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ABSTRACT

A simple, low cost and easy-to-operate 3D stereophotogrammetry system was developed to
measure the kinematic pattern of head stabilisation during visual tasks. The system differs from
commercially available ones since it: (a) takes into account the gaze motor coordination charac-
teristics and measures the head translations quantified at the point that best represents the
translations caused by the eyes’ movement during visual tasks, that is, the midpoint between
the eyes; (b) offers minimum restriction to the head movement and minimum interference with
it; (c) innovates when using the position coordinates produced by a free-online tracker software.
The system was effective in recording the head movements and its RMS total error was
0.705mm with +0.808 mm standard deviation. This represents an RMS total error of 3.5%,
considered satisfactory because it provided results with a confidence level higher than 95%. The
system was effective to record differences in head movements of 11 individuals in open and
closed eyes conditions and revealed the direction-specific feature of the head displacements
size. The results showed that the system is a cost-effective and accurate alternative for studies
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needing to accurately measure head movements during visual tasks.

1. Introduction

The human visual exploration used in most tasks is
performed by the accurate coordination of a binocular
oculomotor system, whose movements are followed
by head [1-4] and body simultaneous movements
[5-10]. The gaze fixation on an object located in front
of the observer is a seemingly simple task. However, it
has complex kinematics because gaze fixation involves
the cervical spine and set of oculomotor muscles
coordination, in order to direct the head and the gaze
in space. This coordination implies controlling the
resultant of all muscular forces to keep the displace-
ment over time close to zero [11,12], simultaneously
in all head degrees of freedom (DOF) [13].

For some people, the visual exploration required in
the daily living activities is very difficult. During this
exploration, they complain about image distortions
that produce discomfort resulting in the condition
named visual stress (VS) [14-17]. In the VS, there is a

loss of visual efficiency characterised by blurred vision
sensation, inaccurate visual perception or physical dis-
comfort sensation when attempting to perform visual
tasks [16]. Other symptoms such as fatigue, headache,
glare, colour printing or image movement are
described by the individuals a few minutes after they
begin the tasks [14,15,17]. These symptoms are
reported by 36% of students who have reading diffi-
culty [14,15] and up to 47% of dyslexic children [18].

The VS symptoms may be related to some difficulty
in controlling the resultant of the muscular forces that
stabilises the head, leading to a head movement pat-
tern where the displacement over time is not close to
zero. This is possible because muscle activation prob-
lems can impair the visual exploration and interfere
with the functional performance [10]. This hypothesis
leads to the need for investigating the head kinemat-
ics to clarify if the stabilisation pattern offers some risk
to the visual performance.
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To implement this research type, when selecting
the kinematic registration method, the gaze function-
ing motor coordination characteristics should be taken
into account. For that, the head position is taken as
the reference structure for the visual system function-
ing [19]. From it, the gaze stabilisation takes simultan-
eously into account the eyes, head and neck’s DOF, in
each displacement direction [20]. The gaze control
stabilisation depends on the eye/head system geomet-
ric parameters, on the fixation point distance [20] and
on the gaze direction [19,20].

The eye/head system geometrical parameters deter-
mine that any head rotation around the three bio-
dynamic axes causes eyes translation in the space.
This is due to the fact that the eyes are distant from
the head centre of mass and yet further away from
the head centre of rotation on the spine [21,22]. For
this reason, to quantify the head kinematics it is
important to quantify these head movements at the
point that best represents the translations caused to
the eyes, defined as the midpoint between them
[20,23]. This feature becomes a requirement that could
be met by motion analysis systems that record the
head from the front. Although it seems to be a simple
solution, putting a camera or other recording system
components in front of the eyes could stimulate the
occurrence of gaze deviations which, in turn, could
introduce unwanted head movements and lead to
inappropriate conclusions. Thus, for the purpose
addressed in this study, the solution to be used
should obtain the kinematic record without measure-
ment system components being placed in front of the
individual [24].

Beside this first requirement, another eye/head
system’s feature defines a second measurement
system requirement [24]. The characteristic refers to
the asymmetric head mass distribution and to its
centre of mass, located at the skull base, being an
eccentric point in relation to the skull shape [21],
0.07 m distant from the rotation centres in the column
[25]. This puts the head permanently on anterior
unbalance, rotated in positive direction of the basicen-
tric Y-axis [13]. Thus, the head equilibrium on this axis,
achieved when the Frankfurt plane [26] stays horizon-
tal and the face stays vertical, becomes a state of con-
stant dependence on the energy addition to the static
system. The energy that balances the system is kinetic
and is produced by the torque of the upper nape por-
tion muscles, which insert into the skull occipital con-
dyles and turn them back in the negative direction of
the Y-axis. This defines a first class lever in which the
length of the lever arms changes the resulting weight

on each system side and the head rotations produce
the eye’s translations in space [27]. The described
feature determines that the measurement system used
to investigate the head kinematics needs a further
requirement: a design that minimally interferes with
movement. Thus, no component with expressive
weight should be placed on the head.

For kinematics analysis, stereophotogrammetric
(SPG) systems have been used to reconstruct static or
dynamic objects in three dimensions from the analysis
of images obtained by cameras [28]. For human kine-
matic analysis, the SPG is considered a powerful
method [28] already employed for dynamic recon-
structions of musculoskeletal mechanics in an accurate
and precise way [29]. It has been used to analyse gait
[30], sports movements [31], cervical spine movements
[32], head stabilisation during gait [33] and head
position during cell phone use [34]. For static
reconstructions, it has been used to analyse dental
occlusion [35], masticatory mandibular movements
[36] and for three-dimensional reconstructions of both
face [37] and skull [38]. These previous studies,
although applying SPG to the head, had no intention
to evaluate the head movement during visual tasks.
Thereby, until now, no SPG systems were found to
record the 3D head movements that meet the above-
mentioned requirements [24]. Moreover, the SPG use
is still limited by the high cost of commercially avail-
able systems [28,39]. However, such cost has been
minimised because low-priced digital cameras have
incorporated high-definition recording systems [29]
enabling an adequate image acquisition rate to regis-
ter human movements. Additionally, commercial SPG
systems require complex assembly and calibration
procedures, demanding controlled environments such
as laboratories [28,39]. This requirement limits its
clinical use when examining functional disorders of
the biological systems.

In studies about human head motor behaviour
during visual tasks, it is of paramount importance
being able to use an accurate and light recording
system that does not change the behaviour of the
motor system. In this context, this study presents an
SPG system developed to quantify the 3D head trans-
lations kinematics calculated at the midpoint between
the eyes. The system developed in this work was
designed to meet the requirements of head kinemat-
ics studies during visual tasks. Furthermore, the system
is a low price alternative to commercial systems, is of
simple and flexible operation and can be used in a
clinical environment [24].



2, Methods
2.1. Experimental configuration

The system presented here [24] uses SPG with two
digital cameras to record the movements of four pas-
sive markers placed on the head. The images are proc-
essed with free-online tracker software that provides
the 2D coordinates of each marker. These coordinates
are used by “in-house” developed software to recon-
struct the 3D coordinates of each marker and then the
3D coordinates of the midpoint between the eyes,
named point O. To calculate this point, without using
any component that records the images of the person
from the front, point O was calculated from a geomet-
ric model in which the head is represented by a rigid
tetrahedral figure with the four vertices (Figure 1)
located as follows:

e At the occipital area, on the head midline (point A);
e At the direction of the external border of the eye
orbit on the left side of the head (point B);

Figure 1. The rigid tetrahedral figure and the vertices’
location. Point O is the midpoint between the eyes. Local and
global systems are represented.
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e At the top of the skull, over the interaural axis, on
the head midline where the basicentric Z-axis is
projected (point C);

e Same position as point B, however, at the head’s
opposite side (point D).

For this, the tetrahedral figure is reproduced on the
head and one passive marker is placed at each vertex.
The markers are mounted using four 20 mm diameter
Styrofoam balls, four 50 mm metal rods, thermoplastic
adhesive based on satin vinyl foam (EVA), coloured
reflective paint, four hair clips, an elastic head strip, a
metallic headband (Figure 2).

The assembly procedure is started by painting the
Styrofoam spheres (markers) with reflective ink to facili-
tate their identification on the recorded videos. After
drying, three balls (points A, B and D) are fixed in three
metal rods with adhesive. The rods are then glued in
three hair clips. A fourth ball (point C) already glued on
metal rod was fixed with the same type of adhesive on
a metallic headband. This headband was placed on the
top of the head to position point C between points B
and D. The assembly procedure ends with the hair clips
with the markers being fixed to the elastic hair strip on
the head so that each marker is in corresponding pos-
ition to points A, B, C and D (Figure 3).

Since the head is considered a rigid body and the
markers are pinned on it, the distances between them
are assumed to remain constant (Figure 4).

In this model, point O is the midpoint between B
and D vertices. The global system used for measuring
the head movements corresponds to the X, Y and Z
basicentric axis of a person’s head in a standing pos-
ition [40]. The local system of each marker is aligned
to the global system. Each marker is identified by the
letter corresponding to its vertex.

Figure 2. Material used for mounting the tetrahedral figure. (a) Elastic head strip. (b) Hair clips. (c) Styrofoam spheres painted. (d)

Metal rod.



4 C. A. F. DINIZ ET AL.

Figure 3. Side view of the markers attachment and known
metric reference fixed on the elastic strip.

Figure 4. Tetrahedral figure mounted on head.

2.2. Image acquisition

The SPG system records the markers movements using
two digital cameras model Canon EOS T5 (Canon
Incorporation, Tokyo, Japan), fixed on tripods, orthogon-
ally placed, positioned 2 m from the head, to record
the head movements from the left (CAM1) and back
(CAM2) sides (Figure 5). CAM1 height coincided with
the ear’s external acoustic meatus. This anatomical refer-
ence is considered the external projection of the head
centre of mass [21]. CAM2 is placed at this same height.

The two videos are synchronised with the light emitting
diode (LED) visible to both cameras that indicates the initial
and final frames of the video. Together, the videos from
both cameras record the positions of markers A, B and Cin
the X, Y and Z axes, but record the positions of marker D
only in the Y and Z axes because it is not seen by CAMT.
Therefore, X coordinate of point D is reconstructed.

The cameras are set to record with Full HD reso-
lution with 1920 x 1080 screen lines, 30 frames per
second and automatic selection of luminosity and
focus. In this configuration, the optical system

-
~

x
)

(g}

Figure 5. Representation of the cameras position in the
SPG system.

distortion error calculated by triangles’ similarity
method was 1%. CAM1 registers markers A, B and C,
and CAM2 registers markers A, B, C and D images.

2.3. Image processing

After recording, the markers’ images are processed on
a micro-computer with a tracker software (Tracker
Video Analysis and Modeling Tool software, version
4.87, Open Source Physics) chosen for being an open
source software, of simple use and with all the neces-
sary features for the desired development. The Tracker
software provides the bidirectional coordinates of
each marker in each frame of the video.

Each marker was tracked in all 900 video frames
recorded (30 fps during 305s). The Cartesian system ori-
gin provided by the software for image analysis is con-
figured so that, for CAM1 video, the origin is located at
the ear’s external acoustic meatus. For CAM2 video, the
origin for the horizontal axis is aligned with the same
height as for the horizontal axis of CAM1, and for the
vertical axis it is at the head midline. These calibration
procedures are performed at the initial frame of the
original videos. Tracker slowest evolution rate is used
to ensure a high matching level, avoiding drift. To pre-
vent false identifications, the highest value allowed by
the programme for automatic tracking is selected.

The tracking produces bi-dimensional coordinates of
points A, B, C and D. CAM1 images directly produce X
and Z coordinates for points A, B and C. Similarly,
CAM2 images produce Y and Z coordinates of points A,
B, C and D. As Z-coordinates are obtained by both
cameras and the correlation between the data was
very strong (r=0.999) by Pearson’s correlation coeffi-
cient (SPSS, version 21, SPSS Inc, Chicago, IL) [41],
CAM2 data were chosen for the Z-axis coordinates.



2.4. Data analysis

After processing the images, the data of each marker
are exported to an in-house developed software [24].
The algorithm assembles the 3D coordinate for each
marker, reconstructs the X-axis coordinate for D
marker, since it is not directly obtained, and also
reconstructs the 3D coordinates of point O.

To reconstruct the X-axis coordinate for the D
marker, it is assumed that all points belong to the R3
space and the distances between them remain con-
stant. The distances to point D (Dap, Dgp, and D¢p) are
measured by the researcher with one metric reference
and registered for further use.

For reconstruction the X coordinate of point D, a
generic 3x3 Mpg matrix is created, as shown in
Equation (1).

D Yo—Yr Zo—2p
Meg=|Yo—Yp 1 0 (1)
Zo—2 O 1

The determinant of this matrix (Equation (2)) repre-
sents the square of the difference between the X coor-
dinates of two generic points P and Q where P=(X,,
Yo Zp) and Q= (Xy, Yq Z).
detMpo = Dpo® — (Vp = Yq)? = (Zp—Z)* = (Xp — Xq)?

(2)

Considering the generic points P and Q, as A, B, C
and D, the above determinant is applied to AB, BD
and CD pairs. These, together with the X coordinates
of points A, B and C, are applied in Equation (3) so to
give six approximate values for the X coordinates of
point D.

Xo1 1 1.0 0 0 0 Xa
Xp2 1 210 0 0 0] (detMp)/
Xp3| |0 0 1 1 0 O Xs

Xos | [0 0 1 =1 0 0 || (detMg)/>
Xps 0 0 0 0 1 1 Xc

XD6 0 0 0 0 1 —1 (det/\/ICD)W/z

3)

All these six values are used to calculate the modu-
lus of vectors AD, BD and CD. These modules and the
measured distances Dap, Dgp and Dcp are used to cal-
culate the approximate errors for every X value of
point D (Equation (4)).

Asp Dap— |AD|
Agp | = | Dgp— |BD| (4)
Acp Dcp— |CD|

The three obtained error values are transformed in a
total error A for every possible value of X (Equation (5)).
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A=/ (Adp+ Adp+ AZ) (5)

The chosen X coordinate value for point D is the
one in which the calculated distance presents the
smallest total error. Knowing the coordinates of points
A, B, C and D, point O is reconstructed, as given by
Equation (6).

B+D
0= 5+D (6)
2
The above formula is used at each time frame to
calculate the O coordinates. The desired translations
for point O are calculated as the total (Equation (7))

and instantaneous (Equation (8)) displacement vectors.
AO = 0(t) — 0(0) (7)
Aoinst = O(t) - O(tfrl) (8)

At the end, all tridimensional point O positions
are determined.

2.5. Experimental tests

Experimental tests were realised in two steps. First,
they were tested for the identification of logic and sig-
nalling errors. The distortion caused by the proximity
of the camera was disregarded. Markers A, B, C and D
coordinates were manipulated for 450 instants, div-
ided into three intervals of 100 instants with displace-
ment, separated by three intervals of 50 instants
without displacement. In the three displacement inter-
vals, the data simulated an introduction of 20 mm
cumulative translations in the X, Y and Z axes, with
0.2 mm displacement at each instant. The programme
has been run. Measurements of the reconstruction of
D point X coordinate showed a standard deviation of
0.013887 and a variance of 0.000193. The final calcula-
tion of the translations showed error of less than
0.0007 mm, which represents precision higher than
that required for human body movements.

Next, the SPG system error was compared with the
error of another system. As there was no other SPG
systems for such a test, the movement values per-
formed by a Styrofoam human head fixed on a robot
model Motoman SK6 (produced by Scott Technology
Ltd. Company, Dunedin, New Zealand [42]) were used
to compare as “standard value” or “real value”. The
ending point of the robot was placed over point O of
the Styrofoam head. It was moved linearly by 20 mm,
eight times, in each axis. The values for average
repetitive error (g), standard deviation (g), minimum
repetitive error (omin), Maximum repetitive error (emax)
and total RMS error of the reconstruction were calcu-
lated (Table 1). Calculation of the measurement
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Table 1. Errors of the SPG system.

Measured
translations (mm)

Robot movement axis X-axis Y-axis Z-axis RMS total error
X
€x 0.914 0.223 0.220 0.705
o 0.039 0.083 0.147
€min 0.848 0.148 0.042
€ max 0.974 0.398 0.558
Ue 0.765 0.766 0.773
4
gy 0.968 0.574 0.481
o 0.202 0.265 0.201
€min 0.462 0.054 0.208
€ max 1.172 0.937 0.926
Ue 0.790 0.808 0.784
V4
€, 0.717 0.721 0.568
o 0.043 0.175 0.201
€min 0.631 0.401 0.308
€ max 0.757 0.907 0.979
Ue 0.780 0.790 0.790

& repetitive error; g: repetitive error standard deviation; g;,: minimum
repetitive error; gmax: Maximum repetitive error; Uc: standard measured
uncertainty.

uncertainty took into account the calibration of the
robot and the resolution of the metric reference used
to record the distances between the markers.

The system RMS total error corresponded to 3.5%,
with an estimated standard deviation of £0.808 mm.

2.6. Field testing

The SPG system was field-tested to measure the head
movements of 11 individuals. The head movements
were recorded during 30seconds, once with open
eyes, followed by with closed eyes. Gross error sources
were minimised by using individuals positioning
standardisation procedures. During the measurements,
the individuals were instructed to stand in a quiet pos-
ition, heads up and looking straight ahead. The feet
were positioned in a standardised way according to
the French Association of Posturography [43] which
recommends 2 cm distance between the heels and 20°
lateral deviation of the forefoot. Tests in which individ-
uals have changed the position of the gaze, trunk, feet
or flexed knees were discarded and repeated. For the
closed-eye tests, one person was positioned to the
right of the subject and the other to the left to hold
him/her if he/she became unbalanced. Sources of error
due to environmental factors were minimised with
standardisation measures. The system was used always
in the same 20°C heated room, with low noise level,
without natural light incidence and artificially lit by
two 40 W fluorescent lamps fixed to the ceiling. The
measured illuminance of the room was 14 lux.

The procedure used in this test was previously
approved by the ethics committee of the Universidade

Table 2. Head translations’ mean values at each movement
axis, with open and closed eyes conditions.

X-axis Y-axis Z-axis

Visual condition Mean SD Mean SD Mean SD

EC 16.5 21 335 2.37 1.12 1
EO 6.04 5.65 4.16 3.18 0.93 0.52

Trans.: translations; SD: standard deviation; EC: eyes closed; EO:
eyes opened.

Federal de Minas Gerais (UFMG)/Brazil, under protocol
CAAE No. 50707815.6.0000.549 and the participants
signed the free consent form before each test.

For the tests, the system was assembled and the
cameras were set to record at Full HD resolution, 60
frames per second and with automatic selection of
brightness and focus control. They were fixed on tri-
pods at 2 m distance from the head and orthogonally
positioned to film it from the left (CAM 1) and from
behind (CAM 2), respectively, as presented in Figure 5.
In this configuration, the image distortion error by the
optical system estimated with the triangles similarity
method for 20 mm translations was 1%.

For image processing, the following specifications
were applied to the tracking programme: minimum
similarity score required for automatic tracking with-
out false identifications selected with the highest
value allowed by the programme; tracker evolution
rate set to the minimum value allowed by the pro-
gramme to ensure a high level of match and to
avoid drift.

3. Results

Seven women and four men, aged 13-21 vyears
(16.4 +2.4 years) participated in the tests. Despite the
individuals trying to stay with the head in quiet pos-
ition, point O data calculated by the SPG system
showed that the middle point between the eyes of
individuals moved in translations, simultaneously, in
all axes, due to the head movement. The mean values
for each axis of movement, with the EO (eyes opened)
and EC (eyes closed) test conditions are shown in
Table 2.

Figure 6 shows the translational amplitude chart
representation of each 1800 positions recorded during
30 seconds of EC and EO conditions, for all 11 individ-
uals, so to illustrate the pattern of the sample.

4, Discussion

This study developed an SPG system that used simple,
low-cost and easy-to-operate components and that
took into account the gaze motor coordination
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Figure 6. Results of point O positions by axis, during 30 seconds, for the 11 individuals in opened and closed eyes’ test condition.
The position in the start frame was named “zero”. One to 11 is the individual's numbers.

characteristics. It was effective in evaluating the tridi-
mensional head movements with an RMS total error
of 3.5%. This error was satisfactory because it provided
results with a confidence level higher than 95%.

The system has characteristics that made it unique
compared with other systems developed to quantify
head movements. One of its main characteristics is to
measure the 3D movement at the middle point
between the eyes with no system components in the
frontal field of the individual. This avoids induced gaze
deviations which could introduce unwanted head
movements. No similar systems were found in the lit-
erature or in the market. For that reason, to compare
this SPG system with other two camera commercial
systems does not seem appropriate since, at the latter,
in order to obtain point O coordinates, the cameras
have to be placed in front of the eyes. This is not rec-
ommended for examining the human head motor
behaviour during gaze coordination, because the sight
direction is achieved with eye movements combined
with head movements [2,4,44,45] that are produced in
the rotational centres, far from the eyes [23].

To do this, software that reconstructs the coordi-
nates of point O from head marker position data was
developed [24]. The software uses the position coordi-
nates produced by a free-online tracker software. This
is an innovation of this system that reduced the total
cost of the system, making it cost-effective. The SPG
system developed by Castro et al. [46] although hav-
ing a lower cost compared with other commercial sys-
tems requires the acquisition of up to eight cameras
plus the software. Therefore, its total cost is superior
to the system presented in this paper.

The use of a free-online tracker software is an
innovation that requires caution by the operator
because is a step that can introduce errors in the data
if care is not taken. The software stops if any loss of
tracking quality is detected. The software only contin-
ues when the operator manually corrects the tracking
process. Such observation may make the process
time-consuming and requires a trained operator. It is a
system limitation. However, for studies with a reduced
number of videos, the possibility of making low cost
kinematic analysis has a benefit that exceeds
this limitation.

The geometric model used at the algorithm to
reconstruct the coordinates and calculate point O pos-
ition vector and the orientation matrix in the tridimen-
sional space was based in the concept of forward
kinematic modelling of robots, which uses three DOF
to position an ending point in space [47]. In the case
of the human head, point O is the end point of the
head mechanical system during visual tasks and its
displacement in R? is the result of the DOFs functional
restriction for this mechanical system.

To offer minimum restriction to the head movement
and minimum interference with the head movements,
the markers’ material selection and attachment method
were determined by the head anatomy. The interfer-
ence in the alignment caused by the head mass asym-
metric distribution [21], and the uninterrupted force
required to align it [13], determined that they should
use markers whose total mass was less than 1% of the
average head weight. The apparatus described by
Panerai et al. [48], for example, used 0.370kg sensors,
mechanical components and helmet. When placed,
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they add mass to the anterior portion of the head,
modifying the kinematics being investigated.

This system has a limitation in addition to the
aforementioned. The analysis of the uncertainty sour-
ces pointed out that the measure of the distances
between the markers may contribute to the most
expressive part of the uncertainty. When the operator
carefully measures these distances, this limitation
is minimised.

The system was effective in recording the head
movements of the 11 individuals examined and it was
sensitive to changes in the visual condition during the
tests. This sensitivity was evidenced by the differences
in translational averages in each axis obtained from
open and closed eyes. This result confirms the specifi-
city of the system here presented to record the kine-
matic head behaviour during visual tasks.

In addition, the SPG system presented here
revealed a feature on kinematics of the head that has
not yet been measured in other studies: the head dis-
placements size is direction-specific. In this study, the
largest translations were recorded on the X-axis,
which coincides with the anteroposterior direction of
body oscillation. This is the direction of greater oscil-
lation amplitude when the individual is standing in
the position used in that study. The smallest transla-
tions were recorded on the Z-axis, which is the verti-
cal axis.

5. Conclusions

This paper has presented a low-cost SPG system
developed for investigations of the human head
movements that quantified in three dimensions the
translation of the midpoint between the eyes. For its
satisfactory accuracy, the developed system proved to
be both suitable for use in clinical settings and sens-
ible to changes in visual condition test. Therefore, it is
an alternative system for conducting studies aiming
quality and reduced cost.
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