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Abstract

Gravitational waves are propagating ripples in spacetime originating from non-spherically sym-
metric accelerating systems. A fundamental prediction of Einstein’s theory of general relativity,
they are the subject of the most sensitive scientific search in history due to fact the that their ef-
fect on Earth is minuscule, with detectable waves squashing and stretching spacetime on the order
of 1 x 1072! strain. On September 14, 2015, the advanced LIGO detectors made the first gravita-
tional wave detection ever, observing the coalescence of two low-spin black holes of approximately
60M combined mass. On December 26, 2016, just a few months later, a second gravitational wave
was observed from yet another black hole binary, this time of 22/, total mass. The frequency of
these events suggested that astrophysically significant sources of gravitational waves are even more
prevalent than predictions estimated, indicating an extremely promising future for LIGO and grav-
itational wave astronomy. With a possibly bountiful universe of gravitational waves to observe, it
is in the interests of the LIGO Scientific Collaboration (LSC) to expand the parameter space across
which they can detect gravitational waves. The matched filtering process applied to the detection
of compact binary coalescences (CBCs) has proven to be effective so far, but is limited to searches
across the mass and z-spin parameters of binaries. This is in large part due to the computational
costs and large amounts of time currently required to generate template banks for use in matched
filtering. For the rest of this thesis I summarize the motivation, algorithm, and initial results of a
new template bank generator for use in matched filtering searches for gravitational waves origi-
nating from CBCs. This method, dubbed “treebank”, seeks to cut down on the computational cost
and time required by the current template bank generator by orders of magnitude through clever
applications of differential geometry and foundational ideas in computer science. Treebank utilizes
a binary tree decomposition approach to split the bank into distinct hyper-rectangles of approxi-
mately constant metric until the expected template density of each of these rectangles is sufficient
to cover a user defined minimum match. The placement of templates in these hyper-rectangles can
be handled using a geometric approach, a stochastic approach, or by splitting the bank down until
the expected template density per hyper-rectangle is only a single template.
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Chapter 1

Introduction



1.1 Gravitational Waves and the LIGO Project

In 1916 Einstein predicted the phenomenon of gravitational wave emission by accelerating
massive objects as part of his general theory of relativity as an explanation of the gravitational
force [[1]. Gravitational waves are disturbances in the curvature of spacetime which propagate at
the speed of light, creating a squashing/stretching effect in a plane perpendicular to the direction
of propagation.
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Figure 1.1: Visualization of the effects of a gravitational wave passing through a plane over time.
There are two polarizations of gravitational waves called the plus and the cross polarizations. They
are defined such that they are orthogonal to each other. In this image the plus polarization is
depicted in the top row and the cross polarization on the bottom [2].

The first claim that gravitational waves had been detector came from Dr Joseph Weber of the
University of Maryland in 1968 [3]]. Weber’s experiment utilized “bar” detectors, two aluminum
cylinders 2 meters long and 1 meter in diameter spaced approximately 2 km apart. The bar detec-
tors were suspended from steel wires and isolated from seismic and electromagnetic disturbances.
A gravitational wave passing through the bars would cause it to resonate at about 1660 Hz, causing
the bars to distort slightly. The distortion would be converted into an electric signal by piezoelec-
tric sensors, which could be read of by Weber. Weber claimed to have detected gravitational waves
emanating from a source near the center of the Milky Way. Alas, attempts to replicate his results
were all unsuccessful and his claims were dismissed by the scientific community. However, his ef-
forts were not entirely wasted, as they proved to be a starting point which attracted other physicists
and scientists to tackle to immense challenge of detecting gravitational waves.

Indirect evidence for the existence of gravitational radiation was first put forth by Russell Hulse
and Joseph Taylor of Princeton University in 1981 based on their observations in the change of or-
bit of the pulsar binary system PSR 1993+16. The change in orbit agreed with the amount of
energy general relativity predicted such a system would lose to gravitational radiation to within
0.3 percent [4]. The discovery was significant enough that Hulse and Taylor were awarded the
1993 Nobel Prize in Physics. However, the first direct observation of gravitational waves was still
a number of years off.



Nowadays the search for gravitational waves is being carried out by the LIGO detectors and the
LIGO Laboratory, with research and data analysis being conducted by the LIGO Scientific Col-
laboration. The LIGO detectors are, in essence, a pair of Michelson interferometers. A Michelson
interferometer fundamentally works by splitting a laser into two beams which travel down orthog-
onal paths. The beams are reflected back towards the splitter and are recombined and examined.
As gravitational waves propagate through the detector the length of the detector arms are changed,
such that the differences in path length traveled by the split laser can be observed by examining
the phase difference of the recombined laser [3]].

The LIGO observation project was planned to take place in two phases: an initial pair of
interferometers which would carry out scientific runs with no absolute expectations to detect grav-
itational waves. After these initial runs, the observatories would undergo upgrade to become ad-
vanced LIGO [6l], which, in the most sensitive frequencies of the detectors, would be 10 times
more sensitive than initial LIGO ]. From 2002-2010 initial LIGO ran six scientific runs, known as
S1-S6, with no detections being made during that time [7] [8]. Construction of advanced LIGO
was completed during the summer of 2015, during which it began its first observing run, known as
Ol. Since then, O1 has been completed, with advanced LIGO currently in the midst of its second
observing run, O2.

The NSF commissioned LIGO project seeks to detect gravitational gravitational waves with
interferometer sites at Hanford, WA and Livingston, LA. In addition, a third advanced LIGO site
is planned for construction in India based upon recommendations that such a project will improve
our ability to localize the sources of gravitational waves in the sky [9]. Currently on its second
observing run, LIGO seeks to detect and analyze gravitational waves from a host of interesting
sources, from the rotation of deformed neutron stars to the cores of supernovae [10]. By far the
largest barrier to consistent gravitational wave detection is the strength of the waves produced.
The strength of a gravitational wave can be quantized by the fraction by which it deforms the
spacetime it passes through, or strain. The most propitious sources of detectable gravitational
waves are energetic rotating systems with large spherical asymmetry. The direct observation of
gravitational waves comes from detecting their strain, that is the fractional change in spacetime
caused by the wave. The strain of a gravitational wave originating from a rotating, spherically
asymmetric system can be estimated by [11]]

1 4G(E% /c?)

b~ (1.1)

where E7'7 is the kinetic energy of the non-spherically symmetric components of the system and
r is the distance the wave has traveled. This strain is the path difference the laser of the interfer-
ometers travel. Calculations based on Equation 1.1 set the target sensitivity of the LIGO detectors
at h ~ 1072 to 10722 [11]]. Considering that the diameter of a proton is on the order 10~ m,
gravitational wave detection is a daunting task.

Considering the incredible sensitivity and human effort required to observe gravitational waves,
it is natural to ask why this work is significant and worth pursuing. Firstly, the chance to study
gravitational waves directly grants us the ability to probe general relativity even farther. Direct
observation allows us to compare reality against theory and either confirm or correct the natural



laws of gravitation physicists have derived.

Additionally, and perhaps more importantly, gravitational radiation provides us with a source
of cosmic information completely separate from electromagnetic waves. EM waves are prone to
scattering and absorption and present information us on scales of 10" Hz and orders of magnitude
higher. Meanwhile gravitational waves propagate through spacetime with very little disruption and
represent frequency spectra from 10* Hz and downwards [11]]. Because of these fundamental dif-
ferences, these two sources of cosmic information grant us astoundingly different lenses through
which we can view the universe, with the common analogy being that the EM and gravitational
wave spectra work together to paint a full picture of the universe in the same way that audio and
video work together to bring together a cohesive television experience.

1.2 Compact Binary Coalescence as a Source of Gravitational
Waves

The most promising gravitational wave sources are compact binary coalescences (CBCs) [12].
Of the two detections announced thus far by the LSC, both have been CBC events of inspiralling
binary black holes [[13]], [14]. CBC events are the last few minutes of the overall process by which
massive co-orbiting systems, such as binary black holes or binary neutron stars, bleed energy in
the form of gravitational waves as they inspiral towards each other and merge into a single body
system [15]], [16]. As the two bodies are drawn closer together, their orbital frequency begins to
dramatically increase in a runaway process. The last few moments of a CBC are characterized
by a “chirp” as the frequency of orbit sweeps from ~ 10 Hz to ~ 1000 Hz [12]. The waveforms
of the gravitational radiation emitted by the binary system during this process can be represented
mathematically as a linear combination of the plus and cross polarizations depicted in Figure
The precise quadrupole waveforms of the polarizations are given by the equation [[17]]

hy = 2’;&(1 + cos?i) (M f)*3 cos(® + D) (1.2)
L
= M 1 2/3
hy = 4d cosi(mMf)*? sin(P + ¥) (1.3)
L
where
N s
cos(i) = ny - € (1.4)
M = Chirp mass = (1 + 2)u/°M?/° (1.5)
T —t\5/8
o= _2<W> (1.6)
1 0®
f= (1.7)
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dy, is the luminosity distance to the binary and ¢ is the inclination angle of the binary plane
of orbit with respect to the line of sight with the interferometer. An example of a waveform is
included below.
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Figure 1.2: A visualization of the normalized plus and cross polarizations of a gravitational wave
of M = 2.2M,, during the final 0.01 s of inspiral. The smaller graphic shows the final 0.4 s before
coalescence. The “chirp” is especially prominent here. [18§]]

The well-defined waveforms of CBCs make them ideal candidates to be the most prominent
sources of gravitational waves during the early days of gravitational wave astronomy [19]]. In the
case of the known sinusoidal functions such as those of CBC waveforms, it is well documented
that matched filtering is the most optimal method of detection [20]. The basic tenets of matched
filtering and its application to gravitational wave detection will be outlined in the next section.

1.3 Matched Filtering and Template Banks

Speaking generally, the matched filtering approach to signal processing involves the calculation
of a "match” between collected data and a series of theoretically calculated templates. If the match
between the signal and a template exceeds a user-defined threshold, the signal is registered as
a successful detection. In the case of gravitational waves, this refers to the comparison of data
coming from the LIGO detectors and the CBC waveforms calculated using general relativity.

At this point it is necessary to outline the mathematical motivations for the match between sig-
nal and theory. This begins with the definition of an inner product between two abstract functions
h(f), which are functions of frequency

(ha|hs) = 2/:0 ha(f) yfg;;;;g{(f)hﬂf)

where S,,(f) is the non-constant detector noise spectrum which varies as a function of frequency.
With this definition of inner product, we can establish an equation for the match M (A, A)\) between

df (1.8)



two gravitational wave templates u( f; pg, Ax) and u(f; pg + Apg, A + ANg), where k = 1,2, 3...,
and p and )\ are extrinsic and intrinsic parameters of the templates respectively. Intrinsic param-
eters refer to the “dynamical” parameters which dictate the shape of the waveforms that are of
interest to this project. Extrinsic parameters refer to “kinematical” parameters which affect the
offset of waveforms in the parameter space and primarily affect the amplitude of the waveform.
Examples of intrinsic parameters are mass and spin of the binary. Examples of intrinsic parameters
are the time of coalescence and waveform phase at coalescence. Fast Fourier transforms can be
used to quickly compute inner products between the two templates which quickly explore the full
range of extrinsic parameters y for a fixed ;. We are interested primarily in the intrinsic variables
because, as was previously stated, most extrinsic parameters only affect waveform amplitude and
are thus of little consequence to the inner product calculation. The few extrinsic parameters which
do affect the inner product and thus, as we will soon see, the match between two signals are sim-
ply maximized over. We define match as the value of the inner product between the two values
maximized across the extrinsic parameters.

M (A, AN) = max(u(p, ) |u(p + Ap, A+ AN)) (1.9)

wAR
where M is normalized to have a maximum value of 1 when A\ = 0. With the match between

two signals now properly defined, we have the rudimentary tools needed to begin data searches for
gravitational waves [21]].

Of course, a logical next step would be to determine a proper set of theoretical templates against
which we could compare our data and compute matches, which we call a template bank. Since
the intrinsic parameters are not known a priori, data must be compared against a wide range of
templates with dynamic parameters across as many intrinsic variables as possible. Unfortunately
the construction of a template bank is not as simple as calculating as many templates as possible
across the parameter space. While such “overcoverage” would guarantee that a signal processed
through the template bank would be detected, the computational costs associated with the match
calculation against every template would be overwhelming. Conversely, if a template bank is too
sparse it could fail to make a detection, an arguably worse outcome than increased computational
costs.

It thus becomes clear that there is an ideal bank size which optimizes the computational effi-
ciency of the search while maintaining sufficient coverage throughout the entire parameter space.
In order to quantify this ideal template density, we must first understand our parameter space a
little bit more. We begin by expanding M around AX = 0. We use the resulting power series to
obtain

1 9?M
MQA A~ 143 <amiamj

where the second term resembles a metric which we define as

1 0*M

> ANAN (1.10)
ANE=0



With this metric we come across the useful revelation that the mismatch M M = 1— M between
two templates is simply the proper distance between them squared. We can consider the intrinsic
parameter space of the template bank to be an N-dimensional lattice with a unit cell of side length
dl. If the templates are closely spaced such that di < 1, we come to the following conclusion

o A
MM =1— g;ANAN =1 — N(;) . (1.12)

The mismatch M M is determined according to the judgement of the experimentalist, who
chooses it based off of their desired quality and thoroughness of the search. The ideal number of
templates present in the bank is determined to be

N = J A/ detllgyl] (1.13)
(2¢/T= MM/N)™

In this idealized bank, templates reside at each corner of the unit cells.

While elegant, the Owen geometric approach has two major flaws which, at the moment, hinder
our ability to use it outright as a template placement method in current template banks. First, it
relies on the ability to take the derivative of the match analytically. Second, it assumes that we
are working with a coordinate system that assumes a globally constant metric. Even today we do
not possess the ability to rectify either of these issues, seemingly rendering the Owen approach
unfeasible. Thus the development of an alternative template placement method was necessary.

1.4 sbank

The tool currently used by the LIGO Scientific Collaboration to generate template banks for
CBC waveforms is sbank [22], where the ’s’ stands for stochastic. As its name suggests, sbank
fundamentally works through a random tiling method, proposing templates throughout the mass
and spin parameter space and rejecting proposals which are “’too close”, a template tiling method
first proposed by Harry, Allen, and Sathyaprakash [23]. Of course, there are more nuances to the
process than simply throwing around templates with reckless abandon. The appropriate density
of templates across regions of the parameter space will vary depending on the metric "local” to
those regions. From this issue follows the idea that tile placement is best done in a coordinate
system over which the metric is slowly varying. In the case of sbank, this was determined to be
dimensionless chirp time coordinates 6, 03, 035 [22] where the transformations into this coordinate

system are
1 [125\'° (114
167y \ 2603 '
167° 63 13
pu— _— 1.15
4870.
Y = —R73s (1.16)

1136,



where M is chirp mass defined in Equation 1.5, 7 is the symmetric mass ratio, and Y is the reduced
spin parameter. The advantage of this coordinate system is that waveforms in the dimensionless
chirp time space have leading order terms which are almost linear, resulting in a more constant
metric across the new parameter space. It should be noted that sbank simply passively takes ad-
vantage of this property of dimensionless chirp time space and does not use the metric itself in the
template placement process.

”Closeness” of templates in the sbank’s stochastic placement method is determined by com-
puting the match between a proposed template and the templates which have been accepted by
the bank up to that point. If the maximum value of these matches is below a minimum match
threshold defined by the user, then the proposal is accepted. This method is incredibly robust as it
ensures that the template bank is proofed against “holes” where potential signals make it through
the matched filtering process undetected. However, for large parameter spaces the stochastic tiling
process can also become incredibly computationally expensive, as each accepted template will re-
quire in a worst case scenario O(N?K) match calculations, where N is the number of accepted
templates and K is a number based off the minimum number of calculations deemed acceptable to
determine that the bank space has been sufficiently probed. For large values of N and K, the last
few templates in the bank can be quite computationally demanding.

While it can not totally circumvent this scaling issue, sbank does implement some tricks to
reduce the number of match calculations it has to perform, which are namely as follows

e Each proposed template is only checked against “neighboring” accepted tiles. The conditions
for determining whether or not templates are neighbors is based upon the ratio of the 6,
values. Below a certain 6, fraction the templates can be assumed to be far away that their
match will be low.

e Instead of blindly comparing the proposal against the entire accepted bank, it is logical to cut
off the process and immediately reject a template if it exceeds the minimum match threshold.
In order to facilitate this condition, templates are compared starting with those of the greatest
6y values and working towards the farther templates.

e Proposals are made uniformly in the dimensionless chirp time parameter space in order
to avoid the possibility of overchecking regions of the parameter space which are already
densely populated, an issue which could arise from pure stochastic sampling.

e [f the metric of a region is known, it can be used to approximate the match much more simply
than the relatively expensive inner product calculations.

With these computational techniques the number of required match operations per proposal is
reduced to O(NM K), where M < N.

The sbank method is a robust, dependable algorithm which has produced high quality tem-
plate banks for the LSC. However, it is far from perfect. While sbank does make use of some
clever strategies to make significant cuts to its computational requirements, it can not escape the
computational costs which runaway as the size of the bank grows bigger. While the stochastic



technique can be used in theory to create banks of any size and dimensionality, these computa-
tional costs limit the usefulness of sbank in the dimensionality of the banks it can produce. While
a 9-dimensional bank has been created using sbank, its production was incredibly slow [24]. In
addition, there is a certain lack of elegance to stochastic placement, which, at its core, is just a
brute force algorithm. In order to more effectively and efficiently search for gravitational waves
originating from CBCs across a wider spectrum of intrinsic parameters, we require a new method
which will make the creation of large, high-dimensioned template banks computationally feasible.
We present a new algorithm, dubbed ’treebank’, which designs template banks using a geometric
approach and will improve upon sbank’s bank creation efficiency by several orders of magnitude.



Chapter 2

treebank: Background and Methods
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2.1 Basic Tenets and Algorithm

The treebank algorithm is a comprehensive method to compute template banks comparable
to those produced by sbank, but with phenomenally reduced computational requirements and run-
times. It fundamentally works by dividing the parameter space into a set of hypercubes via a binary
tree decomposition, where the splitting condition is is determined by the metric as calculated at
the center of each hypercube. This is, in a sense, a return to the older days of template placement
under the geometric schemes envisioned by Ben Owen which revolved around the computation
and use of the metric to tile template banks. Our algorithm is laid out in detail here

1. Calculate the metric at the center of a hypercube. Note that the term hypercube is used here
to generically refer to a partition of the bank parameter space. This term can refer to any
dimensionality, including those of 3 dimensions and lower.

2. Use the metric to decide whether or not to split the hypercube. If it is determined that it
should split, bifurcate the hypercube along its longest bisector, forming two “new” hyper-
cubes. Otherwise, leave it alone.

3. Reiterate this process throughout the parameter space and each hypercube until all hyper-
cubes no longer require splitting.

4. Place templates according to one of three possible tiling methods: geometric placement,
stochastic, or single template placements.

3] 0
[0]
Gl B B 0 B E &

Figure 2.1: Visualization of the splitting process for a generic {x1,x2} coordinate system. The
centers of hypercubes are numbered, where each number represents a ’layer” of splitting.

The upper right hypercube in Figure [2.1|represents a transformed {z, z,} coordinate system.
This transformation is used in the geometric tiling scheme and will be expounded upon in a later



12

section.

This is the overall method which drives treebank. Its computational advantage over sbank
comes from the division of the parameter space into hypercube over which the metric is roughly
constant, which allows for relatively simple template placement throughout each hypercube. The
metric, which is evaluated as a numerical derivative of the mismatch, is computationally cheap
compared to explicit match inner product calculations which drive the bulk of sbank’s computation.
The metric calculations used by treebank are as follows

&2
9ii = —(Axi)Q (2.1)
5% — gu( Az,)? — g;5(Ax;)?
Y 1 ? 27 J 22
gzy gjz 2A$1AZI}] ( )

where §? is the mismatch and the Ax are intrinsic parameters.

2.2 The Splitting Process

A hypercube splits if it meets one of the following criteria

1. It exceeds a target template density based upon Equation 1.13

2. The difference between the metric calculated at opposite boundaries of the hypercube ex-
ceeds a target threshold

Both of these criteria are related the mismatch deemed acceptable by the user. The binary tree
decomposition method works well as it preserves a number of useful features of the parameter
space. We can rest assured that the entire parameter space is accounted for without having to
manually check for match overlap throughout regions where the metric has varied. Additionally,
this method automatically splits the parameter space into regions such that the template density is
roughly appropriate across all regions of the template bank, which acts as a built in check against
overcoverage.

The motivation behind the splitting process is to divide the parameter space into regions over
which the metric varies slowly enough that it can be approximated as constant. Over regions
with a relatively “flat” metric we can employ more elegant tiling methods which don’t rely on
the brute-force match calculations used by sbank. There are currently three template placement
methods which demonstrate promise for treebank: geometric placement, stochastic placement,
and single template placement. While only one of these will be implemented into the final version
of treebank, all three are described in this thesis in order to grant a clearer picture of the intricacies
of this project, as well as to enforce the thoroughness of the explorations that went into determining
the most optimal bank creation methods. I begin with the geometric method.
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2.3 Geometric Tile Placement

Of the proposed template placement methods, the geometric approach is perhaps the most
natural method to arrive at. The fundamental principle is simple: we discern a transformation
matrix such that the coordinate system of the hypercube we wish to tile has a transformed metric
that is the identity matrix. Mathematically this is described as

¢ =Mg=1 2.3)

where M is a to-be-determined transformation. The mismatch §2 should be invariant across all
different coordinate systems, so that the following must be true

H
TgAx
xng/A_x>/ 2.4)

‘|

52

|

—
where Az’ represents parameter vector in the transformed space where, again, ¢’ is the identity
matrix. We can take advantage of the fact that the metric is symmetric and positive definite in
order to use a Cholesky decomposition

g=M"'M (2.5)

to determine a unique solution for M.

Recalling from Equation 1.12 that the ideal unit cell length di of the lattice of the intrinsic
parameter space is determined solely by §% and the dimensionality of the bank, we realize that dl
is also invariant across transformations into different coordinate systems. Armed with the knowl-
edge and the fact that the transformed metric is the identity matrix, it becomes clear that template
placement within a transformed coordinate system is simply a task of laying down tiles along the
eigenvectors of the transformed space in spacings of dl. In order to ensure that the original hy-
percube is sufficiently tiled, a "bounding box™ is drawn around the hypercube in the transformed
coordinate system, such that the entire volume of the hypercube is encapsulated within the bound-
ing box.
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Figure 2.2: 2D visualization of the transformation of a hypercube from generic x coordinates to
a2’ coordinates. The dotted line around the transformed hypercube represents the bounding box.
Templates are placed evenly throughout the entire bounding box and removed after transforming
back the original coordinates if they do not fall within the confines of the hypercube.

Once this process is complete, it is a simple matter of transforming the templates back to the
original coordinates of the parameter space and removing any which do not reside within the hy-
percube. Repeating this process for every hypercube created by the binary tree decomposition
leaves us with an elegant template bank tailored to the desired 62 mismatch.

While simple and refined in theory, the geometric approach did encounter issues when actually
implemented into the treebank code. There is no guarantee that the hypercube will not undergo
drastic change in the transformed space. If the transformed hypercube were to be heavily elongated
in any particular direction, then the bounding box drawn around it would have to be very large as
well. The result is a massive bounding box which contains a hypercube whose volume is much
smaller than that of the bounding box. When the bounding box is tiled, the number of templates
being processed is far, far greater than what will ultimately end up within the hypercube. During
tests of the geometric tiling approach it was determined that many if not most hypercubes suffer
from this issue.

While the added computational burden of these extraneous templates is not appreciable in 2D
banks, additional parameter dimensions cause the computational requirements of the program to
increase by several orders of magnitude, threatening to quickly break treebank’s ability to scale
into higher dimensions. Several solutions to this issue were proposed, however all methods were
found to generalize back to the bounding box approach. As such, until a suitable technique to
deal with the tiling of the hypercube in the transformed space is found, the geometric approach is
impractical to use, despite its theoretical elegance.
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2.4 Stochastic Tile Placement

The stochastic placement method is a hybrid approach which utilizes the random tiling tech-
niques associated with sbank in combination with a locally constant metric across each hyper
rectangle.

From Equation 1.13 we can calculate the required template density A for a certain level of
mismatch, assuming that we have a metric which describes the parameter space. Of course, the
binary splitting of the bank provides us with exactly that for each hypercube. Using the target N
as a limit on the number of templates to be placed within a given hypercube, we propose tiles at
random coordinates in the target region. If the proposed tile has at least a separation of d/ from all
other tiles in the hypercube it is accepted and tiled.

In exploring the stochastic placement method, we discovered that care must be given to the
tiling along the boundaries between hypercubes. While templates within each individual cube are
guaranteed to be spaced appropriately, it is possible the templates placed at the boundaries of each
hypercube are closer than a separation of dl. The failure of the initial stochastic algorithm to ad-
dress this issue with the discrete regions of the template space results in a severe bank overcoverage
issue.

We devised a solution to this boundary issue by allowing each hypercube to keep track of its
neighboring cube, where a neighbor is defined as a hypercube which shares a boundary or a vertex
with the cube we are examining.

Because of the nature of the binary tree decomposition, in which all hypercubes interlock with
no overlap to compose exactly the entire parameter space, we are able to set the condition that a
two hypercubes are neighbors if the vertices of one cube overlap with the boundaries of another at
any point.

However, without additional conditions to follow, we would still have check every hypercube
against every other to determine whether or not they were neighbors, which, for larger banks, adds
an undesirable computational cost. After some investigations into the properties of binary tree
decompositions of geometric spaces, the following rules concerning neighbors

e Define a parent as a hypercube and its children as the two nodes it becomes after splitting.
Each of those children nodes is a sibling to the other. Each child automatically picks up
its sibling as a neighbor. In addition, a child can "inherit” none, some, or all of its parent’s
neighbors, but no more.

While these rules may not seem immediately very useful, they have powerful implications
when it comes to reducing the complexity of determining neighbors. Instead of having to check a
hypercube against every other node in the parameter space, only the neighbors of its parents must
be checked. Obviously in the case of the initial, parentless node there is no need to check for
neighbors.
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After establishing the neighbors of a hypercube, proposed templates can be checked against
templates in neighbors, thus ensuring that tiles are not placed close to templates across hypercube
boundaries. Since the neighbors are determined during the splitting process, before the tiling, there
is no worry that any neighbors can be unaccounted for. Investigations determined that the imple-
mentation of the neighbors tracking did indeed help greatly in suppressing the overoverage issue
of the stochastic placement method.

A second technique used to address overcoverage in the stochastic method involved splitting
and tiling in a new coordinate system, much like sbank and its use of dimensionless chirp time
coordinates. Working in directly with basic mass coordinates forces us to work in a parameter
space where the metric is highly variable, leaving the highly metric dependent methods of treebank
vulnerable to miscalculation and errors. Some transformed coordinate systems feature more slowly
changing metrics, which would allow us to make better approximations of local regions where the
metric is roughly constant. For the purposes of improving the stochastic placement method, we
explored 2D template bank creation using coordinates of mass ratio and total mass as opposed to
the masses of the elements of the binary system. The definition of mass ratio () and total mass M
are simple and are as follows

MT =mi + Mo (26)
Q="" 2.7)
mao

where m, and ms are the masses of the binary components. m, is defined to be less than ms. We
essentially transform the coordinates of the parameter space before beginning any actual calcula-
tions, and split and tile in the { M7, @} space, and the transforming everything back to the original
coordinates.

Although robust due to its simplicity, the stochastic method still has its fair share of issues,
namely that, even with neighbors tracking and a change in coordinates implemented, it bears a
much greater computational cost than the geometric method. This is to be expected of course, as
it abandons the elegant, simple algorithm of geometric placement in favor of a tactic which ulti-
mately boils down to an almost brute force approach. In a sense, the stochastic method is at its core
the same as sbank, just relying on a different set of tricks to increase the computational efficiency
of the template bank generation. However, since the stochastic method relies on approximations
to the metric in order to determine template density, it fails to tile the parameter space as properly
as sbank, which computes each of its tile precisely using an exact match calculation. As a result,
running treebank using stochastic placement has been found to consistently overpopulate template
banks compared to sbank.

2.5 Single Template Tile Placement

The single template method is the most recently devised of the three tiling processes. It at-
tempts to circumvent the issues that arise with the template placement of the other methods by
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altering the splitting conditions of the banks so that each node of the binary tree decomposition
houses only a single template, which is placed at the center of the hypercube.

This is accomplished by setting the condition for splitting to occur if N* > 1. The single tem-
plate method derives its power from the fact that it reduces the complexity of the bank generation
process even further, requiring only the metric calculation and splitting process to be correct, as
tiling a single template per hypercube is trivial.

Unfortunately for the sake of this thesis, at the time of writing the single template method
was derived and implemented only in the past two weeks, so testing concerning its robustness has
not been as thorough as the other tiling methods. Fortunately, though, it does seem to require as
rigorous examination as the other methods to begin with, as it has vastly outperformed the other
methods almost immediately from the outset in all areas of interest, including runtime, bank size,
scaling to higher dimensions, and performance in bank simulation injection tests.

Due to its great success, the single template tiling method will, barring any unforeseen issues
with it, be implemented in the final build of treebank. That being said, it still possesses some minor
issues that have to be worked out. Namely there seem to be very specific cases where the metric
approximation detailed in Equations 2.1 and 2.2 is inaccurate. As a consequence, there are some
small holes in the single template bank where simulated gravitational waveform injections fail to
be detected. However, these issues are minor and are expected to be fixed in the very near future.

As a whole, single template tiling shows an incredibly amount of promise. It is slightly unusual
as it forgoes the use of ’proper” techniques such as utilizing dl to ensure that regions are sufficiently
tiled. However, this is perhaps the most interesting aspect of the template placement method, as
it reveal to us that CBC template bank theory developed and relied upon in the past is indeed
suboptimal technique which is due for an update.
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3.1 Quantifying Performance

Before delving into the successes and weaknesses of treebank, it is necessary to outline criteria
by which we can explicitly evaluate treebank against current technology, e.g. sbank. We establish
three major metrics to this end

1. Runtime - The amount of time it takes to create a template bank is our best means by which
to determine the computational stress treebank places upon a computer. Of particular in-
terest is the scaling of treebank as it generates template banks of higher intrinsic parameter
dimensionality.

2. Bank size/Overcoverage - As was previously stated, template banks can not be either too
small or too large, lest they have holes or take too long to run a matched filtering search
through respectively.

3. Banksim Performance - Bank simulations (banksims) are a tool used to judge the quality
of a template bank. It simulates gravitational waveform signals which are fed through the
template bank. If the bank fails to recover the waveform injection, then it is noted that there
is a hole at the coordinates of the lost injection.

Naturally, sbank is used as the standard against which these criteria are compared. If treebank
is ultimately unable to perform as well as current tools, then there is no reason to switch to a subpar
bank generator.

In addition to measuring treebank’s performance, we also take some time to explore the be-
havior of the metric calculation across the parameter space, as understanding the accuracy of the
metric is integral to all processes of treebank.

3.2 Runtime Analysis

Runtime is a fairly straightforward criterion to determine, as it involves simply timing a process
from beginning to completion. There are two major measurements for runtime: real time and CPU
time.

Real time is the amount of time that passes ”in real life” from the moment a command is run
to when it is fully executed. CPU time is a normalized measurement of how long it would take a
program to run if it is given one hundred percent of a CPU’s computing power. Both have merit
when being considered as measurements of resources required by the program.

CPU time can be either greater than or less than the real time. It will be less than the real
time if the process spends a large amount of time idle or waiting. With multicore computers it can
become greater as time spent running calculations by each individual core are all added together.
For instance, a program on a 4-core machine which runs for one minute but splits its computational
load so that each core is fully preoccupied for the duration of the minute will have a runtime of
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one real minute, but a CPU time of four CPU minutes.

Since CPU time is a more direct measurement of the computational cost of a program, it is the
efficiency measurement that we will be focusing on in this analysis. We quantify the CPU runtime
of the creation of a template bank across several different parameter boundaries. The largest set of
parameters is based off of the CBC matched filtering search conducted during the O1 run [25]].

Mass Boundaries Spin Boundaries sbank CPU Time treebank CPU Time
(2.0,3.0) (0.0,0.0) 14 minutes 4 seconds
(2.0,12.0) (0.0,0.0) 105 minutes 25 seconds
(7.0,12.0) (0.0,0.0) 22 minutes 2 seconds
(7.0,12.0) (0,0.95) 38 minutes 4 seconds
(2.0,99.0) (0,0.98) 100 hours 1 hours

Table 3.1: Runtimes required across five runs for both sbank and treebank. All
masses are in solar masses and all times are in CPU time.

It is clear that treebank achieves its goal of improved computational efficiency with flying col-
ors. Direct comparison between sbank and treebank reveals that the binary decomposition method
is consistently in the regime of 1 x 10? times faster than the stochastic placement method.

In addition to experimental data, we can also perform a rough analysis of the time complexity
of the number of match calculations treebank requires per waveform template in a bank.

We first calculate the number of metric evaluations as

number of metric evaluations = Z on — ontl _ 1 (3.1
n=1
where n is the number of splits the bank has undergone. Each metric evaluation requires N(N +
1)/2 match calculations where NN is the dimensionality of the bank. Thus the total number of
match calculations required in a bank is

(2"t —1)N(N + 1)
2
Generically speaking without taking a specific tiling method into account, each hypercube con-
tains roughly /Ny, templates, based on the accuracy of the metric approximation of the hypercube.
The template bank will contain approximately 2" Ny;, thus the number of match calculations re-
quired per template is

number of match evaluations = = O(2"N?). (3.2)

number of match evaluations

= O(N?/Ny) = 0(1) (3.3)

number of templates

where Ny, ~ N 2 In the case of the single template placement method, where Ny, = 1, the number
of match calculations required is instead O(N?). Since N will be a relatively small constant, both
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time complexity estimations are very promising in terms of their implications on the scaling of the
number of match calculations required based on the size of the bank.

As a whole, these results are incredibly promising. The massive reduction in runtime is clear
evidence that the fundamental methodology behind treebank and its differential geometry approach
using the metric to bank splitting and tiling is solid and worth pursuing.

3.3 Bank Size Analysis

As was previously stated, there is a sweet spot for the number of templates populating a
bank. We compute an expected number of templates based on the ratio of the volume of an N-
dimensional hypercube against the volume of a single template, or in other words the number of
non-overlapping templates which will fit within a hypercube

V ercuoe
expected number of templates = —hypercube (3.4)
template
where
(w62)N/2
Viemplate = ——————. 3.5
templote = [N 73 1) (52)

I'(N/2 4 1) is the gamma factorial function.

Naturally, we also use sbank’s template densities as a benchmark against which to compare
treebank. The results of bank sizes across five template banks are compared here between sbank
and treebank

Mass Boundaries Spin Boundaries Expected sbank treebank
(2.0,3.0) (0.0,0.0) 193 640 394
(2.0, 12.0) (0.0,0.0) 2403 4598 3909
(7.0,12.0) (0.0,0.0) 16 102 39
(7.0,12.0) (0,0.95) 6 974 39
(2.0,99.0) (0,0.98) ~ 290000 ~ 300000 ~ 700000

Table 3.2: Template bank sizes across five parameter boundaries.

Here our numbers are more perplexing. In comparison to sbank, treebank, for the most part,
tends to be undercovering. Compared to the expected number of templates, however, treebank is
always placing too many templates. Of course whether this is ultimately of any detriment depends
on the time taken to run a banksim and the results of the banksim, which will be explored in the
next section.
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That being said, the disparity between treebank and both the expected number of templates and
sbank is indicative of some underlying issue. The most likely candidates for this lie in either the
splitting conditions or the metric calculation. To this end fine tuning of the splitting conditions in
conjunction with reviews of both the code and the literature upon which the mathematics is based
will be necessary to optimize our bank sizes.

3.4 Banksim Analysis

The bank simulations used to test template banks pass a large number of injection templates
through each bank, usually ranging from 1000 to 10000 templates based on the thoroughness with
which the bank is being checked. For the sake of succinctness, only a single banksim analysis will
be included in this section. The appendix may be referenced for plots detailing the performance of
banksims across other parameter boundaries.
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Figure 3.1: Banksim of a non-spinning (2,3)M, bank generated by treebank. The bank was
generated with the goal of having a 0.97 minimum match, or 0.03 mismatch. The axis are the mass
coordinates of the injections. The color map displays the success with which the injection was
detected in terms of the maximal match determined between an injection and the template bank.

Our banksims primarily reveal that treebank currently struggles with undercoverage. In par-
ticular the corners of the bank space tend to display the most prominent holes. Considering what
we’ve seen from the bank size comparisons in the previous section, these results are not entirely
surprising. The stochastic placement method and sbank are by no means optimal, but their great
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strength is their robustness. Since treebank’s bank sizes fall so short of sbank’s, the undercoverage
problem is logical. An improvement in banksim performance should follow once the bank size
issues are fixed.

3.5 Maetric Analysis

As has hopefully been made clear at this point, the reliable approximation of the metric forms
the foundation upon which treebank lies. It is therefore worth taking a bit of time to gain an idea
of the accuracy of the metric and how to changes throughout the parameter space. We employ
a random sampling method to check the metric calculation of a series of single hypercubes. The
metric which defines the hypercube is computed at the center of the cube. The fractional difference
between the explicit match and the metric match is then calculated around the immediate vicinity
of the hypercube center. Heatmaps of the process is depicted in the figures below
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Figure 3.2: Heatmap of the difference between the exact match calculation and the metric match
approximation for a hypercube of mass boundaries (1, 2) M, and spin boundaries (—0.985, 0.985).
The axis are small deviations in the mass parameter vector. Note that the metric itself is being
calculated at the center of the hypercube at (0.5, 0.5) M, and spin (0, 0). The color scale describes
the fractional difference between the exact match and metric match according to the natural log of
the difference.
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Figure 3.3: Heatmap of the difference between the exact match calculation and the metric match
approximation for a hypercube of mass boundaries (2, 99) M, and spin boundaries (—0.985, 0.985)
for both binary elements. The metric is being evaluated at the center of the hypercube at
(50.5,50.5) M, and spin (0, 0). The match comparisons are sampled throughout the mass space.

Additional heatmaps can be found in the Appendix. For now we turn our attention to two im-
portant differences between Figure 3.1 and Figure 3.2: the scale and coverage of the metric.

The change in scale is dramatic. The order of magnitude of the smallest difference in metric
of the 1 — 2M; bank is larger than that of the 2 — 991/, bank by about 1.5 orders of magnitude.
Looking at both graphs objectively, we can see that far from their “effective diagonal”, both param-
eter spaces drop off such that the fractional difference is off by more than a 10-percent fractional
change, which is less than ideal. However, the effective diagonal of the higher parameter space is
much thicker, indicating a greater effectiveness and an altogether “flatter” space. While the lower
parameter regions do address this by tiling more densely, their tighter effective diagonals inher-
ently make them more prone to gaps in the coverage of the metric. Together, these observations
indicate an issue with the metric calculation in lower mass regions.

These results are not entirely surprising, as we expect the metric to behave with more volatil-
ity in the lower mass regions than the higher mass ones. The intuition here is that in lower mass
regions deviations in the parameter space are proportionally large variations compared to the same
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deviations in the larger mass space. After all, the difference between a 2.1, binary compared to
a 2.0M, is markedly more disparate than a 99.1M/;, and a 99.0M/, binary.
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4.1 Conclusion

The treebank template generation algorithm is a promising work in matched filtering signal
processing of gravitational waves originating from compact binary coalescences. It employs clever
uses of differential geometry and computer science to speed up template bank creation compared
to the current standard, sbank.

The fundamental process revolves around the numerical calculation of the metric of a section
of an N-dimensional bank parameter space and splitting the space into a series of N-dimensional
hypercubes based on properties of that metric through a binary tree decomposition. Once the space
has been partitioned, individual hypercubes are tiled with waveform templates. For the foreseeable
future, treebank will utilize a tiling scheme where hypercubes are split until only a single template
placed at their centers is necessary to provide adequate coverage for the hypercube volume. Other
current possibilities include a geometric tiling approach more in line with the original template
spacing works of Ben Owen, or a stochastic approach similar to sbank.

The treebank method shows incredible promise as a tool which will expand the ability of the
LSC to efficiently detect CBCs across a wide range of astrophysical parameters, with runtime im-
provements on the order of 1 x 10? times reductions in computational costs, measured in terms of
CPU time.

While fast, treebank is still a work in progress and will require some fine tuning before imple-
mentation within the analytical tools used by the LSC. Most notable are its issues with bank size
and performance in bank sims, although the solutions to these problems go hand in hand.

4.2 Looking Forward

Understanding and improving the metric calculation is key to fixing the remaining issues with
treebank, with the goal being to consistently pass banksims with little fuss.

Once treebank works satisfactorily for all test cases, we can proceed to generating banks of
higher dimensionality, hopefully proving that the method scales well up to 8 or 9 dimensions.

An interesting idea to keep in mind would be a return to a tiling method more faithful the Owen
geometric approach, which has the distinction of being the theoretically correct” way to tile the
template space.
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.1 Appendix A: Banksims
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Figure 1: Banksim of a non-spinning bank. Boundaries at (1.4, 2.2) M. Minimum match criteria
of 0.97. This was a small parameter test case.
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Figure 2: Banksim of a non-spinning bank. Boundaries at (2.0, 99.0) M. Minimum match criteria
of 0.97. Note that this template bank had the restriction that the maximum mass ratio was set to
40.0, hence the slanted right edge.



32

10°
0.990
0.975
> 0.960
= S
K. B
g
< 10 - 0.945 5,
@ £
£ 0.930
0.915
0.900
10° :
10° 10" 10°

Injected m, (M)

Figure 3: Mass banksim of a spinning bank. Boundaries at (2.0,99.0)M, and (—0.985,0.985)
spin. Minimum match criteria at 0.97. Note this template bank again has restrictions on the
minimum and maximum mass ratios.
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Figure 4: Spin banksim of a spinning bank. Boundaries at (2.0,99.0) M, and (—0.985,0.985)
spin. Minimum match criteria at 0.97.
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.2 Appendix B: Metric Tests
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Figure 5: A heatmap of the fractional difference between the metric match approximation and
the exact mass calculation around a hypercube with (mass1, mass2, spinl, spin2) coordinates of
(25,25,0,0). Perturbations around the center take place along the mass parameter vectors.
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Figure 6: A heatmap of the fractional difference between the metric match approximation and
the exact mass calculation around a hypercube with (mass1, mass2, spinl, spin2) coordinates of
(49, 49,0, 0). Perturbations around the center take place along the mass parameter vectors.
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Figure 7: A heatmap of the fractional difference between the metric match approximation and
the exact mass calculation around a hypercube with (mass1, mass2, spinl, spin2) coordinates of
(75,75,0,0). Perturbations around the center take place along the mass parameter vectors.
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Figure 8: A heatmap of the fractional difference between the metric match approximation and
the exact mass calculation around a hypercube with (massl, mass2, spinl, spin2) coordinates of
(100, 100, 0, 0). Perturbations around the center take place along the mass parameter vectors.
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