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§ Emulators can facilitate advanced storge research by actualizing novel device concepts
• Open-Channel SSD, NVM SSD, KVSSD, Zoned Namespace (ZNS) SSD, computational storage, …
• Can implement the concepts in software

– No need to wait until they become available at retailor shops
– $$$

§ Cannot support some I/O models and storage configurations that are frequently used 
for building modern storage systems

Rely on collected traces / extremely slow Expensive / hard to modify
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§ Catch I/O requests at the block/NVMe device driver and 
emulate the requests
• DavidFAST11, FlexDriveHPCC16, …

§ Can only process ‘regular’ I/O requests

§ Unable to support user-driven I/O: Kernel bypassing with 
SPDK

§ Neither for device-driven I/O
• RDMA target for NVMe-oF, PCI peer-to-peer DMA

OS

Device
driver

GPU
/ NIC

Application
User-driven

I/O

Device-driven I/O

I/O requests
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§ Hypervisor emulates a virtual device exposed to the guest OS
• VSSIMMSST13, FEMUFAST18, ZNS+OSDI21 , …

§ Can support the user-driven I/O

§ Cannot support device-driven I/O configurations
• No way to contact the virtual device from real devices on the host
• Complicated memory layout in VM environments makes

RDMA infeasible

§ Virtualization overhead limits and/or impacts on the 
performance characteristics of target devices

GPU
/ NIC

OS

Application

Hypervisor

I/O stack

NVMe commands

I/O requests
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§ A light-weight kernel module that presents a native NVMe device to the entire system
• Support any storage configurations!

PCIe Root Complex

PCIe Switch

CPU

RAM

PCIe ports

GPU
NIC

Virtual
NVMe device

• Conventional SSD
• NVM SSD
• ZNS SSD
• KVSSD



7

§ Challenge 1: How to create a virtual PCI device instance in software?
• The real device initiates the initialization
• We don’t have the physical device that can initiate the initialization
• We don’t want to mess up with the existing PCI subsystem implementation

Class Code

PCI Configuration Header
Base Address 

Register 0

Host / Device driverNVMe device
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§ Challenge 1: How to create a virtual PCI device instance in software?
• The real device initiates the initialization
• We don’t have the physical device that can initiate the initialization
• We don’t want to mess up with the existing PCI subsystem implementation

§ Solution: Make a PCI device instance indirectly through PCI bus
• Create a virtual PCI bus that presents the PCI configuration header of virtual device to the PCI 

subsystem
• No modification is needed in the Linux kernel
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§ Challenge 2: Cannot rely on the PCI mechanism to detect the requests from the 
host-side
• Updates to the control block and doorbells are notified to the device as PCI transactions 

Host / Device driver

NVMe device

Device memory mapped to
the host’s address space
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§ Challenge 2: Cannot rely on the PCI mechanism to detect the requests from the 
host-side
• Updates to the control block and doorbells are notified to the device as PCI transactions 

PCI Tx

NVMe device

Host / Device driver
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§ Challenge 2: Cannot rely on the PCI mechanism to detect the requests from the 
host-side
• Updates to the control block and doorbells are notified to the device as PCI transactions 

NVMe device

PCI Tx

Host / Device driver
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§ Challenge 2: Cannot rely on the PCI mechanism to detect the requests from the 
host-side
• Updates to the control block and doorbells are notified to the device as PCI transactions 
à Changes are applied silently as normal memory writes

§ Solution: Dedicate a thread that scans the control block and doorbells to find any 
updates



13

NVMe Control Block

Dispatcher

Doorbells

S0

S1

AQ

C0

C1

AC

S3

S4

S2

C3

C4

C2

SQ CQ

Administration QP

§ Dispatcher directly processes
configuration requests from admin Q
• Enable/shutdown device

• Identify device and namespaces
• Setup administration queue pair
• Set/get features (e.g., # of queues)
• Allocate/deallocate I/O queues

§ Handle completion doorbells
• Perform housekeeping
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§ I/O requests are divided into backend 
operations
• According to the configured backend type

§ Attach timestamps on the backend 
operations
• Requested time, expected completion time

SQ CQ

I/O Queue Pair #1

Dispatcher

Doorbells

S0

S1

AQ

C0

C1

AC

S3

S4

S2

C3

C4

C2

Conv. SSD

FTL

NVM SSD

ZNS SSD KVSSD

Zone 
info

Index

Backends
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§ Backend operations are dispatched to I/O 
workers

§ I/O worker moves data using DMA engine
or memcpy
• Intel I/O Acceleration Technology (IOAT)
• Accessing payloads on device memory with 

CPU memcpy incurs a huge number of PCI TXs

SQ CQ

I/O Queue Pair #1

Dispatcher

Doorbells

S0

S1

AQ

C0

C1

AC

S3

S4

S2

C3

C4

C2

I/O worker #0

Conv. SSD

FTL

NVM SSD

ZNS SSD KVSSD

Zone 
info

Index

Backends

I/O worker #1
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SQ CQ

I/O Queue Pair #1

I/O worker

IPI with MSI-X 
interrupt vector

Doorbells

S0

S1

AQ

C0

C1

AC

S3

S4

S2

C3

C4

C2

Dispatcher

§ I/O worker compares the current and 
expected completion time

§ Notifies the I/O completion through IPI 
with MSI-X interrupt vector
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§ Expected completion time is calculated by the performance model
• Needs to handle various sizes and operations

• In-place update, 
No GC

• OptaneDC-like
SSDs

NVM SSD ZNS SSD

Zone info

KV-SSD

Index

Conventional SSD

FTL

• SNIA KV APIs:
store, retrieve, 
exist, delete, iterate

• OpenMPDK-
compliant

• Hash-based index

• Page-mapping FTL
• GC
• Write buffer
• Multiple FTL 

instances

• Zone management
• Write buffer
• Multiple FTL 

instances

Simple model Parallel model
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§ Models a set of parallel I/O units where each I/O unit handles a sequence of I/O 
operations
• Timing parameters are computed from target_latency and target_bandwidth
• Target latency and bandwidth can be independently specified
• e.g. OptaneDC SSD: read 12µs @ 2.4GiB,  write 14µs @ 2.0GiB/s

§ Used for OptaneDC-like NVM SSDs and KV-SSDs

tA tB

Small requests are subject to I/O latencies

tA tB tB tB tB… tB

Large requests are subject to be bounded to I/O bandwidth
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Write Buffer

FTL 
Instance

#0

FTL 
Instance

#1

FTL 
Instance

#2

FTL 
Instance

#3
Channels (800 MiB/s per each)

Page

Block

Die

Page

Block

Die

Page

Block

Die

Page

Block

Die

PCIe Link (3.5 GiB/s)§ Models complicated SSD internals
• A full-scale page-mapped FTL with GC
• Model the on-device write buffer
• Model the parallel architectures in modern SSDs

– Multiple FTL instances
– Multiple dies and channels that operate independently
– Use superblock as the operation unit
– PCIe link and channels with limited aggregate bandwidth

• Reserved N% of space as OP area
• Support small-/large-zone ZNS SSDs
• Based on token-based scheduling
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§ Kernel bypassing using SPDK

§ Compatible with other PCIe devices like GPUs, NICs, and FPGAs
• PCI P2P communication
• NVMe-oF target offloading

SPDK GPUDirect Storage

ConnectX-5

RDMA Rx
NVMe

Request

Convert
NVMe -> Block

Request
Block Layer

NVMe Driver

NVMe SSDPCI-P2P
Offload Path

NVMe-oF Target Offload
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NUMA 0: Applications NUMA 1: NVMeVirt

I/O WorkersDispatcher

• Implemented in the Linux kernel 
5.15 (~9,000 LoC)

• Intel Xeon Gold 6240 x2
• 394 GiB RAM

• Debian Bullseye 11.5
• MariaDB 10.5
• PostgreSQL 13

192 GiB RAM

KVBench

KVCeph

fio sysbench

YCSB

36 cores192 GiB RAM 36 cores

Samsung 970 PRO
• Conventional SSD
• 512 GB

Intel P4800X
• OptaneDC NVM SSD
• 350 GB

Samsung KVSSD
• 3.84 TB

Prototype ZNS SSD
• 96 MiB zones
• 192 KiB write unit
• 32 TB

Ultrastar DC ZN540
• 2048 MiB zones
• Support write buffer
• 4 TB
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§ Distribution of percentiles for 10 runs
• Each run does 4 KiB random writes with fio
• Error bar indicates the standard deviation for the 

percentile
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§ Distribution of percentiles for 10 runs
• Each run does 4 KiB random writes with fio
• Error bar indicates the standard deviation for the 

percentile

§ FEMU exhibits a long tail latency and high 
run-by-run performance fluctuation

§ FEMU would not be able to consistently 
emulate high-performance NVM SSDs
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§ Distribution of percentiles for 10 runs
• Each run does 4 KiB random writes with fio
• Error bar indicates the standard deviation for the 

percentile

§ FEMU exhibits a long tail latency and high 
run-by-run performance fluctuation

§ FEMU would not be able to consistently 
emulate high-performance NVM SSDs

§ NVMeVirt provides low latency with little 
performance variation
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fio random access latency OpenMPDK
KVBench
agg. BW

KVCeph
agg. BW
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Harmonic mean of performance differences = 1.17%

NVMeVirt can replicate the real devices’ performance closely
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Distributions of latencies
• fio 16 KiB

Performance impact of GC
• Fill storage with sequential writes
• Perform random writes to trigger GC

Throughput over time
• YCSB-A on RocksDB

(50:50 read:update)
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Distributions of latencies
• fio 16 KiB

Performance impact of GC
• Fill storage with sequential writes
• Perform random writes to trigger GC

Throughput over time
• YCSB-A on RocksDB

(50:50 read:update)
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§ Fio with increasing number of threads and difference contention modeling
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§ Sysbench with various bandwidth limits
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Optane NVMeVirt
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§ Checkpointing performance of 
Megatron Deepspeed

§ Inference performance of
OPT-30B
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§ Fast prototyping for new NVMe interface extensions

§ Finding and improving software bottlenecks in the storage stack

§ Analyzing application's scalability on future high-performance storage devices

§ Investigating performance impact of hardware parameters (e.g. MDTS)

§ Developing a new device-centric architecture

§ Benchmarking and performance testing & monitoring



Code Walkthrough



36

§ Codes are currently available at Github!

§ NVMeVirt: https://github.com/snu-csl/nvmevirt
§ NVMeV-Evaluation: https://github.com/snu-csl/nvmev-evaluation

https://github.com/snu-csl/nvmevirt
https://github.com/snu-csl/nvmev-evaluation
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§ nvme.h
§ nvmev.h
§ ssd_config.h
§ pci.c(.h)
§ admin.c
§ main.c
§ io.c
§ dma.c(.h)

§ conv_ftl.c(.h)
§ ssd.c(.h)
§ channel_model.c(.h)

§ zns_ftl.c(.h)
§ nvme_zns.h
§ ssd.c(.h)
§ channel_model.c(.h)
§ zns_mgmt_recv.c
§ zns_mgmt_send.c
§ zns_read_write.c

§ simple_ftl.c(.h)

§ kv_ftl.c(.h)
§ nvme_kv.h
§ append_only.c(.h)
§ bitmap.c(.h)

common key-value

NVM
conventional

zoned namespace
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§ Extensive amount of memory is needed for data storage

§ On system initialization, a part of physical address space must be reserved for NVMeVirt

§ Beginning of the reserved memory area are used for NVMe control block and 
PCI resources

PCIe Header Storage Area

memmap_start storage_start

1MiB storage_size = memmap_size – 1MiB
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§ Initialize Namespaces depending on the 
configuration of NR_NAMESPACES and 
NS_SSD_TYPE

main.c
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§ Register dedicated modeling function for each type of backends

§ Register backend-dedicated I/O handling function if needed
• KVSSD needs special handling/identifying function for 

key-value pairs

§ Initialize backend specific metadata
• Page mapping table, KV hash table, zone metadata, etc

simple_ftl.c kv_ftl.c
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§ One dispatcher + multiple I/O threads (each pinned to a core)
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§ When the SQ doorbell value has changed,  dispatcher dispatches requests from the 
corresponding SQ

main.c

io.c
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§ Calculate and attach timestamps to the I/O request

io.c conv_ftl.c
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§ Enqueue the timestamped I/O request to work queue

io.c io.c
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§ Process the I/O operation according to the backend type
• Write/read data to/from reserved memory using memcpy or DMA engine

nvmev_io_worker() in io.c io.c
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§ Compare the timestamp with current time
§ Fill in the completion message and send IPI to notify completion

nvmev_io_worker() in io.c

Fill the CQ head with 
command ID, status, results, etc

IPI with MSI-X interrupt vector



Use Case 1:
Implementing New NVMe
Command with NVMeVirt
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§ Your Read is Our Priority in Flash Storage [VLDB 2022]
§ Shared buffer resource between PR and PW incurs read stall due to serialized write and 

read
§ RW (Fused Read and Write) command allows the DBMS to request both read and write 

requests via one I/O call
§ Implemented using OpenSSD
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§ Referenced the author’s code in: https://github.com/meeeejin/rw-rbuf
§ Add RW command opcode to NVME_OPCODES

os0file.cc in rw-rbuf

nvmev.h

https://github.com/meeeejin/rw-rbuf
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§ Currently only supported by NVM SSD type

simple_proc_nvme_io_cmd() in simple_ftl.c
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§ Add a special I/O handling mechanism for RW command

__do_perform_io() in io.c

__do_perform_io() in io.c
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§ All codes are in https://github.com/jaehshim/nvmevirt/tree/rw
rw_test/rw_test.cc

https://github.com/jaehshim/nvmevirt/tree/rw


NVMeVirt 
Configuration Parameters



54

§ ./set_perf.py [unit size read latency] [unit size write min latency] [read max bandwidth] 
{write max bandwidth}

§ Parameters can be extracted by using FIO or spec chart
• I/O unit size SYNC I/O, large size ASYNC I/O, etc

common/set_perf.py
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§ Parallel model parameters are determined at 
compile time

§ Every model parameters are tunable to fit into 
various vendors’ SSDs
• Number of FTLs
• Number of channels
• NAND package organization
• Channel/PCIe bandwidth
• Read, program, erase latency
• Size of OP area
• Size of write buffer

ssd_config.h
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§ Use spec chart to know SSD package parameters
• https://www.techpowerup.com/ssd-specs/samsung-970-pro-512-gb.d54

§ Use random read performance to extract NAND related performance parameters
• Writes are too much optimized

§ Performance parameters
• PCIe bandwidth
• Channel bandwidth
• NAND read latency
• Number of channels

https://www.techpowerup.com/ssd-specs/samsung-970-pro-512-gb.d54


Use Case 2:
XRP Evaluation
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§ XRP: In-Kernel Storage Functions with eBPF [OSDI ‘22]
§ Kernel software overhead accounts for ~50% of read latency on Optane SSD Gen 2 

(P5800X)
• Optane SSD Gen 2 latency < 6us

Syscall Layer

NVMe Driver

Storage Device

User Space

Application

File System and Block Layer

Read Request

Read Request

Read Request

Read Request

Read Response

Kernel
Boundary 0.4 μs

0.2 μs

(5.6%)

(3.2%)

2.4 μs (38.0%)

0.1 μs (1.8%)

3.2 μs (51.4%)Hardware

Kernel 
Software 
(48.6%)

Syscall Layer

User Space

File System and Block Layer

NVMe Driver

Storage Device

Kernel Boundary (5.6%)

3.2%

38.0%

1.8%

51.4%

Custom Function f

Load a custom 
function into

the kernel

Initiate a 
chain of read 

requests

f() f() f()

Req 1

Re
tu

rn
fin

al
re

su
lt

to
 u

se
r s

pa
ce

Req 2 Req 3

XRP can accelerate many types of 
operations such as index lookups, range
queries, and aggregations
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§ Optane SSD P5800X is hard to access

§ Other accessible SSDs:
• Samsung 970 PRO model’s 4K random read 

performance: 75us
• Optane SSD Intel P4800X model’s 4K random read 

performance: 12us

§ Optane SSD P5800X emulation is possible with 
NVMeVirt
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§ Run BPF-KV using various SSD performance configurations
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Installing and Using NVMeVirt
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§ Recommended Linux kernel version: v5.15.x and higher

§ Reserve a part of the main memory for NVMeVirt

§ Update grub and reboot your system

GRUB_CMDLINE_LINUX="memmap=32G\\\$16G"

$ sudo update-grub
$ sudo reboot
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§ Select the target device type by manually editing the Kbuild
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§ Attach the emulated NVMe SSD by loading the NVMeVirt kernel module

$ sudo insmod ./nvmev.ko \
memmap_start=16G \ # e.g., 1M, 4G, 8T
memmap_size=32G   \ # e.g., 1M, 4G, 8T
cpus=7,8               # List of CPU cores to process I/O requests

(must have at least 2)Dispatcher core, I/O core 1, I/O core 2, …

cpus=7,8,9,10
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§ Evaluation Suite for NVMe devices
• Filebench, fio, RocksDB, sysbench, TPC-H, etc

§ Scripts for loading NVMeVirt module, 
configuring performance, 
running benchmarks, and collecting 
results

§ Currently configuring performance is only 
possible for simple model



66common/eval_nvmev.sh

common/eval_nvmev.sh


