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Abstract. We pursue a method of determining the arrival direction of TeV gamma-

rays requiring only a single telescope. The disp analysis method uses information about

the shape of gamma-ray induced air showers to determine the arrival direction of the

gamma-ray photons. Several implementations, including multi-variate analysis and an

analytical method, are investigated.

Introduction

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) was

constructed in 2003 at the Fred Lawrence Whipple Observatory on Mt. Hopkins in

southern Arizona. It consists of four 12 meter optical reflectors for the purpose of

detecting and imaging high energy air showers.

When a high energy gamma-ray or cosmic ray interacts with the Earth’s

atmosphere, it creates an air shower of relativistic secondary particles. As the charged

particles propagate along the path of the original particle, they produce Cherenkov

radiation. The cone of Cherenkov radiation creates a light pool at ground level. These

light pools, which last for only a few nanoseconds, can then be detected and imaged by

the reflectors which are situated within the pools diameter.

Features of the ray shower image inform us of some characteristics of the incident

particle. The shape and orientation of the air shower is affected by the nature and energy

of the incident particle, as well as the direction from which it arrived. Hadronic cosmic

rays are charged, and are thus affected by interstellar magnetic fields. As such, they

may arrive from directions not pointing towards their source. However, gamma-rays

travel straight, so their direction of arrival leads back to their source. By reconstructing

the arrival direction of a number of imaged gamma-ray photons, a gamma-ray map of

the field of view can be obtained.

The standard model of shower reconstruction requires the use of images from

multiple telescopes. This method, referred to as the geo (geometric) method, places

the source of the incident gamma-ray at the intersection of the major axes of each

shower image[1]. While the geo method takes advantage of the stereoscopic recording
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capabilities of VERITAS, making it very effective in many cases, it has a few drawbacks.

Multiple telescopes must detect the shower to be able to use the geo method at all.

Observations at large zenith angles are also problematic, as the stereo angle between

the pairs of images is reduced greatly. Many of the shower image axes may be nearly

parallel, which causes a large uncertainty and poor angular resolution for the shower

direction.

However, the disp (displacement) method is not subject to the same shortcomings.

Gamma-ray showers tend to have a characteristic displacement between their image

center of gravity and the position of the source. The magnitude of this displacement is

related to the ratio between the width and length of the shower image, as well as its

size. Thus, the shape of the shower image informs us as to the position of the source.

The disp method was first implemented for VERITAS using a six-dimensional

lookup table. The dimensions of the table consisted of the following image parameters:

length, width, amplitude (size), zenith angle, azimuth angle, and PedVar level. From

Monte Carlo data, the disp method using lookup tables achieved angular resolution

of about 0.14 deg. It significantly outperforms the geo method at large zenith angles,

although it is slightly worse at small zenith angles. Figure 1 shows that a weighted

combination of the two methods gave nearly flat angular resolution across all zenith

angles[2]. However, for less common values of each of the parameters, many bins in

the lookup table remained empty due to low statistics. There was also a tendency to

underestimate disp significantly when the true disp value was high. As such, we turned

to other methods of determining disp, including using multivariate analysis techniques

as well as finding an analytical function relating disp to the known parameters.

TMVA Methods

To perform multivariate analysis, we used the ROOT Toolkit for Multivariate Analysis

(TMVA), a collection of algorithms which run in ROOT, a data analysis framework[3].

The various methods included in TMVA all use machine learning to classify data. They

are given a set of data with known classifications, which they use to construct a classifier

to be used to analyze new data. For our purposes, we used a training data set of

simulated air showers. We knew the position of the simulated source, so we had the

true value of disp. Thus our parameters were information about the air showers, such

as their size, length, and width. We input the parameters into TMVA algorithms along

with the target disp value, from which a system was created that could predict the disp

value for new data.

A number of algorithms, including artificial neuron networks, rule ensembles, and

support vector machines, were tried. The best results were achieved using boosted

decision trees, although neural networks showed some promise (see Appendix A). A

decision tree is a branching series of yes/no decisions taken on each variable. An event

is fed into the tree, and it traverses the decisions until it reaches an end node. The tree

is constructed using training events with known target values (the distance disp is our
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Figure 1. Plot of angular resolution in degrees of various algorithms as a function

of cosine of zenith angle. At large zenith angles (and thus small cos(zenith) values)

the geo method (blue line) is significantly outperformed by the disp method (black

line), while at small zenith angles (large cos(zenith) values) the geo method slightly

outperforms the disp method. The zenith-weighted average of geo and disp (red line)

performs best, with a nearly flat angular resolution of about 0.125 degrees (for events

observed by at least two telescopes).

target). The target values of the events that end up in each end node determine the

value of that end node. Then, when new data with unknown target values is fed into

the constructed tree, it is assigned a target value based on which end node it reaches.

An example decision tree is sketched in Figure 2.

This technique is made more robust by boosting, which extends the process from

using a single tree to using an entire forest. The disp value is then calculated by an

average of each tree’s estimate. Additionally, each tree is constructed by using the same

data set, but with different weights assigned to the events. If a tree fails to assign an

accurate value to a certain event, the next tree to be constructed will weight that event

more highly to ensure it gets an accurate value.
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Figure 2. A series of decisions is taken on an event with variables xi, xj , and xk. The

process starts at the root node, and continues until reaching an end node, labeled with

B (background) or S (signal). The result determines the classification of the event as

signal or background.

BDT Specifics

There are a large number of parameters for the TMVA implementation of BDT. I tried

a variety of options, including using forests with very large numbers of simple trees as

well as using fewer but more complex trees. There are also a variety of algorithms for

the reweighting part of the boosting procedure, pruning methods to improve stability

by removing unnecessary branches, and ways to determine to optimal decision values.

The parameters I found to be most effective are listed in Table 1. Any parameters not

listed in the table were left as default. Some of the other methods and options I tried

are listed in Appendix A.

The BDT was given simulated data, with the true value of disp as the target and

width, length, size, loss, and time gradient as variables. Loss refers to the amount of the

air shower image present in the two outermost rings of the telescopes photodetectors. A

high loss value suggests some of the air shower was not recorded as it ran off the edge.

The results of the TMVA algorithms were promising, but only slightly better than

the lookup table. For the smallest zenith angle (zenith=0 degrees), the root-mean-

square deviation (best-90%RMS) between the true disp value and the TMVA estimate

was 0.157 degrees, similar to the containment radius shown in Figure 1. For the largest

zenith angle tested (zenith=65 degrees), the best-90%RMS was 0.107 degrees. These

angular resolutions can be seen in Figure 3.

We had seemed to have reached the limit for TMVA calculation of disp. No other

TMVA methods had achieved a similar result. The best non-BDT method (an Artificial

Neural Network using BFGS learning) only achieved a 90% RMS of 0.185.
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Table 1. Parameters used for the optimal TMVA BDT. Any parameters not listed

here were left as default.

Parameter Value

nTrees 500

MaxDepth 8

nEventsMin 30

nCuts 20

Shrinkage 0.1

BoostType GradBoost

UseBaggedGrad True

GradBaggingFrac 0.5

Analytical Approach

As such, we proceeded to try an analytical approach. Instead of letting a TMVA

algorithm use brute force to try to find a relationship between the variables and disp,

we tried to devise a function that could describe that relationship. We first started

by considering the physical significance of the variables. The gamma ray air shower

produces a light pool. If the gamma ray’s direction is directly towards the telescope,

the light pool will fall directly onto the telescope, producing a circle of detected light.

Figure 3. Plot of best-90% RMS deviations for two methods of determining disp,

over a range of zenith angles. Zenith angles range from 0 degrees to 65 degrees. RMS

values are in units of degrees.
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Thus, the ratio of width to length will be very close to one. And as the gamma ray

was pointed towards the telescope, the origin of the gamma ray will be very close to the

center of the light pool, so disp is small. If the gamma ray does not point directly at the

telescope, the light pool will appear stretched into an ellipse. The ratio between width

and length will be smaller, and disp will be larger. Thus we know we have an inverse

relationship between disp and the width-length ratio.

In all the papers I read about the disp method, a common theme was using the

ratio (
1 − width

length

)
(1)

either as the entire equation or as a part of a larger equation[4]. However, I found this

not to be very useful on its own. As shown in the left scatterplot of Figure 4, the true

disp value is not very tightly correlated to the ratio in Equation 1. So, I tested various

equations involving the ratio. The best equation I could find was

disp = log(size) ·
[
A + B ·

(
1 − width

length + C · loss · log(size)

)]
(2)

where A, B, and C are fit parameters[5]. There is an overall scaling factor related to

size. Also, to compensate for air shower images that were cut off by the edge of the

field of view, we also added in the loss variable. A scatterplot of how the output of this

function correlates to the true value of disp is shown in the right plot of Figure 4.

I tried many variations of Equation 2, but we achieved the best results with it just

as shown above. Appendix B lists some of the other functions I tried that performed

worse.

Figure 4. Left: scatter plot of the output of the ratio equation (Equation 1) against

the true disp values. We see the width/length ratio is not very closely correlated to

disp. Right: scatter plot of the output of the full equation (Equation 2) against the

true disp value. Although there is still a lot of deviation between the equation’s values

of disp and the actual value, correlation is significantly improved.
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Figure 3 shows the best-90% RMS deviations achieved. Analytical deviations

were worse than the BDT results, ranging from 0.220 at zenith=0 degrees to 0.163

at zenith=65 degrees, but they at least may be close enough to serve some use.

I tried to combine the analytical and MVA methods in a few ways. I tried generating

analytical estimates of disp, and simply using those as an additional variable supplied

to the BDT. However, this had no effect on the final RMS. I also tried calculating

the difference between the actual disp and the analytic disp estimate, and using that

difference as the target for the BDT. This also resulted in the same RMS deviations.

So, it seems that simply providing the output of the analytical results to the BDT is

not enough. If combining the methods is to help, they need to be more integrated.

Conclusions and Future Work

Although I was not able to find any methods that performed better than the BDT

with the parameters, there is still potential for improving performance. I don’t think

it is possible to improve BDT performance simply by changing the options, but there

may be additional input variables or preprocessing to the variables that would help.

There is also still be room for improvement with other methods. Although the best-

90% RMS for artificial neural networks (ANN) was a bit worse than that of the BDT,

ANN are apparently rather finicky, with the possibility of very high performance but

requiring very fine-tuned parameters and data sets. Although I attempted to use ANN

for some time, I was unable to fully investigate them due to their long runtimes and

their tendency to crash or freeze, so I doubt I have seen their optimal performance.

The performance of analytical functions can surely be improved, but I don’t know

to what extent. It’s very possible that more information is required to predict disp

precisely than just width, length, and size, but how other variables could be included

in the function seems unknown. So while there may be great potential for a simple,

transparent way of calculating disp, it might require a lot more investigation.
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Table 2. Parameters used for the original TMVA BDT, against which other BDT

parameters were tested. All options not listed were left as default. This original BDT

had an RMS of 0.158 degrees.

Parameter Value

nTrees 2000

MaxDepth 6

nCuts 20

Shrinkage 0.1

BoostType Grad

UseBaggedGrad True

GradBaggingFrac 0.5

Appendix A: Other TMVA Methods and Options

Methods other than BDT I tried included support vector machines (SVM), rulefits, and

multilayer perceptron artificial neural networks (MLP-ANN). SVM and rulefit had very

high 90%-RMS. MLP-ANN with stochastic learning (LearningMethod=Stochastic) got

a 90%-RMS of 0.6, but with BFGS learning (LearningMethod=BFGS) the 90%-RMS

was 0.185. Although this sounds promising, MLP-ANN methods ran very slowly and

were prone to crashing or freezing without any explanation. As such, I didn’t investigate

them very thoroughly.

For BDT, I tried a wide variety of options. For the most part, I started with a

certain original set of options, and tested options by changing one or two at a time. The

original options are listed in Table 2. A BDT with this set of options produced an RMS

of 0.158 when ran on the set of zenith angle = 0 simulation data with a size cut of 200.

All tests, unless otherwise specified, were run on this set of simulation data.

Other things I tried that don’t fit neatly into a table include the following:

Pruning never improved performance for the trees I tried it on. I never used trees

with a max depth more than 10, so pruning is apparently ineffective for trees of this size.

The timegrad variable improves performance, but only slightly. Removing it increases

RMS from 0.158 to 0.166.

I tried adding a variable called ratio, given either by length
width or

(
1 − width

length

)
.

Removing length and width and replacing them with ratio worsened performance, while

adding ratio while still including length and width had no effect.

Gradboost was the most effective boosting algorithm. Others, such as Adaboost,

never achieved the same performance.

I came across an article about HESS and the disp method, which included the use

of depth 20 trees and pruning[6]. However, these options performed badly. Using the

given options and gradboost, the results were severely overtrained with a test RMS of

0.210 and a training RMS of 0.001. Using adaboost, as recommended in the paper,

the results were even worse with an RMS of about 0.24, although there was only slight

overtraining.
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Table 3. Best-90% RMS values for BDTs with other options. Each different run

is in a box. All parameters not listed for a run are the same as the original listed in

Table 2.

Parameter Value RMS Parameter Value RMS

nTrees 500 0.158 MaxDepth 2 0.162

nTrees 100 0.162 MaxDepth 3 0.162

Shrinkage 0.05 0.158 MaxDepth 4 0.160

Shrinkage 0.15 0.158 MaxDepth 8 0.159

Shrinkage 0.50 0.164 nCuts 25 0.158

VarTransform Decorrelate 0.158 nCuts 50 0.158

nTrees 500 Shrinkage 0.3

MaxDepth 7 0.158 MaxDepth 2 0.170

nTrees 500 Shrinkage 0.3

MaxDepth 8 0.157 MaxDepth 3 0.162

nTrees 500 Shrinkage 0.5

MaxDepth 9 0.157 MaxDepth 2 0.170

nTrees 1000 Shrinkage 0.5

MaxDepth 7 0.157 MaxDepth 3 0.163

nTrees 1000

MaxDepth 8 0.157

nTrees 1000

MaxDepth 9 0.158

nTrees 1000

Shrinkage 0.5

MaxDepth 2 0.171

nTrees 1000

Shrinkage 0.5

MaxDepth 3 0.163

nTrees 1000

Shrinkage 0.5

MaxDepth 4 0.163

nTrees 1000

Shrinkage 0.5

MaxDepth 6 0.164
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Appendix B: Other Analytical Equations

In finding an analytical equation for disp, I tried very many different functions of disp,

d, length, l, width, w, and size, s. I based many equations on a ratio, r, defined as

r =
(

1 − w

l

)
Although I tried a few equations that involved the simple ratio of length divided by

width, I found that I received better results using the equation above for ratio. Capital

letters will refer to fitting parameters.

I started by ignoring the loss parameter. To account for this, I made a cut and only

used events that had loss=0. I tried simple functions like

d = A + log(s) (B + Cr)

but these typically were poor fits. This one had an RMS of 0.312. I also tried functions

with many free parameters, such as this equation with a second-order polynomial

dependence on size,

(As2 + Bs + C) + (Ds2 + Es + F )rG

but these often failed to fit at all.

I found that using log(size), base-e, was always more effective than anything else.

For example, while the above equation failed to fit, replacing size with log(size) in the

same equation did fit with an RMS of 0.301.
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