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• Detectors are becoming increasingly segmented
• Response to more complex events (e.g. 'pileup' @LHC)

• Trigger challenge: how to manage trigger readout rates, 
while also benefitting from fine segmentation?
• The key bottleneck is on-detector data reduction

• Traditionally, detector-specific ASICs simply "sum or sort", 
leaving the intensive processing to off-detector electronics
• Meanwhile off-detector logic has become increasingly 

complex (tracking, clustering, event reco. on FPGAs)
• More computationally intensive on-detector processing 

may open avenues for enhanced trigger performance

Motivation
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• This talk presents a Neural Network (NN) autoencoder for 
front-end data compression on an ASIC, based on the 
CMS High-Granularity Endcap Calorimeter (HGCal).

• Our design seeks to:
• enable more complex compression algorithms, with the 

potential to improve physics performance
• customize the compression algorithm for individual 

sensors based on their location within the detector
• adapt the compression algorithm for changing detector 

conditions (e.g. radiation damage, new beam configs)

Outline
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*HGCal is used as a demonstration only
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CMS High-granularity Calorimeter
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12 Chapter 1. Introduction and overview

Any replacement calorimeter must have the ability to withstand integrated radiation levels that
are ten times higher than anticipated in the original CMS design. Simulations using FLUKA
(Figs. 1.1 and 1.2) indicate that the highest fluence is around 1016 neq/cm2 and the highest
dose around 2 MGy. Such radiation levels will be encountered at the inner radii of the sili-
con trackers at the HL-LHC. The R&D carried out, by several groups, for the upgrade of the
silicon tracker has demonstrated that silicon sensors could indeed tolerate such levels. The
silicon sensors retain adequate charge collection even after having been submitted to fluences
up to 1.5⇥1016 neq/cm2 (where neq/cm2 denotes the number of 1 MeV equivalent neutrons
per square cm), a fluence that is 50% higher than expected for an integrated luminosity of
3000 fb�1. Hence silicon sensors were chosen for the active material for the bulk of the upgrade
of the endcap calorimeters. In order to reliably operate silicon sensors after irradiation, and to
keep sufficiently low the energy equivalent of electronics noise that results from the increased
leakage current and decreased charge collection efficiency after irradiation, the sensors have to
be operated at around �30 �C.

Figure 1.1: Dose of ionizing radiation accumulated in HGCAL after an integrated luminosity
of3000 fb�1, simulated using the FLUKA program, and shown as a two-dimensional map in the
radial and longitudinal coordinates, r and z.

The proposed design uses silicon sensors as active material in the front sections and plastic
scintillator tiles, with the scintillation light read out by SiPMs, towards the rear. In the re-
gion covered by plastic scintillators the maximum radiation levels correspond to a fluence of
8⇥1013 neq/cm2 and a dose of 3 kGy. In order to keep the radiation-induced energy equivalent
of electronics noise sufficiently low, SiPMs also have to be operated at around �30 �C. Hence
the whole calorimeter will be operated at �30 �C.

The chosen techniques rely on recent advantageous advances in cost per unit area and radia-
tion tolerance of silicon sensors, advances in radiation-tolerant fast electronics, high-bandwidth
data transmission via optical fibres, and in FPGA technology for the first level of event selec-
tion. The challenges lie mainly in the area of engineering (electronics, mechanical, and thermal),
data transmission, and level-1 (L1) trigger formation.
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Over 6M channels.
52 layers of Si+absorber.

Data generated @rates 
up to 380 Gbps/module
(40Mhz BX rate)

Target trigger bandwidth: 
2.56 to 6.4 Gbps/module
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HGCal trigger path
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• 40MHz readout requires sending 3x3 "trigger cells" (TCs)
• Further compression in ECON-T concentrator ASIC

432 Silicon pads 
→ 48 TCs / module

24 Chapter 2. Active elements

and/or 3 ⇥ 3 neighbouring cells to form trigger primitives, shown as differing colour group-
ings in the figure, and the subdivision of the module into symmetric domains for the readout
chips, simplifying the layout of the module readout printed circuit board (PCB). Silicon wafer
layouts using the three-fold diamond configuration are shown in Fig. 2.4.

Figure 2.3: Schematic illustration of the three-fold diamond configuration of sensor cells on
hexagonal 8” silicon wafers, showing the groupings of sensor cells that get summed to form
trigger cells, for the large, 1.18 cm2, sensor cells (left), and for the small, 0.52 cm2, cells (right).

Figure 2.4: Drawing of hexagonal 8” silicon wafers, with layout of large, 1.18 cm2, sensor cells
(left), and small, 0.52 cm2, cells (right).

The cell size is driven both by physics performance considerations, such as the lateral spread
of electromagnetic showers, and by constraints imposed by the need to keep the cell capaci-
tance within a manageable range. In practice, this results in cell sizes of ⇡1 cm2 for the 300 and
200 µm active thickness sensors and ⇡0.5 cm2 for the 120 µm active thickness sensors, corre-
sponding to a maximum cell capacitance of 65 pF. Each sensor has either 192 or 432 individual
diodes, which act as sensor cells. The HV bias is applied to the sensor back-plane, whereas the
ground return from each individual cell is provided through the DC connection to the corre-
sponding front-end amplifier. Two cells per readout chip are segmented to include calibration
pads with smaller size and correspondingly lower capacitance and noise.

An irradiation campaign is underway, which will include noise measurements, with a partic-

After concentrator ASIC
aggregate 12 sums (high-occ.)
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ground return from each individual cell is provided through the DC connection to the corre-
sponding front-end amplifier. Two cells per readout chip are segmented to include calibration
pads with smaller size and correspondingly lower capacitance and noise.

An irradiation campaign is underway, which will include noise measurements, with a partic-

Significant data reduction is required on-detector

This compression discards potentially powerful 
information from use in the trigger decision

(Electron/photon identification, forward jets, and more)

After concentrator ASIC
aggregate 3 sums (low-occ.)
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Auto-encoder concept
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Inputs Recovered 
inputs

Latent space
(compressed)

Encoding
Neutral Network

Decoding
Neutral Network
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Auto-encoder concept
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Inputs Recovered 
inputs

Latent space
(compressed)

Encoding
Neutral Network

Decoding
Neutral Network

Simplest case:
Fully-connected NN

Matrix 
multiplication

Non-linearity, e.g.
σ(xi)=max(xi,0)

yi = �(wijxi + bi)� wij bi

Parameters are
fully-reconfigurable!
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Auto-encoder concept
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48 TC 
inputs

On-detector 
Concentrator 

ASIC

Off-detector 
Reconstruction in 

trigger FPGAtransmit
compressed 

data
trigger

electron

Inputs Recovered 
inputs

Encoding
Neutral Network

Decoding
Neutral Network
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Auto-encoder concept
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48 TC 
inputs

On-detector 
Concentrator 

ASIC

Inputs Recovered 
inputs

Encoding
Neutral Network

Decoding
Neutral Network

Control area, power by minimizing
# bit operations:

Encoder multiply-accumulates

Nops · (binputsbweights + · · · )binputsbweights
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Auto-encoder concept
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Inputs Recovered 
inputs

Latent space
(compressed)

Encoding
Neutral Network

Decoding
Neutral Network

4x12
Input 
image

4x12
Output 
image

10-dim
latent 
space
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MIT-CTP 5102

The Metric Space of Collider Events

Patrick T. Komiske,⇤ Eric M. Metodiev,† and Jesse Thaler‡

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA and
Department of Physics, Harvard University, Cambridge, MA 02138, USA

When are two collider events similar? Despite the simplicity and generality of this question, there
is no established notion of the distance between two events. To address this question, we develop
a metric for the space of collider events based on the earth mover’s distance: the “work” required
to rearrange the radiation pattern of one event into another. We expose interesting connections
between this metric and the structure of infrared- and collinear-safe observables, providing a novel
technique to quantify event modifications due to hadronization, pileup, and detector e↵ects. We
showcase how this metrization unlocks powerful new tools for analyzing and visualizing collider
data without relying upon a choice of observables. More broadly, this framework paves the way for
data-driven collider phenomenology without specialized observables or machine learning models.

High-energy particle collisions produce a tremendous
number of intricately correlated particles, especially
when energetic quarks and gluons are involved. Behind
this apparent complexity, however, the overall flow of
energy in an event is a robust memory of its simpler
partonic origins [1–8]. Surprisingly, no definition of the
similarity between events presently exists that sharply
captures this correspondence. In the absence of a metric,
e↵orts typically fall back upon ad hoc methods such
as comparing specific observables [9–13] or matching
the pixels of calorimeter images [13–17]. These ap-
proaches su↵er from significant pathologies: disparate
event topologies can give rise to identical observable val-
ues, while pixels lack stability under small perturbations.
A theoretically and experimentally robust definition of
the “distance” between events would profoundly expand
our ability to explore the structure of collider data and
unlock entirely new ways to probe events.

In this letter, we advocate for the earth (or energy)
mover’s distance (EMD) [18–22] as a metric for the space
of collider events. We propose a variant of the EMD,
inspired by Refs. [21, 22], that allows events with di↵erent
total energies to be sensibly compared. The EMD is the
minimum “work” required to rearrange one event E into
the other E

0 by movements of energy fij from particle i
in one event to particle j in the other:

EMD(E , E 0) = min
{fij}
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fij
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fij = Emin,

where i and j index particles in events E and E
0, respec-

tively, Ei is the particle energy, ✓ij is an angular distance
between particles, and Emin = min(

P
i Ei,

P
j E0

j) is the
smaller of the two total energies. R is a parameter
that controls the relative importance of the two terms.
While energies and angles are used here for clarity, we
will use transverse momenta pT and rapidity-azimuth
(y, �) distances for our applications relevant for the Large
Hadron Collider (LHC).
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FIG. 1. The optimal movement to rearrange one top jet
(red) into another (blue). Particles are shown as points in
the rapidity-azimuth plane with areas proportional to their
transverse momenta. Darker lines indicate more transverse
momentum movement. The energy mover’s distance in
Eq. (1) is the total “work” required to perform this rearrange-
ment.

The EMD that we propose in Eq. (1) has dimensions
of energy, where the first term quantifies the di↵erence
between the two radiation patterns and the second term
accounts for the creation or destruction of energy. It is
a true metric (satisfying the triangle inequality) as long
as ✓ij is a metric and R �

1
2✓max, where ✓max is the

maximum attainable angular distance between particles.
For instance, R must be at least the jet radius for conical
jets. Formally, the EMD metrizes the energy flow, as it
treats events di↵ering only by soft particles or collinear
splittings identically. This hints at a deep connection to
infrared and collinear (IRC) safety of observables [23–26],
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NN inputs and performance metric
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• Data sets: training+validation samples of jets, electrons, 
and pileup, using HGCal modules across many layers

• Image similarity: Energy mover’s distance, measuring 
the (energy)*(distance) cost of the "optimal transport"

1902.02346

←Original
HGCal
image

Decoded→

How well did we do?

EMD for jet similarity 
@LHC

https://arxiv.org/abs/1902.02346
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NN model to ASIC implementation
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• Training: QKeras enables quantization-aware training
• "Imaging calorimeter" → Convolutional NN (CNN)

• Model→RTL: Translated to HLS via hls4ml, enabling a 
tight optimization loop combined with CatapultHLS.
• Hear more on hls4ml in NS-32 from D. Rankin

• Configurability: Completely 
update NN weights via I2C
• Adapt to changing detector 

(e.g. radiation effects)
• For full implementation details, 

see F. Fahim’s talk in NS-24
Design floor-plan
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NN architecture exploration
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• NN complexity may improve performance at the cost of a 
larger, more power-hungry design
• Begin with simple CNN: 1 convolution + 1 dense layer

• Many possible variations were investigated:

'Pooling' convolution outputs: 2d/3d convolution inputs:

Extra layers:
e.g. 2 convolutions

Larger kernel size:
3x3 → 5x5

+→ →

→max or→
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NN architecture exploration
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Model configuration EMD Parameters Ops/eval
Nominal 2.06 2288 11152

Extra conv layer 2.14 +26% +333%
Extra dense layer 2.00 +12% +5%

5x5 kernel 1.86 +17% +110%
2x2 pooling 1.57 -67% -26%

2d inputs 1.47 +173% +76%
Non-NN "Aggregation"

4.07 / 4.77 n/a n/a
in 2x2 / 4x4 sums

• NN complexity may improve performance at the cost of a 
larger, more power-hungry design
• Begin with simple CNN: 1 convolution + 1 dense layer

• Many possible variations were investigated:
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Optimizing bit-wise precisions (I)
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48 inputs 
(trigger cells)

8 Conv 
filters

16 
outputs

128
features

Input size reduced 
by normalizing to 
sensor maximum 
(22→8 bits).

Output precision is 
set by occupancy.

Algo is configurable 
from 48 to 144 bits.

Precision of all 
internal weights may 

be optimized 
(within ~4mm2 ASIC 

area constraint).
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Optimizing bit-wise precisions (II)
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NN outputsSensor output 
bandwidth

64 bits 
160 bits

6 
10 
16

• Better encoding 
using many low-
precision calcs.

• True for high and 
low-bandwidth 
scenarios.

lower values better

• Better to perform many low-precision calculations or 
fewer with higher precision?
• Find optimal weight precision, while keeping area fixed.
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Conclusions
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• We have presented a NN encoder targeting the CMS 
HGCal concentrator ASIC
• Our design profits from a tight optimization loop using 

quantized training and HLS allows for rapid iteration.
• Expanded on-detector processing may enhance the 

physics performance of off-detector trigger logic
• Suggests means to exploit fine granularity in the trigger

• Reconfigurability is key to adapt to changing conditions 
and benefit from future model improvements.

• Beyond the HGCal, the design flow and optimization tools 
explored here might extend to Intelligent Detectors in 
data-rich environments across HEP experiment.
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Thanks also to the
FNAL ECON team,
CMS HGCal and
Fast Machine Learning
communities!

Thanks to all Collaborators!
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F. Fahim*, B. Hawks, CH, 
J. Hirschauer, N. Tran*

*also Northwestern

L. Carloni, G. Di Guglielmo

Y. Luo, S. Ogrenci-Memik
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