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® Motivations
® Hardware implementation based on “"Direct-GPU"” technology
B Performance: Bandwidth & Latency
® Track finding algorithm based on GPU
® Results and GPU limitations

® Conclusions & what’s next

See: Thomas Schuh,
this conference ID: RTA1 59

L1 trigger will require reconstruction of charged particles
with transverse momentum > ~2 GeV/c
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CMS - L1 track trigger system ﬂ(IT

Processed off-module in the back-end
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Data rates: .
0(100 Tb/s) L1 track finding system Gl_obal L1 accept
Track reconstruction Trigger to front-end

tracks from muons

Track reconstruction and fitting, isg'fsotrer:“aggg calorimeter
primary particles with p; > 2 GeV. Latency: ~ 5 ps

How to find the tracks in ~5 us with high efficiency and acceptable fake rates?

Patter recognition Fitting Slices
Associative Large bank of pattern stored in PCA, Hough transform, 48 = 8x6 (pxn)
Memory a dedicated AM chip Retina (FPGA) Loading balancing time
Tracklet algorithm conventional road-based track linearized 2 fit 168 = 28x6 (pxn)
search (FPGA) (FPGA) 4 x (BX)
Time-multiplexed Hough transform (FPGA) (FPGA) 324=36x9 (pxn) and time
architecture > See: Thomas Schuh multiplexing of 24 x (BX)
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CMS - L1 track trigger system ﬂ(IT

Processed off-module in the back-end
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Dat tes: .
O?Iaoaa:i,s/s) L1 track finding system Global L1 accept

Track reconstruction Trigger to front-end

system and calorimeter

Track reconstruction and fitting, i formation

'I‘ tracks from muons
primary particles with p; > 2 GeV. Latency: ~ 5 ps

How to find the tracks in ~5 ps with high efficiency and acceptable fake rates?

Patter recognition

Associative K o
] ading balancing time
Memor e ousan S . J

Trackl inearized x? fit 168 = 28x6 (pxn)
(FPGA) 4 x (BX)

Time- (FPGA) 324=36x9 (pxn) and time

architecture multiplexing of 24 x (BX)

I What about GPUs for L1 track finding ?

How performs a GPU L1 track system compared to current
HW systems (AMs + FPGAs) ?
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Hough Transform on GPU ﬂ(IT

tl’aCk/ Ka ruber Institut fir Technologie
A P 0.57q GeV
y & Po=¢ — kT A
AN Pr Po Accumulatlon
P point
Qg _
N : Each stubs - corresponding
’“/‘ line in the Hough Space
P All stubs from a real track have
& same (p; , production angle) 4 fake stub
> >
-
- See: Thomas Schuh
(0,0 X / 1/p;

Accumulation points with high vote will correspond to real tracks

Why Hough transform on GPU?

Highly parallel computing > optimized to execute simultaneously the same operation on
many different data (Single-Instruction on Multiple Data)

The Hough transform is naturally amenable to a high degree of parallelization, as the
parameter space calculation for each hit (stub) is independent of all other hits (Stub) in the
event/tracks.

-2 Consequently, it is a natural candidate for implementation on a GPU
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Data t fer: Detector — GPU
atatranster. betector System Memoryﬂ(IT
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High-Flex readout card
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Chip set
Detector P
Trigger processor
Total latency = latency (FPGA <-> Syst. Mem.) + ) + latency (GPU process)
Latency (system memory to GPU) Latency (GPU to system memory)
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Latency (ps)
~ 4.6 us for 4KBytes ~ 3.4 us for 4KBytes

~ 8 us >> CMS low level trigger specification
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Advanced Data transfer with “GPU-Direct _N(l'l'

High-Flex readout card

Chip set

Detector

Trigger processor
gger p Data latency (FPGA to nvidia)

14

Total latency = latency (FPGA <->GPU) + latency (GPU process) »» || Total time = Latency + data transfer
. .
Using “Direct-GPU”, FPGA devices can read and write -z-' 8 Latency + data transfer
directly CUDA/OpenCL host and device memory, E 6 Latency
eliminating unnecessary memory copies, dramatically T /
lowering CPU overhead and reducing latency 20 * . * * * ¢
0 |

128 256 512 1024 2048 8192 16384 32768 65536

Data Size (Bytes)

One-sided data transfer latency 1.15 us (average), jitter < 100 ns
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GPUDirect” and “DirectGMA” concepts QAT

High-Flex readout card

Chip set

Detector

Trigger processor
gger p Data latency (FPGA to nvidia)

14

Total latency = latency (FPGA <->GPU) + latency (GPU process) »» || Total time = Latency + data transfer
. .
Using “Direct-GPU”, FPGA devices can read and write -z-' 8 Latency + data transfer
directly CUDA/OpenCL host and device memory, E 6 Latency
eliminating unnecessary memory copies, dramatically T /
lowering CPU overhead and reducing latency 20 * . * * * ¢
0 |

128 256 512 1024 2048 8192 16384 32768 65536

Data Size (Bytes)

One-sided data transfer latency 1.15 us (average), jitter < 100 ns
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High-flexibility readout card

> Processing unit ﬂ(IT

= Xilinx Virtex 7 FPGA (XC7VX330T-2 FFG1761)

» 2 x High Pin Counter FMC connectors:
= VITA 57 compliant

= 320 single-ended or 160 diff. signals @ 9 GHz | ‘ s 1

= 12 MGTI/O @ 13.1 Gb/s P : l Flex ng: Sfeid [I)A@‘ Ejoord

> High performance Memory: DDR3 - m e ML R e
= 64 lanes @ 1866 Mb/s = 119 Gb/s 2 g , d—
= 4 GByte

> PCIe Gen 3 x 16 lanes g‘ Bt il R R
' £ Topside

> PCBs: |y <

= 16 layer metals stack / Nelco N4000-13 EP SI PCIe Gen 3 x 16 Ian"('aiwm'

= Picosecond time controlled transmission lines

Data throughput up to 130
Gb/s full duplex

CPU/GPU
DAQ

Ref: A PCle DMA Architecture for Multi-Gigabyte Per Second Data Transmission,
DOI: 10.1109/TNS.2015.2426877, IEEE-Real time 2014 26-30 May. Nara Japan
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Firmware architecture

KIT DMA AT
[ DDR3 ]
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IPE controller

>
To DDR / Trigger &

Clock Gl;lU
cross-domain 9
From DDR / Detector (O | CPU
PCle link Memory
GEN 3 X8 lanes

Master

DMA control & PIO

configuration Descrip.
list

FPGA

v' KIT-Direct Memory Access = operating both Bus Master/Slave modes

v’ “Scatter-Gather mechanism” where descriptors located inside FPGA in both ring-buffer
or memory dynamical allocation are possible.

v'Compatible with (NVIDIA, AMD) GPUs and system memory

v'PCI Express/DMA Linux 32-64 bits driver > READY
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Readout system — performance / comparison
AT
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AMD - FirePro W9100 (OpenCL ver. 2.0) NVIDIA - Tesla K40 (CUDA ver. 7.5)

Data throughput

8000 -

7000

6000 -
7 >000 —FPGA -> Syst. Memory
—
o 4000 -
= ——FPGA -> NVIDIA

3000 -

2000 - ——FPGA->AMD

1000 -

PCIe Gen 3 x 8 lanes
0 I I I I I I

2.E+03 2.E+04 2.E+05 2.E+06 2.E+07 2.E+08 2.E+09
Data size (Byte)

Data throughput over 6.5 GB/s very close to maximum theoretical limit for PCle
Gen 3 (max payload limited to 128 Byte by GPUSs)
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Readout system — performance / comparison ﬂ(l'l'

60 r
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High-Flex GPU

readout card

"Data received
ping-pong latency

Latency (NVIDIA)

Entries

1.894 1.896 1.9 1.904 1.908 1.912 1.916 1.92 1.924 1.928 1.932 1.936 1.938
Time (us)

NVIDIA: Latency < 2 ps, jitter < 30 ns

700 +

600 -
500 -
400 -

300 -

Lalll,,
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NVIDIA: FPGA as bus master (FPGA > GPU
GPU as bus master (GPU > FPGA)

AMD: FPGA as bus master (FPGA > GPU
FPGA as bus master (GPU > FPGA)

Latency (AMD)

1265 127 1275 128 1285 129 1295 13 1305 131 1315
Time (ps)

AMD: Latency < 1.3 ps, jitter < 50ns
three PCle transactions

Both GPUs vendors present an excellent latency performance.
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GPU limitations — kernel latency ﬂ(IT

How much time is necessary to synchronize the FPGA data with the launching = o o
of the kernel?

.Data ready
DATA
pma 0P NN  Latency?

(FPGA) (kernel)
Start DMA

f.Trg‘.Ck Launch data processing kernel
Naing (Hough transform)

(kernel)

Candidate tracks

Lauch kernel latency (AMD)

.4 Kernel Latency ~ 140 uys £ mMethod3
| _

° H Method 2
ws -
9
5, 1 11 Method 1
£
w3 —11

2 S SN I

1 L LLERRNEE

135 137 139 141 143 145 147 149 151 153 155 157 159 161 163 165 167 169

Time (ps)

Expected GPU limitation for real-time application
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GPU limitations — kernel latency ﬂ(IT

How much time is necessary to synchronize the FPGA data with the launching = o o

of the kernel?
.Data ready
DATA
pma StPS) S Latency?

(FPGA) (kernel)
Start DMA

f.Trg‘.Ck Launch data processing kernel
Naing (Hough transform)

(kernel)

Candidate tracks

Lauch kernel latency (AMD) Launch kernel latency (NVIDIA)

60

.4 Kernel Latency ~ 140 ps Ii B Method 3 | Kernel Latency ~ 25 us '

¢ 11 B Method 2

50

40

Method 1

30

Emtries
Entries

20

10

SO ARRARLINTA AT TRT LN RARA N N A —

T T T T T T T T
135 137 139 141 143 145 147 149 151 153 155 157 159 161 163 165 167 169 2475 24.8 2485 249 2495 25 25.05 25.1 25.15 25.2 25.25 25.3 2535 254 2545 255

Time (ps) / Time (us)

NVIDIA shows a very low kernel latency. Drastically reduction > expected new CUDA release
(see: state of GPUDirect technologies, Davide Rossetti)
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Hough Transform on GPU — preliminary results

track /'

A A4

Hough parameter
space

¥ /(xz:)’ﬂ
7

(xpy1)

(0,0) *

SKIT

/ Karlsruher Institut fir Technologie
/

Accumulation
point

fake stub

Tracker detector segmentation 288 sectors (32 in ® and 9 in n) > like FPGA Hough transform implementation by

Thomas Schuh, this conference ID: RTA1_59

-2 Comparison between GPU and FPGA implementation using same algorithm and same data input

Hough space (GPU processing)

PU140

9

Monte Carloo.cs
(CMSW)
PU:140

# 45 stubs

0.062 7
0.044
0.026

0.008

3

[1/pt]
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Hough space (after filtering)
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Hough Transform on GPU — preliminary results

SKIT
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/-

Accumulation
point

fake stub

Tracker detector segmentation 288 sectors (32 in @ and 9 in n) > like FPGA Hough transform implementation by

track /'
A stub
y
Hough parameter
(x3Y3) space
¥ ()
(xpvy)
0,0)
Thomas ¢
> Compeé
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pT track finding by GPUs - first demonstrator
AT
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ﬁ Move to DDR High-Flex readout card GPU -NVIDIA
VIR \Write data to GPU

Pattern generator
by Monte Carlo data
(CMSSW)

Write candidate tracks
to FPGA

GPU perform:

To center trigger < ! CPU Hough transform —>track finding
- track fitting

1) Load the stubs to DDR (High-Flex)

2) Start data transfer FPGA -> GPU (start FPGA counter) » Total time measured by a
3) GPU launches the Hough transform - track finding FPGA counter

4) GPU sends candidate tracks to FPGA (stop FPGA counter)

Total latency > 150 ps with AMD, the launching kernel is the major penalty

Total latency= 1.91 ps (data latency) + ~7 Js (data processing) + 23.19 (kernel latency) = ~32.1 gs by NVIDIA

\ J
!

improvements - new CUDA 8

The total latency of ~ 30 uys is >> of 5 ys required by CMS - but very promising
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Conclusions & What’s next ﬂ(IT
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v" First demonstrator of L1 track trigger for CMS based on Hough transform (GPUs) have
been developed for both GPU vendors (NVIDIA and AMD):
v A total latency of 30 us has been achieved with KIT-DMA and NVIDIA GPUs

What’s next

v' Characterization/optimization of the Hough transform algorithm:

v Merging of DMA - Hough transform kernels > expected a total time ~ 9 US
v' Comparison between OpenCL and CUDA and FPGAs (Thomas Schuh, ID: RTA1 59)

v’ Significant technological evolution can be expected in the coming years, GPUs and FPGA can
obtain full benefit with a timely development schedule.
v Develop a next demonstrator based on Ultrascale+ Xilinx family:
v" Next generation of GPUs and NVLink @NVIDIA high-speed bidirectional bus protocol to
exchange up to 320 Gb/s
v' NVLink in FPGA for high bandwidth zero latency communication

.. Room for improvements ...
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Thank you for your attention
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Backup slides
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CMS phase Il tracker readout chain ﬂ(IT

~104 Tb/s ~470 Tb/s ~50 Tb/s

Karlsruher Institut fir Technologie

Detector hit CBC/MPA CIC . GBT
. Data compression .
Binary readout Stub L Data transmission
and scarification
Frontend

DTC

L1 trigger L1 track system Data retrieval and
system Track reconstruction distribution to trigger
towers

Extreme challenge: reconstruct O(100) tracks from O(10k) stubs at 40 MHz

Patter recognition Fitting Slices
Associative Large bank of patter stored in PCA, Hough transform, 48 = 8x6 (¢pxn)
Memory a dedicated AM chip Retina (FPGA) Loading balancing time
Tracklet algorithm conventional road-based linearized x2 fit 168 = 28x6 (¢pxn)

track search (FPGA) (FPGA) 4x (BX)
Time-Multiplexed Hough transform (FPGA) ? 5 sectors in ¢ and time
architecture multiplexing of 24

What’s about GPUs for L1 track finding?

To reduce the hardware devices (AMs + FPGAs) and increase the trigger flexibility
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CMS and new tracker detector for fast pT dissemination ﬂ(IT

00 02 04 06 08 10 12 14 16 oo o Fo Techrotoc
E 120'1 / / rul T ut Tu nologi
E L Pixel detector
— 18
1000 — "" "" "“ “Il "" - . .
- = |, I I I ,o — Pixel-Strip (PS) module
“E \ detector ol “|| | - _
— parrel V=" || 22 = 2S (two strip sensors) module
conf J Forward detector | ",
b @= e My M ly fhi -2 Barrel detector: 4130 PS modules
= ===l ! iy I, —.0  (three layers) and 4464 2S modules
s ot A N fl i i —**  (three layers).
E,_,—_.. [ | f [ | | ! : ! : 40
Og e e T e e @ 1 All outer tracker with 15 508 modules

Z mm] in total
hilt matching windows (discrete)

pass fail

L1 stubs are processed off-module, in

the back end, to build L1 track m ---------- a
primitives 1HR IR I~1.6-4mm;’
LI -
Max latency = 12.5 ps [ =41t
Level-1 accept
RS Readout%‘ Track | ml,.s Each bunch crossing produces on the order of 10,000
g [ | Find Level1 stubs (PU 140). Only about 5 to 10% of these stubs
@ Stubs only * | > ggﬂg actually belong to primary tracks with pT > 2 GeV.

Outer Tracker Front-end Tracker Back-end CMS ‘
Track find latency = 5 us

The goal of the L1 Track Finding system is to reconstruct the tracks of primary particles with pT > 2 GeV and
discard as many as possible of all the other stubs.
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Pr Modules for track trigger: 2

2S module

5cmx90pum AC coupled strips (both
sides) pitch, ~10x10cm? ,P~4W

Front-end electronics (CBC chips), specialized for
strips features top/bottom sensor correlation

Low-mass
mechanical
structures
optimized for
cooling

CIC (Concentrator IC):

Data link: FE chip data sparsification

Low-power GigaBit Transceiver

(LpGBT) + laser driver currently
under development DC/DC converter (already foreseen in Phase-1 pixel

project) 10-12V lines: lower current, lower material
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P+ Modules for track trigger: PS

PS module P
2.4cmx100pum AC coupled strips + 1.5mmx100um DC
coupled macro pixels, ~5x10cm? ,P~6-8W

Front-end electronics, specialized for strips (SSA chip)
and pixels (MPA chip), features top/bottom sensor
correlation

Low-mass
mechanical

structures
optimized for
cooling

CIC (Concentrator IC):

Data link: : | .
Low-power GigaBit Transceiver FE chip data sparsification

(LpGBT) + laser driver currently
under development DC/DC converter (already foreseen in Phase-1 pixel

project) 10-12V lines: lower current, lower material
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GPUDirect vs NVLINK (NVIDIA) ﬂ(IT
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GPUDirect communication NVLINK communication

NVIDIA® NVLink™ is a high-bandwidth, energy-efficient interconnect that
enables ultra-fast communication between the CPU and GPU, and between
GPUs. The technology allows data sharing at rates 5 to 12 times faster than the
traditional PCIe Gen3 interconnect, resulting in dramatic speed-ups in
application performance and creating a new breed of high-density, flexible

servers for accelerated computing

See more at: http://www.nvidia.com/object/nvilink.html#sthash.7RIpyR8X.dpu
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K40 (NVIDIA) ﬂ(IT
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GK110B

Gen3 x16 12v/ 3v3
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Novel concept of DMA (KIT)

SKIT

CPU - Linux Staf§ KIT DMA Gplpf,e'\:i?;ory
Kernel (nVIDIA) Settings/Cmd Register Block
or OpenCL (AMD) | 2.
Descriptors list 3. Eli\éllf?eil;;ihAddress « ¥ 4. Mglrgcolzy
(GPU bus address) Data WR to GPU Block
Data transfer (Engine) Y — length
> DﬁsEcMrlcr))tRoYrs + Status WR/RD update W/
5. D_ynamica/ or
New concept EPGA 6. | DMA Status %%%fer
structures
Operations:
1. GPU memory allocation (nvidia_p2p_get_pages() or clCreateBuffer() OpenCL ).
- write the "Bus addresses” into FPGA descriptor memory, addr.surface_bus_address() OpenCL
2. Start DMA data transfer
3. DMA load the descriptor from the memory and fetch the DATA
4. Data transfer from FPGA > to GPU memory block (defined by descriptor)
5. DMA Update the Status for GPU kernel > number of blocks written, current descriptor address
6. DMA receive the current descriptor read by driver and therefore free for the next block transfers
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Readout system — performance / comparison gg(lT
Latency (NVIDIA)

FPGA master o Karlsruher Institut fir Technologie
(FPGA -> GPU) FPGA -> NVDIA l
Send data "
GPU Loopback .2
FPGA QU GPU kernel £ *
Data received 20
i GPU master 10
ping-pong latency (GPU-> FPGA)
NVIDIA: Latency < 2 I_lS, jitter < 30 ns ° 1.89 1.8921.894 1.896 1.9 1.904 1.9053rli.r9;2elk9;€;)1.92 1.924 1.928 1.932 1.936 1.938 1.94
->
FPGA  master FPGA AMD Latency (AMD)

(FPGA -> GPU)

700

600

WR data

) 500
RD request GPU No GPU
(AMD) kernel .
<€
RD data »
200

100

Entries
o
3

w
]

FPGA master
(FPGA -> GPU)

“clEnqueueWaitSignalAMD"” > to

synchronize the GPU with the .
remote device is not optimized &‘*&‘,ﬁo Nrfa»,f;v N')S’\:ib" NS C—Q% N@‘b\_@‘ﬁ \/f’;_g" &N:_.,c? ,;3?'\?,«‘9 ﬁ&q‘? \;,Sbc,a? N
Latency < 1.3 ps, three PCIle transactions Time (us)
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Multiple “GPU-Direct” architecture R\V4 Lk »

High-Flex readout card

Chip set

High-Flex

Only 20 ns are necessary to
switch from GPU; to GPU,

Ref: Ultra-fast computer tomography real-time 3D reconstruction
(data rate 50Gb/s). DOI: 10.1109/TNS.2015.2425911. Presented
to Real-time 2014 -Nara

Ref: Streaming Camera Platform for Scientific Applications. DOI:
10.1109/TNS.2013.2252528. Presented to Real-time 2012 —
Lawrence Berkeley Laboratory
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