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Abstract
The objective of this thesis is to develop a data-driven, hierarchical clustering method
which is capable of operating on large point cloud datasets, necessitating a runtime
which is sub-quadratic. Hierarchical clustering is noteworthy for its ability to produce
multiscale views of data, allowing for rich and interpretable representations, and for
its ability to cluster when the number of clusters is not specified a priori. To date,
deep learning methods for clustering have primarily focused on a narrower class of
models which cluster using partitioning strategies and require as input the number of
clusters to produce. In this work, we introduce the clustering graph neural network,
extending previous research into graph neural networks to handle large clustering
tasks where the number of clusters is variable and not pre-specified. Our architecture
is fast, operating with O(n log n) time complexity, and we note its amenability to
high levels of parallelization. Because each stage is differentiable, we emphasize that
our architecture is capable of end-to-end training, leveraging signal throughout the
learning pipeline as part of a multi-objective loss function. Finally, we demonstrate
the clustering graph neural network on a challenging particle tracking task, which,
while unable to outperform highly-tuned and domain-specific baselines, nevertheless
achieves high performance while remaining flexible to a wide array of clustering tasks.
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Chapter 1
Introduction
Hierarchical clustering methods offers to provide new and important insights throughout a variety of scientific and practical fields. Text and speech analysis, image representations, latent structure in DNA, and a multitude of tasks in particle physics
and astrophysics are just a few of the areas in the deep learning revolution is transforming as torrents of new data streams become available. While current techniques
provide useful tools for analyzing and detecting underlying structure in data, efficient
methods are needed for handling tasks which offer a form of supervision, such as in
particle tracking.
In this work, we leverage classical hierarchical clustering frameworks with the
emerging field of geometric deep learning to produce the clustering graph neural network. The clustering graph neural network is fast, operating in O(n log n) time, and
easily parallized, efficiently detecting thousands of clusters on a single GPU. Unlike
recent deep learning approaches, which tend to operate with a partitioning strategy
rather than hierarchical, our architecture has no requriement of prior knowledge of
the number of clusters. Thus is capable of handling variable sample sizes, producing a
multiscale view of the data as output. The focal application of this work lies in particle tracking, and specifically in the TrackML Challenge, a difficult task in which each
sample has two orders of magnitude more clusters than other current deep learning
benchmarks for clustering.
We begin with an overview of particle tracking and TrackML Challenge, with
emphasis placed on traditional physics-based approaches which leveraging domain
structure and expertise to produce efficient and accurate methods. In chapter 2, we
outline the clustering graph neural network in detail, explaining along the way important considerations torwards the development of the architecture. Chapter 3 presents
our training strategy and numerical results for the TrackML dataset, including intermediate results on the metric learning stage of our pipeline. We briefly mention
several future directions of our work in chapter 4 before concluding in chapter 5.
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Figure 1-1: A single event from the TrackML dataset, where the orange lines represent
particle trajectories through the detector layers. [24]

1.1

TrackML

Within a particle collider such as the Large Hadron Collider (LHC), streams of proton
bunches circulate very near the speed of light in opposite directions. At specified
locations, such as within the Atlas detector at the LHC, these streams intersect,
resulting in thousands of high-energy collisions between the proton bunches. These
collisions can be thought of as miniature big bangs, and observing the products of
such collisions offers scientists a glimpse into the make-up of our universe.
The primary products of these collisions decay far too rapidly to be observed,
but secondary and later particles spread outward in a shower. Eventually, they come
into contact with the detector cells, which can be considered as a massive and highly
sensitive camera to capture the event. An applied magnetic field bends the trajectory of the particles, which assists in recovering their type and kinematic properties.
The task of TrackML, then, is to recover the trajectory of each particle from the
information recorded by the detector [24].

1.1.1

Dataset and Challenge

Figure 1-1 illustrates a single event within the TrackML detector. Each sample i
within the TrackML dataset consists of N (i) hits - an impact site where a particle
passed through a detector layer. Each hit has an associated set of features, where
consist of:
• An x, y, z coordinate
3

• An identifier specifying where in the detector the hit impacted
• A set of cell features that contain information on how the particle passed
through the detector, each of which has a position and magnitude
Hits for sample i can be considered as entities within a general domain:
(i)

(i)

X (i) = {x1 , . . . , xn(i)i }, xj ∈ X .

(1.1)

Every sample i also consists of a variable number of clusters
(i)

(i)

C (i) = {c1 , . . . , cki },

(1.2)

(i)

and each cluster cj is a partition of {1, . . . , ni }. Each sample also has a cluster
weighting for each cluster:
(i)

(i)

W (i) = {w1 , . . . , wki },

(1.3)

and the sum of the weights for the sample sums to 1:
k
X

(i)

(i)

|cj | × wj = 1.

(1.4)

j=1

The TrackML challenge consists of finding the true clusters C, given the input
features X. Notably absent from this setup is apriori knowledge of the number or
size of the clusters within each sample. Given the ground truth clusters C and a set
of predicted clusters C 0 , the TrackML score R(C, C 0 ) is computed as follows:
0

0

R(C, C ) =

|C |
X

r(C, c0i ),

(1.5)

i=1

where r(C, c0i ) is the TrackML score computed on predicted cluster c0i . The score for
each predicted cluster is then computed as follows:
(
|c ∩c0 |
|c ∩c0 |
wj × |cj ∩ c0i | if j|cj | i > 0.5 and j|c0 | i > 0.5
0
i
r(C, ci ) =
(1.6)
0
else,
where j is set as
j = argmax |ck ∩ c0i |.

(1.7)

k

That is, the score of one predicted cluster is nonzero only if a large majority of
its points belong to the same true cluster, and if the majority of the true cluster is
contained within the predicted cluster. A perfect clustering will thus lead to a score
of 1, while a random clustering will almost certainly have a score of 0.
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1.1.2

Domain and Derived Features

When designing clustering algorithms for TrackML, it is typical to begin by considering pairwise interactions as a starting point [11]. There are several qualities inherent
to the collision events which provide insight as to which pairs of hits are unlikely to
belong to the same particle track.
Helix radius: Because the detector imposes a magnetic field on the particles, the
particle tracks are helical in shape, with radius proportional to the particle’s kinetic
energy (which remains constant since the detector removes only a negligible amount).
Within TrackML, there is a lower bound of 250 mega electronvolts (MeV) kinetic
energy for every particle. Thus, considering the magnetic field B of the detector,
where B = 2 Tesla for TrackML, the minimum helical radius ρ any particle trajectory
can have is ρmin = 250 mm. Computing the energy pt in MeV of a particle from its
radius in mm and the magnetic field in Tesla is given as
pt =

ρ
.
0.6

(1.8)

Considering two points
{v1 = (x1 , y1 ), v1 = (x1 , y1 )},

(1.9)

and assuming they belong to the same track and that the track passes through the
origin (true for nearly every particle within TrackML), ρ is given by
ρ = 0.5 ×

dr
sin(dφ)

(1.10)

where
dr =

p
(x2 − x1 )2 + (y2 − y1 )2

(1.11)

and dφ is the positive angle between v1 and v2 :

dφ = arccos cos[arctan2 (y2 , x2 ) − arctan2 (y1 , x1 )] .

(1.12)

Thus if any two points have a ρ value less than 250 mm, it is unlikely that these
points belong to the same track. Figure 1-2 illustrates an exaggerated trajectory as
curved by the magnetic field within the detector.
Propagation through the z-r plane: Since the magnetic field of the detector
does not affect the trajectory of a particle along the z-axis, the particle follows a
straight path within the z-r plane, where r is given as
p
(1.13)
r = x2 + y 2 .

5

Figure 1-2: A single particle and its trajectory as it passes through the magnetic field
of the detector. [24]

6

Figure 1-3: The detector and its layers as viewed from the z-r plane. [24]
The particle’s propagation is then given as
z = z0 − rc,

(1.14)

where z0 is the starting location on the z-axis of the track, and c is given between
two hits as
dz
c=
.
(1.15)
dr
Because tracks are likely to originate within 200 mm of the origin along the z-axis,
for any z0 given as
|z0 | = |z1 + r1 c| > 200,
(1.16)
the pair of hits likely do not belong to the same track. Figure 1-3 shows the z-r plane
of the detector.
These features form the basis of the baseline methods which perform with high
accuracy in the TrackML competition. For our purposes, they allow for slightly
better accuracy with much faster convergence during the training of our graph neural
network model.

1.1.3

Baseline Methods

We use as points of comparison the methods which have performed best in Kaggle’s TrackML accuracy phase competition. These methods tend to follow a similar
strategy:
1. Pairs of hits are scored to identify candidate pairs which have a higher likelihood
7

of belonging to the same track.
2. Using these pairwise scores, candidate tracks are constructed.
3. Candidate tracks are iteratively refined through exploitation of domain expertise
and using features specific to the competition.
Specifically, we consider the first and second place strategies as baseline comparisons against our method, respectively labeled All Pairs [2] and Layerwise [1] solutions.
Baseline, All Pairs: The All Pairs solution begins by extracting features between
pairs of hits, and predicting the probability of each pair belonging to the same track.
Here, true pairs are those whose hits belong to the same track, and false pairs are those
whose hits do not. This classification task is performed using a multi-layer preceptron,
where training is completed in stages using hard negative mining to offset the fact
that most pairs of false pairs are easy to classify.
Next, the All Pairs solution builds tracks one hit at a time. A hit is seeded which
begins a track, and the track is grown by adding the hit which is closest to the track,
measured by average linkage distance using the multi-layer preceptron to all hits
already contained in the track. Figure 1-4 illustrates the reconstruction process on
one track. No overlap is allowed, so once a hit is inserted to a track, it is unavailable
for use in later tracks. Once the average linkage distance of the next hit falls below
a threshold, the track stops growing.
The track selection is refined by evaluating how much noise is needed for each
candidate track matches a perfect helix pattern. Those which require noise terms
above a specified threshold are rejected, and the hits contained in those tracks become
available again. Tracks are also extended by incorporating hits from rejected tracks
which have a low average linkage distance to the track.
While the All Pairs method does attain an impressive 90% TrackML score, its
reliance upon scoring every pair of hits leads to quadratic complexity, which ultimately
is far too slow for the throughput required by the High Luminosity Large Hadron
Collider (HL-LHC).
Layerwise: The Layerwise solution avoids this quadratic complexity pitfall by scoring only pairs of hits which fall on pairs of detector layers that are considered important. Which pairs of layers are important is determined through trial and error,
though the majority of important layer pairs are those that are adjacent.
The Layerwise solution thus scores a small (subquadratic) fraction of hit pairs by
again assessing the probability that each pair’s hits belong to the same track. This
scoring is performed using logistic regression on several derived features, including
those mentioned earlier as well as noisy directional information extracted from the
hit’s cell features.
Next, candidate pairs are extended to triplets, again using average linkage to find
for each pair the closest hit. Unlike the All Pairs solution, overlap is allowed at this
point, so one hit may belong to many triplets.
8

Figure 1-4: Probabilities, represented as blue dots, that each available hit belongs to
the current track seed. [2]

9

Figure 1-5: A representation of the pairwise solution growing a track with leftover
hits. [1]
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The triplets are placed into a priority queue indexed by their average linkage
distance, and grown into tracks. Once a track has been constructed, all the priority
queue is flushed of any triplets which contain hits in the new track. Thus all resulting
tracks are without overlap.
Finally, tracks are again extended with leftover hits that have low average linkage
distance, and by combining nearby tracks which have similar helix patterns. Figure
1-5 gives a visual representation of this reconstruction process.
This method achieves a 92% TrackML score, and does so efficiently, taking approximately 30 seconds per event using an Intel Core-i5 7th-generation desktop CPU.

1.2

Graph Neural Networks

As graph- and manifold-structured data has become more prevalent with the ubiquity
of social, sensor, and biological networks, a new field which unites the deep learning
methods operating on such data has emerged, called Geometric Deep Learning [5].
Motivated by the remarkable success of deep learning methods in computer vision,
geometric deep learning aims to operate on any such data as well as point clouds,
3D shapes, and molecules, leveraging the non-Euclidean interactions and relations
between objects, or entities [4]. These methods have been successfully applied to a
wide range of tasks within particle physics, quantum chemistry, vision, and computer
graphics, to name just a few.
At the center of geometric deep learning are graph neural networks, which have
become a staple within deep learning in recent years, and are largely responsible
for the many successes on tasks involving non-Euclidean datasets. Graph neural
networks were first formulated close to their current form in [25], proposed as a
learned method for diffusing information across a graph. While a promising first
direction, this method relied on reaching a steady state convergence, the downside of
which is a time consuming process with no guarantee of convergence.
Bruna et al. [6] developed spectral graph neural networks, which operate on
learned filters in the spectral domain, defined by the eigenvectors of the graph Laplacian. This approach takes direct inspiration from convolutional neural networks, performing Fourier decomposition of graph-structured signals, with filtering performed
as multiplication between the Fourier coefficients of the input signal and the learned
spectral filter parameters. A major drawback of this method is that, unlike Euclideanstructured data where the fast Fourier transform is available, computing the forward
and inverse Fourier transform requires O(n2 ) time complexity. Additionally, with
no guarantee of spatial localization of the filters, spectral graph neural networks are
sensitive to changes in the domain.
Message-passing neural networks (MPNNs) are, by comparison, a simple method
which has gained considerable popularity as an efficient and effective method for
graph-structured datasets. A wide variety of MPNNs have been proposed [13], all of
which follow a similar overarching strategy made up of layers of graph convolution,
where graph convolution consists of a message passing function and an update function. The message passing function passes information along the graph, from one
11

vertex’s hidden state to another, aggregating information received typically with a
sum or mean operation. Then, the update function concatenates each vertex’s hidden
state with the information sent to the vertex, to transform the features to a new hidden state via a learned set of weights. After several layers of graph convolution, the
vertex features enter the so-called readout phase, where the features are combined again through a sum or mean operation - to form a single feature vector, the output
of the MPNN.

1.3
1.3.1

Related Work
Clustering

Clustering strategies generally fall into two broad categories: those which are partitional, or flat, and those which are hierarchical. The most popular flat clustering
scheme is k-means [20], which is an iterative algorithm that alternates between assigning points to the nearest cluster centroid, and updating the cluster centroid based
upon the points assigned to it. k-means requires apriori knowledge of the number
of clusters, and aims to minimize the average distance between data points and their
respective cluster centroids.
Density-Based Spatial Clustering of Applications with Noise (DBSCAN) [10] is
likewise a flat clustering strategy, but is capable of detecting an arbitrary number of
arbitrarily shaped clusters. Like k-means, it is an iterative method wherein a data
point is seeded which begins a cluster, and nearby points which are not yet assigned to
a cluster are added. This process repeats until there are no additional points nearby
to the cluster. If the cluster is larger than a pre-specified minimum cluster size, the
cluster is output; otherwise the points are not clustered. While DBSCAN is related
to spectral clustering [26], it is far more efficient when compared to the O(n3 ) runtime
of spectral clustering, and does not require choosing the number of eigenvectors for
the spectral embedding, nor the number of clusters to produce from this embedding
with k-means. DBSCAN thus has both a fast runtime and does not require prior
knowledge of the number of clusters, it serves as a baseline for our experiments with
TrackML.
The two primary approaches taken in hierarchical clustering are agglomerative, or
bottom-up, strategies [14] [18], and divisive, or top-down, strategies [16]. Agglomerative clustering begins with every data point in its own cluster, and at each iteration
combines clusters which are nearby. This process is repeated until every point belongs
to the same cluster, at which point the algorithm outputs a multiscale clustering in
the form of a binary tree. While fast methods for agglomerative clustering have been
proposed [30], they typically rely on strong assumptions for scoring pairwise cluster
distance, and are sensitive to noise. Without such assumptions, agglomerative clustering runs with O(n2 ) time complexity, thus is prohibitively expensive for use with
TrackML.
Divisive hierarchical clustering begins with every data point assigned to same
cluster, and at each step divides the current clusters into two subsets. This process
12

repeats until every data point lies within its own cluster, though the process may be
stopped prematurely if so desired. Thus with a divide procedure which runs in O(n)
time produces reasonable balanced splits - enough such that the hierarchical tree has
O(log n) depth, this strategy has O(n log n) time complexity. Because hierarchical
clustering does not require a priori knowledge of the number of clusters, and because
divisive clustering is able to run in O(n log n) time with light assumptions, this is the
strategy we adopt for our learned clustering module.

1.3.2

Learned Clustering

Many recent deep learning approaches to clustering focus on finding good representations for the data points which are then able to be clustered using k-means [32] [31]
[8]. However, as Shaham et al. point out in [27], the use of k-means criterion introduce an implicit bias toward solutions which favor convex-shaped clusters, limiting
their applications to datasets similar to e.g. benchmark datasets such as Reuters and
MNIST. Other methods for learned clustering take a spectral approach. Methods
by Tian et al. [29] and Mishne et al. [21] learn to map the graph Laplacian onto a
corresponding spectral embedding, then use k-means to form the final clusters. These
approaches are successful on standard benchmark datasets, but their reliance on prior
knowledge of the number of clusters prohibits their application to TrackML.
Yang et al. [33] employ a recurrent, agglomerative method for hierarchical clustering which, at each step, learns to merge two clusters. While their implementation
relies on a priori knowledge of the number of clusters, it could be extended with a
method similar to our Stop module, which removes clusters that should not continue
to merge. The hard limitation of this work, and indeed agglomerative clustering
strategies, is the need to iteratively combine clusters, a process which is simply too
time consuming for TrackML.
Advancements on graph neural networks have led to new developments in graph
coarsening strategies, analogous to pooling layers in convolutional neural networks.
Unlike pooling in convolutional networks, recent work in graph pooling aims to adaptively coarsen graphs, aimed to handle different graph resolutions and preserve information within local neighborhoods. DiffPool [34] achieves this by assigning nt points
to nt+1 pooled units by means of a dense assignment matrix which is encouraged to
be sparse. Cangea et al. [7] score the nodes after a graph convolution layer, selecting only the top k to continue to the next layer, where k is a hyperparameter. Gao
and Ji use a simiilar formulation in their work on Graph U-Nets [12]. While these
efforts have achieved performance improvements in graph classification tasks, they
are unable to handle clustering tasks such as TrackML since all rely on setting the
number of pooling units as hyperparameters, and in the case of DiffPool, quadratic
complexity under modest assumptions.
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Chapter 2
Clustering Graph Neural Network
2.1

Problem Setup

Our work focuses on a general clustering task wherein we are given an set of entities
and predict which entities belong together within a cluster. Specifically, we are given,
for each sample i, a set of input entities
(i)

(i)

X (i) = {x1 , . . . , xn(i)i }, xj ∈ X .

(2.1)

Each sample i also consists of a varible number of clusters
(i)

(i)

C (i) = {c1 , . . . , cki },

(2.2)

(i)

and each cluster cj is a partition of {1, . . . , ni }.
A major challenge of this setup is that the variable number of clusters k for
event i is not known at inference time. This is presents two difficulties. First, it
rules out many of the standard clustering algorithms such as k-means, as well as
previous clustering approaches using graph neural networks in which the number of
clusters must be pre-specified [34]. Second, and more subtly, is that there may be a
dependency between the number of clusters k and the number of input points n. Since
this relationship could potentially be k = Ω(n) - this is the case for particle tracking
- the runtime of our clustering graph neural network must not have any stage which
is O(kn). This is largely the constraint which motivates a hierarchical algorithm.
Since we only assume we are given a set of input entities and their ground truth
clustering during training, we note that our model does not require knowledge of hierarchical structure. However, where present, ground truth information on a sample’s
hierarchical structure would greatly simplify training.

2.2

Model Requirements

We consider several important characteristics for our clustering graph neural network:
• Speed: A major challenge lies in handling the torrent of data produced by the
14

Figure 2-1: An overview of the clustering graph neural network stages.
High Luminosity Large Hadron Collider. Because of this, our model must be
fast. Specifically, we require the model to operate, at train and test time, with:
1. O(n log n) asymptotic complexity
2. Good constant factors, allowing for high sample throughput, particularly
at inference time
3. Good parallelization, with strong preference toward easy implementation
on GPU hardware
• End-to-end training: We set the requirement for an end-to-end framework to
better optimize each stage of our pipeline toward the prediction we ultimately
care about. This means each stage (except for the last) must produce an output
which is differentiable.
• Inductive bias: Due to the plethora of domain expertise present in particle
physics tasks, we designed our architecture to handle the various features and
representations accessible to us within the particle tracking challenge. The
ability to exploit this domain expertise leads to smaller model classes for faster
training and inference, and potentially superior generalization.

2.3

End-to-end Pipeline

Our clustering graph neural networks consists of three broad stages (figure 2-1), outlined as follows:
1. Metric learning: Given an input point cloud, embed the points into a new
space which has a Euclidean distance metric. This metric will be used to build
a sparse graph for use in the graph neural network.
2. Graph neural network: With the previous stage’s graph, use a graph neural
network model to consider higher-order interactions between points. The graph
neural network will output a new representation of the points which is amenable
to clustering.
3. Hierarchical clustering: With an improved representation for clustering, recursively divide the points until final clusters are reached, thus producing the
final output.
15

2.4

Metric Learning

Since graph neural networks operate over a graph, but datasets such as TrackML
consist only of points, we need a method for constructing a relational graph from
entities. A simple choice used in recent work on graph neural networks is to use a
dense graph, yet this won’t be feasible in this case since TrackML’s point clouds are
significantly larger - about 3 orders of magnitude - than, say, the jet tagging point
clouds in [9].
Another choice would be to use underlying domain knowledge of the TrackML
detector, which is organized in layers, to find plausible pairs of hits. This is the
approach taken in [1], where nearby layers are manually enumerated before extracting
pairs based on rejection criteria fitting the underlying physics problem. Yet this is
unsatisfying for two reasons. First, it sometimes happens that a particle passing
through a layer is not registered in the detector, creating a hole in the track which
will result in missing edges. It is not entirely impossible for successful reconstruction
to occur, though at greater difficulty since the graph neural network will not provide
communication to the two track halves. The second issue is that this method would
not generalize to new datasets, since it relies on extensive domain knowledge and an
understanding of the detector geometry.
Instead, we consider a more general approach where the objective is to find a good
distance metric between pairs of points, wherein pairs belonging to the same cluster
are nearby, and pairs belonging to different clusters are further apart. Assuming the
cost to compute distance between a pair of points is O(1), we can then construct a
sparse graph efficiently by performing neighbor or neighborhood queries using e.g.
kd-trees.

2.4.1

Graph quality:

The output of the metric learning stage will be a constructed graph G = (V, E),
where V is the graph’s vertices, one for each point in the point cloud, E its edges.
We consider ei,j ∈ E to be a true edge if, for points xi ∈ cluster ca , xj ∈ cluster cb ,
ca == cb . Otherwise we consider ei,j to be a false edge.
Since our graph neural network will be tasked with providing a good representation
of the points for later use in the clustering stage, it is important that G be capable
of allowing such good representations. Concretely, this requirement means the graph
should contain as many true edges as possible, to allow for good communication
among points belonging to the same cluster. Additionally, to keep computational
costs low, the graph should contain as few false edges as possible.
Consider Et and Ef , the true and false sets of edges within E. Graphs are evaluated, then, on two criteria:
• Purity
gpurity =

16

|Et |
|E|

• Recall
grecall =
where
Nt =

K
X

|Et |
Nt

|ci |2 .

(2.3)

i=1

That is, Nt is the total number of true edges discoverable for each sample.

2.4.2

Learning setup:

In constructing a dataset for our metric learning stage, we first extract pairs of points
(1)

(2)

(i)

(2)
X = {(x1 , x1 ), . . . , (x(1)
n , xn )}, xj ∈ X

(2.4)

Y = {y1 , . . . , yn }, yi ∈ {0, 1},

(2.5)

and their true labels
where pairs of points are sampled uniformly from each of the samples in our dataset,
and an equal number of positive and negative pairs are chosen to ease training.

2.4.3

Learned embeddings:

Rather than learn a distance metric directly, we instead embed our input points
xi ∈ X into a new Euclidean space Rd , where d is low enough that the embedded space
is not too sparse when considering all points within each sample. This formulation
is an effort to leverage existing algorithms which can perform efficient queries using
common distance metrics, something we will need for graph construction.
We embed points using a learned model φ, parameterized by θ, which maps points
into the new Euclidean space
x ∈ X → φ(θ, x) ∈ Rd .

(2.6)

In our experiments, φ is implemented as a multi-layer preceptron.
This stage is trained using a hinge embedding loss, pulling together points belonging to the same cluster and pushing aparts points which do not. So for a given
sample
(1)
(2)
si = [(xi , xi ), yi ],
(2.7)
we compute loss l as


(1)
(1)
l(si ) = max 0, 1 − yi ∗ φ(θ, xi ) − φ(θ, xi )
.

(2.8)

p

For our implementation, we use p = 2. Figure 2-2 illustrates a mapping which is
successful.
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Figure 2-2: Left: Points in the original space corresponding to TrackML tracks. Right:
Points mapped to the new space which has a Euclidean distance metric.

2.4.4

Initial graph construction:

Let
X 0 = [x01 , . . . , x0n ] = [φ(x1 ), . . . , φ(xn )]

(2.9)

Then upon completion of the learned embedding’s training, we now have a distance
metric d where for points xi , xj ∈ X ,
d(xi , xj ) = x0i − x0j

p

.

(2.10)

With d, we can construct G by querying, for each point xi , the set of points Ni
which are nearby. Then, for every point
xj ∈ Ni ,

(2.11)

we add a directed edge ei,j which connects vertex vi to vertex vj .
For efficient querying, we construct a kd-tree from the embedded points. Once
built, each point is queried using one of the following two strategies:
• k-nearest neighbors, which finds for each point xi a neighborhood
i
Nknn
= knnQuery(xi , k), |Ni | = k

(2.12)

• -ball query, which finds for each point xi a neighborhood
i
Nball
= ballQuery(xk , ),

(2.13)

i
xj ∈ Nball
, d(xi , xj ) < .

(2.14)

where for each neighbor

While graphs produced with k nearest neighbor queries have the advantage of
being regular, thus allowing for implementation speedups since they allow for gridlike data structures which GPUS favor, -ball queries tend to work better in practice
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Figure 2-3: Graph formation from the embedded point cloud.
with respect to the aforementioned graph quality criteria. This is likely due to a
non-uniform density surrounding each point, allowing -ball queries to better adapt
to their surroundings. Figure 2-3 shows a toy visualization of the edge discovery
process.

2.4.5

Edge refinement:

Although graphs produced using the learned embeddings are, in the case of TrackML,
quite sparse, further refinement can yield in still much sparser graphs. Within the
embedding model, we are only able to consider features derived from each point
individually. Since we have now produced a relatively small set of edges, represented
as pairs of points, we can now consider models which take as input pairs of points,
as well as pairwise features derived from domain expertise.
We thus construct an edge refinement model φ0 , parameterized by θ0 , which operates on pairs of points xi , xj and their pairwise features zi,j , and outputs the probability pi,j that the pair belongs to the same cluster.
pi,j = φ0 (xi , xj , zi,j ) ∈ [0, 1]

(2.15)

φ0 is likewise parameterized as a multi-layer preceptron.
With our trained model, we compute pi,j for each ei,j ∈ E produced during the
embedding stage. Then, choosing a threshold hyperparameter t ∈ [0, 1], we are left
with our final edge selection
E 0 = {ei,j |pi,j > t}.
(2.16)

19

2.5

Graph neural network

The metric learning stage is capable of producing an embedding for each point which
relies on information from that point alone. Although we can refine this metric by
accounting for pairwise information, this is only feasible in special cases in which
we only need to look at a small set of pairs if we want to keep sub-quadratic time
complexity. Ultimately we will need a way of grouping points together to form our
algorithm’s final clustering, and as such it is desireable to start with the best representation possible.
Graph neural networks offer a way to improve over the metric learning stage’s
metric and pointwise representation by extracting information from neighborhoods
rather than individual or pairs of points. This is accomplished through the use of rich
filtering operations over irregular grids such as graphs, by means of information aggregation contained in each point’s neighborhood to produce a superior representation.
Additionally, because the graph we use is weighted and directed, the graph neural
network is capable of learning a diverse set of views over each point’s neighborhood,
differing in both density and in reach.

2.5.1

Learning setup:

The input to our network is a sample, consisting of input entities
X = {x001 , . . . , x00n }.

(2.17)

Each x00i is a combination of the original input features and the embedded features
from the metric learning stage:
x00j = [xj , x0j ]}, xj ∈ X , x0j = φ(x) ∈ Rd

(2.18)

where φ(x) is the embedding model used in the metric learning stage, concatenated
to the original features of each point. While the graph neural network is capable of
learning this representation, providing it as input significantly reduces time during
training.
We are also give a graph G = (V, E) from the metric learning stages, where the
input entities are vertices and edges are directed and given as input entity pairs from
the metric learning stage:
E = {e1 , . . . , em }, ei ∈ (xj , xk ).

(2.19)

As in the metric learning stage, we are given the true labels of the edges
Y = {y1 , . . . , ym }, yi ∈ {0, 1},

(2.20)

where the edge ei = (xj , xk ) has true label yi = 1 if xj and xk belong to the same
cluster, and yi = 0 if not. Since G is output using nearest-neighbor or -ball queries,
we choose G to be sparse such that |E| = m = O(n log n). Our task is then to perform
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edge classification on the learned embedding produced by the graph neural network,
resulting in still better representation for presentation to the final clustering stage.

2.5.2

Edge weighting:

At each layer of the graph neural network, we update the geometric representation
of each event by weighting the edges of the input graph G. This weighting can be
thought of as a sparse n × n adjacency matrix A, constructed through a learned
(k)
kernel dij , belonging to layer k in the graph nerual network. Each kernel consists of
a multi-layer preceptron Φ(k) on pairs of input entities, normalized through a sigmoid
(k)
operation to produce the edge weight aij :
(k)

(k)

(k)

dij = Φ(k) ([vi , vj ]) ∈ R,
1
(k)
∈ (0, 1),
aij =
(k)
1 + e−dij
(k)

where vi
features

are vertex i’s features at layer k. At the first layer, we set the vertex
(1)

vi

= x00i .

(2.21)

(k)

We compute a non-zero weight aij for each discovered edge eij ∈ E.
While we have experimented with neighborhood normalization through the use
of a softmax operation, we found it to hinder performance since information on the
size of the neighborhood may be quite useful to a layer. This is in contrast to [9],
where neighborhood normalization was absolutely crucial in order for the graph neural
network to converge.

2.5.3

Graph convolution:

There are K layers of graph convolution within our graph neural network, and they
are applied as follows. Layer k takes as input the dk -dimensional feature vector vi
at each vertex, combined with all other vertices into an n × dk matrix V (k) . Upon
performing graph convolution, the layer outputs an n × dk+1 matrix V (k+1) , consisting
of vertices, each represented by a dk+1 feature vector.
Graph convolution Ψ is specified by applying the adjacency matrix A to the input,
then performing an affine transformation on the one-hop features concatenated with
the input features:
V (k) ) = [A
A(k)V (k) , V (k) ](w
w (k) )| + b(k)1 ,
Ψ(V

(2.22)

where w (k) and b(k) are the 2dk+1 vector of weights and scalar bias, respectively.
Finally, the layer output V (k+1) is produced by applying a non-linear function ρ
(in our case, the recified linear unit) to the graph convolution output:
V (k) )).
V (k+1) = ρ(Ψ(V
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(2.23)

2.5.4

Evaluation:

Since the desired outcome of the graph neural network is an embedding of the points
such that they may be easily clustered, the natural candidate to evaluate loss is to
reuse the strategy outlined in the embedding metric learning stage.
After the last layer of the graph neural network, we are left with
K

V (K) ∈ Rn×d ,

(2.24)

the matrix which holds feature vectors for each vertex. Since we have the true edge
labels Y for all of the edges in our graph, we can define the loss as follows:
V (K) , Y ) =
L(V

1
|E|

X

l(vi , vj , yk ),

(vi ,vj )∈ek ∀ek ∈E



l(vi , vj , yk ) = max 0, 1 − yk ∗ kφ(θ, vi ) − φ(θ, vj )kp ,
where l is the hinge loss. As in the metric learning stage, we use p = 2 for the
Euclidean norm.

2.5.5

Input and evaluation graphs:

Although we aim to provide G to the network such that G is sparse, containing as
many true edges and as few false edges as possible, we may wish to evaluate our
network embedding using a different set of edges. One reason to do this is for the
purpose of including more true edges, which the case of TrackML, only requires adding
only a constant factor of additional edges before every true edge is evaluated. We
may also wish to include a larger neighborhood search to ensure the graph neural
network has a more balanced distribution of true and false edges for evaluation.
Since we already have an inexpensive method for building graphs developed in the
metric learning stage, this extra cost is insignificant when compared with the boost
in performance it offers.

2.6

Hierarchical clustering

Since the graph neural network also represents the input entities as points within
a Euclidean space, a first consideration for the clustering stage could be a classic
algorithm such as k-means. Unfortunately, in the context of TrackML, there are two
significant problems with k-means. For one, we are not given k for each sample a
priori. Thus for algorithms such as k-means or spectral clustering, a small error in an
estimation of k may result in significant reconstruction error. Further, even with an
oracle which provides the true k, because k has - for TrackML - a linear dependency
on the number of entities in each sample n, these algorithms will run in quadratic
time.
Traditional clustering algorithms exist which do not have these problems, and
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one such candidate is DBSCAN. Since DBSCAN builds clusters based upon the neighborhood of each point, it is unnecessary to know the number of clusters a priori.
Additionally, as long as  is chosen sufficiently small - and indeed the algorithm
performs best when it is - the runtime of DBSCAN is sub-quadratic. However, because
DBSCAN is not differentiable, we are precluded from training end-to-end as we had
initially desired.
There are many important considerations when choosing a clustering strategy for
the final stage in our pipeline, and we review them here:
• Speed: The clustering strategy must be fast, operating in O(n log n) time, with
good constant factor scaling. It is critical that the clustering strategy respects
this asymptotic runtime requirement both in cases where a cluster of size θ(n),
and in cases where there are θ(n) clusters, each of size O(1). An added bonus
is that the method is easily parallelized, preferably for GPU acceleration.
• Differentiable: Because we aim to perform end-to-end training, the output of
the clustering strategy - as measured by our loss criteria - must be differentiable
with respect to the output of the previous, graph neural network stage.
• Unspecified number of clusters: We must be capable of handling datasets
where, as in the case of TrackML, we are not given the number of clusters a
priori.
• Inductive bias on dataset: While the clusters within TrackML are largely
independent of each other, often times clusters resulting from data generating processes are done so in either a direct hierarchical fashion, or with some
structure relating clusters to each other. Ideally, our framework should be capable of discovering such relational structure between clusters, leveraging this
information in the pursuit of improved performance. Likewise, since there may
be additional structure present in the ground truth labels such as a hierarchy,
we prefer a clustering strategy whose evaluation criteria are easily modified to
handle additional information.
• Multiscale resolution: A multiscale view of data can assist not only helping
models to learn, but at inference time when interpretability becomes a more
centralized focus.
These factors naturally lead to consider a learned, hierarchical clustering framework. And while there are formulations for fast agglomerative hierarchical clustering,
the most natural framework for our requirements is that of a divisive, top-down
approach. In this case, every point begins in the same cluster, and clusters are recursively split until each point is within its own cluster.

2.6.1

Learning setup:

The input to our clustering stage is a sample, consisting of input entities
K

H = {h1 , . . . , hn }, hi = v (K) ∈ Rd .
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(2.25)

That is, the input to the clustering stage is the set of embedded points as output
from the previous stage’s graph neural network.
The output of the clustering stage is a variable number of clusters
C 0 = {c01 , . . . , c0r },

(2.26)

where c0i is a partition of {1, . . . , n}.
Recall that the true clusters for an event are given as
C = {c1 , . . . , ck }.

(2.27)

Because we do not know k during inference, there is no requirement that the number
of discovered clusters r is equal to the true number of clusters k, something we must
account for in our evaluation strategy.

2.6.2

Clustering framework:

Our clustering framework consists of two modules, one which we call Split, and one
which we call Stop. The algorithm runs as follows:
1. Assign all points H into one large cluster.
2. Run the Split module on the points within the cluster, outputting for each
point the probability that the point is assigned to split to the right child cluster.
A low probability for a given point hi means that hi will more likely be assigned
to the left child cluster.
3. From the probabilities, assign each point to either the right or left child cluster.
4. For each child cluster, run the Stop module on all points contained within the
cluster.
5. Aggregate the stop probabilities for points contained within each cluster.
6. Continue recursively on all clusters which have a low probability of stopping.
Output all clusters with a high probability of stopping.
Figure 2-4 shows a toy visualization of the clustering processes, wherein different
clusters are allowed to stop at different depths of recursion.

2.6.3

Split, Stop modules:

For both the Split and the Stop modules, we are given a set of input points
0(l)

Z = {z1 , . . . , zM }, M = |Ci |,
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(2.28)

Figure 2-4: The hierarchical clustering stage allows for clusters to split to variable
depths of recursion, necessating balanced splits to keep the algorithm’s time complexity sub-quadratic.
0(l)

where Ci is the ith cluster in recursion depth l. For each point, we compute the
probability of taking a binary action to produce the output
P = {p1 , . . . , pM }, pi ∈ [0, 1].

(2.29)

In the Split case, pi = 1 implies that point zi will be assigned to the right cluster,
and pi = 0 implies the left. In the Stop case, pi = 1 implies that the point zi votes
for the cluster to stop splitting.
Since the decision to stop splitting is made once per cluster, we aggregate the stop
probabilities by computing the mean probability, though other aggregation tactics
may be used such as the max. The probability of stopping cluster i at recursion
depth l is then given as
M
1 X
(l)
pj .
(2.30)
Pi =
M j=1
Because the modules are intended to operate over clusters which may be quite
different in shape and size, it is necessary to share global information with each point
when determining the probability assigned to the point. We take inspiration from
the Split model used in [22], which similarly aims to divide a set of points into two
exclusive sets.
Our Split and Stop modules are thus similar to a multi-layer preceptron with
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T layers, but with the following modification. Before each layer t, we have a set of
feature vectors for each point:
(t)

(t)

(t)

H (t) = {h1 , . . . , hM }, hj ∈ Rdt ,

(2.31)

where H (1) is the set of input points Z, and for all other layers, H (t) is the output
of the previous layer t − 1. In order to share global information with each point, we
perform aggregation over the feature vectors by computing the mean
M
1 X (t)
=
h
M j=1 j

(2.32)

M
1 X (t)
(h − h̄(t) )2 .
=
M j=1 j

(2.33)

(t)

h̄
and the variance
(t)

ĥ

To compute the output of the layer for each point, we concatenate the global information with the individual point’s feature vector, then pass this new representation
through a dense neural network layer:


(t+1)
(t)
(t)
(t) |
(t)
(t)
hj
= ρ [hj , h̄ , ĥ ] W + β
,
(2.34)
where W (t) is a learned 3dt × dt+1 parameter matrix, β (t) is a learned dt+1 bias vector,
and ρ is a non-linear function - in our case, the rectified linear unit.
To compute a probability for each point, first compute an output logit for each
point:
(T )
oj = (hj )|w + b,
(2.35)
where w is a dT × 1 weight vector and b is a scalar bias. Then we apply the sigmoid
function to produce a probability:
pj =

2.6.4

1
.
1 + e−oj

(2.36)

Split supervision:

The Split module takes as input the set of feature vectors associated to the entities
within a recursion tree cluster, and outputs the probability that each entity is assigned
to the left or right child subcluster. If one has access to a dataset consisting not only
of the ground truth clusters, but also to the underlying hierarchical structure which
defines how to split the entities within each parent cluster, training the Split module
simply becomes a binary classification task. However, in many scenarios, including
that of TrackML, we have access only to the final clusters, and as such must use a
more sophisticated training strategy.
Keeping with the desiderata outlined earlier, the output of the Split module
should have the following characteristics:
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1. Separability: The purpose of the Split module is to divide the input points
along the ground truth cluster boundaries. Doing so recursively will eventually
lead us to recover the true clusters, so we must ensure our training strategy
selects for this.
2. Balance: Since the Split module affects the depth of recursion reached, it
has a major influence on the runtime of our clustering framework. Unbalanced
splits will quickly lead to quadtratic complexity, or large constant factors in less
severe cases. Therefore, we would also like a method for penalizing unbalanced
splits during training.
Because we ultimately assign a binary action to each point, sending the point
either left or right, a first possibility is to score the module’s performance based
upon the final clustering and runtime, as defined by a reward function which we
implement. We can use REINFORCE [28] to train the Split module until the desired
performance characteristics are met. Unfortunately, while this approach works well
for small sample sizes, our experiments resulted in poor convergence as the number
of points in the sample becomes large.
Thus we have developed a supervision strategy which works on principles of entropy. At a high level, we seek to minimize the entropy of points belonging to the
same ground truth cluster, and to maximize the entropy of points belonging to different ground truth clusters. Computing these entropy losses is done in the following
manner.
0(l)
We again consider a cluster Ci , the ith cluster at recursion depth l. The set of
0(l)
points assigned to Ci are
0(l)

Z = {z1 , . . . , zM }, M = |Ci |,

(2.37)

and each point has a probability computed as
P = {p1 , . . . , pM },

(2.38)

where pj is the probability that point j is assigned to the right child subcluster. We
are also given access to the ground truth cluster information for the points, which we
consider as
C̃ = {c̃1 , . . . , c̃N }
(2.39)
and each cluster c̃j is a partition of {1, . . . , M }. As an intermediate step, we must
also compute the average probability for each ground truth cluster:
p̃j =

1 X
pk ,
|c̃j | k∈c̃

(2.40)

j

and we will also need the mean probability across all ground truth clusters:
N
1 X
P̄ =
p̃j .
N j=1
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(2.41)

The first entropy term seeks to ensure points belonging to the same ground truth
cluster are assigned to the same child subcluster. We compute one entropy term per
cluster as follows:
sj = −pj log pj − (1 − pj ) log pj ,
(2.42)
where sj is the within-cluster entropy for ground truth cluster j. The total withincluster entropy is taken as the average within-cluster entropy across all ground truth
clusters:
N
1 X
sj .
(2.43)
Swithin =
N j=1
Minimizing Swithin on its own will almost certainly result in the trivial behavior of
all points being assigned to the same child subcluster. Thus our second entropy term
aims to maximize entropy between ground truth clusters, and compute it as follows:
Sbetween = −P̄ log P̄ − (1 − P̄ ) log P̄ .

(2.44)

Sbetween is maximized when P̄ = 0.5. If Swithin is minized, this means exactly half
of the ground truth clusters will be assigned to each child subcluster, and all points
within each ground truth cluster will stay together. We note that our formulation
is invariant to the size of the ground truth clusters, placing an equal importance on
each - something desirable for achieving the best TrackML performance.
Finally, we compute loss as the difference between entropy terms:
(l)

l(Ci ) = Sbetween − Swithin .

(2.45)

This loss formulation allows for fully supervised training, and because it is differentiable with respect to the output from the graph neural network stage, we are also
able to train in an end-to-end fashion.

2.6.5

Stop supervision:

The Stop module takes as input the set of feature vectors associated to the entities
within a recursion tree cluster ci ,
Z = {z1 , . . . , zM }, M = |ci |,

(2.46)

and outputs the probability that the cluster has finished dividing
pi = Stop(ci ).

(2.47)

Once the cluster has stopped dividing, a new cluster label is created, to which all
entities within the cluster are assigned. Then the labeled entities are returned by the
algorithm.
A major challenge in developing a training strategy for the Stop module lies in
the fact that its input depends on the performance of the Split module. Should
the Split module perform perfectly, training the Stop module would be a simple
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task, wherein it learns to stop splitting once a ground truth cluster has been reached.
However, since the Split module will produce some amount of error, determining
when to stop splitting depends on how the final clustering is scored. Our training
strategy should thus seek to stop splitting when the clustering score is maximized.
Because the output of the Stop module is the probability of taking a binary action, a natural first candidate for training is the REINFORCE algorithm, using the
non-differentiable clustering score as reward. However, similar to the Split module, convergence only reliably occurs for small sample sizes with few clusters; as the
number of clusters approaches even a small fraction of those in TrackML samples,
convergence is poor and simple heuristics (e.g., stop splitting once cluster size is below
a certain threshold) typically provide better performance.
We instead have developed a method for fully supervised training, which rests on
our ability to score each cluster independently of the remaining clusters. Given a set
of recursion tree clusters cp , cl , and cr , where cl and cr are the left and right subcluster
of parent cluster cp , respectively, we assume that each cluster has an associated score
si = scoreCluster(ci ) ∈ (0, 1].

(2.48)

Because the child subclusters may be unbalanced, we also assume each cluster ci has
a weight wi , and that
wp = wl + wr .
(2.49)
We can now assign a recursive score to each cluster, which is the highest score achievable by the cluster itself, or of its weighted descendants:
s0p = max(sp wp , s0l wl + s0r wr ).

(2.50)

Ground truth labels yi are then generated on-the-fly for each cluster as follows:
(
1 if sp wp ≥ s0l wl + s0r wr
(2.51)
yi =
0 else
That is, splitting ends when no further splitting leads to a higher weighted score
among the parent cluster’s descendants.
To score a cluster c, we begin by determining the ground truth cluster cgt which
has the highest number of entities in c. We then compute several quantities:
• Nc = |c|, the number of entities in the cluster c,
• Ngt = |cgt |, the number of entities in the ground truth cluster cgt ,
• Nt , the number of entities belonging to both c and cgt .
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With this information, we compute a precision and recall score for c:
Nt
Nc
Nt
=
Ngt

sprecision =
srecall

Finally, the score s for cluster c is computed as
s = sprecision × srecall .

(2.52)

Note that this score is never zero, and equals its maximum value of one exactly when
the ground truth cluster is recovered. In our experiments, because TrackML requires
clusters of at least size three, we assign a score of zero to any clusters containing fewer
than three points.
A consequence of computing ground-truth labels on-the-fly with recursion is that
simply because a cluster achieves a higher score than its immediate descendants does
not preclude further descendents from achieving a higher yet aggregate score. It is
therefore necessary to consider, during training, the entire recursion tree to ensure
our scoring is accurate. Assuming the Split module produces reasonably balanced
subclusters, there is no additional asymptotic cost occurred, though the increased
constant factor can be significant.
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Chapter 3
Experimentation
Our target application is the TrackML challenge, and as such the experiments we
run to demonstrate the clustering graph neural network test various aspects of the
dataset. Because previous deep learning approaches are not capable of operating
on TrackML data, due either to quadratic time complexity, sub-quadratic time with
unfeasibly large constant factors, or to an a priori requirement to specify the number
of clusters, we do not compare our architecture to previous work within geometric
deep learning. Rather, we compare our model with the best performing TrackML
entries, and give as points of reference baseline, traditional clustering methods.

3.1

Training

All stages of our pipeline are trained using PyTorch and Nvidia P40 GPUs, and
optimized with Adam [17]. Each stage is first trained individually, before training
jointly in an end-to-end fashion, providing for marginally better final performance
over pure end-to-end training. Learning rates are specified for each section, but all
stages use a ten-fold reduce-on-plateau learning rate decay, invoked when validation
loss does not improve for ten epochs.

3.1.1

Metric Learning

The metric learning stage as described in section 2.4 uses, for the embedding stage,
a three-layer MLP, where the first two layers contain 256 hidden units, and the final
layer embeds into each point into R4 , and is trained with a starting learning rate
of 0.001. The edge refinement stage consists of four layers, the first three of which
contain 2048 hidden units, and the last of which embeds to one hidden unit for edge
prediction. The starting learning rate is likewise 0.001.
10 TrackML events are mined to form the training dataset used in both the embedding module and the edge refinement module. All true hit pairs are included
from these events, 10 million total, and 10 million false pairs are randomly selected
to form a balanced dataset. Once the embedding model has begun to converge, 10
more events are mined in a similar fashion, but the false pairs are chosen as the ones
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most difficult for the embedding module to correctly place. Training then continues
for both the embedding and edge refinement with the combined 40 million samples.

3.1.2

Graph Neural Network

The graph neural network stage as described in section 2.5 consists of six layers of
graph convolution, each with their own learned MLP kernel. The first five stages
contain 192 hidden units, while the final stage embeds each hit to R8 . Each kernel is
a two-layer MLP, where the first layer has 32 hidden units and the final layer outputs
one value as input to a sigmoid activation. Training begins with a learning rate of
0.0005.
The graph neural network is trained using 4000 TrackML events, where each
event is randomly sub-sampled to contain only 10% of the original clusters. This subsampling is necessary to handle the large event sizes of TrackML, and will in future
work be replaced with graph sampling techniques. Since the graph neural network
and the hierarchical clustering stage are ultimately trained end-to-end, this dataset
is also applied when training the following stage.
PyTorch is at-present limited in handling minibatches and backpropagation with
the use of sparse adjacency matrices, and as such, we implement the graph neural
network stage using Deep Graph Library (DGL) [3] with PyTorch as backend.

3.1.3

Hierarchical Clustering

The hierarchical clustering network contains a Split module and a Stop module, each
of which is a modified MLP as described in section 2.6. Both modules are identical
in network architecture, each consisting of four layers with 256 hidden units each,
before performing a binary prediction as output. The initial learning rate for the
Split module is 0.01 and for the Stop module, 0.001.
A major challenge in this form of hierarchical training lies in parallelization. Because the number of clusters for TrackML is O(n), and because divisive clustering
requires to start with one cluster of size O(n), few assumptions on the distribution of
points can be exploited. Additionally, some clusters may be ordered to stop splitting
before others, as illustrated in figure 2-4.
Although this stage does not operate over graph-structured data, we again use
DGL for training the hierarchical clustering stage. DGL’s abaility to batch nonuniform sets of entities, combined with its ability to aggregate information over such
sets, allow for a simple relatively implementation, where the different aggregation
strategies are tracked using permutations. Figure 3-1 shows a typical grouping of
clusters as represented during recursive training, where color labels the true clusters,
and the black vertical line divides the points into two higher-level recursive tree
clusters. Figure 3-2 shows an aggregation strategy for computing measures such as
the entropy loss for the Split model.
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Figure 3-1: A set of points after one application of Split module. Node color represents true clusters, while the vertical black bar divides the current recursive tree
clusters.

Figure 3-2: Permuting the set of points by their true clusters allows the DGL framework to aggregate information for loss terms, handling in parallel the variable-sized
groups.

3.2

Results

As mentioned in section 2.4, the two metrics used for scoring graph quality are that
of purity and recall, where purity measures the proportion of true edges among the
edges discovered, and recall measures the proportion of true edges discovered of all
true edges available. Because the baseline methods rely upon an ability to score pairs
of points, we demonstrate the effectiveness of our metric learning stage here. Table
3.1 shows a comparison of the different methods’ ability to discover true edges, and
the number of edges required to evaluate in order to produce these edges.
Notable in this comparison is the number of pairs required for the All Pairs baseline, which produces a dense scoring matrix for later use during track generation. The
Pairwise baseline requires computing over far fewer pairs of points - only 4% f the
dense All Pairs method - but still falls short in terms of recall at only 24%, something
the Pairwise method must make up for with superior track generation. Our embed
module is capable of a three-fold increase in recall over the Pairwise method, with a
two-fold increase in purity. Passing these recovered pairs through our pairwise module results in a small drop in recall, with a five-fold increase in recall, allowing for
extremely sparse graphs as input to the graph neural network, while retaining most
of the true pairs of points.
Table 3.2 displays the performance of our clustering graph neural network, comMethod
# Edges (million) Purity Recall
Baseline, All Pairs
10000
0.001
1.00
Baseline, Pairwise
400
0.02
0.24
Ours, Embed Module
200
0.04
0.81
Ours, Pairwise Module
35
.21
0.78
Table 3.1: Comparison of the various methods and their ability to discover true edges.
The purity and recall scores used here are defined in section 2.4.

33

Method
Baseline, All Pairs
Baseline, Pairwise
Baseline, Pairwise (10% tracks)
DBSCAN
DBSCAN (10% tracks)
Clustering GNN (10% tracks)

TrackML Score
0.90
0.92
0.93
0.20
0.26
0.91

Table 3.2: Results of several methods for TrackML track reconstruction, with
TrackML’s scoring function
pared with the TrackML baselines, and DBSCAN as a point of reference. We report
the performance of our method as evaluated using 10% of each sample’s tracks, due
to current performance limitations of graph neural networks on GPUs. While the
baseline methods are capable of outperforming the clustering graph neural network,
we emphasize that its performance is still high for the TrackML challenge, and note
that its strength lies in its flexibility to adapt to many different regimes, something
which the highly-tuned TrackML baselines are unable to do.

34

Chapter 4
Future Directions
4.1

Graph Sampling

One of the primary limitations of our architecture lies in the graph neural network’s
O(nmp) memory complexity, where n is the number of entities to be clustered, m
is average number of neighbors between entities, and p is the number of hidden
units in a given layer. Since changing the size of the neighborhood can have severe
consequences on the communication between entities, and assuming we do not wish
to use a prohibitively small network, the only reasonable method for reducing this
memory cost is to reduce the number of entities n.
In practice, this amounts to implementation of a graph sampling strategy, which
would aim to reduce the overall graph size while retaining the local neighborhood
structure of a node or set of nodes in question. There are many basic strategies to
produce such a sampling [19], and several recent advances in graph sampling offer
still more advanced methods for creating unbiased samples [15] [23].

4.2

Enhanced Parallelism

In tandem with graph sampling are enhanced parallelization methods by means of
distributed computing. While GPU architectectures are remarkably efficient when
it comes to dense matri multiplication, they are typically on par or slower than
CPUs when it comes to the sparse message passing operations central to our method.
Thus a move to CPU operations would allow for far greater memory allocations with
little cost in efficiency, while distributed computing would result in greater training
and inference speeds. These efficiency gains would be further enhanced with an
implementation of graph sampling.

4.3

Iterative Clustering

Finally, a weakness of our higherchical clustering stage is its inablility to recover once
a mistake has been made by the Split module. Because each data point is assigned a
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probability by the Split module, it is possible to score each of the final clusters based
upon the aggregate and intermediate probabilities assigned throughout inference. It
may thus be beneficial to output clusters with only the highest aggregate scores, rerunning data points belonging to clusters with lower aggregate scores, in an iterative
fashion until some cutoff has been met. This type of strategy results in a yet wider
class of models, one which has the representational power to reproduce the TrackML
baseline methods.
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Chapter 5
Conclusions
This thesis has introduced the clustering graph neural network, a novel and fast
architecture for data-driven hierarchical clustering with end-to-end training. Compared with previous deep learning efforts to cluster on graph and point-cloud data,
our method is capable both of operating in sub-quadratic time, and in producing
a variable number of clusters which does not need to be pre-specified. We likewise
emphasize the ability of our architecture to be heavily parallelized, handling datasets
for which each sample is two or more orders of magnitude than those presented in
previous work on clustering with graph neural networks.
To demonstrate the clustering graph neural network, we have evaluated its performance on the TrackML Challenge, a particle tracking task which requires efficient
and accuracte methods to handle the torrent of data produced by the forthcoming
HL-LHC. We have noted the key difficulties within this domain, including a number
of clusters which is proportional to the number of data points, and lack of a priori
knowledge of the number of clusters. We have presented encouraging, if not state-ofthe-art, performance which motivates future research in extending our architecture
to incorporate graph sampling and model parallelism.
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