
offering researchers opportunities to explore new strategies and algorithms. However,
the detailed modeling might be overwhelming for new users or those with limited tech-
nical knowledge, and full-system simulations at the cycle level can require significant
computational resources and long runtimes.

3.3 SimpleSSD version 2.x (Amber)

Amber [47] is an advanced SSD simulation framework developed by the Computer
Architecture and Memory Systems Lab at Yonsei University, in collaboration with
Pennsylvania State University and the University of Illinois Urbana-Champaign.
Released in 2018, it integrates both computation and storage components within an
SSD, supporting a wide array of storage interface protocols and data transfer emu-
lation. Amber is capable of evaluating diverse workloads with support for multiple
SSD interface protocols, including SATA, NVMe, UFS, and OCSSD. Amber models
embedded CPU cores, DRAMs, and various flash technologies, enabling full-system
simulation and data transfer emulation. The framework includes a comprehensive
firmware stack, covering DRAM cache logic and flash firmware such as FTL and HIL,
and supports standard protocols. By modifying the host system’s DMA engines and
system buses in a popular simulator like gemb, Amber can capture dynamic per-
formance and power details of embedded cores, DRAMSs, firmware, and flash during
various OS system and hardware platform executions. It supports standalone program-
ming and full system modes, enhancing flexibility in SSD design and operation, and is
compatible with various ARM CPU models, including Atomic, Timing, Minor, High-
performance In-Order, DerivO3, and O3-v7a. Amber’s computation complex includes
support for both CPU and DRAM, ensuring comprehensive simulation capabilities
for embedded systems. Its advanced storage complex features, including transaction
scheduling, super page/block management, and incremental step pulse programming,
enable detailed flash memory simulations. Amber supports configurable cache set-
tings, including readahead and fully associative cache configurations, optimizing data
retrieval and storage efficiency. Additionally, it can simulate both hybrid and page-level
flash translation layers, allowing for detailed analysis of flash memory behavior. Amber
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includes power models for CPU, DRAM, and NAND, facilitating accurate energy
consumption and efficiency analysis. The simulation framework also supports energy
and dynamic firmware execution dynamics, essential for assessing performance under
real-world conditions. Finally, Amber incorporates comprehensive queue management,
crucial for emulating realistic data transfer and 1/O operations.

Amber boasts several strengths and weaknesses. Its comprehensive modeling capa-
bilities encompass detailed simulations of SSD resources such as embedded CPU
cores, DRAMs, and various flash technologies, resulting in precise performance, power
consumption, and firmware execution assessments. Amber’s full-system simulation
integrates both computation and storage complexes, enabling an evaluation of sys-
tem component interactions and their performance impact. Amber is versatile for
simulating a range of storage applications and hardware configurations. The simula-
tor provides realistic data transfer emulation, closely mimicking real SSD behavior
under various I/0 operations. Additionally, Amber dynamically measures power con-
sumption during firmware executions, accounting for power usage by embedded cores,
internal DRAMSs, and flash devices. Its tight integration with the gemb simulator
allows for detailed CPU timing and full-system environment simulations, facilitating
the evaluation of system-level challenges across different operating systems and hard-
ware platforms. However, Amber’s detailed modeling approach introduces complexity
and a steeper learning curve for users unfamiliar with SSD architecture and simula-
tion tools. The simulator’s detailed modeling and full-system simulation capabilities
can lead to slower performance compared to more simplified simulators. Moreover, the
resource-intensive nature of its simulations requires significant computational power
and memory, which may not be feasible for all users. Finally, Amber’s focus on detailed
SSD modeling and integration with gem5 may limit its applicability to scenarios where
less detailed but faster simulations are sufficient.

3.4 VSSIM

VSSIM [50], a virtual machine-based SSD simulator developed by researchers at
Hanyang University in 2013, provides a robust platform for analyzing SSD performance
under various workloads. The simulator offers a comprehensive tool for evaluating dif-
ferent storage interfaces and their operational characteristics. VSSIM’s architecture
includes an SSD model built on QEMU/KVM, featuring components like an FTL mod-
ule, I/O emulator, SSD monitor, and Latency Manager. These components facilitate
accurate emulation of SSD operations. The FTL module manages block status and
allocation, while the I/O emulator handles NAND operations, including data transfers
and flash memory tasks. The SSD monitors processes and visualizes real-time SSD
operation data, and the Latency Manager introduces precise delays to emulate NAND
operations accurately, making VSSIM an essential tool for both academic research and
practical SSD development.

VSSIM is a robust SSD simulator with several notable strengths. It offers a highly
detailed and modular model, allowing for the simulation of various hardware and soft-
ware components, and making it adaptable for diverse research and development needs.
Its real-time execution feature enables users to observe the performance of the host

12



system with a given SSD design dynamically. VSSIM accurately models the behav-
ior of physical SSDs, with validation against commercial SSDs like the Intel X25M,
showing a performance offset of just 3% for sequential I/O. However, VSSIM has some
weaknesses. It is less accurate in simulating random I/O performance compared to
sequential I/O, which can affect the precision of performance studies involving random
data access patterns. Additionally, as a virtual machine-based simulator, it relies on
the QEMU/KVM environment, which might limit its applicability in certain contexts
or require additional setup and configuration efforts. Furthermore, running VSSIM
in real-time with detailed simulations can be resource-intensive, potentially requiring
significant computational power and memory.

3.5 SSDSim

SSDSim [51] is a sophisticated SSD simulator introduced in 2011 by Yang Hu and his
research team. This simulator is crafted to examine and analyze the internal behaviors
of SSDs, focusing on performance and endurance impacts under diverse conditions.
It utilizes real-world workloads typical of high-performance computing environments,
such as financial data processing and web search to ensure its accuracy against hard-
ware prototypes. The simulator models the internal architecture of SSDs in detail and
parallelism at the channel, chip, die, and plane levels, as well as the FTL. It accu-
rately simulates advanced commands and allocation strategies, providing metrics like
waiting time, processing time, response time, and buffer hit counts. Operating in a
standalone programming mode, SSDSim offers a focused environment for isolated sim-
ulation of SSD behaviors. The platform supports fully associative cache configurations.
SSDSim can also simulate hybrid and page-level flash translation layers, facilitating a
comprehensive analysis of flash memory behavior and management [2].

SSDSim boasts several strengths, including its high-fidelity simulation capabilities
that accurately model SSD behavior by considering software processing costs, a sig-
nificant component of SSD response time. This ensures precise performance metrics.
The simulator’s results have been validated against real SSD hardware prototypes,
showing minimal deviation (2-2.9%) in average response times, which attests to its
reliability. However, SSDSim’s detailed accounting for software processing costs, while
increasing accuracy, also requires more computational resources and time compared
to simpler simulators.

3.6 FlashSim

FlashSim [52] is a comprehensive simulator for NAND Flash-based SSDs, developed
to address the need for performance evaluation in this emerging storage technol-
ogy. Released in 2009 by the Department of Computer Science and Engineering at
Pennsylvania State University, FlashSim is integrated with the DiskSim simulator,
enabling hybrid simulations of SSDs and HDDs. It supports various workload types
and evaluates different FTL schemes. The simulator operates using an event-driven,
object-oriented approach in C++, allowing for modularity and easy extensibility. It
simulates SSD operations by creating event objects that represent different hardware
components, including packages, dies, planes, blocks, and pages, as well as software
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components like the FTL and RAM buffers. FlashSim supports standalone program-
ming mode, providing a specialized environment for simulating isolated SSD behaviors.
It includes sophisticated storage features such as super page/block management,
enhancing its capability to simulate complex SSD operations. Additionally, FlashSim
can simulate both hybrid and page-level flash translation layers, offering a detailed
analysis of flash memory management and behavior [2][47].

FlashSim boasts several strengths that make it a robust SSD simulator. FlashSim’s
accuracy is ensured through validation against real SSD devices for behavioral similar-
ity. Additionally, FlashSim includes energy consumption analysis using different FTL
schemes with real traces. However, there are some weaknesses. The initial versions
were constrained by a simplified hardware model, though this has been improved in
later iterations. As a single-threaded program, FlashSim’s performance may be limited
in simulating complex, multi-threaded SSD operations. Lastly, despite its design for
extensibility, adding new features still demands significant effort due to the complexity
of accurately simulating SSD behavior.

3.7 WiscSim

WiscSim [53] is a comprehensive SSD simulator developed by a research group at the
University of Wisconsin—Madison to facilitate detailed analysis of SSD behavior under
various workloads. Published in 2017, WiscSim supports advanced functionalities like
Native Command Queuing (NCQ), multiple mapping and page allocation schemes,
garbage collection, and wear-leveling. This simulator was designed to provide insights
into the internal metrics of SSDs rather than just end-to-end performance, making it
a powerful tool for understanding SSD operations. The workloads tested on WiscSim
include popular applications like LevelDB, RocksDB, SQLite, and Varmail, which
simulate diverse usage patterns and access behaviors essential for comprehensive SSD
performance evaluation. WiscSim operates as a discrete-event simulator, modeling
the behavior of SSDs at a granular level by processing events like read, write, and
erase operations, allowing researchers to observe the impact of different workloads and
configurations on SSD performance over time.

WiscSim offers several strengths, such as providing detailed simulation capabilities
that offer granular insights into internal SSD metrics, including cache miss ratios and
garbage collection efficiency, beyond just end-to-end performance. Additionally, Wisc-
Sim is well-tested with over 350 unit tests, including end-to-end data integrity checks,
ensuring reliability and accuracy in simulation results. It is also capable of testing var-
ious workloads covering a wide range of real-world applications and access patterns.
However, WiscSim’s detailed internal metrics and advanced features can introduce
performance overhead, resulting in slower simulations compared to more simplified
models. Moreover, while it is highly detailed for SSD analysis, its specialization lim-
its its usefulness for simulating other types of storage devices without significant
modifications.
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3.8 NANDFlashSim

NANDFlashSim [54] is a high-fidelity, microarchitecture-aware NAND flash mem-
ory simulator introduced by a group of researchers to provide an accurate and
detailed simulation of NAND flash memory behavior in 2016. This simulator was
designed to evaluate the performance of various workloads, including write-intensive,
read-intensive, and real-world applications such as online transactions and search
engines. NANDFlashSim supports different types of SSDs. The simulator employs a
highly reconfigurable and detailed timing model for various NAND flash memory sys-
tems, using multistage operations and command chains to handle fine-grained NAND
transactions. This enables memory system designers to closely study NAND flash per-
formance and optimization points at a cycle level, providing valuable insights into
performance enhancement and system design.

Its strengths include high configurability, allowing for the simulation of vari-
ous NAND operations and system configurations, and awareness of intrinsic latency
variations in NAND flash operations. It offers cycle-level simulation with detailed
timing models for precise performance evaluations and optimizations. Additionally,
NANDFlashSim handles parallelism by simulating complex operations like multistage
operations and command chains to manage fine-grained NAND transactions. However,
the simulator’s complexity can pose challenges for users without a thorough under-
standing, and simulations indicate increased resource contention as the number of dies
grows, which limits performance improvements.

3.9 FlashStorageSim

FlashStorageSim [55], introduced in 2017 by a team from Samsung Semiconductor,
Inc., is a sophisticated performance modeling simulator designed for SSD architectures
used in data center servers. It extends the capabilities of NVDIMMSim by adding
detailed models for SSD controllers, flash devices, and host interfaces like SATA,
PCle, and DDR. The simulator focuses on evaluating SSD performance under dif-
ferent workloads such as Fio, LinkBench, and YCSB. FlashStorageSim operates by
accurately modeling the SSD’s internal architecture, including channel interleaving
and way pipelining, and it implements host logic and FTL functions such as Garbage
Collection and Wear Leveling. Additionally, it features advanced mechanisms like fast-
forwarding and cycle granularity adjustment to significantly enhance simulation speed,
achieving up to 7X faster performance compared to traditional simulators.
FlashStorageSim includes detailed flash management features like garbage collec-
tion and wear leveling, which are crucial for realistic SSD performance evaluation.
Additionally, its accuracy has been validated against real SSD performance data,
ensuring reliable simulation of real-world conditions. However, the simulator has some
weaknesses. The trade-offs in accuracy for speed, while beneficial for faster simula-
tions, might not be suitable for all types of analysis. Furthermore, its detailed and
comprehensive nature can make setup and configuration complex and time-consuming.
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3.10 EagleTree

EagleTree [56] is an open-source simulation framework for SSD-based applications,
developed to explore the complex design space of the complete I/O stack, including
applications, operating systems, SSD controllers, and flash chip arrays. Introduced in
2013 by the EagleTree team, this simulator allows for extensive experimentation with
cross-layer designs in a controlled virtual environment. The workloads supported by
EagleTree range across various SSD operations, providing insights into hardware bot-
tlenecks, OS scheduling strategies, and the impact of different mapping and garbage
collection strategies. EagleTree operates by simulating the entire system in virtual
time, enabling hundreds of experiments to be conducted efficiently. It allows users
to manipulate SSD internals, configure hardware parameters, and explore various
scheduling and mapping strategies to evaluate their impact on performance.

EagleTree, an advanced SSD simulator, boasts several key strengths. Its cross-layer
design exploration feature enables experimentation with integrated designs, promot-
ing optimized and efficient SSD-based applications. As an open-source tool, it is freely
available, encouraging community contributions and broad accessibility for researchers
and practitioners. Users can easily configure parameters such as flash chip types,
SSD geometry, and advanced command support, enhancing its versatility. However,
some weaknesses include the need for validation against real system components,
a potentially complex setup for those lacking technical expertise, and performance
discrepancies between simulated and real-world SSDs.

3.11 SRsim

SRsim [57], published in 2015 by a team from the Korea Advanced Institute of Science
and Technology (KAIST) and the Scientific Data Research Center KISTI, is an open-
source simulator designed to model the behavior of SSD-based RAID systems. It aims
to assist researchers in exploring and experimenting with various SSD arrays and RAID
configurations. SRsim supports different RAID levels, including RAID 0, RAID 5, and
RAID 6, and can process a range of general storage traces. The operational process of
SRsim involves several key steps. Initially, it scans the input trace files and converts
logical addresses to distribute data blocks across the SSD array. It then generates
stripes with data blocks stored in different SSDs and assigns unique stripe IDs to each
stripe based on the RAID configuration. The striping manager handles read, write,
and update operations on data blocks and parities in the SSD array. Finally, the
simulator processes I/O requests in parallel, ensuring efficient and accurate simulation
of SSD-based RAID environments.

SRsim offers several strengths and a few weaknesses. SRsim provides accurate per-
formance simulations of SSD arrays and RAID environments, which aids in evaluating
performance and reliability. It efficiently handles parallel I/O processing, mimicking
real-world SSD behavior, and is compatible with general storage traces, making it
interoperable with other simulators like FlashSim. Additionally, it includes a com-
prehensive RAID controller with advanced features like address translation, striping
management, and parity generation. However, the setup can be complex, requiring a
detailed understanding of SSD and RAID principles for accurate simulation. SRsim
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focuses exclusively on SSD-based RAID, limiting its applicability to other types of
storage systems. The detailed modeling of SSD internals and RAID operations may
introduce performance overhead, and the accuracy of simulations heavily relies on the
quality and characteristics of the input trace files.

3.12 SSDModel

This simulation environment [17] is a trace-driven system, adapted from the DiskSim
simulator developed by the CMU Parallel Data Lab, specifically designed for SSD
behavior analysis. Developed in 2008 by a research group from University of Wisconsin-
Madison and Microsoft Research presented at the USENIX Annual Technical Confer-
ence, this simulator processes various workloads, including TPC-C, Exchange, 10zone,
and Postmark, to evaluate SSD performance. The simulator operates by replaying
traces of real system workloads to emulate SSD operations, providing detailed perfor-
mance metrics and insights into how different SSD configurations handle various data
management tasks. This allows for an in-depth analysis of design tradeoffs and their
impacts on performance and longevity.

SSDModel offers a powerful platform for detailed analysis, allowing users to
comprehensively evaluate various SSD configurations and their performance under
different workloads. Additionally, SSDModel delivers detailed performance metrics,
including data placement, parallelism, write ordering, and workload management,
aiding in the understanding of SSD behavior and design tradeoffs. However, the simula-
tor’s complexity may pose challenges in setup and usage, requiring significant expertise
to customize and accurately interpret results.

3.13 SSDExplorer

SSDExplorer [58] is a sophisticated virtual platform designed for fine-grained design
space exploration of SSDs. Published in 2015 by a collaborative team from the Uni-
versity of Ferrara and Politecnico di Torino, the tool enables detailed simulation and
analysis of various SSD architectures. It facilitates the evaluation of performance and
reliability trade-offs under different workloads, offering valuable insights for optimiz-
ing SSD design while minimizing the risk of overdesign. The simulator operates by
modeling the behavior of SSD components and their interactions with workloads,
allowing users to modify parameters such as interface types, workload characteristics,
and flash management algorithms to observe their impact on overall SSD performance
and efficiency.

SSDExplorer offers several advantages, including detailed simulation capabilities
that allow for fine-grained analysis of various SSD architectures and versatile sup-
port for multiple SSD types. It enables workload customization, allowing users to
modify workload characteristics and SSD parameters to simulate different scenarios,
which is invaluable for optimizing SSD design and minimizing overdesign. However,
the tool’s complexity can be a drawback, as its detailed simulations require significant
computational resources and time.
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3.14 FTLSim

FTLSim [59] is an SSD simulator developed in 2012 by Peter Desnoyers at North-
eastern University, designed to model SSD performance, especially in terms of write
amplification and garbage collection efficiency. This simulator accommodates real-
world workloads, providing both uniform and non-uniform traffic models to predict
SSD behavior. FTLSim supports various SSD configurations, including fully page-
mapped SSDs, and simulates cleaning mechanisms like LRU and greedy algorithms.
It evaluates SSD operations, such as page writes, block erasures, and internal copy-
ing, to produce performance metrics like write amplification. Through its analytic
models, FTLSim enables performance assessment under diverse conditions, facilitat-
ing optimization for interfaces and workloads, including random and sequential write
patterns.

While FTLSim offers precise closed-form solutions for write amplification and sup-
ports diverse real-world workloads, it has limitations. It lacks wear-leveling support, a
key aspect for SSD longevity, and simplifies garbage collection processes, which might
overlook the full intricacies of SSD architectures. Additionally, although it models
page-mapped FTLs well, it lacks depth in handling hybrid block/page-mapped sys-
tems and is best suited for static or controlled workloads, limiting its application for
dynamic real-world scenarios.

To address some of these limitations, FTLSim-WL [60], an extension of FTLSim,
was introduced in 2022 by researchers at Syracuse University and Florida International
University. FTLSim-WL expands FTLSim’s capabilities by adding wear-leveling eval-
uation, focusing on both static and dynamic wear-leveling algorithms. It models SSD
performance for various workloads, from synthetic random writes to real-world 1/0
traces, offering a closer examination of SSD endurance and performance degradation
over time. FTLSim-WL includes features like pre-conditioning the SSD to a steady
state using sequential and random writes, enhancing simulation accuracy before wear
and performance evaluations.

FTLSim-WL provides detailed insights into wear leveling, accurately tracking
write amplification and the distribution of erase counts, and is highly customizable
with adjustable workload parameters. However, it primarily emphasizes wear-leveling
impacts, leaving aspects like latency and throughput less examined. FTLSim-WL can
be time-intensive, especially for long-term lifespan analysis, and is designed specifi-
cally for fully page-mapped SSDs, limiting its applicability to other SSD architectures.
Together, FTLSim and FTLSim-WL serve as robust tools for modeling SSD behavior,
with FTLSim-WL offering additional focus on SSD endurance.

3.15 Other Simulators

Several other simulators, though less widely known, also contribute valuable insights
into SSD behavior. SSD-Extension [61], developed by Microsoft Research in 2009,
builds on the DiskSim tool [62] from CMU to enable SSD-specific simulations. While
commonly used in academic and industrial settings, it focuses primarily on model-
ing the flash translation layer (FTL) without simulating the detailed hardware and
software aspects of SSDs. As a standalone simulator, SSD-Extension is well-suited for
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targeted experiments in page mapping and storage management, though its limitations
necessitate more advanced tools for comprehensive system-level simulation.

NVMain [63], introduced in 2012, takes a different approach by offering an
architectural-level simulator for non-volatile memories. Designed for hybrid and
emerging memory technologies, NVMain enables system-level simulations, considering
various aspects like memory organization, energy efficiency, and performance across
different workloads. Its ability to simulate different bus models and memory configura-
tions makes it particularly useful for research into the interaction between DRAM and
non-volatile memories, offering insights into how memory controllers and interconnects
influence system performance.

NVMeSim [64], developed in 2016, focuses on simulating the Non-Volatile Mem-
ory Express (NVMe) protocol, particularly in systems using PCle interfaces. It offers
detailed modeling of host controllers, queue management, and data transfer mecha-
nisms, making it a valuable tool for evaluating high-performance SSDs. NVMeSim’s
ability to handle various non-volatile memory technologies and storage stacks gives it
a unique role in testing SSD performance under real-world conditions, particularly for
high-speed storage solutions.

The table 1 presents a comprehensive feature comparison of well-known SSD simu-
lators discussed in this section. This comparison highlights each simulator’s capabilities
in three primary areas: linear modeling, component modeling, and additional special-
ized abilities. Linear modeling capabilities, such as timing and request processing, are
crucial for performance evaluations, while component modeling features focus on inter-
nal SSD operations like garbage collection and wear-leveling. The “Abilities” section
outlines advanced functionalities, including support for real-world deployments and
modern protocols like NVMe. Together, these dimensions provide a detailed view of
each simulator’s strengths and limitations, enabling a clearer understanding of which
tools are most suitable for specific SSD research and development needs.

Table 1 Feature Comparison of various Simulators.

Feature Linear Modeling Component Modeling] Abilities
Device 1 2 3 4 5 6 7|8 9 10 11 12|13 14 15 16 17 18 19
MQSim VIVIVIVIVIVIVIVIVIVIVIVI IV VIV XXX
SimpleSSD 1x | v | X | X | X | X | X |V |V | X |V |V |V |V |V IV |V |X]|X]| X
Amber VIVIVIVIVIVIVIVIVIVV|IVIVIVIVIV]X]X]|X
VSSIM VIX|X| X X[ VIV IVIVIX|VIVIVIVIVIX]|X]|X]|X
SSDSim VXXX X[ V| X|VIVI]IX|X| VXX X|X|X]|X]| KX
FlashSim VIX|X|X| VI VI IVIVIX|X| V|V X|X|X|V|X]|X|X
WiscSim VIX|I VI X[ X|VIVIVIX|X| V|V X|X|X|X]|X]|X|X
NANDFlashSim| v | X | X | X | X | X | X | X | X | X | X |V |V | X| X |V | X|X]| X
FlashStorageSim| - | - | - | - | - |V [ X |V | - | - |V |- | X| X| X| V| X| X| X
EagleTree VIVIVIX|VIVIVIVIX*NVIV VXX XXX XX
SRsim VIX|X|VIVIVIVIVIVIX|VIVIX]X]|X|V]X]|X]|KX
SSDModel VIX|X| X[ VIV X|VIX]|X|VI|VIX]|X]|X|X|X]|X]| X
SSDExplorer | v | X |V [V |V |V [V [V |V | X | X | X| X| X | X| V| X| X| X
FTLSIm-WL | X | X [V [ X | X |V | X |V | X | X |V | X | X| X| X| X| X| X| X
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1- NVM R/W Timing 11- FTL Wear-Leveling Unit

2- Multi-Queue-Aware request 12- NVM Transfer

processing in FTL 13- Deployable in Real Environments
3- FTL Proc. (FTL request processing 14- NVMe Multi-Queue Support
overhead) 15- NVMe Interface Modification

4- Cache Access Latency 16- Low-Latency Device Support

5- Host-to-Device & Device-to-Host 17- Kernel Bypassing with SPDK
Transfer Latency 18- PCI peer-to-peer DMA Support
6- Page-Level Address Mapping 19- NVMe-oF Target Offloading

7- Hybrid-Address Mapping * Similar operation happens in FIL
8- Garbage Collection (Flash Interface Layer) based on paper.
9- Write Cache ** Can be added to the simulator.
10- FTL Transaction Scheduling Unit Doesn’t exist by default.

(TSU)

4 Emulators

Emulators serve as a bridge between theoretical models and real-world SSD hardware
by mimicking the behavior of SSDs at a high level of accuracy. Unlike simulators, which
primarily focus on abstract modeling, emulators provide a more hands-on approach by
allowing users to interact with virtualized SSD environments as if they were physical
devices. This makes them particularly useful for testing firmware, validating algo-
rithms, and conducting performance evaluations under realistic operating conditions.
By reproducing the functional characteristics of SSDs, emulators enable researchers
and developers to experiment with different configurations, troubleshoot issues, and
optimize performance without the need for physical hardware. In this section, we will
examine several prominent SSD emulators, mentioning their strengths and limitations
in various research and development contexts.

4.1 NVMeVirt

NVMeVirt [65] is a software-defined virtual NVMe device simulator developed by a
research team from Ajou University and Seoul National University, presented in 2023
at the 21st USENIX Conference on File and Storage Technologies. It supports var-
ious types of storage devices, including conventional SSDs, NVM SSDs, ZNS, and
KVSSD. NVMeVirt bridges the gap between the host I/O stack and virtual NVMe
devices, offering flexibility in defining NVMe device types with custom features. It
emulates device performance for real workloads, such as database engines, using a
detailed performance model that reflects real device characteristics. This allows users
to predict application performance on future storage devices with different latency
and bandwidth parameters. NVMeVirt provides a comprehensive platform for stor-
age research and development by supporting advanced features like PCI peer-to-peer
DMA and NVMe-oF target offloading. The simulator works by intercepting and pro-
cessing NVMe commands from the host and then translating these commands to the
virtual NVMe device’s characteristics. It employs a kernel module that integrates with
the Linux I/O stack to handle I/O requests efficiently. Performance models simulate
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the behavior of different SSD types under various workloads, based on real device mea-
surements, ensuring accurate emulation of latency, throughput, and other performance
metrics. NVMeVirt can replicate complex storage environments, allowing developers
to test and optimize their software for different storage configurations without access
to physical hardware.

NVMeVirt’s strengths include its flexibility in allowing users to define any NVMe
device type with custom features, making it adaptable to various storage needs. It
aids in understanding the performance characteristics of applications and operating
systems under real workloads and facilitates rapid prototyping and development of
new NVMe devices. However, the complexity of implementing and using NVMeVirt
requires a good understanding of NVMe protocols and storage device internals. While
designed to minimize overhead, software-based emulation might still introduce perfor-
mance overhead compared to real hardware. Additionally, as a Linux kernel module,
NVMeVirt requires a Linux environment, potentially limiting its use in other operating
systems.

4.2 Confzns

ConfZNS [66] is an advanced emulator designed to explore the design space of Zoned
Namespace (ZNS) SSDs. Developed in 2023 by researchers from Dankook Univer-
sity and Syracuse University, ConfZNS offers a precise and configurable environment
to emulate ZNS SSDs, providing insights into their performance and latency char-
acteristics under various configurations. It allows users to experiment with different
workloads and zone mappings, enhancing the understanding of how these devices han-
dle parallelism and isolation. ConfZNS has been validated against real ZNS SSDs,
demonstrating a high accuracy in performance emulation, making it a valuable tool
for both hardware and software researchers. The emulator functions by simulating
diverse internal architectures and resource allocations of ZNS SSDs, capturing the tim-
ing characteristics and resource contention effects through a detailed latency model,
and providing full-stack exploration from the internal device structure to application
software.

Users of ConfZNS can easily configure various parameters, such as zone size, zone
reset time, and the mapping of channels and ways to zones, making it highly cus-
tomizable. As an open-source tool available on GitHub, it allows researchers to modify
and extend both hardware and software aspects. ConfZNS’s extensive configurability
and depth can make it complex for users unfamiliar with SSD architectures and emu-
lation techniques. While it supports various SSD types, its primary focus on Zoned
Namespace SSDs might limit its applicability for studies centered on other SSD types.

4.3 ZNS+

ZNS+ emulator [67] is a sophisticated tool designed to enhance the performance and
efficiency of Zoned Namespace SSDs (ZNS). Developed in 2021 by researchers from
Sungkyunkwan University and Samsung Electronics, ZNS+ introduces an advanced
interface that supports in-storage zone compaction to alleviate the overhead associated
with segment compaction in log-structured file systems (LFS). By enabling the host
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to offload data copy operations to the SSD, ZNS+ significantly improves file system
performance, achieving up to 2.91X better efficiency compared to conventional ZNS-
based storage systems.

ZNS+ offers several strengths that make it a compelling choice for SSD simula-
tion. More that performance enhancement, reducing the host overhead, and efficient
in-storage zone compaction which were mentioned above, the inclusion of a sparse
sequential overwrite feature further improves write operations, boosting overall system
performance. However, these benefits come with certain challenges. The advanced fea-
tures of ZNS+ may introduce additional complexity in management and optimization,
and its full potential is best realized with log-structured file systems, which may limit
its compatibility with other file systems. Additionally, as a relatively new technology,
ZNS+ may encounter compatibility issues with existing infrastructure and software
not designed to support its features.

4.4 FEMU

FEMU [68] is a QEMU-based flash emulator introduced in 2018 to address the lim-
itations of existing SSD emulators by offering a scalable, accurate, and cost-effective
solution. Developed by researchers from the University of Chicago, Parallel Machines,
and CNEX Labs, FEMU supports various workloads and configurations, including
OCSSD. FEMU operates by emulating the SSD at the block device level, allowing it
to interact with the guest OS as if it were a real SSD. It achieves this by using tech-
niques such as exitless interrupts and optimized I/O threads to minimize latency and
maximize scalability, effectively supporting up to 32 parallel channels or chips. This
versatility allows FEMU to emulate different types of SSD interfaces and operations
effectively, providing a robust platform for both internal SSD and split-level research.

FEMU is extensible, supporting internal-SSD, kernel-level, and split-level research,
which makes it a valuable tool for diverse research applications. The emulator delivers
relatively accurate results with a variance of 0.5-38%, serving as an effective drop-
in replacement for Open Channel SSDs, especially for kernel prototyping and other
research scenarios where real devices are unavailable. Additionally, FEMU supports
multiple workloads, making it suitable for comprehensive studies across various storage
solutions. However, users should be aware that FEMU’s complex setup requires a
deep understanding of QEMU and SSD architecture, and despite its optimizations,
there may still be some performance overheads when compared to actual hardware.
Furthermore, the emulator’s performance and scalability can be influenced by the
capabilities of the host system, such as CPU speed and memory.

4.5 FlexDrive

FlexDrive [69], introduced in 2016 by a team at Samsung Semiconductor, Inc., is a com-
prehensive and customizable emulation framework designed to evaluate and optimize
NVMe-based SSDs. It supports a variety of workloads, including database bench-
marks like Pgbench and the Aerospike Certification Tool (ACT), enabling detailed
performance assessments. The emulator operates by accurately controlling key storage
performance metrics such as latency and bandwidth, allowing for precise simulation
of different SSD behaviors under various conditions.
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FlexDrive offers significant advantages, including high flexibility with extensive
reconfigurability through its latency and bandwidth controls, allowing for precise
SSD performance management. It supports real application testing, providing practi-
cal insights into performance and compatibility. FlexDrive is more cost-effective and
easier to implement and operate than hardware emulators like FPGAs. Its modular
design enhances versatility, making it adaptable to various SSD interfaces such as
NVMe/PCle. Additionally, FlexDrive achieves near-native host machine speed with
minimal overhead, making it efficient for high-speed NVMe operations. It also supports
scalability studies, making data center capacity planning and optimization valuable.
However, some challenges include potential CPU overhead due to spin locks in the
latency model, complex configuration requirements that may be challenging for less
experienced users, and kernel dependency that could lead to compatibility issues with
new versions.

4.6 FSSD-EM

The FSSD-EM (FPGA-based SSD emulator with energy modeling) [70] is an advanced
emulation platform designed to accurately mimic real SSD behaviors, developed in
2023 by a research group utilizing the Xilinx Virtex UltraScale+ FPGA VCU118 Eval-
uation Board. FSSD-EM connects to the host machine via a PCle Gen3 x4 interface,
ensuring high-speed data transfer and efficient performance evaluation. The primary
aim of FSSD-EM is to facilitate research and development by enabling detailed anal-
ysis and optimization of SSD-centric applications under realistic workload conditions.
The operation of the FSSD-EM involves three key components: the Host Interface
Layer (HIL), the SSD Emulator Controller, and the Flash Emulator. The HIL interacts
with the host machine, receiving read and write requests and generating corresponding
SSD requests with page granularity, utilizing a Direct Memory Access (DMA) engine
for faster data transfer. The SSD Emulator Controller manages the Flash Translation
Layer (FTL) and emulates the embedded DRAM cache purely in hardware logic. The
Flash Emulator simulates the access time of a NAND storage device using a timing
model on the FPGA, with DDR memory serving as the storage backend. This design
allows the emulator to operate under the same conditions as real SSDs, enhancing the
accuracy and reliability of the emulation.

FSSD-EM includes an energy analysis module, offering valuable insights into the
energy consumption of different SSD architectures and workloads. As an open-source
project, FSSD-EM is designed to benefit both the industry and research communities
by enabling extensive SSD-related studies. However, FSSD-EM also has some weak-
nesses. Its complexity, requiring detailed configuration and parameter adjustments,
may be challenging for new users. Despite improvements, it still exhibits higher error
rates for certain operations, such as write requests, due to varying erasing policies and
garbage collection algorithms. The FPGA-based nature of the emulator demands sig-
nificant computational resources and expertise in hardware programming, which may
limit its accessibility.
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4.7 Emulating Realistic Flash Device Errors with High Fidelity

This emulation framework [71], was developed in 2016 by a team from New Mexico
State University, and the University of Utah. This framework is designed to emulate
the erroneous states of SSDs precisely, enabling a thorough evaluation of the storage
software stack’s resilience to failures. The framework works by first modeling device
behaviors reported in previous studies and creating a database of realistic error pat-
terns. It then manipulates I/O commands at the driver level to emulate these errors
with minimal disturbance to the target software, using a modified iSCSI driver to
decouple the storage software from the block device.

This SSD emulator offers several strengths, including high-fidelity emulation that
accurately reproduces SSD error behaviors, providing realistic scenarios for testing. It
minimizes system disturbance by decoupling the storage software from the block device
using the iSCSI protocol, reducing interference with the target system. However, there
are some weaknesses, such as the complex setup that requires detailed knowledge of
SSD behaviors and the iSCSI protocol for accurate emulation and integration. The
emulation process might introduce performance overhead, potentially affecting the
target system during testing.

5 Hardware Platforms

Hardware platforms play a pivotal role in the evaluation and development of SSD
technology by providing tangible environments for testing and validating SSD archi-
tectures, algorithms, and performance metrics. Unlike simulators and emulators,
hardware platforms offer direct interaction with real or prototype SSD hardware,
allowing for more accurate and comprehensive experimentation. These platforms
enable researchers and engineers to test SSDs under actual operating conditions,
revealing insights that simulations or emulations may overlook, such as thermal effects,
wear behavior, and real-world latency issues. Additionally, hardware platforms are
critical for firmware development, benchmarking, and optimizing SSD components at
both the hardware and software levels. In this section, we will review key hardware
platforms used in SSD research and development to highlight their significance in
advancing SSD technology.

5.1 OpenSSD Platforms (Jasmine & Cosmos/Cosmos+)

The OpenSSD project [72][73][74], established in 2011, provides an open-source plat-
form for developing and testing SSD technologies. Initially, the Jasmine OpenSSD
platform was introduced, allowing modification of firmware but not hardware. Jas-
mine is a reference implementation of SATA SSD based on the Indilinx (now OCZ
Storage Solutions) Barefoot controller, which is an ARM-based SSD controller used in
numerous high-performance SSD devices. In 2014, the Cosmos OpenSSD was released,
enabling both hardware and software modifications (through the use of an FPGA).
Later this platform was updated to Cosmos+ which has an updated controller. Cos-
mos is a PCle-based SSD device based on the HYU Tiger3 controller. Cosmos+ is
very similar to Cosmos but uses the HYU Tiger4 controller instead. Both Tiger3 and
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Tiger4 are developed by the ENC (Embedded and Network Computing) Lab. led by
Prof. Yong Ho Song at Hanyang University, Korea. The controller is synthesized in an
FPGA placed on the board and could be easily modified as well. The project aims to
facilitate research and development by providing fully accessible source codes for both
hardware and software, allowing users to build and customize their SSD controllers.
The OpenSSD platforms support various workloads, making them suitable for diverse
applications and research needs. Jasmine utilizes the SATA interface and Cosmos and
Cosmos+ both implement a subset of the NVMe interface.

OpenSSD platforms offer a range of strengths, including high customizability,
enabling users to modify both hardware and software for extensive experimentation
and development. Their open-source nature ensures fully accessible source codes for
hardware and firmware, fostering transparency and collaboration in research. The
platforms are ideal for advanced research in SSD technologies, such as firmware devel-
opment and performance evaluation. They act as a fully functioning SSD device in
the system, making them versatile for different applications, and enhances debugging,
reducing SSD firmware test time and simplifying the development process. Addi-
tionally, These platforms serve as excellent educational tools for learning about SSD
architecture and firmware development.

5.2 BlueSSD

BlueSSD [75], introduced in 2010, is an open platform for cross-layer experiments
on NAND flash-based SSD architectures, developed by a collaborative group from
Seoul National University, MIT, and UCSD. This platform provides a comprehen-
sive environment for designing, implementing, and evaluating hardware and software
components efficiently. The platform operates using an FPGA-based system, allow-
ing users to test and modify both hardware and software components. It includes
a software framework for developing flash firmware and employs the Bluespec pro-
gramming language for hardware design, ensuring precise interface definitions. The
architecture of BlueSSD enables detailed exploration of SSD performance, garbage col-
lection processes, and FTL behaviors, making it a powerful tool for SSD research and
development. However, the simulator’s complexity, requiring knowledge of both hard-
ware and software design, can be challenging for some users. It necessitates specific
FPGA boards and hardware components, which may not be readily available to all
researchers. Additionally, its reliance on the Bluespec language might limit accessibility
for those unfamiliar with it.

5.3 OpenExpress

OpenExpress [76] is an innovative open-source NVMe host accelerator IP designed
for integration with FPGA boards, enabling the development of customizable NVMe
devices without software intervention. Developed by the CAMELab research group
from Korea Advanced Institute of Science and Technology (KAIST) and intro-
duced in 2020, this platform automates NVMe control logic in hardware to facilitate
high-performance storage system research. OpenExpress supports various workloads,
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demonstrating superior performance compared to Optane SSDs, particularly in read-
intensive tasks. The emulator within OpenExpress operates by fully automating the
NVMe control logic, eliminating the need for software intervention during concurrent
NVMe requests. It employs hardware modules for queue dispatching, data transferring,
and completion handling. These modules fetch and decode incoming 1/O requests,
manage DMA for both host and backend memories, and handle NVMe completion
queues. This hardware-centric approach allows OpenExpress to deliver a maximum
bandwidth of around 7GB/s, significantly enhancing the performance of backend
memory modules over PCle.

Its hardware automation eliminates the need for software intervention in processing
NVMe requests, reducing latency and increasing efficiency. As an open-source plat-
form, it provides an accessible and versatile tool for academic and non-commercial
research. It supports scalable data submission by handling multiple DRAM channels
and modules as a storage backend, making it capable of managing rich outstanding
NVMe commands and queue management. As a cost-effective alternative to propri-
etary NVMe IP cores, OpenExpress makes advanced NVMe research more accessible.
However, its hardware-centric approach may require significant expertise in FPGA
programming and hardware design. Despite its optimization for high performance,
FPGAs are generally slower than custom ASICs, potentially limiting peak perfor-
mance. The initial setup and configuration on an FPGA board can be time-consuming
and challenging for new users.

5.4 FlashBench

FlashBench [77] is a comprehensive development environment introduced in 2012 by
a team from Seoul National University, designed to facilitate the rapid creation and
testing of flash-based storage devices. It supports multiple workloads through vari-
ous design levels, enabling seamless hardware and software integration. The platform
allows for the simulation of SSD performance, including the evaluation of algo-
rithms, system architecture, and hardware components under different operational
scenarios. FlashBench is particularly useful for testing the behavior of SSDs under
diverse workloads, offering insights into performance bottlenecks and optimization
opportunities.

FlashBench offers several advantages as a comprehensive environment for devel-
oping and testing flash-based storage devices. This capability is crucial for evaluating
performanceunder different conditions. Additionally, its seamless integration between
hardware and software enhances the efficiency of the development and testing pro-
cesses, enabling in-depth analysis to identify performance bottlenecks and optimization
opportunities. However, FlashBench also has some disadvantages, such as its com-
plexity. Furthermore, its resource-intensive nature requires significant computational
power and time for simulating complex workloads, and its focus on flash-based storage
devices may limit its applicability to other storage technologies.
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6 Conclusion

In this survey, we explored various SSD simulators, emulators, and hardware platforms
that are instrumental in advancing SSD research and development. Each of these tools
serves a unique purpose: simulators allow for the fast modeling and testing of SSD
architectures, emulators offer a practical environment for validating firmware and algo-
rithms, and hardware platforms provide a direct interface with physical devices for
real-world performance evaluation. Together, these tools offer researchers and develop-
ers a comprehensive suite of options for understanding and optimizing SSD behavior
under diverse conditions.

As SSD technology continues to evolve, the interplay between simulation, emula-
tion, and hardware testing will remain vital in addressing challenges such as improving
efficiency, reliability, and longevity. Future research should focus on integrating these
tools more seamlessly and developing hybrid approaches that maximize their potential,
ultimately leading to the creation of more advanced, high-performance SSD solutions.
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