
INTRODUCTION
Numerous devices to capture eye, pupil and head movements are 
readily available for research purposes. In particular for driving 
safety research (both naturalistic and simulation), these types of data 
are used to develop standardized metrics and reliably assess driving 
performance in a variety of complex driving environments and 
scenarios [8].

During the analysis phase and developing analytical datasets for 
research studies, a large amount of time and resources are exhausted 
to synthesize these data and provide meaningful insights. For 
example, many recent driving safety research studies utilize human 
coding to distill eye, pupil, and head motion data into quantifiable 
metrics [8]. The challenge facing simulation researchers is that such 
rich graphical datasets are tedious but possible for humans to analyze 
but difficult to translate into calculation. Many solutions for 
analyzing dense data such as this have not yet been effectively 
implemented. Those that have been effectively implemented remain 
prohibitively expensive for many research institutions. Development 

of an open source set of computational tools for processing simulator-
based graphical data could save human time for research, potentially 
speeding up the rate of progress in the field.

This paper aims to develop a general set of free and open source 
methods and software to reliably detect, capture and analyze head and 
gaze movements during simulated driving. The specific 
computational method involves the placement and automated 
detection in standardized positions in the simulated scene. This 
manuscript presents the methods for implementation of this technique 
in the context of a driving simulator.

Here we describe a solution we call SimGaze, which synthesizes 
several existing tools to “bridge the gap” between the data acquired 
by an eye tracker and the simulator screen context, and acquire 
information in the context of the simulator screen. The system makes 
it possible to quickly analyze with a computer, where before it had to 
be manually reviewed. In brief, we use the ASL eye tracker to gather 
initial gaze information and the APRIL Tags software to gather 
spatial information. Using the OpenCV library, we then compute a 
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homography transform that maps the video and gaze information to a 
common screen-relative coordinate system. From this point the data 
can be analyzed using simple methods in MATLAB.

METHODS

Figure A. Representation of Overall Method

Figure B. Representation of SimGaze Computation

Driving Simulator Environment
The purpose of this section is to introduce the Driving Simulator that 
was has been as a platform for the SimGaze and SDA projects.

The Simulated Driving Assessment developed at the Center for Injury 
Research and Prevention (CIRP) at the Children Hospital of 
Philadelphia (CHOP) has been hosted on a fixed-based high fidelity 
Realtime Technologies, Inc. (RTI) ® driving simulator. Data was 
collected at 60 Hz with a fixed-base high fidelity Realtime 
Technologies, Inc. (RTI)® driving simulator. The driving simulator 
consists of a driver seat, three-channel 46″ LCD panels (160° field of 
view), rearview mirror images inlayed on the panels, active pedals 
and steering system, and a rich audio environment. The graphics were 
generated by a tile-based scenario authoring software, and real-time 
simulation and modeling are controlled by SimCreator, (RTI®). 
Visual rendering and graphics are delivered at 1280 × 1024 resolution 
with a 60-Hz frame rate. SimObserver, a video capturing system, 
allowed for analysis of digital video recordings along with recorded 
simulator data. Videos of the driving scene, of the participant's hands 
on the wheel, and of the participant's foot were recorded.

Figure 1. Driving simulator at the Center for Injury Research and Prevention 
at the Children Hospital of Philadelphia

Some productive tests of driver safety rely on knowing where the 
driver is looking at specific times. For instance, when the driver is 
turning left, a key indicator of safety is whether or not they look left 
in order to check for oncoming traffic. Another indicator of safety is 
whether drivers pay attention to the cars they are following, and 
whether they check hazardous areas such as perpendicular driveways 
before driving past them.

In previous efforts, these tests have been performed using an eye 
tracking headset called the ASL eye tracker, which records and 
indicates where the participant is looking on the screen in real time 
by superimposing an indicator dot on the video feed from the 
headset's front-facing camera. This method makes it simple for a 
human to look at the video output from the tracker and to evaluate 
whether the participants were looking at correct areas of the screen 
at the correct time. However this mode of analysis, known as video 
encoding, is quite slow. Thus a computer assisted approach would 
be highly desirable. However, the data poses a significant challenge 
to computer-automated data analysis, because as the participant 
rotates or translates their head, the front-facing camera angle 
changes, meaning that the coordinate system in which the 
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participant's gaze is recorded is not locked rigidly to the simulator 
screens. This means that the gaze point information must be 
transformed into a screen-relative coordinate system before it can 
be used for automated video encoding.

The ASL Tracker
The purpose of this section is to introduce the eye tracking equipment 
used to collect data during driving in the simulator. We discus two 
trackers, their comparative merit, and how the collected data was 
parsed by the system.

The section implies that the ASL was ultimately chosen over the Pupil 
because it tracked a user's gaze more reliably than the Pupil.

The ASL tracker is a head mounted eye tracking system that works in 
real time. The ASL consists of a pair of modified glasses with an 
inward facing infrared camera and an outward facing camera, similar 
to the Pupil tracker. (See Figure 3) The inward facing camera tracks 
the movement of the participant's left pupil and uses the information 
to make a guess about where the participant is looking on the video 
from the outward facing camera. (See Figure 2) The system can be 
calibrated for individual users using a piece of desktop software that 
connects to the tracker via wi-fi. The system outputs a CSV file 
containing gaze locations (frame normalized, from top left) and 
timestamps (in seconds, from video start), and an AVI file from the 
front facing camera with a visual indication of the user's gaze 
superimposed. (640×480 @ 30-Hz) The inward and outward facing 
camera design is common to many eye tracker headsets on the 
market, making it an ideal development platform for this tool. In 
theory, using an eye tracker from any of ASL's competitors should be 
just as easy as using ASL.

Integrating ASL Video
The SimGaze system uses the ASL video in its tag detector (Pupil 
video was used in an identical process before ASL support was 
added). Given the path of the video, the system opens one frame of 
the video at a time and performs specified analysis before closing the 
frame and opening the next in the sequence. The analysis performed 
depends on the options with which the program is run. (See 
Appendix: “List of Program Flags”) This is the main loop for the 
program. The ASL video is never overwritten.

Figure 2. ASL Front-Facing Camera View with Gaze Point

Integrating ASL Data
If necessary for a particular analysis, the system also reads one line of 
data from a given ASL CSV file per frame analyzed. This corresponds 
to one frame of output form the ASL system, so the two data streams 
stay in sync by being read at a one-to-one ratio. The ASL data is 
never overwritten.

The Pupil Tracker
For development and testing, we also used a less costly but higher 
resolution open source eye tracker from Pupil Laboratories, called the 
Pupil Eye Tracker. The Pupil Tracker functions very similarly to the 
ASL Tracker, but uses different hardware and software. The pupil is 
built from two webcams (front-facing: 1280×720 @ 30fps, rear-
facing: 640×360 @ 30fps) and a 3d-printed frame.

Figure 3. The Pupil Eye Tracker (from www.pupil-labs.com)

We developed the software using the Pupil because it was open 
source, which allowed us to edit its source code in order to make its 
output easier to parse for the SimGaze system. In development, we 
found that the Pupil camera videos produced tag tracking results that 
were more reliable than those from the ASL. This may be due to its 
higher resolution front-facing camera. However, the eye tracking 
performed much more poorly than the ASL. Particularly, we found 
that the Pupil gaze tracking calibration procedure was very 
inconsistent between people, and did not work at all for many of the 
researchers who tested it.

After developing the system, we added support for the ASL tracker, 
which is now the standard tracker of use, however, we have full 
support for the Pupil in the final product. Other labs could potentially 
implement a set of fully open source head and eye tracking tools with 
the Pupil for under $300 (if the Pupil tracker is constructed by the 
lab). Also, since SimGaze is open source, the code can be easily 
edited to add support for other trackers if need be.
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The APRIL Tag Detector
The purpose of this section is to explain what the APRIL Tag Detector 
is and discuss some of its features.

The section implies that some specific settings are more optimal (than 
default) for fast and accurate tag detection.

The APRIL Tags software is a tool that generates and detects 
computer vision tags. (See fig 2) each tag is a square pattern of 
smaller black or white squares that represents an integer. A tag can 
contain different numbers of squares depending on the resolution of 
the tag. Tags of higher resolutions can store larger integers, but they 
tend to be harder for the APRIL Tag detector to detect accurately. We 
used Tag36h11 type tags, which are a six by six grid of squares. 
There are 587 unique tags of this resolution, numbered 0 through 587 
[12]. The APRIL Tag detector is implemented in several languages; 
we used the C /C++ implementation with OpenCV to maximize 
speed and compatibility with its other components. The APRIL tags 
software is open source, and has been shown to be faster and more 
accurate than other tools of its kind, especially in varied lighting 
conditions or resolutions. The APRIL Tag detector has several 
parameters that can be changed and which affect the speed and 
accuracy of detection in different conditions. It also outputs several 
pieces of information for each tag detection relating to the accuracy 
of the detection and the system's confidence in the detection. Our 
system can adjust the “decimate” and “sigma” values.

A lower decimate value provides more accurate tag detections at the 
cost of speed. It is recommended to use a value from 1 to 2. This 
setting defaults to 2.

A positive nonzero value of sigma will apply a Gaussian Blur to the 
image, improving detection with images that are very noisy at the 
cost of processing speed. If the video was noisy we found it was 
effective to use a value of 0.8. If video was not noisy, setting a 
nonzero value of Sigma decreased performance and negatively 
impacted tag detection on good data. This setting defaults to 0.

Figure 4. Selected April tags

The SimGaze Tag Detector
The SimGaze system uses the APRIL Tag detector to detect all possible 
tags in each frame of video that is read from the ASL AVI file.

We filter these detections in a number of ways. The system excludes 
any tag detected that does not match any of the tag numbers given by 
the user. (If the user fails to specify any tags, then all are included.) 
The tags are surely false detections, because if the user has specified 
all the tags that are actually in the simulator, then there is no real 

world tag of any of those numbers for the system to detect. We are 
using a relatively small number of the available tags at our resolution, 
(12/587) and a false detection could be any one of them, so filtering 
by tag number should theoretically catch approximately 97.96% of 
false detections. Additionally, this form of filtering is favorable 
because it can never exclude a correct detection (such a detection 
would have one of the specified allowable tag numbers).

The system can also filter the tags by goodness (unit-less double, 
higher is better, outputted by the APRIL Tag Detector), and hamming 
distance (integer, the number of black or white squares that needed to 
be changed in the detector's guess for it to match the number given). 
Both of these filters can be adjusted by the user, but default to preset 
values (30.0, and 2, respectively). In preliminary testing, we have 
found that it is often better to leave these additional filters completely 
open, in order to avoid excluding correct detections.

The SimGaze System
This section explains the actual system used to transform tag data 
from the non-normalized coordinate system of the tracker to the 
normalized coordinate system of the simulator.

The section implies that the system is functional and usable in its 
current state, but does not discuss performance metrics. The system is 
to be evaluated fully in future literature. In particular, the system is 
scheduled to be used in a 60 person study at CIRP in March of 2015.

The SimGaze system is run as a command-line executable on a 
Linux machine. A user gives the program instructions by adding 
flags after the command. (e.g. “./sda -transform -visual -t “79 80 81 
82 83 84 85 86 87 88 89 90” [input file].avi [output file].txt”) Flags 
do many things, from controlling the APRIL Tag detector 
parameters, to specifying desired tags or tag locations, or to turning 
on or off visual output.

Commands always begin with “./sda” and end with the input file path 
followed by the output file path. The flags go in between. Flag order 
doesn't matter. For a full list of program flags, see “List of Program 
Flags” in the Appendix.

Figure 5. Code Flow
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