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PCl-e Storage Standard:
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NVMe: Who
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NVMe: What

Storage standard defining:
* Host controller interface
* Queueing model

* Command set

Designed for performance
and scalability in mind
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RELATIVE PERFORMANCE

Log scale
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NVMe: Why

CPU vs. Storage Performance Gap




NVMe: Why

... but PCl-e storage predates NVMe, right?
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NVMe: Why

HOW STANDARDS PROUFERATE:
(65 A/C CHARGERS, (HARACTER ENCODINGS, INSTANT MESSAGING, ETC)

47! RIDICULOLS! SOON:
WE NEED To DEVELOP
.| | ONE UNIVERSAL STANDARD
SITUATION: || 4T covers Evervones | | SITUATION:
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NVMe: When

NVMe 1.2 Released
November 12, 2014

NVMe 1.1 Released

2 October 11, 2012 e Enhanced Power
Management
o General Scatter Gather Lists e Host Memory Buffer
NVMe 1.0 Released (SGLs) = Controller Memory Buffer
March 1, 2011 e Multi-Path /O & Namespace e Namespace Management
: Sharing « Live F/W Update
ina | e Reservations
e R v S
e Admin Command Set During Idle
e End-to-end Protection (DIF/DIX)
o Security
o Physical Region Pages (PRPs)

NVMe
Technical Work Begins

2009 2010 2011 2012 2013 2014




NVMe: How

Offset
00h
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0Ch
10h
14h
18h
1Ch
20h
24h
28h
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38h

FOOh

1000h
1000h + (1 * 4 << CAP.DSTRD)
1000h + (2 * 4 << CAP.DSTRD)
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Symbol
CAP

VS
INTMS
INTMC

CC

Rsvd
CSTS
NSSR
AQA
ASQ
ACQ
Rsvd

Rsvd

SQ O TDBL
CQ O HDBL
SQ 1TDBL
CQ1TDBL

Description
Controller Capabilities

Version

Intterupt Mask Set

Interrupt Mask Clear

Controller Configuration

Reserved

Controller Status

NVM Subsystem Reset

Admin Queue Attributes

Admin Submission Queue Base Address
Admin Completion Queue Base Address
Reserved

Command set Specific

Admin Submission Queue Tail Doorbell
Admin Completion Queue Head Doorbell
IO Submission Queue 1 Tail Doorbell

IO Completion Queue 1 Head Doorbell



NVMe: How
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NVMe: How
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NVMe: How
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NVMe: How

PCle Port
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NVMe: Where




NVMe: Where




NVMe: Where
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NVMe: per-cpu h/w queues

Controller

Managment
Admin Admin
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When CPUs exceed available h/w queues

Share with your neighbors

Host Memnrv

NVM-e Controller




NVMe: CPU Efficient
( User Space )

o N ,'dev@me#n# ———————— jde@sd}{
Submission latency and CPU ( VFS / File System )
cycles reduced >50%*:

* NVMe: 2.8us, 9,100 cycles C Block Layer )
e SAS: 6.0us, 19,500 cycles (Request Layer )

C SCSI Layer )




The importance of reducing software
latency

App to SSD 10 Read Latency (QD=1, 4KB)

NAND MLC SATA 3 ONFI2 = .-

NAND MLC SATA 3 ONFI3 i

NAND MLC PCle x4 Gen3 ONFI3 I

Future NVM PCle x4 Gen3 l -
2

0 0 40 60 80 100 120

B NVM Tread B NVM xfer m Misc SSD m Link Xfer = Platform + adapter M Software




NVMe: When we know we succeeded




NVMe: When we know we succeeded

rootl@pc# grep "SCSI\|NVM" .config
CONFIG BLK DEV NVM=y
# CONFIG SCSI is not set




NVMe: Original Driver Implementation

Userspace

* bio-based for

performance: lockless

//
block layer [Kernel \21 v A
libaio and others
* Driver burdened to ‘J";bm" ==
manage: Block Layer
— timeouts, 10 statistics,
h/W aCCESS, tagglngl SGL make reiit_fn{...,;fur_t bio *)
. . NUME Driver Per-CPL
mapping, trace points, -
gueue-to-cpu binding, \ s
Spllttlng Per-Queue IRQ H

i ][’

( NVM-Express Controller




{nmap
anonymous pages
[ Applications (Processes) f_y_u_u
— — — a malloc
~ ~ e —_
| | | S| B
8L S &L SJ E
ev 2 o @ <
' VFS
Network FS | pseudo FS ' special
direct /0 6D @B 6O @B  PUroers L g
(O_DIRECT) e @ @ O aen @6 GED Cache
usbfs) ()  (devtmpfs)
L—»network
Fy Block I/0 Layer )
o?tional stackable devices on top
of “normal” block devices - work on bios
l (mdraid) . . . BIOs (Block 1/0)
Y
1/0 Scheduler
maps bios to requests
N J Y
( hooked in Device Drivers )
(hook in similar like
+ stacked devices like
request-based mdraid/device mapper do)
device mapper targets
—l:_ SCSI upper layer ‘ -
b .
sysfs "
(transport*attrl utes) SCSI mid Iayer
Transport Classes
§csi_transport_sas

SCSI low layer
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Physical devices




Converting NVMe to Request Based

Userspace
AN

* High IOPS devices
cannot reach their
potential under single
lock

rfK’errual
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Converting NVMe to Request Based
Userspace
High IOPS devices [ ]

I 27 T

cannot reach their Kernel "

' ' L JT
potential under single e
IOC k Block Layer

Su hmit;’ Complete Per Core

But blk_mq Can be gi’i:‘gelgﬂlﬂd;rgmg Software Queues
multithreaded all the Nl e

way to the h/w
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Supporting blk-mqg from dm-mpath

’f(ernel V. R

libaio and others

I::u:k La*,rer %

rn mpath request_fnf.. ]
reque.u fni.. :Ih

LLD

(¢ )

Suhrnlt [#]

* Problems:
— Required clone before path chosen
— Submission occurs in atomic context



Supporting blk-mqg from dm-mpath

rE N

ernel
Glm:h: Layer

'“F bk mq |n5ert _requesty.. }“1 )

/Gm mpath reque5t fnl.. _:Ix" ~
1. Choose Pathj

2. Alloc request
@E"v'."'dl'l’l # 3. Setup Clone }I{thread
4, Dlspatch Worker

[:E nqueue Wt}rk> (Deq ue-u_e W{:rk ),,,

L\h - S
GLD {queue_rq{,”] >)
S /

 Request handling deferred to worker thread

* Clone allocated from path’s request_queue



PCl-e Storage Multipathing

PCle Switch PCle Switch

PCle PCle PCle PCle PCle PCle PCle PCle
SSD SSD SSD SSD SSD SSD SSD SSD




NVM-e: Subsystems

PCle Port
PCle Port x PCle Port y

PCI Function 0 PCI Function 1 PCIl Function 0 PCI Function 0
NVMe Controller NVMe Controller NVMe Controller NVMe Controller
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NVMe: Identifying Paths

 |EEE EUI-64 and

NGUID globally

unique identifiersin | [
a subsystem ! “:
PCI Function 0 PCI Function 0 I
® Linux tooling re“es NVMe Controller NVMe Controller i
on SG_IO to inquire i i
= , ,q ) ; NSID 1 @ :
device identification :
and access a a |
restriction |




Know your PCl-e Topologies
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blk-mqg + dm-mpath in kernel 4.0-rc1

Credits:

* Matias Bjgrling: nvme conversion

* Mike Snitzer: multipath device-mapper
* Jens Axboe: block multiqueue

* Bart Van Assche: regression debugging

Christoph Hellwig: moral support

Still more work to do!



Multipathing for performance

* Submitting 1/0 to
device on remote | | | | | |
NUMA node incurs —
additional latency
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Case Study: 32 Sockets, 960 CPUs

* NUMA penalty: >30%
performance lost

* NUMA “trickery”
recovered:

— irgbalance, numactl,

libnuma, custom cpu- (=
queue mapping

— 30 Million IOPS (SC’14)
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The cost of NUMA

Observed Performance Loss on Randomly Scheduled Workloads

1 Node

2 Node 4 Node 8 Node

Number NVMe: 2x node count, 4k random read to all drives
No CPU pinning

32 Node



Locality based path selection proposal

Qpl

* NUMA aware path —
selection: choose path
closest to dispatching CPU

e |neffective in 4.0: single

threaded dispatch f \
! PCI Function 0 PCl Function 0
i NVMe Controller NVMe Controller




Percent of raw device access

NVMe mpath performance in 4.0

performance

100%

75%

50%

25%

0%

Request based DM performance comparison

bs=128k, iodepth=32,
numjobs=1

bs=4k, iodepth=16,
numjobs=8

M Seriesl



device-mapper blk-mq conversion

Parallelizes entire stacking layer

— Make blk-mq entry capable in preempt disabled
context

queue setup: how to determine number of “h/w’
gueues and tags per queue to allocate

— Want enough to satisfy h/w, but not wasteful

Developed by Mike Snitzer during LSFMM

— performs at 99% raw speed in fio benchmarks on
tested NVMe h/w

Staged for Linux kernel 4.1 integration

)



Alternative multipath proposal

* Make blk-mqg multipath aware
— Removes stacking/re-entry requirement
— More efficient use of resources
— Tighter integration to h/w

* |deas initiated by Hannes Reinecke and
Christoph Hellwig

* Implementation and collaboration details
ongoing
— PoC expected within weeks
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Path selection code snippet

static struct dm path *numa select path(struct path selector *ps,

unsigned *repeat count, size t nr bytes)

struct selector *s = (struct selector *) ps->context;
struct path _info *best NULL, *pi;

int cur = INT MAX, node = cpu to node(smp processor id());

list for each entry(pi, &s->valid paths, list) ({
int pnode = pi->path->dev->bdev->bd queue->node;
int val = node distance (node, pnode) ;
if (val < cur) {
best = pi;

cur = val;

}
*repeat count = 1;
return best ? best->path : NULL;



