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Abstract—Multi-messenger astrophysics is amongst the most
promising approaches to astronomical observations. A significant
challenge, however, is the fact that many instruments have a
narrow field of view, so transient events are often missed by
these instruments. The Advanced Particle-astrophysics Telescope,
currently under development, promises to provide low-latency
detection and localization for an important class of astronomical
events, thereby enabling the full observational capabilities of
narrow field-of-view instruments to be brought to bear. We
examine the computational pipeline for detection and localization
of Compton events utilizing computational accelerators, both
FPGAs and GPUs.

Index Terms—Advanced Particle-astrophysics
(APT), Compton scattering, FPGA, GPU

Telescope

I. INTRODUCTION

The Advanced Particle-astrophysics Telescope (APT) is a
future gamma-ray/cosmic-ray mission that will combine a
pair tracker and Compton telescope in a single monolithic
design [1]. One of the major features of APT is that by
incorporating multiple Compton imaging over a very large
effective area, the instrument will achieve orders of magnitude
improvement in sensitivity to photons of energies of one to a
few MeV compared to existing experiments. The multilayer
design also makes it possible to achieve a much larger field
of view (FoV) than conventional Compton telescopes. This
feature is particularly beneficial in the newly emerging area of
multi-wavelength and multi-messenger astrophysics, in which
transient signals from multiple modalities are combined to
learn more about the physical universe.

The information carried by photons, gravitational waves,
and neutrinos about individual cosmic sources is inherently
complementary [2]. In addition, many of the instruments used
to acquire signals in these modalities are limited to a narrow
field of view (e.g., sub-1° FoV is common), while large FoV
instruments (such as gravity wave detectors) provide limited-
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Fig. 1. Top: APT in Falcon-9 faring. Bottom: Detection modes. [1]

precision localization of detected signals. APT is intended to
support sub-1° localization precision in the MeV energy range.

This combination of wide instantaneous field of view and
narrow localization capability makes APT an important com-
ponent in the detection of ~y-ray transients such as neutron-
star mergers. Fast detection and localization of these events
— ideally within less than one second of their light arriving
at the detector — is crucial to capture sufficient data about
their evolution. The ability to urgently respond to events and
re-task terrestrial instruments therefore dramatically increases
the fraction of the available observation window of opportunity






In the Compton regime, the computational pipeline that The 12-instance design can be clocked at 300 MHz
follows digitization is comprised of event detection (determirand completes a single event computation in 68 cycles, or
ing the nominalxyz coordinates of each energy deposition)).23 s. This design therefore supports an event throughput
reconstruction (determining the sequence of energy depasib3 Mevents/s, well above the anticipated photon arrival rate.
tions by each photon), and localization (estimating the origin Figure 4 shows a scatter plot of the positional error (sep-
direction from a burst of photons). Each of these is describadately forx andy) that results from the above technique.
in turn in the sections below. Incident -ray photon interactions and ground-truth positions

are provided by [10]. The large majority of the errors are less
1. EVENT DETECTION USING ANFPGA than 2 mm, the width of a single WLS ber.

When the analog waveform digitizer ASICs trigger an event,
the information that is passed into the event detection stage
is the collection of contiguous bers that have a signal, with
the ith ber represented byf;, and the intensity signal on
each of these bers, represented §y This happens in both
the x andy dimensions. In this stage of the computation, we
must determine the centroid in each dimension of each energy
deposition. Adapting the techniques from Hyde [9], here we
investigate the use of high-level synthesis (HLS) to perform
the centroid computation, which is shown in Figure 3 and
expressed in Equation (1).

f Fig. 4. Positional error as a function of position.
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When used in a different context (a microscope design),
c Hyde [9] reported signicant positioning errors near the
boundaries of the sensor. The geometry of our instrument is
suf ciently different that, at least qualitatively, we do not see
this issue in our application. Our current investigation is fo-
cused on the few outliers with large positioning errors — both
understanding their cause and mitigating their downstream

Y

Fig. 3. Centroiding computation. impact.
P s f IV. RECONSTRUCTION ON AMULTICORE PROCESSOR
_ B i i . .
c= 437& @) Reconstruction takes the Compton scattering events detected

from one incident -ray photon by the centroiding stage,

Here,c is in units of bers, but that is easily converted tojncluding both their locations and their deposited energies, and
mm as the width for each ber is 2 mm (see Figure 2).  jnfers the order in which they occurred in the detector. The

Given that an FPGA will be used to interface with the analogoa| of this inference is to discover the locations of the most
ASICs, we are interested in performing the centroiding comgely rst and second scatterings in order, which are used
putation on the same FPGA. Flight hardware has not yet begng with the rst scattering's deposited energy to constrain
chosen, so we utilize a desktop card for evaluation purposfg direction in the sky from which the photon arrived at
(a Xilinx Alveo U250 accelerator card, which includes amhe detector. The time between scatterings is too small to
UltraScale+ architecture FPGA). The number of contiguoggrectly observe their sequence; instead, we consider every
bers with a signal for each energy deposition can vary. Igossible ordering, each implying a trajectory of the photon in
this work, we explore a maximum of 24 contiguous bersihe instrument, and select the trajectory that best explains the
guided by the simulation models of Chen et al. [10] observed locations and energy depositions_

The area limitations are completely dominated by DSP oyr basic approach to trajectory reconstruction from Comp-
blocks (see Table I). For 12 instances of a 24- ber versiogn scatterings follows Boggs and Jean [11], who described a
of Figure 3, 864 DSP blocks are required, comprising 7% Qfure of merit for a putative trajectory based on agreement
the FPGA. This corresponds to 3 DSP blocks per ber. Apetween the angles at which the photon scatters (given the

other resources are underutilized by comparison. trajectory) and the corresponding energy deposits, which pro-
vide independent estimates of each scattering angle via the
TABLE | Compton law. In [3], we describe an algorithmic approach
FPGA RESOURCEUSAGE to accelerate the testing of all possible trajectories over a
Instances| LUTs | BRAM | Registers | DSPs set of scattering events. To eliminate redundant computation

12 ] 25529 (1.5%)[ 23 (0.9%) | 67,528 (2.3%)[ 864 (7.0%) and ensure rapid analysis even of photons with multiple
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Appendix: Artifact Description

SUMMARY OF THE EXPERIMENTS REPORTED

The localization algorithms were run on a Washingtoftchitecture :
University server that has a Intel(R) Xeon(R) CPU E5-2620 \4PU op mode(s) :
for the CPU and an NVIDIA RTX 2080 for the GPU. CUDA Byte Order:

+ Iscpu

Xx86 64
32 bit, 64 bit
Little Endian

11.4, Eigen Version 3.3.9 and gcc (GCC) 9.2.1 20191120 (REFU(S) : 32

Hat 9.2.1-2) were used on this machine for testing.

On line CPU(s)

list: 031

Thread(s) per core: 2

ARTIFACT AVAILABILITY
Software Artifact Availability
All author-created software artifacts are maintained in

public repository under an OSl-approved license. The URY.€ndor ID:
CPU family: 6

is below.

Core(s) per socket: 8
Socket(s): 2
NUMA node(s): 2

Genuinelntel

Model: 79

Hardware Artifact Availability
There are no author-created hardware artifacts.

Model name:

Intel (R) Xeon(R) CPU
E5 2620 v4 @ 2.10GHz

) o Stepping: 1
Data Artifact Availability CPU MHz: 1494 107
The data artifacts are not yet publicly available. CPU max MHz: 3000.0000
. . CPU min MHz: 1200.0000
Proprietary Artifacts BogoMIPS : 4199.94
None of the associated artifacts, author-created or otherwisgirtualization : VT x
are proprietary. L1d cache: 32K
List of URLs and/or DOIs where artifacts are available L1i cache: 32K
L2 cache: 256K
https://sbs.wustl.edu/ADAPTsoftware.html L3 cache: 20480K
BASELINE EXPERIMENTAL SETUP AND MoDIFicaTions ~ NUMA nodeO CPU(s): 07,16 23
MADE FOR THE PAPER NUMA nodel CPU(S) : 8 15,24 31

Relevant hardware details
Server - see details below.

Operating Systems and Versions
Rocky Linux 8.4 (Green Obsidian)

Compilers and Versions
gcc (GCC) 9.2.1 20191120 (Red Hat 9.2.1-2), nvcc 11.0

Libraries and Versions
CUDA 11.4, Eigen 3.3.9

Key Algorithms
GEMM, Linear Least-Squares

Output from scripts that gather execution environment infor-
mation

+ uname a

Linux lotus.engr.wustl.edu 5.10.16 1.el8.
elrepo.x8664 #1 SMP Thu Feb 11
17:44:06 EST 2021 x8664 x86 64 x86 64
GNU/ Linux

Flags:

fpu vme de pse tsc
msr pae mce cx8 apic sep mtrr pge mca
cmov pat pse36 clflush dts acpi mmx
fxsr sse sse2 ss ht tm pbe syscall nx
pdpelgb rdtscp Im constantsc
arch_perfmon pebs bts remood nopl
xtopology nonstoptsc cpuid aperfmperf
pni pclmulgdq dtes64 monitor d<spl
vmx smx est tm2 ssse3 sdbg fma cx16
xtpr pdem pcid dca ssed sse4?
x2apic movbe popcnt tscdeadline timer
aes xsave avx fl6c rdrand lahlfim abm
3dnowprefetch cpuidfault epb catl3
cdp_I3 invpcid_single pti intel ppin
ssbd ibrs ibpb stibp tprshadow vnmi
flexpriority ept vpid eptad fsgsbase
tsc_adjust bmil hle avx2 smep bmi2
erms invpcid rtm cgm rdta rdseed adx
smap intel pt xsaveopt cqgmllc
cqm_occup_llc cqm_mbm_total
cgm_mbm_local dtherm ida arat pln pts
flush_l1d



