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Project Catapult History

« December 9, 2010 — initial meeting

« Christmas break 2010: feasible to accelerate ranking?
« January 12, 2011: meeting with Bing leadership

« 2011 = vO0: ported Bing ranking stack, built BFB boara

» 2012 = v1: developed distributed architecture ____

» 2013 — Took V1 to scale, Bing pilot AT M
» 2014 — v2: developed new architecture
« 2015 — Production

Putnam et al., “A Reconfigurable Fabric for Accelerating Large-Scale Datacenter Services”, ISCA'13 3



Catapult FPGA Accelerator Card

« Altera Stratix V D5
« 172,600 ALMs, 2,014 M20Ks, 1,590 DSPs A A e
« PCle Gen 3 x8

- 8GB DDR3-1333

« Powered by PCle slot
« Torus Network
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MICROSOFT SUPERCHARGES
BING SEARCH WITH
PROGRAMMABLE CHIPS

http://www.wired.com/2014/06/microsoft-fpga/



MICROSOFT SUPERCHARGES
BING SE/

95% Query Latency vs. Throughput

SW + EPGA

2x Increase in e
Throughput 4

29% Latency | |~
Reduction /=, < 30% Cost

< 25 W Power

LATENCY (normalized) O HW Fallures

http://www.wired.com/2014/06/microsoft-fpga/




50 You Want to Compute With FPGAS?

Cjiscover HW [ wait hours \

bugs for tools
wait hours run through simulate code design
for tools tools design in HDL
Figure out Install USB Search for simple Learn HDL
cabling dmvers ool tutorial
ool Install ool Download Find 10GB of Dricing?
(12 hours) (24 hours) free disk JLEACK

Learn digital Learn about ecode vendor\ hich device?
Logic FPGAS arch webpsite Which board?

Slide Source: John Wawrzynek, “FCCM 2013 Panel”, 2013




Anecdote

« Newly hired FPGA developer
assigned to port critical Bing
feature to FPGA T 99.9% software latency
« Using Catapult platform, ki hh “ / lMi'
developer built and \
deployed new feature with T T T b

>2X net gain in T month 99.9% FPGA latency

average*FPGA query load
“\wwm
. — i

average software load



Requirement 1. Build Production-Class Platform
for Developers, Developers, Developers, ...

Operation

Driver Deployment

FPGA Watchdog

-

Board & SKU

. Qualification Process

|

Golden Image

Factory & Integration |

Test Suites

Hardware Acceleration Platform

GZIP FIFOs LTL RAMs CNN
Flight Recorder  Encryption

HEX  Queue Manager

Software Dev Kit & Runtime Library
Catapult Kernel Driver

OpenCL BSP

HW Library
Package(s)

SDK
Package

Development

Product SW
Catapult Runtime Library \

OpenCL/HLS
Compiler

" Libs

Prod. HW/RTL

Shell

License Servers

Cloud
FPGA Flow

Verification Team }
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Catapult Shell Archi

« Common /O

« Network
- DRAM
« PCle DMA

 Verified to ASIC
standards by
verification team

 Published as
stable packages
to developers

« OpenCL BSP
SUpPpPOrt

12V

L.

tecture

1.5V 4GBSO- = 4GB SO- Status
DIMM DIMM LEDs
A ? y
Voltage = 120
regulator Dri
river
256 Mb DU bl
NAND 7 G O i
! Reconfig
0.85V
Gen2 x8

(Gen3 Capable)

N B

2 x 16 RAMs

/

32B — 64KB / slot

Local application

Inter-FPGA router

11



Catapult Windows SDK & PCle Driver

SDK: thread- and muilti- CPU Thread 0 FPGA Pipeline CPU Thread 1
process safe library for
CPU-FPGA Mmessage Passing CPU-only Execution I

- Create FPGA :
Driver: handles FPGA Roauest Inject
. . . eques Request
reconfiguration without =
server reboot (~3sec) | H
CPU thread sleeping

ake P

compatible across versions

\

Shells, SDKs, and Drivers are
CPU Resumes I

12



Requirement 2: Be Obsessively Data-Driven
When Selecting Features To Accelerate

. Real cloud workloads oI
extremely diverse and SHHIHBTUHHIHTH BT
complicated HEEEEEEEEEEEEEEE

. . . ) Servers Sampled in the Datacenter

* Invest in in-situ performance

. . . FPGA Feature Coverage: Area vs. CPU Offload
profiling of target application

« Optimize on “return per LUT" &

FPGA Area Expended for Feature Acceleration

14



Requirement 3: Don't Underestimate Software

Invest properly in architecting efficient, correct HW-SW
contract

» Ignoring this can lead to performance pathologies, hangs, parity issues

Establish through formal HW-SW contracts

« Formalize and evolve through APIs and header definitions
» Closely monitor SW overheads

« Run-time check of HW-SW versions and data types

» Tight coordination with software teams

Build tools to automate code generation from precise
specifications

15



Requirement 4: Scale Out FPGA Tools in Cloud
MS Cloud Tools

0 Build Catapuit-FactoryTest 20160222.1 - Microsoft Visual Studio (3 Y9 | QuickLaunch (Ctr}+Q P - B x
FILE EDIT VIEW BUILD DEBUG TEAM TOOLS TEST ARCHITECTURE ANALYZE WINDOW  HELP Eric Chung ~
lli - B lJll p Attach... ~ P L B -8 TJ -'?
L4 | 2 u n p | a Ce - a n d - ro u te a n d E Start Page Source Control Explorer Build Catapult-FactoryTest 20160222.1 % X ~ REERNSSIIEIEY MRS v QX
]
m (<] & ® 8  Search Work Items (Ctrl+ P~
. . s 0 Catapult FactoryTest 20160222.1 - Build succeeded
simulation tools on scalable - s S i |
~ g ~ Open Drop Folder | Diagnostics v | <No Quality Assigned> «
= \A:! ons v V] Catapult AbaloneDepsCheckGenZ -
o - 0 ia o Adrian Caulfield
re S O u rC e S -4 [PGO3]\Project Collection Service Accounts triggered Catapult-FactoryTest (Data
= Center Futures) for changeset 276389 (V] Catapult AbaloneDepsCheckGen3
R 10.8 hours (XCG-BFR-05 - Cor comy ays ago Adrian Caulfield

0 Catapuit-FactoryTest
AM [PGO3]\Project Collection Service Accounts

[ > | Catapult‘FadoryTest-Z.GJ-r<4
M [PGO3]\Project Collection Service Accounts

« Speed up timing closure
with parallel seeds

Latest Activity

Build last modified by Catapult Project Testing Automation 11 hours ago. 0 Catapult FE Abalonel 6

ia o Adrian Caulfield

Must support determinism

Build caching shared
amongst multiple users

Visual Studio integration

Partial reconfiguration
Static lock regions

Request Summary

66154, requested by [PGO3]\Project Collection Service Accounts 30.8 hours ago, Completed

Summary

Default Configuration and Platform

B 0 error(s), 978 warning(s)

b §/Data Center Futures/FastRanking/Altera/Catapult/TFSBuild/CatapultFpga.proj compiled
No Test Results
No Code Coverage Results

(V) Catapuh NetworkTester
6h o [PGO3]\Project Collection Service Accounts
V] Catapult Releases
e da o [PGO3]\Project Collection Service Accounts
® Catapult Software

hours ago [PGO3]\Project Collection Service Accounts

V] Catapult TestTfsBulld

o Eric Chung

Cata ult TestTfstld Child
p
ys ago Eric Chung

4 All Build Definitions (showing 100 of 103)

16



Requirement 5: Automate Hardware Testing

w Build Catapult-Software_20160217.1 - Microsoft Visual Studio
EDIT VIEW PROJECT BUILD DEBUG TEAM TOOLS TEST ARCHITECTURE  AMALYZE WINDOW  HELP

o - " - &

e Invest in framework for
automatic regression
testing with FPGAS

» Test HW automatically on
check-ins

« Cross-compatibility between
software/drivers/shell

Reconfiguration stress test

Factory test
Applications

Golden images

FILE

xoqoo]  Jaio|dig samag

e p Attach... -

Cheode\tfs\trunk\...ding Convention.sy & Source Control Explorer

Test Results > o x

o Catapult-Software_20160217.1 - Build succeeded

View Summary |\u"\e'.v Log

B-®W%L.

Build Catapult-Software_20160217.1 & X

Open Drop Folde’l Diagnostics « | <MNo Quality Assigned> |Action5 -

[PGO3T\Praject Collection Service Accounts triggered Catapult-Software (Data Center Futures) for changeset 276331
Ran for 22.6 minutes (XCG-BFB-05 - Controller), completed 34.2 hours ago

Latest Activity

"B [ catatest@PIKESPEAK-02 2016-02- ~
0 Test run passed Results: 69/69 passed; Item(s) checked: 0

dy

Result

;,jo Passed
@ Passed
€ Passed
@ Passed
(,jo Passed
(,jo Passed
(,jo Passed
(,jo Passed
o | € Passed
o | € Passed
o | € Passed
o | € Passed
(,jo Passed
(,jo Passed
(,jo Passed
;,jo Passed
;,jo Passed
@ Passed
€ Passed
@ Passed
(,jo Passed
(,jo Passed
(,jo Passed
. = -
Output | Test Results

Test Name

FPGA_TFSTests

01- FPGA_GetBuildDrops (FPGA_TF5Tests)

02- fpga_runtests (FPGA_TFS5Tests)

03- fpga_rsupgmgelden (fpga_runtests)

04- fpga_disableenable (fpga_runtests)

03- fpga_rsugoldenloop (fpga_runtests)

06- fpga_rsureconfiggolden (fpga_rsugoldenloop)
07- fpga_rsureconfiggolden (fpga_rsugoldenloop)
08- fpga_rsureconfiggolden (fpga_rsugoldenloop)
08- fpga_rsureconfiggolden (fpga_rsugoldenloop)
10- fpga_rsureconfiggelden (fpga_rsugoldenloop)
11- fpga_rsureconfiggelden (fpga_rsugoldenloop)
12- fpga_rsureconfiggolden (fpga_rsugoldenloop)
13- fpga_rsureconfiggolden (fpga_rsugoldenloop)
14- fpga_rsureconfiggelden (fpga_rsugoldenloop)
15- fpga_rsureconfiggelden (fpga_rsugoldenloop)
16- fpga_rsureconfiggelden (fpga_rsugoldenloop)
17- fpga_rsureconfiggelden (fpga_rsugoldenloop)
18- fpga_rsureconfiggelden (fpga_rsugoldenloop)
18- fpga_rsureconfiggolden (fpga_rsugoldenloop)
20- fpga_rsureconfiggolden (fpga_rsugoldenloop)
21- fpga_rsureconfiggolden (fpga_rsugoldenloop)
22- fpga_rsureconfiggolden (fpga_rsugoldenloop)

-

-—N—&

I - G 5 GroupBy: [Mone] .

D

s\builds\ 21546503 \binaries\fpga_tfstests. FPGA_TF &
s\builds\ 21346503 \binaries\fpga_tfstests.01- FPGE
=\builds\21346503\binaries\fpga_tfstests.02- fpga.
=\builds\213\6503\binaries\fpga_tfstests.03- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.04- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.03- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.06- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.07- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.08- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.09- fpga,
s\builds\ 21346503 \binaries\fpga_tfstests.10- fpga,
s\ builds\21346503\binaries\fpga_tfstests.11- fpga,
s\builds\ 21346503 \binaries\fpga_tfstests.12- fpga,
shbuilds\ 21546503\ binaries\fpga_tfstests. 13- fpga,
sihbuilds\ 21546503 \binaries\fpga_tfstests.14- fpga,
=\builds\ 21546503 \binaries\fpga_tfstests.15- fpga,
=\builds\ 21346503 \binaries\fpga_tfstests. 16- fpga,
s\builds\ 21346503 \binaries\fpga_tfstests. 17- fpga,
=\builds\21346503\binaries\fpga_tfstests. 18- fpga.
s:\builds\215\6303\binaries\fpga_tfstests.19- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.20- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.21- fpga,
s:\builds\215\6303\binaries\fpga_tfstests.22- fpga,

>

-

17



ﬁ

Requirement 6: Adopt Software Best Practices

[re— L] L] L] I
) - [ HDL Coding Convention.sv Classic Colors * | Inline = [ & Right Only | 22 =-b =— [ab € ab € = [Findin Files
Comments: | Displaying 23] Filtered Out 0] Orphaned 0| Working 0]
VIEITEI T TTE TR T T4 TR T TET I TT T TR T TA T T 110404401101 701 7011011017007
1"
\I 11 | | f 11 | - |< .
/
o . O L ooty
14 “timescale 1ns / 1ps // “timescale should be declared in every module
15
16 “define MINIMIZE_USE_OF MACROS // uherever possible, use a parameter instead of a macro.

"

Y

// Synthesizable HOL Coding Guide

// This file describes the coding guidelines for _synthesizable_
// hardware modules. These guidelines are not necessarily applicable
to simulation/testbench code.

oW
~
=

y
-~
N

© o
-
=

Authors:  The Catapult Team
Version: 2.8

,_.
5
-
T2

5

e
- 18 “include "use_includes_sparingly” // Only use 'includes' when there are no better alternatives
19
. . . . = 20 import PackageA::*; // The PREFERRED way to import data types and constants from other modules.
21
. 22 module CatapultStyle // Module names are capitalized with no underscores, must match the filename
23 #(
I 24 paramster PARAM_EXAMPLE_@ -0, // Only put parameters here that are 'public’ and meant to be changed.
= 25 parameter PARAM EXAMPLE 1 =i // mvoid putting derived parameters here, unl _
= 26 J/ If you declare a derived parameter, add ar
- 27 parameter WIDTH =32 J/ 'WIDTH' is preferred over 'MSB' Iteration 1 Wrong Place?
- 28 )
. . . = 29 ( But what if you need to use the parameter in the
® 3 input wire clk, // Modules with a single clock use "clk’ T _
| 31 input wire rst, // Active low resets should be avoided
32 Iteration 1 Wrong Place?
33 input wire clk a, // Modules with multiple clock domains must & X
34 input rst_a, /i In general, it is advisable to avoid multi Missing nettype Should be required IMO. itel
35 Matt Humphrey
. ] 36 input wire [WIDTH-1:8] data_in, // A1l ports must have directional suffix
37 output logic [WIDTH-1:6] data_out, // A1l signal names must be lower-cased, majg & closed
® 38 // Any outputs should use the 'logic’ type. @
39 inout wire [WIDTH-1:8] data_inout // For code readibility, align your signals &
. . l 2 )3 add an initial block to validate that the parameter is
41
- =
2 N v r g // (Optional) use these slashes to declare mg
. ° 43 // WO TABS ARE ALLOWED. A1l lines within a module Iteration 1 Wrang Place?
44 // must start with a single indent. Indents are .
I a5 // defined to be 4 spaces. There is no limit to Show initial block to validate parameters
46 // the number of characters in a line, but please Matt Humphrey
— 47 // pay attention to readability.
= 48 N T R v g I have this a few lines below, you want it always at
= 49 the top? Sometimes you also want to validate
= B // Place local params near the top of the file localparams
o Eiic Chung
52 localparam BUSY_ADDR = 42; // Use localparams for constants or derived 1
53 localparam LAST ADDR -e; No, must have missed it
54 localparam N = $clog2(WIDTH);
55 Matt Humphrey
56
2: // Place static parameter assertions near top of file & closed
100% - S S - o

Comment Summary
Status File name Reviewer Show Comments

4 @ WontFix [ ] $/Data Center Futures/FastRanking/Altera/ Catapult/Hardware/Specifications/HDL Coding Convention.sw Matt Hur  ype hereto filter the list
Status | Participant

4 [Matt Humphrey] May want to mention "unique case” as well
4 [Eric Chung] wil do.
4 [Eric Chung] Is there anything special about casez that merits an example in the coding style?

4 [Todd Massengill] | don't think so. Do you want to state that casez is acceptable and casex is not? ...




Requirement 7: Prepare for Bugs in Deployment

» Challenges

 Bugs inevitably slip into deployment =» lead to stalls or hangs in software
« No digital logic analyzer (e.g., Signaltap)

« (5oals

« Minimize service disruption during bug-induced failure
« Minimize time-to-recovery
« Collect information for off-line repro and debug

« Solutions

» Lightweight in-situ monitoring and mitigation of failures in the FPGA itself
« Examples: Flight Data Recorder, Hardware Exceptions, Role self-reset
=» Enabled successful debug of rare FPGA hang (once every few days) in datacenter

19



Requirement 8: Support Fault Tolerance at Scale

Challenges in Large-Scale Deployments

How to minimize server disruption during FPGA
reconfiguration?

How to track FPGAs' health across datacenter?
How to distinguish FPGA failures from others?
How to log FPGAs without disrupting service?
How to respond to failures?

Solutions

Datacenter-scale telemetry of FPGAs using AP

Tuned drivers minimized impact during
reconfiguration

Continuous monitoring using watchdogs =»
automatic triage steps

DRI for 24/7 monitoring of livesites

Fpga Environment Overview.xts*

Graph (PA)

B g(fpgawd. FPGA Temperature. CurrentC Sampling:avg:fva) for IS machines [ Min{fpgawd FPGA Temperature. MinC Sampling:min:Min) for |S machines

[ Max(fpgawd FPGA Temperature MaxC Sampling:max Max) for |S machines

62 ——
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48 1

021472018
Graph (PA)

Il Sum(fpgawd FPGA ConfigurationCRCErrerCount ) for |S machines | Sum(fpgawd.FPGA Memory DRAMO.UncorrectableCount ) for |S machines

T
0211572016

[ sum(fpgawd.FPGA Memery. DRAMO. DoubleBitCount ) for IS machines

6 ——

T
0211672016

T
0211712016

:

T
0211872016

[T

|
T
021142016

|
T
0211572016

|
T
02/16/2016

T
021712016

T
021812016

20



Closing Remarks

» Programmable logic can play major role in
datacenter architecture

- Will enable new applications, services to be cost effective

» It is viable to support a high rate of innovation with
robust, scalable, & productive development platform

* erchung@microsoft.com
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