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Audience and Purpose

This report is intended for people who are intetexd in SPDKIVMeoFtarget and initiatorperformance
and its comparisorio the Linuxkernel NVMeoFtarget and initiator The termtarget will be used to
refer to the storage server, while the ternisitiator and host will be used to refer to the client. This
report provides performance and effency informationon a set of underlyinglock devicein a set of
common scenarias

The purpose breporting these tests is not to impthat there is a single superi@olution, but rather to
provide a baseline of welested configurations and procedures with repeatable and reproducible
results. This report can also be vieweddasumenting thebestknown methals forperformance testing
SPDK NVMeoFcomponents

Test setup

Target Configuration

ltem Description

Server Platform SuperMicroSYS-2029U-TN24R4T

O Ll

Super X11DPU

(02]V) Intel® Xeon® Platinum BdProcessof38.5MIBL3, 2.D GHz)

https://ark.intel.com/products/120508/IntelXeonPlatinum8176-Processo38 5M
Cache2 10GHz

Number of cores 28, number of threads 56

Memory Total 192 Bsover12 channel§16 GB DDR667MHz2R DIMMS each)

Operating System Ubuntu 1804LTS



https://www.supermicro.com/products/system/2U/2029/SYS-2029U-TN24R4T.cfm
https://ark.intel.com/products/120496/Intel-Xeon-Platinum-8180-Processor-38_5M-Cache-2_50-GHz
https://ark.intel.com/products/120508/Intel-Xeon-Platinum-8176-Processor-38_5M-Cache-2_10-GHz
https://ark.intel.com/products/120508/Intel-Xeon-Platinum-8176-Processor-38_5M-Cache-2_10-GHz
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BIOS 2.0b

Linuxkernelversion 4.13.038-generic

SPDKersion SPDK8.04

Storage 0S:1x DOGB Intel SSD DC S3700
Storage Targetl6x Intel®P4600M P46Mx 1.6 B (FW:QDV1013(Q
(8 on each CPU socket)

NIC 2x 100GbE Mellanox ConneetXNICs. Both ports connected

(1 on each CPU socket)

Initiator 1 Configuration

Item

Description

Server Pldorm

SuperMicroSYS028U TN24R4T+

CPU

Intel® Xeon®PU ER2699 v4 @ 2.20GHZ5MBCache, 2.2 GHz)

https://ark.intel.com/products/91317/IntelXeonProcessoiE52699v4-55M-Cache
2 20GHz

Number of cores 22, number of threads 44 per socket (Both sockets populated)

Memory Total256 GBs(2 DIMMs/channelDDR4 16GB DIMMs) @ 24@61iz
Operating System Ubuntu 18.04 LTS

BIOS 3.0a

Linuxkernelversion 4.13.038-generic

SPDK version SPDK 18.04

Storage 0S:1x 200GB Intel SSD DC S3700

NIC 1x 100GbE Mellanox ConneetXNICs. Both ports connected

(connected to CPU socket 0)

Initiator 2 Configuration

Item

Description

Server Platform

SuperMicroSYS028U TN24R4T+

CPU

Intel® Xeon®PU E2699 v4 @ 2.20GHZ5MBCache, 2.2 GHz)

https://ark.intel.com/products/91317/IntelXeonProcessoE52699v4-55M-Cache
2 20GHz

Number of cores 22, number of threads 44 per socket (Only 1 CPU socket populat

Memory

Total128 GB92 DIMMs/channel. DDR4 16GB DIMMs) @ 2v6l2

Operating System

Ubuntu 18.04 LTS

BIOS

3.0a



https://10.34.119.162/cgi/url_redirect.cgi?url_name=sys_smbios
https://ark.intel.com/products/91317/Intel-Xeon-Processor-E5-2699-v4-55M-Cache-2_20-GHz
https://ark.intel.com/products/91317/Intel-Xeon-Processor-E5-2699-v4-55M-Cache-2_20-GHz
https://10.34.119.162/cgi/url_redirect.cgi?url_name=sys_smbios
https://ark.intel.com/products/91317/Intel-Xeon-Processor-E5-2699-v4-55M-Cache-2_20-GHz
https://ark.intel.com/products/91317/Intel-Xeon-Processor-E5-2699-v4-55M-Cache-2_20-GHz
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Linuxkernelversion 4.13.038-generic

SPDK version SPDK 18.04

Storage 0S:1x 200GB Intel SSD DC S3700

NIC 1x 100GbE Mellanox ConneetXNICsBoth ports connected
(connected to CPU socket 0)

BIOS settings

Item Description

BIOS Hyper threading Enabled

(Applied to all 3 systems) | CPU Power and Performance Policy <Performance>
CPWGstateNo Limit

CPUP-state Enabled

Enhanced Intel® Speeds@pechEnabled

Turbo Boost Enabled
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Introduction to SPDK NVMe-oF (Target & Initiator)

The NVMe over Fabrics (NVME) protocol extendsthe parallelism and efficiencies of the NVM

Express* (NVMe) block protocol oveetwork fabricssuch asRDMA (i WARP, RoCE) , | nfi
Channel and Intel® OmRah. SPDK providesoth a user space NVMeF target and initiator that

extends the softwre efficiencies othe rest of the SPDK staoker the network.The SPDKNVMeoF

target usesthe SPDHKuserspace,polledmode NVMe driver to submit and complete I/@equeststo

NVMe device which reduces thesoftware processingverhead.Likewise,tipins RDMA connections to

CPU cores to avoid synchronization and cache thrashing so that the data for those connections is kept as
close to the CPUacheas possible.

The SPDK NVM#- targetand initiatoruses the Infiniband/RDMA verl#gIto access an RDMéapmable

NIC. Thee should work on all flavors of RDMA transporbut are currently tested against RoCEv2,
iIWARP, and Omuitath NICsSimilar to the SPDK NVMe driv&PDK provides a usgpace, lockless,
polledmode NVMeoF initiator. The host system uses the initiator to establish a connection and submit
I/0 requeststo an NVMesubsystenmwithin an NVMeoF target NVMe subsystems contain namespaces,
each of which maps to a si bdpllager b ISPDK' e wideeyr d apes
device abstraction layer and general purpose block storage stack akin to what is found in many
operating systemsUsingthe bdev interfacecompletely decouples the storage media from the fremid
protocol used to access stge. Users can build their own virtdadevsthat provide complexstorage
services and integrate them with the SPDK NMdargetwith no additional code change$here can

be many subsystemwithin an NVMeoF targetand each subsystem may hold many napeses
Subsystemand namespacesan be configured dynamically via a JS&®@Gnterface.

Figurel showsa high levelschematic of the systems used for testing in the rest of this report. The set up
consists othree individual systemstyo used as initiatrs andone used ashe target). TheNVMeoF
target is connected to botlnitiator systems poirtto-point using QSFP28 cables without any switches.
The target system hassixteen Intel P4600 SSDs which wereedsas block devices foNVMeoF
subsystemaandtwo 100GbBMellanox Connectd NICsconnectedto provideup to 200GbE of network
bandwidth. Each Initiator systetmas one Mellanox Connectd 100GbE NIC connectatirectly to the
target without any switch

One goal of this report was to make clear the atteges and disadvantages inherent to the design of
the SPDK NVMeF components. These components are written using techniques such as-run
completion, polling, and asynchronous 1/O. The report covers fouswedd use cases.

For performance benchmarig the fio tool is used with two storage engirnes
1) LinuxKernellibaio engine
2) SPDK bdeengine

Performancenumbersare reported for ggregate /IO per secongaveragelatency, and CPUitilization
as a percentagéor variousscenarios Aggregate/O per secomd and averagelatency data is reported
usingfio and CPUltilization was collected using sar (systat).


http://www.nvmexpress.org/wp-content/uploads/NVMe_over_Fabrics_1_0_Gold_20160605.pdf
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NVMe-oF Initiator 1 NVMe-oF Initiator 2
(SPDK/Linux Kernel) @ (SPDK/Linux Kernel)

100GbE RDMA NIC 2
(CPLU Socket 1)

NVM eOF Target
(SPDI( / Linux Kernel)

PCle Switch 1 PCle Switch 2
(CPU Socket 0) (CPU Socket 1)

8x Intel P4600 S5Ds 8x Intel P4600 SSDs

Figurel: High level NVM®Fperformance testing setup
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Test Case 1: SPDK NVMe-oF Target I/0 core scaling

This test casés designed tdllustrate how theSPDKRNVMeoFtargetscales the maximum number BO
per second performed when additional CPU cores are adbleelSPDK NVMeFtargetis configured to
run with sixteen NVMeoF subsystems. EacNVMeoF subsystemcontains a single namespa that
corresponds to a singllntel P4600device Each of the initiators were connected wght individual
NVMeoF subsystems without overlap The SPDKbdev fio plugin was un on the two initiators
simultaneously The SPDKarget was configured to usg, 2, 3 and 4 cores while runnimgch of the

following workloas on each initiator:
1 4KB 100% Random Read
1 4KB 100% Random Write

1 4KB Random 70% Read 30% Write

Item Description

Test Case TestSPDKNVMeoF Targetl/O core scaling

Test configuration Nvmf.oonf:
# NVMf Target Configuration File

[Global]
ReactorMaskx300000003This wasnodifieddepending on the number of cores tested)

[Rpc]
Enable Yes
Listen 127.0.0.1

[Nvmf]

# 89 choosen for 1 admin queue and 88 1/0O queues. Initiator had 88 G&4J co
MaxQueuesPerSession 89

AcceptorPollRate 10000

[Nvme]
Transportld “trtype:PCle traddr:0000:60:00.0" Nvme0
Transportld "trtype:PCle traddr:0000:61:00.0" Nvmel
Transportld "trtype:PCle traddr:0000:62:00.0" Nvme2
Transportld “trtype:PCle tratt:0000:63:00.0" Nvme3
Transportld "trtype:PCle traddr:0000:64:00.0" Nvme4
Transportld “trtype:PCle traddr:0000:65:00.0" Nvme5
Transportld "trtype:PCle traddr:0000:66:00.0" Nvme6
Transportld “trtype:PCle traddr:0000:67:00.0" Nvme7
Transportld "ttype:PCle traddr:0000:05:00.0" Nvme8
Transportld “trtype:PCle traddr:0000:b6:00.0" Nvme9
Transportld "trtype:PCle traddr:0000:b7:00.0" Nvme10
Transportld “trtype:PCle traddr:0000:b8:00.0" Nvme11
Transportld "trtype:PCle traddr:0000:b9:00.0" Nvme12
Transportld “trtype:PCle traddr:0000:ba:00.0" Nvme13
Transportld "trtype:PCle traddr:0000:bb:00.0" Nvme14
Transportld “trtype:PCle traddr:0000:bc:00.0" Nvmel5
RetryCount 4
Timeout 0
ActionOnTimeout None
AdminPollRate 100000
HotplugEnable No

[Subsystem1]
NQN ngn.20186.i0.spdk:cnodel
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK00000000000001
Namespace NvmeOn1 1

[Subsystem2]
NQN ngn.20186.i0.spdk:cnode2
Listen RDMA 192.168.100.2:4420
AllowAnyHost Yes
SN SPDK000000000002
Namespace Nvmelnl 1

[Subsystem3]
NQN ngn.20186.i0.spdk:cnode3
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Listen RDMA 192.168.100.2:4420
AllowAnyHost Yes

SN SPDK00000000000003
Namespace Nvme2n1 1

[Subsystem4]

NQN ngn.20186.i0.spdk:cnode4
Listen RDMA 192.168.100.2:442
AllowAnyHost Yes

SN SPDK00000000000004
Namespace Nvme3nl 1

[Subsystem5]
NQN ngn.20186.i0.spdk:cnode5
Listen RDMA 192.168.101.2:4421
AllowAnyHost Yes
SN SPDK00000000000005
Namespace Nvme4n1 1

[Subsystem6]
NQN ngn.201®6.i0.spdk:cnod6
Listen RDMA 192.168.101.2:4421
AllowAnyHost Yes
SN SPDK00000000000006
Namespace Nvme5n1 1

[Subsystem7]
NQN ngn.20186.i0.spdk:cnode7
Listen RDMA 192.168.101.2:4421
AllowAnyHost Yes
SN SPDK00000000000007
Namespace Nvme6nl 1

[Subsysten8]
NQN ngn.201®6.i0.spdk:cnode8
Listen RDMA 192.168.101.2:4421
AllowAnyHost Yes
SN SPDK00000000000008
Namespace Nvme7nl 1

[Subsystem9]
NQN ngn.20186.i0.spdk:cnode9
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK0000000000800
Namespace Nvme8nl 1

[Subsystem10]
NQN ngn.201®6.i0.spdk:cnode10
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK00000000000010
Namespace Nvme9nl 1

[Subsystem11]
NQN ngn.2018®6.i0.spdk:cnodell
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK00000000000011
Namespace Nvme10n1 1
[Subsystem12]
NQN ngn.2018®6.i0.spdk:cnode12
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK00000000000012
Namespace Nvmellnl 1

[Subsystem13]
NQN ngn.2018®6.i0.spdk:cnod&3
Listen RDMA 192.168.201.2:4421
AllowAnyHost Yes
SN SPDK00000000000013
Namespace Nvmel2n1l 1

[Subsystem14]
NQN ngn.20186.i0.spdk:cnode14
Listen RDMA 192.168.201.2:4421
AllowAnyHost Yes
SN SPDK00000000000014
Namespace Nvme13n1l 1

[Subystem15]
NQN ngn.20186.i0.spdk:cnodel5
Listen RDMA 192.168.201.2:4421
AllowAnyHost Yes
SN SPDK00000000000015
Namespace Nvmel4nl 1

[Subsystem16]
NQN ngn.20186.i0.spdk:cnode16
Listen RDMA 192.168.201.2:4421
AllowAnyHost Yes

10
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SN SPDKO000000000016
Namespace Nvme15n1 1

BDEV.conf

[Nvme]
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngroBddGspdk:cnodel” NvmeO
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngrOBGdGspdk:cnode2” Nvmel
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngroBddGspdk:cnode3" Nvme2
Transportld "trtype:RDMA adrfam:|Pv4 traddr:192.168.100.2 trsvcid:4420 subngn:nqrOBGd6spdk:cnode4” Nvme3
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:nqribGspdk:cnode5" Nvme4
Transportld "trtype:RDMA adrfam:|Pv4 traddr:192.168.101.2 trsvcid:4421 subngn:nqrOBGdGspdk:cnode6” Nvme5
Transportld “trtype:RDMA adafn:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:ngn.208.60.spdk:cnode7" Nvme6
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:nqrOBGdGspdk:cnode8" Nvme7

FlOconfigon initiator

[global]
ioengine=examples/bdevib_plugin/fio_plugin
spdk_conf=bdev.conf

thread=1

group_reporting=1

direct=1

norandommap=1
bs=4k

rw=randrw
rwmixread={100,70,0}
iodepth=32
time_based=1
ramp_time=60
runtime=300

[filename1l]
filename=NvmeOn1

[filename2]
filename=Nvmelnl

[filename3]
filename=Nvme2n1

[filename4]
filename=Nvme3n1

[filename5]
filename=Nvme4n1

[filename6]
filename=Nvme5n1

[filename7]
filename=Nvme6n1

[filename8]
filename=Nvme7n1

Results in the table represent aggregate perfanmoe (OP avg. latency) observed:

Test Result4K 100% Random Read IOPS

# of Cores Throughput (OFS) Avg. Latencyusec)
1 core

1268.3 402.6
2 cores

2749.3 186.0
3 cores

3673.7 139.1
4 cores

4164.0 122.7

11
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4K 100% Random Reads

4500.0 450.0
4164.0
4000.0 400.0
3500.0 350.0
3000.0 300.0
- >
a e
2 < 25000 2500 @ o
= - D
o0 53
(=78
© O 20000 2000 5 £
= v
= Z
1500.0 150.0
22.7
1000.0 100.0
500.0 50.0
0.0 0.0
1 2 3 4
# of Cores

Figure2: SPDRNVMeoF Targetl/O core scalingtOPS vs. Latency while runngi§B100% Random readorkload
Drives were not preonditioned while running 100% Random write I/O T&kis artificially increases

the number of IOPS that the storage devices are capable of, allowing the target to fully saturate the
network.

Test Resit: 4K 100% Random Writes IOPS

# of Cores Throughput (OFS) Avg. Latency (usec)
1 core

1090 469.05
2 cores

2346 216.3
3 cores

3525.3 143.79

4 cores

4242 114.8

12
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Figure3: SPDRNVMeoF Targetl/O core scalingOPS vs. Latency while running 4KB%Random writeworkload

Test ResuldK 70% Read 30% Write IOPS

# of Cores Throughput (OFS) Avg. Latency (usec)
1 core

1195.0 427.8
2 cores

2203.7 231.7
3 cores

2369.0 215.9
4 cores

2390.3 213.9

13
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4K Random 70% Writes 30% Reads

3000.0 450.0
400.0
2500.0
350.0
2000.0 300.0
5 5
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20 % 15000 o T 3
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0 2000 5 S
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1 2 3 4
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Figure4: SPDRNVMeoF Targetl/O core scalingOPS vs. Latency while running 4KB Rant@#h read 30% writerorkload

Conclusion

1. Forl00% Reads and 100% Writdsoughput scales up and latency deases almost linearly
with the scaling of SPIMVMeoF Targetl/O cores until hitting network bottlenéc

2. For 4K Random 70% Reads, 30% Writes performanc
to some other bottleneck. It was observed that while running this test case locally without
involving any network it can hit > 4M aggregate IOPS. But, while mtims over the network,
it could only achieve 2:3.4M IOPS max. This points to some other platformeiwork
bottleneckwhile running this workload.

Large I/O Block Size sequential performance

128K block size 1/0O testgere performed with 100% sequeatilO at queue depth 8 to each NVMNéE
namespace.The remainder of the configuration is identical to the tests above.

AggregatdOPSbandwidth,and averagelatency isas follows

14
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Test Resultl28K 100% Sequential Reads

# of Cores Bandwidth(MBP$ IOFS in K Avg. Latency (usec)
1 core

23936 187 682
2 cores

23936 187 683.3
3 cores

23936 187 683
4 cores

23936 187 683
Test Resultl28K 100% Sequential Writes
# of Cores Bandwidth(MBP$ IOPS in K Avg. Latency (usec)
1 core

23040 180 707.9
2 cores

23040 180 708
3 cores

23040 180 707
4 cores

23040 180 707.4
Test Resultl28K 70% Reads 30% Writes
# of Cores Bandwidth(MBP$ IOPS in K Avg. Latency (usec)
1 core

29440 230 555.21
2 cores

29440 230 554
3 cores

29440 230 553
4 cores

29440 231 553
Conclusion

1. Asingle CPU core saturated the network bandwidth. SRBKNVMeoFtarget running on 1
core does close to 224 GBps 100% Reads/Writes and ~29GBg&0#@ads/writes whichis
close to 2x 100GbEICsetwork bandwidth.Therefore, adding ma& CPU cores did not result in
increased performance because the network was the bottleneck.

15
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Test Case 2: SPDK NVMe-oF Initiator I/0 core scaling

This test case was performém orderto understandthe performanceof the SPDKNVMeoFinitiator as
the number of available CPU cores is increa3é&e SPDK NVMeFtarget was configuredimilaty to

the test cases above using four carése SPDK bdefio pluginran workloadgargetingeightindividual
NVMeoF namespace®n each of thetwo initiators, without overlap The fiocpumaskwas varied in
order to run 1, 2, 3 and 4 core tests while running following workloads from both the initiators

1 4KB 100% Random Read
1 4KB 100% Random Write
1 4KB Random 70% Read 30% Write
1 core 1 initiator was used.
2 cores. 2separate initiatorseachrunninga single core.
3 cores:2 separate initiatorspne with a singlecore and other withtwo cores.

4 cores 2 separate initiatorsgach running two cores

Item Description
Test Case Test SPDKVMeoFTarget I/O core scalgy
Test configuration Nvmf.conf:

Same as used in Test Case 1

BDEV.conf

[Nvme]

Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngroBdd&spdk:cnodel” NvmeO
Transportld "trtype:RDMA adrfam:1Pv4 traddr:192.168.100s2did:4420 subngn:ngn.204@5.i0.spdk:cnode2" Nvmel
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngroBdd&pdk:cnode3" Nvme2
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:nqr0Baespdk:cnode4” Nvme3
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:nqr0Bdd6spdk:cnode5” Nvme4
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:nqr0BAbespdk:cnode6” Nvme5
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:nqrBitéspdk:cnode7" Nvme6
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:ngroBdd&pdk:cnode8” Nvme7

FlOconfigon initiator | 1 core
iodepth = 512 is a global parameter meaning it will be spread over 16 drives which are being handled by single FIO gaeladv8e drive will

get 512/16 = 32 iodepth

[global]
ioengine=examples/bdev/fio_plugin/fio_plugin
spdk_conf=bdev.conf

thread=1

group_reporting=1

direct=1

norandommap=1

bs=4k

rw=randrw
rwmixread={100,70,0pdepth=512
time_based=1

ramp_time=60

runtime=300

[filename1]
filename=NvmeOn1

16
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filename=Nvmelnl
filename=Nvme2n1
filename=Nvme3n1
filename=Nvme4n1
filename=Nvme5n1
filename=Nvme6n1
filename=Nvme7n1
filename=Nvme81

filename=Nvme&1

filename=Nvme101
filename=Nvmeldl
filename=Nvmel1@1
filename=Nvme181
filename=Nvmel4l
filename=Nvme161

2core:

[global]
ioengine=examples/bdev/fio_plugin/fio_plugin
spdk_conf=bdev.conf
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k
rw=randrw
rwmixread={0,100,70}
iodepth=256
time_based=1
ramp_time=60
runtime=300

[filename1l]

filename=NvmeOn1
filename=Nvmelnl
filename=Nvme2n1
filename=Nvme3n1
filename=Nvme4n1
filename=Nvme5n1
filename=Nvme6n1
filename=Nvme7n1

3core:
Istinitiator:
[global]
ioengine=examples/bdev/fio_plugin/fio_plugin
spdk_conf=bdev.conf
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k

rw=randrw
rwmixread={100,70)0
iodepth=256
time_based=1
ramp_time=60
runtime=300

[filename1]

filename=NvmeOn1
filename=Nvmelnl
filename=Nvme2n1
filename=Nvme3n1
filename=Nvme4n1
filename=Nvme5n1
filename=Nvme6n1
filename=Nvme7n1

2nd jnitiator:
[global]
ioengine=examples/bdev/fio_plugin/fio_plugin
spdk_conf=bdev.conf
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k

rw=randrw
rwmixread={0,100,70}
iodepth=128
time_based=1
ramp_time=60
runtime=300

[filename1]

filename=NvmeOn1
filename=Nvmelnl
filename=Nvme2n1
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filename=Nvme3n1l

[filename2]

filename=Nvme4n1
filename=Nvme5n1
filename=Nvme6én1
filename=Nvme7nl

4core:

[global]
ioengine=examples/bdev/fio_plugin/fio_plugin
spdk_conf=bdev.conf
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k

rw=randrw
rwmixread={00,7Q0}
iodepth=128
time_based=1
ramp_time=60
runtime=300

[filename1l]

filename=NvmeOn1
filename=Nvmelnl
filename=Nvme2n1
filename=Nvme3n1

[filename2]

filename=Nvme4n1
filename=Nvme5n1
filename=Nvme6n1
filename=Nvme7n1

Results in the table represent aggregate perfanmoe (IOPS &vg. latency) observed:

Test Reslitr 4K 100% Random Read

# of Cores Throughput (OFS) Avg. Latency (usec)
1 core

1263 306.4
2 cores

2555 189.83
3 cores

3529 131.37
4 cores

4091 124.36
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4K 100% Random Reads
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Figure5: SPDKNVMeoF Initiator I/O core scalingOPS vs. Latency while running 40B% Radom readworkload
Note: Drives were not preonditioned while runninghe 100%random write 1/Otest. Thishelps scale
throughput andtherebyavoids storage bottleneckespecially when testinthe 3 and 4 cores case until
hitting 2x 100GbE bottleneck.

Test Result4K 100% Random Write

# of Cores Throughput (OFS) Avg. Latency (usec)
1 core

12570 120.7
2 cores

2716.6 112.6
3 cores

3820.3 100.18
4 cores

42420 114.8
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4K 100% Random Writes
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Figure6: SPDRNVMeoF Initiator I/O core scalingOPS vs. Latency while rungidkKBLO0% Random writesorkload

Test ResultdK 709%RandomRead 309%Random Write

# of Cores Throughput (OFS) Avg. Latency (usec)
1 core

1363.00 308.56
2 cores

2018.00 252.19
3 cores

2381.67 211.91
4 cores

2124.33 240.71
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4K Random 70% Reads 30% Writes
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Figure7: SPDKNVMeoF Initiator I/O core scalingOPS vs. Latency while running 4KB Rand@¥h read 30% writevorkload

Conclusion

1. For 100% Reads and 100% Writespughput scales up and latency deases almost linearly
with the addition of CPldores until hitting networkimit.

2. For 4K Random 70% Reads, 30% \W8ritep e r f o r ma n clieeartydue te soiné otherc a | e
bottleneck See test case #1 for additional discussion
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Test Case 3: Linux Kernel vs. SPDK NVMe-oF Latency

This test case was designaa compare thelatency ofthe SPDK NVMeF target andinitiator vs.the
LinuxKernelNVMeoF target andinitiator usinga single NVM®F subsystem Average 1/0 latencynd
99" percentile latencyis reported The SPDK NVMeFtarget was configured to ruaon a single NVMe
oF subsystemwith a singlenamespace backed byrall block device running ona single core A rull
block device (bdewyas chosen as the backend block device to avoid media latency during these tests.

LinuxKerneNVMeoFTarget vs. SPDKkerneINVMeoFTamet

Item Description

Test Case NVMeoF TargetLatency

Test configuration SPDK
Nvmf.conf:
# NVMf Target Configuration File
[Global]
ReactorMaslox1

[Rpc]
Enable Yes
Listen 127.0.0.1

[Nvmf]
MaxQueuesPerSession 89
AcceptorPollRate 10000

[Null]
Dev NvmeOn1 102400 4096

[Subsystem1]
NQN ngn.20186.i0.spdk:cnodel
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK00000000000001
Namespace NvmeOn1 1

BDEV.conf
[Nvme]
Transportld “trtype:RDMA adrfam:IPv4 traddr:19281800.2 trsvcid:4420 subngn:ngn.2006.i0.spdk:cnodel" NvmeO

LinuxKernel
Nvmetcli tool was used to configukerneINVMeoFtarget.
Backend used was /dev/nullbO

NVMe-oF Initiator
Nvmecli tool. Default # of 1/0 queues per syistem

FIO configuration LinuxKernellnitiator

[global]
ioengine=libaio
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k

rw=randrw
rwmixread={100,70,0}
iodepth=1
time_based=1
ramp_time=30
runtime=300
numjobs=1

[filename1]
filename=/dev/nvmeOn1

Thisfollowingdata was collected usingernelinitiator against both SPDKIgernelNvmeoF target
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4K 70% Reads 30% Writes

4K 100% Random Writes

4K 100% Random Reads

Average Latency Comparisons

10

Latency (usecs)

15 20

28.13

27.02
B Kernel Target
B SPDK Target

23.09

25 30

Figure8: Averagel/O Latency Comparisons b/w SPDKKesnelNVMeoFTarget for various workload&ernel Initiator)

SPDKWNVMeoFTarget

Access Pattern Average Latency (usec) | IOPS p99 (usec)
4K 100% Random Reads| 16.06 60000 16.1

IOPS

4K 100% Random Writes| 13.34 71000 135

IOPS

4K 100% Random 70% | 15.64 62000 15.6
Reads 30% Writes IOPS

Linux KerneNVMeoFTarget

Access Pattern Average Latency (usec) | IOPS p99 (usec)
4K 100% Random Reads| 23.09 42000 23.6

IOPS

4K 100% Random Writes| 27.02 35000 64

IOPS

4K 100% Random 70% | 28.13 32800 95

Reads 30% Writes IOPS

Conclusion
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1. SPDK NVMeFTarget average round trip I/O latency (reads/writeq)psto 13wsecfaster than
the Linux kerneNVMeoFtarget. Thigs entirely software overhead

Linux KerneNVMeoFInitiator vs. SPDKVMeoFInitiator

Item Description

Test Case NVMeoF Initiator Latency

Test configuration SPDK
Nvmf.conf:
# NVMf Target Comfuration File

[Global]
ReactorMaslox1

[Rpc]
Enable Yes
Listen 127.0.0.1

[Nvmf]
MaxQueuesPerSession 89
AcceptorPollRate 10000

[Null]
Dev NvmeOn1 102400 4096

[Subsystem1]
NQN ngn.2018®6.i0.spdk:cnodel
Listen RDMA 192.168.200.2:4420
AllowAnyHost Yes
SN SPDK00000000000001
Namespace NvmeOn1 1

BDEV.conf

[Nvme]
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngqr0BibGspdk:cnodel" Nvme0O

KernelNVMe-oF Initiator
Nvmecli tool. Default # of /O queues per subsystem

FIO configuration Linux Kernel

[global]
ioengine=libaio
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k

rw=randrw
rwmixread={100,70,0}
iodepth=1
time_based=1
ramp_time=30
runtime=300
numjobs=1

[filenamel]
filename=/dev/invmeOn1

SPDK

[global]
ioengine=examples/bdev/fio_plugin/fio_plugin
spdk_conf=bdev.conf
thread=1
group_reporting=1
direct=1
norandommap=1
bs=4k

rw=randrw
rwmixread={0,100,70}
iodepth=1
time_based=1
ramp_time=60
runtime=300

[filename1]
filename=NvmeOn1
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Thisfollowingdata was collected using Kerr&ISPDHKnitiator againstan SPDK target.

4K 70% Reads 30% Writes

4K 100% Random Writes

4K 100% Random Reads

Average Latency Comparisons

0 5 10

15

Latency (usecs)

13.34

15.64

H Kernel Initiator

B SPDK Initiator

16.06

20

Figure9: Average I/O Latency Comparisons b/w SPDK vs. Kernel-NWMigator for various workload§SPDK Target)

Linux Kernel NVMeFInitiator

Access Pattern Average Latency (usec) | IOPS p99 (usec)
4K 100% Random Reads| 16.06 60000 16.1

IOPS

4K 100% Random Writes| 13.34 71000 13.5

IOPS

4K 100% Random 70% | 15.64 62000 15.6
Reads 30% Writes IOPS

SPDK NVMeFInitiator

Access Pattern Average Latecy (usec) IOPS p99 (usec)
4K 100% Random Reads| 4.8 200000 4.83

IOPS

4K 100% Random Writes| 5.79 167000 5.9

IOPS

4K 100% Random 70% | 5.08 187100 5.1

Reads 30% Writes IOPS
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Conclusion
1. SPDK NVMeFInitiator average round trip I/O latency (reads/¥as) isup to 3xas fastas
Kernel NVMeoF Initiator using null bdev backend.
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Test Case 4: NVMe-oF Performance with increasing # of
connections

This test case was performed in orderunderstandthroughput and latency capabilitiedf SPDK NVMe

oF Targetvs. Linux Kernel NVMeF Target undeincreasingnumber of connections per subsystem.
Number of connections (or I1/0O queymirs) per NVMeF subsystem wergaried andcorresponding
aggregated IOPS amdimber of CPU cores metrics weereported. Number of CPU cores metric was
calculated from %CPU utdizon measured using sar (systat package in lin8®DK NVMeF Target
was configured to run on 4 cores, 16 N\AWte subsystems (1 per Intel P4600) and 2 initiators were used
both runnirg 1/0s to 8 separate subsystems using Kernel NgMmitiator.

1 4KB 100% Random Read
1 4KB 100% Random Write

1 4KB Random 70% Read 30% Write

Item Description
Test Case NVMeoF Target performance under varyi#gf connections
Test configuration SPDK

Nvmf.conf:

Same as used in Test Case 1

BDEV.conf

[Nvme]

Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngqr0BabGspdk:cnodel" Nvme0
Transportld "trtype:RDMA adrfam:|Pv4 traddr:18@8.100.2 trsvcid:4420 subngn:ngn.20@6.io0.spdk:cnode2" Nvmel
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 trsvcid:4420 subngn:ngqr0BObGpdk:cnode3" Nvme2
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.100.2 4420 subngn:ngn.20166.i0.spdk:cnode4" Nvme3
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:ngr0BObGspdk:cnode5" Nvme4
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subnuy@01606.i0.spdk:cnode6" Nvme5
Transportld “trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:ngqr0BObGspdk:cnode7" Nvme6
Transportld "trtype:RDMA adrfam:IPv4 traddr:192.168.101.2 trsvcid:4421 subngn:ngr0BOb6smlk:cnode8” Nvme7

Linux Kernel
Nvmetcli tool was used to configure Kernel N\ibtetarget

NVMe-oF Initiator
Nvmecli tool. Default # of I/O queues per subsystem

FIO configuration Kernel

[global]
ioengine=libaio
thread=1
group_reporting=1
dired=1
norandommap=1
bs=4k
rw=randrrw
rwmixread={100,70,0}
iodepth=32
time_based=1
ramp_time=30
runtime=300
numjobs={1,4,16}

[filename1]
filename=/dev/nvmeOn1

[filename?2]
filename=/dev/invmelnl
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[filename3]
filename=/dev/invme2n1

[filename4]
filename=/dev/rvme3nl

[filename5]
filename=/dev/invme4nl

[filename6]
filename=/dev/nvme5n1

[filename7]
filename=/dev/nvme6nl

[filename8]
filename=/dev/invme7n1

Number of CPU cores used while running SPDK M¥nhtarget were 4, whereas for the case of linux
Kernel Nme-oF target there was no cpu core limitation applied.

Numbers in the graph represent relative performance which are in terms of IOPS/core which was
calculated based on total aggregate IOPS divided by total CPU cores used while running that specific
workload. For the case of Kernel Nvsoktarget, total CPU cores was calculated from % CPU utilization
which was measured using sar utility in linux.

800%
700%
600%
500%
400%
300%
200%
100%

0%

Relative Performance

4K 100% RANDOM READS

237.2%

100%

1

H Kernel mSPDK

705.7%

100% I
-
16

441.9%

100%
-
4

# of Connections

Figurel0: Relative Performance Comparison b/w Kernel vs. SPDK JdVNarget for 4K 100% Random Rg#édsnel
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4K 100% RANDOM WRITES

H Kernel mSPDK

800% 738.0%
’ 694.4% °

700%
600%
500%
H00% 279.8%
300% =7
0,
200% 100% 100% 100%
100%
o - -
1 4 16

# of Connections

Relative Performance

Figurell: Relative Performance Comparison b/w Kernel vs. SPDK JdWNarget for 4K 100% Random Writes
Note: Drives were not pre&onditioned while running 100% Random write /O Test
For 4K Random 70% reads, 30% writes workloadisw not i ced t hat performance

going from 4 to 16 connections per subsystem. This was due to storage/platfrom bottleneck noticed as
described in test case 1 and 2.

4K RANDOM 70% READS 30% WRITES

H Kernel mSPDK

600% 540.2%

8 500% 471.7%
&
£ 400%
<
9 300% 248.2%
@
E 200%
L 100% 100% 100%
= O ] ]

0%

1 4 16

# of Connections

Figurel2: Relative Performance Comparison b/w Kernel vs. SPDK {dWNVerget for 4K Random 70% Reads 30% Writes
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# of Connections Average Latency (usec) | IOPS # of CPU cores utilize
1 216 2362 10

4 820.5 2494 18

16 3684.1 2223 22.4

Linux Kernel NVMeF Target: 4K I8 Random Writes

# of Connections Average Latency (usec) | IOPS # of CPU cores utilize
1 152 3352 11.2

4 498 4106 25.2

16 1909 4289 28

Linux Kernel NVMeF TargetdK 70% Random Read 3

0% Random Write

# of Connections

Average Latency (usec)

IOPS

# of CPU cores utilize

1 209 2439 10
4 647.3 3160 21
16 2877.5 2846 23.5

4K 100% Random read performance was ldstn # of connections was 4 per subsystem with
iodepth=32 per subsystem.

SPDK NVMeF Target: 4K

100% Random Reads

# of Connections Averagelatency (usec) IOPS # of CPU cores utilize
1 227 2241 4

4 835 2449 4

16 3524 2324 4

SPDKVMeoF Target: 4K 100% Random Writes

# of Connections Average Latency (usec) | IOPS # of CPU cores utilize
1 157 3350 4

4 470 4526 4

16 1811 4522 4

SPDKVMeoF Target: 4K 70% Random Read 30% Random Write

# of Connections

Average Latency (usec)

IOPS

# of CPU cores utilize

210.8

2421
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4 720.7 2839 4

16 3130 2617 4

4K 70% Random Reads 30% Random Wrierqmeance was best when # of meections wagt and
iodepth = 4per sibsystem. This seem to be the optimum configuration while achieving max
performance as was seen for 4K 100% Random Reads case as well.

Conclusion
1. SPDK NVMeF target performsup to 7.X better w.r.t IOPS/core thaniriux kernel \VMe-oF

target while running 4K 100% random write workload witkhreasing numbe of connections
(16) per NVMeoFsubsystem.

2. SPDK NVMeF target performs up to 5.8x and % %etter than linux kernel NVMeF target
while running 4K 100% random reads and d@#dom 70% reads 30% writes respectively.
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Summary

This reportshowcased perfor@nce results with SPDK NVAE target andnitiator under variougest
cases including I/O core scaling, average I/O latency, and performance with increasmigenuwof
connections per subsystemf. comparedperformance results while runninginux Kernel NVMeoF
(Target/Initiator) against the accelerated polledode driven SPDKNVMeoF (Target/Initiator)
implementation It showcased that throughput scales up datency decreases almost linearlytivthe
scaling of SPDK NVME& target andriitiator /O cores until hitting network bottleneck for 4KB random
100% read and 100% write I/O workloadtswas also observetthat SPDK NVMeF initiator is 3x faster
than Kemel NVMeoF initiator with null bdev based backendlso, SPDK NVM#- fargetperformed up

to 7.3x beter w.r.t IOPS/core than linukerneINVMeoF target while running 4K 100% random write
workload with increasing number of connections (16) per N\@HAesibsystem

This report provides information regarding methodologies and practices while benchmai\ixigoF
using SPDK, as well as the LiKexnel It should be noted that the performance @ashowcased in this
report is based on specific hardware and s@fte configurations and that performance results may vary
depending on different hardware and software configurations.
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DISCLAIMERS

INFORMATION IN THIS DOCUMENT IS PROVIDED IN CONNECTION WITH INTEL PRODUCTS. NO LICENSE,
EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE, TO ANY INTELLECTUAL PROPERTY RIGHTS IS GRANTED BY
THIS DOCUMENT. EXCEPT AS PROVIDED IN INTEL'S TERMS AND CONDITIONS OF SALE FOR SUCH PRODUCTS,
INTEL ASSUMES NO LIABILITY WHATSOEVER AND INTEL DISCLAIMS ANY EXPRESS OR IMPLIED WARRANTY,
RELATING TO SALE AND/OR USE OF INTEL PRODUCTS INCLUDING LIABILITY OR WARRANTIES RELATING TO
FITNESS FOR A PARTICULAR PURPOSE, MERCHANTABILITY, OR INFRINGEMENT OF ANY PATENT, COPYRIGHT OR
OTHER INTELLECTUAL PROPERTY RIGHT.

You may not use or facilitate the use of this document in connection with any infringement or other legal analysis
concerning Intel products described herein.

Software and workloads used in performance tests may have been optimized for performance only on Intel
microprocessors. Performance tests, such as SYSmark and MobileMark, are measured using specific computer
systems, components, software, operations and functions. Any change to any of those factors may cause the
results to vary. You should consult other information and performance tests to assist you in fully evaluating your
contemplated purchases, including the performance of that product when combined with other products.

For more information go to http://www.intel.com/performance
Intel® AES-NI requires a computer system with an AES-NI enabled processor, as well as non-Intel software to execute
the instructions in the correct sequence. AES-NI is available on select Intel® processors. For availability, consult your

reseller or system manufacturer. For more information, see http://software.intel.com/en-us/articles/intel-
advanced-encryption-standard-instructions-aes-ni/

The benchmark results may need to be revised as additional testing is conducted. The results depend on the
specific platform configurations and workloads utilized in the testing, and may not be applicable to any particular
user's components, computer system or workloads. The results are not necessarily representative of other
benchmarks and other benchmark results may show greater or lesser impact from mitigations.
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