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A FPGA-Based Architecture for Real-Time Cluster
Finding in the LHCb Silicon Pixel Detector
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Abstract— This article describes a custom [very high speed
integrated circuits (VHSIC) hardware description language
(VHDL)] firmware implementation of a 2-D cluster-finder archi-
tecture for reconstructing hit positions in the new vertex pixel
detector that is part of the large hadron collider beauty (LHCb)
Upgrade. This firmware has been deployed to the existing
field-programmable gate-array (FPGA) cards that perform the
readout of the VErtex LOcator detector (VELO), as a further
enhancement of the data-acquisition (DAQ) system, and will run
in real-time during physics data taking, reconstructing VELO
hits coordinates on-the-fly at the LHC collision rate. This pre-
processing allows the first level of the software trigger to accept
an 11% higher rate of events, as the ready-made hit coordinates
accelerate the track reconstruction and consume significantly less
electrical power. It additionally allows the raw pixel data to be
dropped at the readout level, thus saving approximately 14%
of the DAQ bandwidth. Detailed simulation studies have shown
that the use of this real-time cluster-finding does not introduce
any appreciable degradation in the tracking performance in
comparison to a full-fledged software implementation. This work
is part of a wider effort aimed at boosting the real-time processing
capability of HEP experiments by delegating intensive tasks to
dedicated computing accelerators deployed at the earliest stages
of the data acquisition chain.

Index Terms— Clustering, connected-component labeling
(CCL), FPGA, large hadron collider beauty (LHCb), [very high
speed integrated circuits (VHSIC) hardware description language
(VHDL)].
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I. INTRODUCTION

THE large hadron collider beauty (LHCb) experiment has
collected data over the past decade, during Run 1 and

Run 2 of the LHC, and recently underwent a major update
for the current Run 3. In addition to replacing most of the
subdetectors, the front-end electronics and data-acquisition
system were completely renewed [1], to read out and process
the complete information of the detector at the full LHC
beam crossing rate of 40 MHz (30 MHz averaged over the
LHC cycle). This change is motivated by the needs of the
LHCb physics program, which requires the collection of low
transverse momentum events that need high-level processing
to be distinguished from background events [2]. This evolution
puts a large computing toll on the new real-time processing
system, motivating the deployment of innovative features, with
a general trend of increasing customization, parallelization,
and early data preprocessing. A new trigger system [1], [3]
was designed to allow the experiment to collect data effectively
at an instantaneous luminosity of 2 ⇥ 1033 cm�2s�1, five
times higher than during Run 2, corresponding to a bandwidth
of about 32 Tb/s. The subsequent event-building stage and
software high-level-trigger (HLT) processing lead to a data
storage flow of 80 Gb/s.

The triggering process is divided into two main stages,
named HLT1 and HLT2. HLT1 uses an array of GPU servers to
perform a faster event reconstruction, with the only purpose of
reducing the event rate, while retaining as much signal as pos-
sible, to a level acceptable for HLT2. HLT2, based on an array
of CPU servers, performs a complete reconstruction of events
with an offline-level quality, which is permanently stored
for subsequent analysis. To perform its function effectively,
HLT1 needs to perform a nearly complete event reconstruction.
First, it finds track segments in the VErtex LOcator detector
(VELO), attaching to them hits from the further tracking
stations upstream and downstream of the magnet to obtain
complete tracks; then, the positions of the primary vertices
of the proton–proton (pp) collisions are found, as well as
those of displaced vertices that constitute the main signature
of heavy-flavor particle decays.

The feasibility of implementing several parts of this
sequence in a specialized architecture, using programmable
digital electronics co-processors (FPGAs), has been studied
with the aim of achieving a faster and cheaper reconstruction,
especially in view of future runs, moving parts of it before the
event-building stage [4].
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Fig. 1. Illustration of the basic constituents of a VELO layer [5]. Red dots
mark the origin, pixel (0,0), of the local Cartesian coordinate system of each
sensor (see Section III). As an example, the axis orientation is displayed in
both sensors of the upper module.

In this article, we address the very first step in LT1 event
reconstruction, that is the search for clusters of active pixels
in the VELO [5]. Grouping contiguous pixels in clusters is a
conceptually simple but computationally demanding task, due
to the 2-D geometry and the large number of pixels of the
VELO detector (approximately 40 million). In the preliminary
version of HLT1, designed to run entirely on CPUs, this task
alone consumed 17% of the time required by the complete
HLT1 reconstruction sequence. We address here this issue and
describe an efficient architecture of this functionality, requiring
a very modest amount of FPGA resources, while providing the
throughput and the performance required for its use within
the LHCb DAQ system. The core ideas underlying the design
of this architecture are based on studies of an FPGA-based
track-finding system, performed within the INFN-RETINA
Research and Development Project [4]. The overall structure
of our algorithm and its main building blocks are rather general
and can be applied to any pixel detector. A baseline version
is available for download from a public code repository [6].
However, the LHCb version contains specific features tailored
to the VELO detector.

II. FORMAT AND FEATURES OF VELO DATA

The Run 3 VELO is a silicon pixel detector consisting of
26 layers both downstream (19) and upstream (seven) of the
nominal point of pp collisions. Each layer consists of two
modules, each read by a dedicated readout card. A module is
made of four sensors, each of which is bump-bonded to three
VeloPix [7] ASICs (chips), as shown in Fig. 1. The VELO
front-end data arrive at the LHCb readout cards via optical
links as aggregated groups of 4 ⇥ 2 pixels, named Super-
Pixels (SPs), with binary response. The data are deserialized,
decoded, and sent to the data processing stage. SPs are output
by the detector without a well-defined time ordering, and data
from different LHC beam crossings (separated by 25 ns) may
not be synchronized and mixed over time. The first step of
the VELO data-processing firmware reorders the SPs, making
sure that SPs coming from the same proton bunch crossing
(event) are grouped together [8], before data are sent to the
clustering stage. Reconstructed clusters are then formatted into
LHCb event fragments and sent to the PCIe bus. Fig. 2 shows
a schematic view of the firmware [8] of the custom PCIe
cards (TELL40 [9]) that perform the readout of the VELO.
TELL40 cards are used as readout units for each subdetector

Fig. 2. Schematics of the TELL40 firmware. A detailed description can be
found in [8].

Fig. 3. Distribution of the number of pixels per cluster.

within LHCb. Each TELL40 card carries an Altera Arria-10
GX 1150 FPGA with 1150k logic elements.

The clustering firmware was designed to take as its input the
list of all active SPs found in a given event and to produce a list
of reconstructed clusters, each with the local (x, y) coordinates
of its centroid. In addition, it provides the detailed shape
of the pixel cluster, as well as some flags indicating cluster
quality. These additional quantities are not required by HLT1
reconstruction, but are computed to allow HLT2 to perform
a fully optimized reconstruction of tracks, despite the lack of
the original raw pixel data.

The size of clusters generated by individual charged par-
ticles crossing the VELO layers is less than or equal to
4 pixels in 96% of the cases, whereas larger clusters are
mostly the product of merged hits or secondary emissions
(�-rays, etc.). The distribution of cluster sizes as predicted by
the LHCb Upgrade simulation (MC) [10] is shown in Fig. 3.

III. CORE ARCHITECTURE

The distribution in Fig. 3 implies that clusters produced by
a single particle hit are often contained within a single SP
word. In those cases, the reconstruction of the cluster can be
performed through a lookup table (LUT), and it is therefore
advantageous to perform an initial preprocessing of SPs to
separate these occurrences from the others and to send them
to two distinct parallel processing blocks. The separation is
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performed by comparing the 2-D position of each SP with
that of all other SPs of the same sensor in the same event.
Each SP is then flagged as “isolated” if none of its eight SP
neighbors has any active pixels. The LHCb simulation predicts
that isolated SPs will account for 53% of the total number of
SPs at nominal Run 3 luminosity conditions.

The centroid of clusters within isolated SPs is calculated
directly by means of an LUT. Each of the 28 possible pixel
configurations within an SP is linked to the precalculated cen-
ter of mass of the corresponding reconstructed cluster(s). This
LUT-based reconstruction allows an extremely fast processing
of isolated SPs, with a very limited amount of logic resources.
It is possible for up to two distinct clusters to be present within
a single SP. The firmware correctly handles this case as well,
generating two independent clusters in the output.

The algorithm for nonisolated SPs requires instead the con-
current processing of multiple SPs. This part of the processing
is performed at the level of individual pixels, dropping the
SP-based formatting of the data. Each detector pixel is mapped
to a cell within an active bit matrix, set to 1 or 0 according
to the pixel status. The bit matrix has a built-in logic, capable
of recognizing certain predetermined patterns, signaling the
presence of a cluster corner at a certain pixel position. Since
more than 96% of the reconstructed clusters are made of no
more than four contiguous pixels, the most efficient choice for
the patterns is an “L”-shaped sequence of inactive pixels with
two different configurations of active pixels with the cluster
candidate contained in a 3 ⇥ 3 pixel grid (Fig. 4). If one of
the patterns is matched, the cluster candidate is recognized in
the grid (green pixels in figure), as well as the anchor pixel
(blue pixel in figure), positioned in one of the corners of the
grid depending on the orientation of the sensor. The presence
of a cluster corner is simultaneously checked on every bit of
the matrix and it is completed in a single clock cycle. In the
next clock cycle, the first cluster found is extracted from the
matrix.

This highly parallelized mechanism is key to the successful
operation of the architecture at the extremely high throughput
levels required by the LHC collision rate. However, the amount
of FPGA logic resources needed to implement a complete
bit-matrix map of the approximately 40 millions pixels of
the VELO detector would be excessive. This corresponds to
approximately 780 000 pixels in input to each VELO readout
card. To overcome this problem, a sparse representation of
the bit matrix is adopted, breaking it down into a set of small
matrices of fixed size, which get dynamically allocated only
for the regions of the detector that contain active pixels. After
some optimization studies, accounting for a maximum detector
occupancy of around 0.125% [5], an average size of recon-
structed clusters of 2 pixels, and computational requirements,
the size of each small matrix has been chosen to cover the
same area as 3 ⇥ 3 SPs, that is, 6 ⇥ 12 individual pixels
(Fig. 5). To reconstruct cluster candidates having an anchor
pixel lying near the edge, each matrix is surrounded by the
edges of registers fixed at zero, as shown in Fig. 6. These edges
are not used during the filling process, but are necessary to
determine the 3 ⇥ 3 cluster candidate when there are active
pixels at the edge of the 3 ⇥ 3 matrix. An example of such a

Fig. 4. Pixel patterns used to identify a cluster candidate. The patterns are
optimized for the sensor mounting orientation. See Giambastiani [11] and
Bassi [12] for further details.

Fig. 5. Sketch of the matrix filling mechanism for nonisolated SPs. SPs with
same color (label) are neighbors with active pixels. The blue SP (B) fills the
first matrix in the line that is already populated with one of its neighbors. The
green SP (G) does not belong to any of the already populated matrices, so it
moves forward. The orange SP (O) has reached a noninitialized matrix, so it
fills the center.

configuration is shown in Fig. 6(b). The width of the edges is
determined by the VELO sensor number, the allowed patterns,
and the cluster candidate topology (Fig. 4).

To allow the allocation of matrices to proceed in real-time
without any delay, matrices are organized in a sequential chain
for each VELO sensor, with SP data flowing continuously
along the chain at the same rate as they are fed into the
clustering block. All the matrices are initialized as empty.
When an SP arrives at an empty matrix, it fills the center
of the matrix and it defines the physical location of the matrix
inside the VELO detector, as well as the set of coordinates
of the other SPs that can fill it. The allocated position of the
matrix is checked against the coordinates of every SP going
through the chain. If an SP belongs to the region inside the
matrix, it is used to fill its appropriate location; otherwise,
it moves forward along the input line. Eventually, every SP
gets stored in some matrix of the chain. An explanatory
diagram illustrating the mechanism is shown in Fig. 5.

When the input flow of SPs has ended, data from each
matrix are copied in a single clock cycle to a twin matrix (pat-
tern recognition matrix) where cluster-finding is performed.
In this way, the input matrix is ready to accept data from
the next event immediately. The pattern recognition of all
the potential cluster candidates in this twin matrix is then
performed, and the local coordinates of the centroid, with
respect to the anchor pixel position, of each found cluster
are determined using an LUT. The absolute position of the
cluster candidate is obtained as the sum of three vectors of
coordinates: the position of the matrix with respect to the
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Fig. 6. Matrix edges and pattern orientations (a) for sensors 0 and 3 and
(b) for sensors 1 and 2.

sensor, the position of the anchor pixel with respect to the
matrix, and the position of the reconstructed cluster with
respect to the anchor pixel.

The clustering algorithm described has several parameters
that can be tuned to optimize its performance in terms of
speed, efficiency, and quality of the reconstruction. The shape
and size of the matrix are determined by how nonisolated SPs
are arranged together, whereas the distribution of the number
of SPs with neighbors per event sets the number of matrices
that need to be instantiated. The implementation of the above
algorithm as FPGA firmware does not allow the number of
matrices to be dynamically adjusted to cope with the variable
number of nonisolated SPs per event. However, from LHCb
simulations we determined that a fixed number of 20 matrices
per VELO sensor is sufficient to ensure that less than 0.1% of
the SPs overrun the matrix chain at the nominal Run 3 instan-
taneous luminosity (2 ⇥ 1033 cm�2s�1), and this number was
adopted for the final implementation. SPs exceeding this limit
are not discarded. Instead, partial information is extracted
from them, by resolving them via an LUT as if they were
isolated. This approach avoids inefficiencies, at the expense
of a slight increase in the number of split clusters, since more
than one cluster ends up being reconstructed from a single
group of neighboring pixels, when they happen to be spread
over multiple SPs [11], [12]. These clusters are flagged in the
output as “nonisolated,” to allow the reconstruction algorithms
in the HLT to deal with them properly.

The LHCb experiment foresees to collect data also for
heavy-ion collisions [13]. A modified version of the clustering
architecture will be used to cope with the higher number of
SPs (around six times larger than in pp collisions). Due to the
limited amount of FPGA resources, the same matrices will be
used multiple times to accommodate all the SPs. The cluster
reconstruction of a heavy-ion event requires more time than
the pp case, given the higher number of SPs, however, due to
the much lower interaction frequency (50 kHz) the firmware
can easily provide the necessary throughput also in this case.

Fig. 7. Example of corner cases of the FPGA clustering algorithm: (a) partial
cluster reconstruction and (b) cluster splitting.

IV. PHYSICS PERFORMANCE

The FPGA cluster-finding architecture was designed with
the intent of replacing the raw pixel data with the reconstructed
hit coordinates at the detector readout level. Except when
running in the debug mode (that preserves the full original
information together with the cluster data), the raw pixel data
are discarded and cannot be recovered at any later stages.
Therefore, extensive simulation studies were performed to
assess the effect of using the FPGA-reconstructed clusters
on the physics performance of the LHCb reconstruction, both
at the HLT1 and HLT2 stages. This was compared with the
alternative scenario in which the VELO hits are reconstructed
by a full-fledged software reconstruction within the HLT
system, free from all the constraints imposed by the FPGA
architecture, and from the severe throughput requirements of
operating at pre-build level (30 versus 0.17 MHz, where a
farm of about 170 GPUs is assumed for HLT1).

For the sake of generality, comparisons are made
to a CPU-based clustering algorithm that is free from
implementation-specific constraints. However, the actual HLT1
implementation at LHCb is GPU-based, but its performance is
indistinguishable from the CPU version we take as reference.
The key differences between the FPGA and CPU algorithms
that can potentially affect the reconstruction performances
are the cluster-finding mechanism, the maximum cluster size
in the FPGA algorithm (limited to a 3 ⇥ 3 pixel grid), and
the constraints of the FPGA matrix filling scheme. They can
potentially lead to inefficiencies, cluster splitting, or incom-
plete reconstruction of some clusters. An example of partial
cluster reconstruction is illustrated in Fig. 7(a), where the
red pixel is left out of the reconstructed cluster. The shift of
the reconstructed hit position may lead to a degradation of
the precision on the reconstruction of the particle trajectory,
or even to a loss of efficiency if the associated track is not
reconstructed at all. Fig. 7(b) shows an example of cluster
splitting, where the algorithm finds two clusters, with a pixel
in common, from six contiguous active pixels.

To perform the studies, a faithful software simulation of
the FPGA-based clustering algorithm has been produced. This
simulation was integrated within the official LHCb software
simulation, and a CPU–FPGA comparison was performed on a
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Fig. 8. Efficiency in reconstructing clusters as a function of the pseudorapid-
ity (top) and the momentum (bottom) of the associated tracks for the CPU and
FPGA-based algorithms. Clusters, from tracks that can be reconstructed using
only information from VELO hits, are shown. The blue histograms show the
pseudorapidity (top) and the momentum (bottom) distributions of the tracks.

sample of 50 000 bunch crossings, each containing an average
number of 7.6 pp interactions, at an instantaneous luminosity
of 2 ⇥ 1033 cm�2 s�1. This corresponds to a total number of
about 108 SPs (7 ⇥ 107 clusters), generated at the foreseen
LHCb Upgrade running conditions with a center of mass
energy of 14 TeV. The efficiency in reconstructing VELO
clusters is defined as the ratio between the number of Monte
Carlo (MC) hits matched to a cluster and the total number
of MC hits. Only MC hits that produce enough charge in the
detector to activate at least one pixel are considered. An MC
hit is matched to a cluster if they share at least one pixel. The
efficiency in reconstructing VELO clusters of the FPGA-based
algorithm is about 99.8%, and almost indistinguishable from
that of the CPU algorithm, as illustrated in Fig. 8. Here,
the efficiency of reconstructing clusters from tracks that can
be reconstructed using information from VELO hits only is
shown as a function of the pseudorapidity (⌘) and momentum
of the tracks. The overall FPGA cluster inefficiency, with
respect to the CPU algorithm, is below 0.1% within the LHCb
geometrical acceptance (2 < ⌘ < 5).

The quality of the reconstructed clusters is also studied by
looking at the distributions of cluster residuals. The residual
is defined as the distance between the position of the recon-
structed cluster and the true coordinates of the hit generated
by the passage of the particle on the associated detector layer.
A comparison between residual distributions of reconstructed
clusters, between the CPU and FPGA algorithms, is shown
in Fig. 9. Distributions are plotted over the x coordinate,
in the LHCb global reference frame. The two distributions are
indistinguishable in the core, with very small differences in
the tails. It is also checked that most of the nonreconstructed
hits are of inferior quality, sitting in the tails of the resolution
curve.

Fig. 9. Distributions of cluster residuals, along the x coordinate, for the
CPU- and FPGA-based clustering algorithms. Distributions are normalized to
unity. Similar results are obtained for the y coordinate.

Extensive studies are also performed to measure the quality
of the full track reconstruction, when FPGA VELO clusters
are used. The trajectories of charged particles traversing the
tracking system are reconstructed from hits in some of the
three tracking detectors, that is the VELO, the upstream tracker
(UT) placed upstream of the magnet, and the scintillating
fiber (SciFi) detector placed downstream of the magnet [14].
Tracks reconstructed using only hits from the VELO detector
are called VELO tracks. VELO tracks having ⌘ < 2 are
used only for the primary vertex reconstruction while those
with 2 < ⌘ < 5 can be extended in the forward region to
attach hits from the SciFi detector, and optionally from the
UT. These tracks are called “long tracks.” As they traverse the
whole magnetic field of the LHCb detector, they have the most
precise measurement of the momentum and therefore are key
for physics analyses. Table I shows a comparison between
the CPU- and FPGA-based reconstruction performances for
VELO tracks and for the VELO segment of long tracks. It also
reports the relative fraction of clone-reconstructed tracks with
respect to the total number of tracks in the category they
belong to and the relative fraction of ghost-reconstructed tracks
with respect to the total number of tracks. A clone is defined
as any additional reconstructed track matching an already
truth-matched MC track, whereas a ghost is a reconstructed
track not associated with any true MC track [15]. The effi-
ciencies and clone fractions are almost indistinguishable when
comparing the CPU and FPGA algorithms for VELO and long
tracks, not displaying any perceptible systematic difference.
The fractions of ghost tracks differ at the per-mille level. This
difference is due to tracks in the pseudorapidity region below
1.5. These tracks graze VELO sensors at a very low angle
and produce very large clusters. For this reason, the position
of the particle hitting the detector and creating the cluster is
unlikely to be accurately measured regardless of the clustering
algorithm.

The quality of the reconstructed tracks is also studied in
terms of momentum, primary vertex and impact parameter
resolutions, as shown in Fig. 10. The robustness of the algo-
rithm is also verified against occupancy and relative fraction
of large clusters [12]. Differences in reconstruction quality
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TABLE I
VELO TRACKING EFFICIENCY, RELATIVE FRACTION OF CLONE AND

GHOST TRACKS, COMPARING CPU- AND FPGA-BASED CLUSTERS

Fig. 10. Track reconstruction resolutions for the CPU- and FPGA-based
clustering algorithms: momentum resolution as a function of the momentum
(top), primary vertex resolution along the beam direction as a function of the
number of tracks in the reconstructed primary vertex (middle), and impact
parameter resolution along the horizontal direction as a function of the inverse
of the transverse momentum (bottom). Impact parameter resolutions are fit
with a linear function. The blue histograms show the distributions of the
momentum of the reconstructed tracks (top), number of reconstructed tracks
per primary vertex (middle), and inverse of the transverse momentum of the
reconstructed tracks (bottom).

between the FPGA and the CPU implementations do not show
any trend as a function of these probes. In conclusion, all
the studies have shown that the FPGA-reconstructed clusters
lead to a quality of track reconstruction that is effectively
indistinguishable from the software reconstruction.

V. IMPLEMENTATION DETAILS AND INTEGRATION

Given the indistinguishable performance of the FPGA-based
clustering algorithm with respect to the software-based one,

the LHCb collaboration decided to integrate the cluster-finder
architecture within the TELL40 cards that perform the readout
of the VELO, exploiting spare FPGA resources not used by
the readout firmware. The VELO time-ordering firmware, plus
the common LHCb firmware, takes up about 44% of its logic
resources and 64% of its M20K memory blocks.

Each VELO TELL40 receives data from a single VELO
module. Two independent and identical parallel processing
chains are implemented in the FPGAs, each of which receives
and processes data from one VELO half-module [8]. The
clustering architecture, with all the needed ancillary logic,
is integrated as a self-contained block at the end of each
chain, and it has, therefore, two identical instances running in
parallel, in analogy with the readout firmware (Fig. 11). The
output of the clustering is transmitted out of the readout card
through its PCIe interface to the host server, which assembles
the data from different subdetectors for each event.

The clustering architecture is itself composed of several
units, each devoted to a specific task (Fig. 11). First, a decod-
ing and flagging stage splits data into separate streams, while
flagging isolated SPs. Second, a pair of switch blocks sends
data to the cluster processing blocks. Reconstructed clusters
are then finally encoded with the chosen output format.
A back-pressure mechanism is implemented throughout the
pipeline: each processing block sends a “ready” signal to the
previous unit when it is capable of receiving data.

A detailed description of the firmware implementation, its
integration and commissioning within the LHCb data acquisi-
tion, can be found in Bassi [12].

A. Clock Domains
Each unit in an instance of the clustering architecture writes

its output to a First In First Out (FIFO) that is read by the
subsequent unit. The purpose of the FIFOs is twofold. First,
they allow buffering and flow control between the clustering
units. In addition, FIFOs allow data synchronization between
different clock domains. In our application, the decoder and
encoder stages run on a 250-MHz clock, whereas the switch
and clustering processing block use a 350-MHz clock. These
values have been chosen to ensure that the system as a
whole can provide a throughput in excess of 30 MHz (see
Section VI), while still respecting the timing constraints due
to internal signal propagation in all its parts.

B. Data Formats
Active SPs are encoded as 32-bit words. Each word contains

the pixel hitmap (8 bits), the SP position inside the sensor (15
bits), and the sensor identifier within the sensor pair (1 bit).
Each VELO sensor is made of 256 ⇥ 768 pixels. Each SP
is composed of 4 ⇥ 2 pixels, such that 6 bits are needed to
specify the SP row, whereas 9 bits are required for the column.
One extra bit is needed to identify the source sensor, as each
data chain receives SPs from two sensors.

Clusters are encoded in 32-bit output words, as sketched
in Fig. 12. Of these, 22 bits are used to specify the position
of the cluster centroid, with 18 bits specifying the position of
the pixel where the cluster centroid is located (Integer column
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Fig. 11. Basic blocks of the clustering architecture. VELO data are received as 256-bit words, each containing eight SPs. A “Data Valid” signal states
whether the incoming data are valid. SOP and EOP signals delimit the start and the end of the data corresponding to each event. The clustering block sends
a ready signal to the previous architecture component when it is ready to accept data. The “decoder and isolation flagging” splits the 256-bit bus into eight
32-bit wide buses, each containing one SP. It also flags SPs that do not have any active neighbor SPs (IF). A pair of switches arrange SPs by sensor (S0/S1)
and by IF. The “clustering isolated” and “clustering matrices” blocks reconstruct clusters, which are encoded back into 256-bit words by means of an encoder.

Fig. 12. Data formats for clusters reconstructed from isolated SPs (top) and
clusters reconstructed from not isolated SPs (bottom). Bit 31 (Res) is reserved
for internal use.

and Integer row), and additional 4 bits are used to specify the
position of the centroid within the pixel, in units of 1/4 of a
pixel (Frac col and Frac row). Analogously to SP data, 1 bit
is used to identify the sensor (ID). Eight additional bits are
used to encode a cluster-topology identifier (Topology ID)
and the reconstruction-quality flags (Flags). The topology
identifier is used to distinguish cluster topologies that share
the same centroid position within the pixel, so that the full
cluster topology can be retrieved. If the cluster is reconstructed
from an isolated SP [bit 30 = 1 in Fig. 12 (top)], 6 bits
are used to store the topology identifier, whereas 5 bits are
needed to store the identifier for clusters reconstructed through
the matrices [bit 30 = 0 in Fig. 12 (bottom)]. The cluster
topology information is used both for monitoring purposes
and for the ultimate optimization of tracking performance,
as the uncertainty associated with the 2-D position of a cluster
depends on its topology. The reconstruction-quality flags allow
to distinguish between: clusters from isolated SPs, clusters
reconstructed inside a matrix, and clusters built from SPs over-
flowing the maximum number of instantiated matrices (which
are arbitrarily treated as isolated). For clusters reconstructed
within matrices, the word contains two additional quality flags,
which specify whether a cluster was fully contained in the 3 ⇥
3 grid, and whether the grid touched the boundary of the host
matrix (which potentially means that the reconstructed cluster
is a fragment of a larger cluster).

C. Input–Output Interfaces

Our architecture block requires a “valid” signal to confirm
the validity of the current input data word. Additional start

Fig. 13. Block diagram of the isolation flagging.

of package (SOP) and end of package (EOP) signals allow to
separate data coming from different events. The SOP signal is
received with the first word of every event, whereas the EOP is
generated together with the last input word. The “valid” SOP
and EOP signals are also present on the output side, where
clusters are transmitted.

D. Decoder Block
The input data to the clustering firmware arrive grouped

in 256-bit words, each carrying 8 SP words. The first block
is a decoder, which splits the 256-bit words into eight
32-bit streams. The decoder is also responsible for converting
the SOP-EOP protocol into the EndEvent (EE) protocol used
within the clustering architecture: a 32-bit EE word is inter-
posed between SPs of different events in all the eight data
streams. Each EE word carries a specific flag to distinguish
it from SPs, and an event identifier (5 bits), which can be
used during subsequent data processing to cross-check data
synchronization.

E. Isolation Flagging
Within the decoder block, SPs are flagged with an isolation

bit. The flagging process includes five steps: read, buffer, load,
flag, and write, arranged in a pipeline, as shown in Fig. 13.

First, all the SPs of a given event are read and stored into
registers. The maximum number of SPs that can be stored in
the read registers is not dynamically adjustable. It has been
set to 144 based on the distribution of the expected number
of SPs in the most crowded VELO module, requiring more
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than 98% of the LHCb simulated events to be accommodated
into the read registers. In events where the number of SPs
exceeds the size of the read registers, SPs are not sent to the
flagging process but are instead bypassed and sent directly to
the matrix chains. This causes a local slowdown of the entire
chain as the matrices need to reconstruct clusters from a high
number of SPs. This effect is included in the measurement of
the average throughput of the entire system. In addition, as the
number of input SPs increases, the fraction of SPs overflowing
the number of available matrices gets higher, increasing the
number of split clusters. The corresponding increase in split
clusters is also taken into account in the evaluation of the
reconstruction performance.

As soon as all the SPs of one event have been received,
the content of the read registers is copied to the buffer. This
data exchange decouples the reading and flagging operations,
allowing SPs of one event to be read in while the flagging
of the previous event is still ongoing. The flagging process
compares the coordinates of each SP to the ones of the other
SPs in the same event. A status vector is used to store the
isolation flag (IF) for each SP: if two SPs are found to be
neighbors, the corresponding bits in the status vector are set
to 1. SP comparisons are not all performed in a single clock
cycle. On each clock, the load block extracts two subsets
of 16 SPs each from the buffer (Fig. 13). For each SP
in the two subsets, it also computes the set of coordinates
to be matched by the neighbors by one-unit additions and
subtractions of the coordinates of the SP row and column. The
two SP subsets, together with the coordinates of the neighbors,
are passed to the flag block that performs the 16 ⇥ 16
comparisons on the two subsets. For each SP of the first subset,
the flag block checks whether the SP row is equal to one of
the rows of the SPs in the second subset or to the row above
or below; the same check is performed on columns. If both
the row and the column checks yield a positive result, the two
SPs are flagged as neighbors, and the corresponding bits in the
status vector are set to 1. On each clock cycle, the load block
selects a different pair of SP subsets from the buffer sending
them to the flag block, until all the possible combinations of
16-SP subsets have been checked. The described architecture
allows reusing the same logic resources while updating the
SP subsets to be flagged at each clock cycle. To perform the
comparisons between n 16-SP blocks, n(n +1)/2 clock cycles
are needed.

The number of parallel comparisons performed for every
clock cycle is the result of a tradeoff between resource usage
and throughput and is based on the constraints of its use within
the LHCb experiment.

As soon as all the comparisons have been completed, the
contents of the flagging registers and the status vector are
copied to the write block, thus decoupling the flag and write
processes. The write block is responsible for adding the IF
to the SP words and for sending flagged data to the next
component, the switch. The data exchange within the read–
buffer–load–flag–write pipeline is regulated by back-pressure:
if a component cannot accept the data of an event because it
is still processing the previous event, the control unit keeps
the previous component on hold.

Fig. 14. Block diagram of a 4-to-4 switching unit.

The decoder block, including flagging and bypass, uses 7%
of the logic and 1% of the M20K memories available in an
Arria 10 FPGA.

F. Switch Block

The cluster processing chain receives SPs from both the
sensors of a VELO half-module. The switch, placed after the
decoder, arranges SPs by sensor and by IF, feeding them to
the appropriate cluster-reconstructing blocks. Each of the two
switching units shown in Fig. 11 performs a 4 ! 4 switching,
allowing every input data word to be directed to any of the four
output streams according to its flags, regardless of the origin
input stream. The basic switch constituents are the splitter
and the merger (Fig. 14). The former has one input and two
outputs, and it sends input data to one of the two outputs
according to their IF or origin sensor. The latter has two
inputs and one output, and it routes two inputs in a single
output line. Two splitters and two mergers combine to form a
2 ! 2 dispatcher.

The block diagram of the splitter is shown in Fig. 15. The
splitter is based on a finite-state machine (FSM). The next state
is determined by the R0 register state, the arrival of valid input
data, and the hold state of the following processing block.
On the arrival of valid input data, the FSM decides between
sending it directly to the output and storing it in the R0 register,
based on the input hold signal. In the latter case, a latch
enable (LE) write signal is sent to the register. A multiplexer
controlled by the FSM routes data to the output. If an SP is
received, then one of the two valid signals is set to 1, according
to the routing scheme (IF or sensor). If an EE signal arrives,
it is sent to both the outputs. The input hold signal determines
whether data can be sent to the output. An output hold is
generated as long as the R0 register is full, since no more data
can be accepted as input, given the possibility of an input hold
signal assertion.

The block diagram of the merger is shown in Fig. 16. As for
the splitter, an FSM determines whether input data can be sent
directly to the output or must be stored in appropriate registers
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Fig. 15. Splitter block diagram. R0 and State are registers, MUX is a
multiplexer, and FSM is a finite state machine that manages hold, valid,
control, and LE write signals.

Fig. 16. Merger block diagram. R0, R1, and State are registers, MUX is
a multiplexer, and FSM is a finite state machine that manages hold, valid,
control, and LE write signals.

(R0 and R1). If an EE word arrives on one of the inputs, it is
stored until a second EE word arrives at the other input. The
two EE words are then compared and, if their event IDs match,
a single EE word is output; otherwise, a sync error signal is
set to 1.

G. Cluster Reconstruction
All the isolated SPs, identified by the switch, are sent to the

corresponding clustering block and are resolved by means of
an LUT, as shown in Fig. 17.

The LUT reconstructs the cluster centroid from the
active-pixel hitmap extracted from the SP word. The cluster
word is built by combining the LUT output with the original
SP row and column. If two different clusters are reconstructed
inside an isolated SP, a bit is set to 1, and the two outputs are
combined by a merger block (Fig. 16). Reconstructed clusters
are then sent to the output FIFO.

Fig. 17. Cluster reconstruction of isolated SPs by means of an LUT.

Fig. 18. SP distribution in a matrix chain. Clusters are reconstructed through
the cluster-finder block and merged into a FIFO.

The reconstruction of clusters from nonisolated SPs requires
two different processing steps. Input data are first sent and
distributed in the matrix chain, and then, when matrices have
been filled with SPs, the actual reconstruction of the clusters
takes place, as shown in Fig. 18. To ensure a high throughput,
each matrix receives data from two parallel input lines. Each
input line is combined with a hold signal that is propagated
backward through the whole chain to control the data flow
by back-pressure to avoid data loss. As the first SP populates
a matrix, a set of coordinates is calculated and stored, to be
matched with all the further SPs arriving at the same matrix.
The initialization of an empty matrix is done using only one of
the two input lines, since only a single SP can enter the center
of the matrix at a time. A second SP coming simultaneously
from the other parallel line would need the coordinates of free
slots to fill the matrix that cannot be immediately available for
timing constraints. For this reason, input line 0 (Fig. 18) has
priority over input line 1, which is put on hold as the matrix
is initialized. To keep a good load balancing, input lines are
swapped when going from one matrix to the next: line 0 of a
matrix feeds line 1 of the next matrix and vice versa. When
EE words have arrived on both the input lines, the content of
the matrix is moved to the cluster-finder block. An error is
raised if two different EE signals are detected.

During the second step, the cluster-finder block processes
the content of the corresponding filled matrix. Fig. 19 shows
the logic of how clusters are reconstructed, starting from the
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Fig. 19. Cluster-finder block diagram and its data flow.

matrix pixel content. Each pixel in a matrix checks whether
it belongs to one of the L-shaped patterns of the algorithm
through the pixel checker block. This process is performed
in parallel at full speed for each pixel in each matrix. When
a pattern match is found, an anchor pixel in the matrix is
identified. As a consequence, the bit in the pixel flag vector
corresponding to the position of the anchor pixel in the matrix
is set to 1. An encoder reads the pixel flag vector content
and passes the addresses of all the found anchor pixels to a
multiplexer, one at a time. The multiplexer extracts the 3 ⇥ 3
cluster candidate corresponding to the address received from
the encoder. As soon as an anchor pixel has been processed
and corresponding cluster candidate found, the decoder block
receives the pixel address from the encoder and resets the
corresponding bit to zero in the pixel flag vector. The reset
operation is performed by means of the pixel flush signal.
For each cluster, a word containing the matrix coordinates,
the anchor pixel position, and the 3 ⇥ 3 cluster candidate
is written in the matrix FIFO. A merger reads the cluster
candidates from all the matrix FIFOs and sends them to an
LUT, which computes the centroid of each cluster (Fig. 18).
The cluster position is obtained by combining the matrix
position in the detector, the anchor-pixel position in the matrix,
and the LUT output. The cluster words are then saved into a
FIFO that contains all the clusters from nonisolated SPs of
a VELO sensor that do not overflow the matrix chain. The
two data lines at the end of the matrix chain which carry
overflow SPs are merged into a single line. Overflow SPs are
reconstructed as if they were isolated by means of an LUT,
and the reconstructed clusters are stored into a FIFO.

H. Encoder

The last processing block of the clustering architecture is
devoted to encoding the eight separate 32-bit data streams
into a single 256-bit bus, to comply with the required out-
put format. The encoder architecture has been designed as
a tradeoff between speed and bandwidth optimization. The
encoder is required to output a 256-bit word at each clock
cycle, to maintain a throughput larger than 30 MHz. Given
the speed constraint, the SP packing performed by the encoder
is not optimal in each event, interleaving zero-padded words
in between 256-bit words to match the output width. To build

Fig. 20. Structure of an 8-to-1 encoder built from 2-to-1 encoders.

Fig. 21. 2-to-1 encoder block diagram. R0, R1, R3, and State are registers,
MUX0, MUX1, and MUX3 are multiplexers, and FSM is a finite state machine
that manages hold, valid, and LE write signals.

the complete 8-to-1 encoder, seven 2-to-1 encoders are instan-
tiated, as shown in Fig. 20. The 2-to-1 encoder block puts
together two input data lines (N + N bits) into a single output
(2N bits) by means of buffer registers (R0, R1, and R3) and a
control FSM (Fig. 21). If two cluster words are received and
no hold signal is asserted by the subsequent block, the two
words are packed together and sent out. If a single cluster is
received, it is stored in the R3 register and matched with the
next input cluster. If a hold signal is received, the incoming
cluster is stored in the R0 or R1 register depending on its input
line. In case an odd number of words is received within an
event, a zero-padded word is added to match the 2N output
width. When two EE signals are received, they are compared
and, if they match, sent out. Otherwise, an error signal is
generated.

I. Monitoring and Error Handling

The clustering architecture has several blocks whose behav-
ior affects the functioning of the entire data processing chain.
Therefore, a monitoring procedure is implemented to probe
each block throughout the whole reconstruction process to
ensure a correct data handling. Between each block of the
diagram illustrated in Fig. 11, a FIFO is inserted as a buffering
element. It decouples the data writing process of the previous
input block from the data reading of the subsequent output
block, absorbing local processing rate fluctuations.
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The occupancy levels of all the interposed FIFOs, as well as
their maxima over a certain time interval, are periodically read
to check for, and diagnose, possible slowdowns of any process-
ing blocks. The fraction of SPs overflowing the matrix chain is
also monitored. Each processing block is also equipped with
an error-checking logic, which monitors two types of errors.
The first type corresponds to a data loss, occurring when a
block receives valid data in input and the register in which
data should be written are already full. The second type occurs
when mismatching EE signals are received, indicating a loss
of synchronization in the input data. In both the cases, a signal
is generated and an error word is output, containing a code
to trace back the origin of the error for debugging purposes.
A reset signal needs to be sent to the clustering logic and
memories to recover from both the error types.

VI. FPGA RESOURCE USAGE AND THROUGHPUT

The clustering architecture was initially compiled and tested
standalone on a Stratix V-based prototyping board [16]. The
FPGA device mounted on the prototyping board has a similar
amount of logic, memory resources, and clock speed to the
Arria 10 carried by the TELL40 readout boards. During the
test, the firmware was fed with simulated SP data from RAM
memories that are read in a loop. The clusters reconstructed
in hardware were compared with the output of the high-level
C++ simulation of the algorithm, run on the same set of input
SPs. The quality of the reconstruction and the reliability of the
measurements were verified.

The firmware can process events with up to an average
of 32 SPs per VELO half-module, using a 350-MHz clock rate.
This condition is met for the whole VELO detector, where the
average occupancy is 26 SPs per event, near the nominal inter-
action point. An average event processing rate of 38.9 MHz
is measured on minimum-bias LHC collision events, in the
VELO module with the highest occupancy. The measurement
is also performed on pp collisions with higher than average
track multiplicity, containing reconstructible B0

s ! �� decays,
as a sample of typical data that the LHCb DAQ would select
and save on permanent storage. The measured throughput of
30.9 MHz is still higher than the average LHC bunch crossing
rate and ensures that even a random fluctuation leading to the
occurrence of several high-occupancy events in a row poses
no risk of clogging the pipeline. The clustering firmware is
therefore expected to run safely throughout the entire Run
3 physics data taking.

Compiling the entire VELO firmware within the Arria
10 allows for the measurement of the amount of resources
needed to perform clustering in real-time. The clustering
firmware requires roughly 31% of the logic and 11% of the
memory of an Arria 10 chip to process an entire VELO
module. After standalone validation, the clustering firmware
was combined and fully integrated with the readout firmware
to build the complete VELO readout firmware. Additional
features were added in the integration process, like the han-
dling of global LHCb control signals, response to errors,
and an optional bypass that allows both the SP and cluster
data to be output for debugging purposes. SPs are then fed
to the LHCb simulation that outputs software-based clusters

Fig. 22. Power consumption of individual VELO TELL40 FPGAs processing
data at an event input rate of 30 MHz (top). The average value over
the 52 FPGAs is also superimposed with a horizontal line. Average power
consumption over all the 52 FPGAs as a function of the input event rate
(bottom). Measurements using the firmware without the cluster-finding block
(outputting SPs instead of clusters) are also reported for comparison.

which are then compared with the firmware-based ones. The
optional bypass option will be enabled periodically, or in case
of a need to debug, during data taking to check that the
firmware is reconstructing clusters correctly. The overall final
chip occupancy turns out to be about 75%. Some tuning was
required to fix timing violations occurring due to the large
fraction of resource usage and to the complex connectivity
of the design. The complete firmware was then compiled and
loaded on the LHCb readout boards and successfully tested
within the DAQ system by means of signal injection in the
detector front-end. The firmware has also been tested on the
detector readout boards using an internal front-end generator
within the firmware, capable of generating input data at the
nominal data rate (64 Gb/s). At the time of this writing, the
firmware is fully commissioned and has started to take physics
data in LHC Run 3.

The FPGA power consumption of all VELO TELL40s is
measured at the nominal event rate of 30 MHz (Fig. 22).
For comparison, the same measurements are performed using
the firmware without the cluster-finding block, outputting SPs
instead of clusters. The average power consumption of an
FPGA within a TELL40 card when processing an event rate
of 30 MHz with the readout firmware only is 6.1 W; this
increases to a total of 8.6 W for the full firmware, including
the clustering block. The same measurements are repeated for
different values of the input event rate, showing a very slow
increase in power consumption with the input rate.

VII. SUMMARY AND CONCLUSION

A novel 2-D clustering architecture was developed, imple-
mented in the [very high speed integrated circuits (VHSIC)
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hardware description language (VHDL)], and integrated in
the LHCb readout FPGA cards. The architecture exploits the
principles developed within the INFN-RETINA Research and
Development Project [4] for real-time track reconstruction and
effectively represents its first processing stage.

This firmware proved capable of directly processing every
event at the 30- MHz LHC crossing rate (a total flow of
5 Tb/s) without time-multiplexing or buffering of any sort, in a
manner that serves the needs of an actual high-energy physics
experiment. The physics performances of the algorithm were
extensively studied and showed to be effectively indistinguish-
able from software clustering algorithms. The sparse-matrix
technique adopted in its implementation proved successful in
handling large detectors (order of 40 million pixels) with a
modest amount of logic and memory resources. This allowed
its insertion into the existing LHCb readout hardware, for
use in the Run 3 physics data taking. This is a significant
advancement over the previous state-of-the-art in HEP. The
previous best performing cluster-finding system implemented
in FPGAs has a throughput of about 100 kHz and requires the
deployment of about four parallel firmware copies, processing
about 15 MPixel/s each [17].

Moving the VELO clustering reconstruction from the HLT1
sequence to the FPGA readout cards leads to a measurable
throughput improvement. Without accounting for isolation
flagging, for which no software implementation is available
for comparison, the present cluster-finder firmware allows a
savings of about 11% of the computing power of the LHCb
HLT1 full reconstruction sequence, allowing a corresponding
increase in the LHCb data-taking rate. As a further advantage,
a reduction of the VELO data size of approximately 14%
was obtained, which allows to save resources both in the
DAQ chain and in permanent data storage. Details on the
GPU-based VELO clustering reconstruction can be found in
Cámpora Pérez [18]. In addition, the FPGA implementation
consumes significantly less electrical power than its GPU
analog. From the data in Fig. 22, it follows that the set
of 52 VELO TELL40s requires about 130 W of power to
perform cluster reconstruction of the entire VELO, while the
GPU implementation would require about 6 kW (again not
including isolation flagging). The power needed to perform
cluster reconstruction on GPUs is estimated by multiplying
the GPU power usage (230 W) by the number of GPUs
(236) required to process a 30-MHz input event rate and by
the fraction of time spent in cluster reconstruction (11%).
This is also in agreement with the measurements presented in
Aaij et al. [19].

VIII. FURTHER CONSIDERATIONS

In a broader perspective, this work can be seen as a special
case of connected-component labeling (CCL) with center of
gravity calculation (COG)—a computation that often occurs
in image processing systems with the purpose of identifying
connected sets of pixels belonging to the same visual feature.
The main difference is the modest size of the features of our
interest, which we could contain within a 3 ⇥ 3 matrix, and
their sparseness, which makes our problem somewhat simpler.
However, this greater simplicity comes with a “frame rate”
requirement (30 MHz) that is orders of magnitude larger than

typical image processing rates (<1 kHz). In fact, a CPU
implementation exists of the same VELO clustering task
discussed in this article that was inspired by some algorithms
in use in image processing problems, appropriately revisited to
exploit the smallness of the size of the components and their
sparseness [20].

In recent years, also this type of image processing tasks
is increasingly being moved from CPUs to dedicated FPGA
firmware to achieve greater speed and efficiency, and it may
be interesting to compare those solutions to the present work.
As an illustrative example, we take the FPGA implementation
described in Spagnolo et al. [21]. There, frames of 640 ⇥
480 pixels are processed at a rate of 730 Hz, by a Zynq
AP-SOC 7045 FPGA, running a 225-MHz clock, without
COG. This system compares well with our case, where each
of the 104 instances of our firmware processes a matrix of
512 ⇥ 768 pixels, and our clock frequency and resource
usage are also quite similar. The Arria 10 FPGA mounted
on TELL40 cards has a capacity of 1150k logic elements,
whereas the Zynq 7045 FPGA has 350k logic cells. A single
instance of the clustering firmware requires about 15% of the
available logic on the chip, while for the studies reported in
Spagnolo et al. [21] we assume a typical usage of about 50%
of the total resources. However, our frame rate is larger by a
huge factor, of nearly 105. This difference is likely due to the
sequential structure of the image processing firmware, which
proceeds by a raster scan rather than by a massively parallel
calculation; but is definitely also a consequence of the greater
simplicity of our problem in terms of cluster size and occu-
pancy. In fact, cases of FPGA-based CCL implementations
that reach a throughput comparable to that of our architecture
are based on breaking down the image in smaller parts that
are analyzed in parallel, and later coalesced [22]; an approach
that bears some resemblance to our use of sparse matrices.

However, all the above examples assume that the image data
arrive as an ordered sequence of pixels and do not provide
detailed topology analysis of the found clusters, so they could
not be straightforwardly applied to our problem. Conversely,
the smallness of the components addressed by our system may
not be of interest in general image processing applications;
nevertheless, it cannot be excluded that some of the ideas
described in this article could find some use in image pro-
cessing tasks, at least in some specific instances.
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