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Brain Dynamics of Spatial Reference Frame
Proclivity in Active Navigation

Che-Sheng Yang, Jia Liu , Avinash Kumar Singh , Member, IEEE, Kuan-Chih Huang ,
and Chin-Teng Lin , Fellow, IEEE

Abstract— Recent research into navigation strategy of
different spatial reference frames (self-centered egocentric
reference frame and environment-centered allocentric ref-
erence frame) has revealed that the parietal cortex plays
an important role in processing allocentric information
to provide a translation function between egocentric and
allocentric spatial reference frames. However, most stud-
ies merely focused on a passive experimental environ-
ment, which is not truly representative of our daily spatial
learning/navigation tasks. This study investigated the fac-
tor associated with brain dynamics that causes people to
switch their preferred spatial strategy in both active and
passive navigations to bridge the gap. Virtual reality (VR)
technique and Omni treadmill are applied to realize actively
walking for active navigation, and for passive navigation,
participants were sitting while conducting the same task.
Electroencephalography (EEG) signals were recorded to
monitor spectral perturbations on transitions between ego-
centric and allocentric frames during a path integration task.
Forty-one right-handed male participants from authors’ uni-
versity participated this study. Our brain dynamics results
showed navigation involved areas including the parietal
cortex with modulation in the alpha band, the occipital
cortex with beta and low gamma band perturbations, and
the frontal cortex with theta perturbation. Differences were
found between two different turning-angle paths in the
alpha band in parietal cluster event-related spectral pertur-
bations (ERSPs). In small turning-angle paths, allocentric
participants showed stronger alpha desynchronization than
egocentric participants; in large turning-angle paths, partic-
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ipants for two reference frames had a smaller difference in
the alpha frequency band. Behavior results of homing errors
also corresponded to brain dynamic results, indicating that
a larger angle path caused the allocentric to have a higher
tendency to become egocentric navigators in the active
navigation environment.

Index Terms— Active navigation, electroencephalogra-
phy (EEG), spatial reference frame, spectral power, virtual
reality.

I. INTRODUCTION

IN OUR daily life, spatial navigation is a complex cognitive
task frequently occurring during environment exploration.

Spatial representations construct the basis for integrating
allocentric and egocentric information while navigating in
the environment. These two distinct types of spatial rep-
resentations, allocentric and egocentric, were introduced by
Klatzky [1], which represents entities in space based on an
allocentric coordinate system and an egocentric coordinate
system, respectively. The system of allocentric representation
is an environment-centered or object-centered system that
represents the position of one object or navigator with respect
to an aspect of other external entities such as landmarks. In the
egocentric reference system, the spatial location of an object
is determined with respect to the aspect of the navigator or
observer. The spatial representation of an object depends on
the observer’s position or orientation, and the representation
will transform when the observer’s position or orientation
changes. In summary, the spatial representation of an object
is body-based in the egocentric reference system, but it is
object-based in the allocentric reference system [1], [2].

Previous studies have found that people constantly reveal a
preference while navigating themselves, indicating that people
use only one specific reference frame or a subset of reference
frames in various navigation environments [3]–[9]. A study on
a virtual tunnel passage task revealed differences between allo-
centric and egocentric for EEG power spectral modulation dur-
ing tunnel passages in cortical areas [10]. During tunnel turns,
the egocentric showed a stronger alpha blocking occurred only
in or near right primary visual cortex. In contrast, approaching
and during tunnel turns, allocentric exhibited stronger alpha
blocking of occipito-temporal, bilateral inferior parietal, and
retrosplenial cortical areas. These findings can be the evidence
to observe brain activity for people with different preferred
spatial reference frames.

Well-controlled studies under restricted laboratory condi-
tions have contributed enormously to the knowledge about
brain processes over the past decades. It remains to be tested

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-6539-9695
https://orcid.org/0000-0001-7100-8091
https://orcid.org/0000-0001-8371-8197
https://orcid.org/0000-0003-1415-1195


1702 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 29, 2021

whether these assumptions hold and to what degree the results
obtained in reduced experimental setups transfer to natural
conditions. Specifically, such controlled settings often imply
sitting in front of a computer monitor, thus omitting important
sensory information that would otherwise be present in a
natural environment.

To build up the knowledge between spatial learning/
navigation and a more natural experimental environment,
the fully immersive virtual reality (VR) protocols are widely
applied [11]–[15]. The immersive VR technology allows a
user to actively and naturally explore and sense the pervasive
computing environment with the stimulation of visual, audi-
tory, and proprioceptive modalities in combination with high-
density EEG [12], [16], [17]. A study by Pastel’s team (2020)
on spatial orientation in VR found that the performance of the
human spatial orientation verified the same in the VR envi-
ronment and real environment [18]. As an excellent tool to
create equal real-world environment, Delaux and his col-
leagues studied simultaneous brain/body imaging during nav-
igation in mobile conditions with virtual Y-maze by using the
VR environment [12]. For spatial reference frames on diverse
conditions of spatial navigation, Moraresku and Vlcek inves-
tigated brain activation during different reference frames used
in previous VR environment-based studies [19]. Moreover,
using a novel, fully mobile virtual reality paradigm, Plank and
his colleagues studied the EEG correlates of spatial reference
frames formed during unsupervised exploration [11]. There is
no doubt that the technical developments of VR unlocked the
possibility to investigate spatial navigation in more naturalistic
environments with well-controlled experimental parameters.

However, though more research on spatial learning started
the investigation in a condition closer to a real-life environ-
ment, it remains unclear how switching in spatial strategy
works in an active navigation. As mentioned by Gramann
et al. [20], 39% of participants tend to switch from preferred
reference frame to their non-preferred reference frames during
navigation tasks. Based on previous literature, some partici-
pants seem to be impaired in using the non-preferred reference
frame when the environment requires them to do so [3], [7].
The preference of spatial reference frames seems to critically
depend on individual abilities and experience in different envi-
ronments [20]. Unfortunately, less research yet has been con-
ducted investigating the switch of reference frames in an active
navigation. Thus, to investigate individual spatial strategies for
navigation, it is crucial to understand the possible factors and
conditions that may causes people to switch their preferred
spatial strategy in different navigational environments.

To narrow the gap on the lack of spatial reference frames
studies under different environment conditions, in our exper-
iment, we built an active navigation closely resembling a
real walk compared with passive tasks to investigate the
performance change and human brain dynamics of the two
strategies of spatial reference frames. To do so, we have
studied if turning angle is the possible factor behind the change
in reference frame. Our contributions are as follows:

(1) A novel investigation of underlying cortical activity on
different turning angles with diverse spatial reference frames
during an active navigation task.

(2) An immersive VR-based active navigation environment
to understand and investigate spatial reference frames.

(3) An EEG-based biomarker representing a difference in
active and passive navigation in parietal, occipital, frontal and
central cortical areas.

(4) An EEG-based biomarker representing the difference
between spatial reference frames in parietal, occipital, frontal
and central cortical areas.

II. MATERIALS AND METHODS

A. Participants
In this study, EEG data were recorded from 21 right-handed

male participants in the active navigation and 20 right-handed
male participants in the passive navigation; these were the
experimental and control groups, respectively. The mean age
was 23.6 years (in a range of 22-27 years) with no prior experi-
ence pertaining to the experiment. Following an explanation of
the experimental procedure, all participants provided informed
consent before participating in the study. This study obtained
the approval of the institute’s Human Research Ethics Commit-
tee of National Chiao Tung University, Hsinchu, Taiwan. None
of the participants were aware of the experimental hypothesis
and did not have a history of psychological disorder, which
might have affected the experimental results.

B. EEG Setup
During the EEG-based experiment, EEG signals were

recorded using an EEG cap with 32 Ag/AgCl electrodes,
referenced to linked mastoids. The placement of the EEG
electrodes was consistent with the extended 10% system [21].
The contact impedance between the electrode and the scalp
was kept below five k�. Before the experiment, channel
locations were digitized with a 3D digitizer (POLHEMUS
3 space Fastrak). EEG data were recorded and amplified with
the SynAmps RT 64-channel Amplifier.

C. Pretask
The pretask experiment was based on Gramann (2010) to

evaluate participant’s allocentric or egocentric spatial reference
frame [10]. In the pretask, participants sat on a chair before the
screen and watched a turning-tunnel video based on the script.
In the tunnel, participants would see one part that randomly
turned left or right before the endpoint. After going through
the tunnel, two arrows pointing in two different directions
were presented, and participants needed to select the arrow
they think is pointing in the direction of the starting point.
Fig. 1 shows the turning tunnel and the two arrows that the
participants needed to choose between after reaching the end
point. If the tunnel turned right, then allocentric would select
the arrow on the right side, and egocentric would select the
other one. Participants were to maintain at least 80% accu-
racy 20 times for one reference frame before beginning the
navigation task.

D. Experimental Environment and Procedure
Participants performed the active experimental task while

standing on an Omni treadmill1 in the range of two VR base

1https://www.virtuix.com/
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Fig. 1. Illustration of the pretask design. Participants would pass through
the tunnel, which turned right or left randomly and were to select the arrow
pointing toward the start point once they reached the end of the tunnel.

Fig. 2. Experimental design of navigation trials. (A) A photo shows
how a participant performed an experimental trial on the treadmill with
a controller being held in his dominant hand. SynAmps and VR head-
mounted displays were fixed on the top to prevent wires winding around
participants. (B) A figure shows two paths with different turning angles.
The 60◦ turn corresponds to a 30◦ homing angle, and the 85◦ turn
corresponds to a 42.5◦ homing angle. (C) Screenshots of five segments
in a trial. Participants pressed the red button, waited 5 seconds, and then
started a trial. One turning path and two straight paths were presented
before and after turning. Participants needed to keep turning along the
path and keep themselves in the middle of the street. Upon arriving at
the end point, participants were to turn back to select the homing angle
with the controller, shown as the red arrow in the last screenshot.

stations and held one HTC controller in their dominant hand
(see Fig. 2A). Participants wore an EEG electrode cap and
HTC VR head-mounted display that used an OLED display
with a resolution of 2160 × 1200 and a refresh rate of 90 Hz.
An assistant helped the participants put on the EEG cap
first and then put the head-mounted display on. We directly
put the top belt of the HTC Vive on top of the central
channel of the EEG cap and adjusted it manually to avoid or
reduce the pressure applied by the EEG channels. SynAmps
was fixed on the top to prevent wires from winding around
participants during the experiment. While conducting active
navigation, the participants can move freely at their own speed
in 360◦ rotation on Omni treadmill, and the Omni treadmill
did not have designed speed itself. In passive navigation,
participants in the control group also wore the EEG electrode
cap but did not wear a head-mounted display; they sat in front
of the computer screen, watched the scenario, and performed
tasks.

Our VR walking scenario was made using Unity and based
on snapshots of streets in Sydney and Opera House. In our
active navigation tasks in the 3D scenario, there were five
segments in a trial (Fig. 2C). Participants pressed the bottom
area in front of the starting point, waited 5 seconds, and then
started a trial. Participants were then presented with the first
straight segment, then a turn, and then the second straight
segment. After reaching the end point, they had to turn their
body to select the homing angle with the HTC controller as
the red arrow in the VR scenario. A trial was complete once
participants selected the homing angles and then selected the
‘finish’ key; then, participants started the next trial. During the
task, participants were asked to keep walking along the path in
the middle of the street. Both the 1st and 2nd straight segments
took approximately 10 seconds to finish, and the turning
part took approximately 12 seconds. In this task, we had
two turning angles, 60◦ and 85◦, which corresponded to 30◦
and 42.5◦ homing angles, respectively. (See Fig. 2B.) Two
different turning-angle paths occurred randomly and turning
left or right was also random. Participants needed to finish
36 trials, including 18 trials for each homing angle with
a 5- to 10-min break between half numbers of trials.

III. DATA ANALYSIS

A. Behavior Data Analysis

All homing data were categorized as allocentric with 42.5◦
and 30◦ homing-angle paths and egocentric with 42.5◦ and
30◦ homing-angle paths. There was a total of 1476 homing
data points. After eliminating extreme values with deviations
more significant than 25◦, 48 data points were abandoned.
Over 96.7% of the homing data were evaluated in statistical
analysis. We calculated the mean value in each group and
compiled the homing error chart with standard deviations
using the Excel tool function, STDEV. The last step was to
compute the significance between each pair of groups. A 2 ×
2 factorial mixed-measure ANOVA using IBM SPSS was
conducted to examine the effects of spatial reference frames
(egocentric and allocentric) and experimental environments
(active and passive walking) on angle deviations.

B. Raw EEG Data Processing and Analysis

All EEG data were analyzed by the tools from MATLAB
and EEGLAB [22]. To reduce the data size and cut off
unnecessary high-frequency information, the raw 32-channel
EEG signals were first downsampled from 500 Hz to 250 Hz
and then filtered to remove frequency components above
45 Hz and below 1 Hz to remove line noise (60 Hz and
its harmonics) and DC drifting respectively. Artifacts con-
taminated in the EEG signals were first identified by visual
inspection using the EEGLAB visualization tool and elimi-
nated to enhance the signal-to-noise ratio. Then, we used the
EEGLAB plugin clean_rawdata(), a suite of EEG data pre-
processing methods including artifact subspace reconstruction
(ASR) [22], [23], which plays a central role in correcting con-
tinuous data [24]. After removing artifacts, adaptive mixture
independent component analysis (AMICA), which was devel-
oped by Palmer [25], was applied to the EEG data to extract
independent components (ICs) from scalp electrode signals
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Fig. 3. Flow chart of EEG data processing. Raw EEG data were first preprocessed, including downsampling, filtering, and artifact removal; then,
we applied AMICA to independent brain sources. In the next step, we ran dipole fitting to obtain the 3D positions of the brain sources. Epochs were
extracted for three segments: the 1st straight, turning, and 2nd straight segments. After checking the topoplot and dipole position, we clustered all
the components located in or near the cortex we wanted and then plotted the ERSPs for each brain cortex.

reflecting maximally statistically independent source time
series. Then, event-related epochs were extracted from differ-
ent angle task trials and aligned for further time-frequency
analysis. Each epoch was extracted from one experimental
trial, which consisted of one turning segment (12 seconds)
and straight segments (10 seconds) before and after turning,
and the first straight segment was used as the baseline for each
segment.

All ICs with a residual variance of the equivalent dipole
model of less than 15% were clustered based on the measure
of equivalent dipole locations only to avoid “double dip-
ping” [26], [27]. First, we clustered components for each group
using the K-means clustering method in EEGLAB and then
use the tool named ‘Talairach Client’ [28], [29] to check the
nearest gray matter of dipole location. In this way, we could
double check whether the component we selected suited the
component cluster. After clustering the ICs near the cortices,
we wanted to see the results for brain regions of interest,
including the parietal, occipital, frontal, and central regions,
and then we plotted the ERSPs for allocentric and egocentric
with each angle path and the difference in ERSPs between the
two strategies [4], [10], [30]. Significant differences from the
baseline activity are displayed in red for positive deviations,
blue for negative deviations, and green for nonsignificant
differences. Conditional differences were determined using
newtimef functions in EEGLAB with statistical thresholds of
p < .05 for all selected ICs.

C. Correlation With the Parietal Cortex

As we know from previous studies that the main brain
dynamic features of people performing navigating occur in
the parietal cortex in alpha and beta bands [4], [10], [30],
we conducted correlation analysis of brain power between the
parietal cortex and the occipital cortex, between the parietal
cortex and the frontal cortex and between the parietal cortex
and the central cortex to reveal the relationship of these
cortices during navigation tasks. The function of corrcoef of
MATLAB was applied to calculate the correlation coefficients
and p-values. We used the mean power of the occipital, frontal,
and central mean ERSPs at every single time point during turns

in each frequency band to determine the correlation with the
parietal cortex.

IV. RESULTS

A. Behavior Results
The mean homing responses of all active and passive

navigation participants are displayed in Fig. 4 for both ego-
centric and allocentric indicated as different color lines.
The 60◦ and 85◦ turning-angle paths corresponded to 30◦
and 42.5◦ homing angles, respectively. The ANOVA results
revealed a statistically significant interaction between experi-
mental environments (active and passive walking) and homing
angle for deviations (30◦ and 42.5◦), F(1, 736) = 10.442,
p = .001, partial η2 = .013989. In active navigation tasks
(Fig. 4A and 5B), egocentric revealed higher accuracy than
allocentric for low eccentricity (30◦) with significant differ-
ence ( p < .001); in contrast, allocentric were more accurate
at higher eccentricity (42.5◦) without significant difference
(p = .126). Egocentric overestimated the homing angle
in small turning-angle paths, whereas they underestimated
large turning-angle paths, and allocentric underestimated hom-
ing angles in both angle paths. In passive navigation tasks
(Fig. 4C and 4D), egocentric revealed higher accuracy than
allocentric at both low (30◦) eccentricity with significant
difference ( p < .05) and high (42.5◦) eccentricity without
significant difference (p = .110). All mean angles that allo-
centric and egocentric selected were underestimated in both
42.5◦ and 30◦ homing-angle paths.

B. EEG Results

Mean ERSP images during navigation in parietal, occipital,
frontal, and central clusters of egocentric and allocentric and
their differences are shown in Fig. 5 for active navigation and
Fig. 6 for passive navigation. ERSPs for active navigation are
assessed by 11 allocentric and 10 egocentric, and ERSPs for
active navigation are assessed by 10 allocentric and 10 ego-
centric. The number of ICs and participants, as well as the
MNI coordinates for each cluster are shown in table I. For
both clusters, the nongreen pixels indicating ERSP difference
between allocentric and egocentric were statistically significant
with p < .05.
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Fig. 4. Homing performance of allocentric and egocentric groups. (A) Homing angle reported by participants (Y-axis) as a function of homing
angle (X-axis) in the active tasks. Blue line represents the expected homing angle. Red and green lines represent the homing angle chosen by the
allocentric and egocentric, respectively. (B) Signed homing error as a function of homing angle in active tasks. Error bars indicate standard error.∗: p < .05, ∗∗: p < .01, ∗∗∗: p < .001. (C) Homing angle reported by participants in passive tasks. (D) Homing error of participants in passive tasks.

In the parietal cortex (Fig. 5(C-D), 6(C-D)), we observed
that allocentric demonstrated alpha desynchronization, accom-
panied by a decrease in alpha-band activity during large and
small-turning tasks for both environments. In addition, egocen-
tric had no obvious power change feature in ERSPs for either
navigation task. However, when we compared two strategies
by subtracting allocentric ERSPs from egocentric ERSPs,
the alpha difference still remained. This result demonstrated
that these two strategies of participants in large angle tasks
had more similar power-changing features in the parietal alpha
band. In the occipital cortex, both egocentric and allocentric
showed power increases in beta and low gamma bands while
turning during active navigation (Fig. 5(G-H)). Egocentric had
even, more substantial power enhancement in high beta and
low gamma frequency than allocentric.

Moreover, large-angle paths caused more obvious power
increases in high-frequency bands in egocentric. Regarding the
frontal ERSP results, both allocentric and egocentric showed
dominant power increases during large turning tasks (Fig. 5L).
In small angle turning task ERSPs did not reveal signifi-
cant theta power changes for either allocentric or egocentric.
Central cluster ERSPs revealed only fragmentary and small
patches of power decreases during both large and small turning
tasks for allocentric and egocentric during passive navigation
(Fig. 6(O-P)). We could barely see any significant features in
the central cluster ERSPs.

C. Correlation Results

Fig. 7 demonstrates the correlation results in both active and
passive navigation tasks. Beta activity in occipital, frontal and
central cortical areas all shows a significant positive correlation
with the parietal cortex for the allocentric in both angle tasks
during active navigation. Similarity, egocentric shows the same
trends during passive navigation, which has a significant posi-
tive correlation in beta activity between the same cortical areas.
Additionally, during small angle (30◦) tasks in the passive
navigation, both allocentric and egocentric show a significant
positive correlation in alpha activity between parietal and the
other three cortexes.

V. DISCUSSION

In this study, we investigated the differences in brain
activation during active and passive navigation tasks and the
homing angle data after navigation between participants using
allocentric and egocentric spatial reference frames. As per pre-
test, we already knew which spatial strategy the participants
preferred to use. However, the preferred spatial reference
frame was not permanent. Participants may have preferred
a different reference frame in a different environment. For
example, participants in the passive navigation (pretest) in
this study, although they could perceive structured allocentric
information, may have changed their preferred spatial refer-
ence frame in active navigation tasks (a scenario in VR).
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Fig. 5. Event-related spectral perturbations (ERSPs) of parietal cluster (A-D), occipital cluster (E-H), frontal cluster (I-L) and central cluster (M-P)
in active navigation. (A, B, E, F, I, J) Scale maps and dipole locations of allocentric and egocentric groups for selected clusters. (C, G, K, O) ERSPs
in 30◦ homing angle task for allocentric group (upper column), egocentric group (middle column) and significant difference between two group
(bottom column) with p < .05. (D, H, L, P) ERSPs in 42.5◦ homing angle task for allocentric group (upper column), egocentric group (middle column)
and significant difference between two group (bottom column) with p < .05. For all ERSPs, nonsignificant points were masked with zero values in
the mean ERSPs and are displayed in green. Significant differences with respect to baseline activity are displayed in red and blue for positive and
negative deviations from the baseline activity, respectively.

Passive navigation tasks were successfully observed in
navigation-related neural mechanisms [5], [10]. However,
several components strongly contribute to active navigation,
including proprioception, vestibular input, motor activation,
and attention and planning allocation [31]–[34]. Thus, we have
investigated if more brain areas and interactions between brain
areas may be involved in active navigation tasks than passive
navigation tasks.

A. Homing Angle With Different Turning Angles and
Reference Frames

In the mean homing angle result shown in Fig. 4, we can see
that only egocentric in small turning trials tend to overestimate.
Egocentric in large turning trials and allocentric in different
turning trials underestimated the homing angle related to
the start point. This homing angle result is quite similar
to previous passive navigation results [4]. Second, after we
checked each strategy’s standard deviation in the homing
error results (Fig. 4), egocentric revealed a higher deviation
than allocentric. This finding could indicate that allocentric
have more general spatial navigation abilities and are better
navigators than egocentric [35]. Homing errors from both
egocentric and allocentric in different turning-angle trials had

significant differences, as did two different reference frames
in small turning trials. Only two different types of participants
had no significant difference in large turning trials. It seems
that while participants applied specific spatial reference frames
in the large turning-angle trials, the performance of allocentric
and egocentric reference frames tends to be similar. In the next
part, we investigated this outcome from the perspective of EEG
dynamics in widespread brain regions.

B. EEG Dynamics With Distinct Reference Frames in
Spatial Navigation

Previous studies have suggested that the use of egocen-
tric and allocentric reference frames activates widespread
overlapping cortical networks. In this study, common brain
regions, including the frontal, central, parietal, and occipital
cortex, were explored during active navigation for both ego-
centric and allocentric using an egocentric or an allocentric ref-
erence frame, respectively. Our successful navigation involved
significant EEG modulation power changes that were dominant
in the theta (4–7 Hz), alpha (8–14 Hz), and beta (15–30 Hz)
frequency bands between widespread brain regions.

As a multisensory area, the parietal cortex is known
to support the integration of information from different
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Fig. 6. Event-related spectral perturbations (ERSPs) of parietal cluster (A-D), occipital cluster (E-H), frontal cluster (I-L) and central cluster (M-P) in
passive navigation. (A, B, E, F, I, J) Scale maps and dipole locations of allocentric and egocentric groups for selected clusters. (C, G, K, O) ERSPs
in 30◦ homing angle task for allocentric group (upper column), egocentric group (middle column) and significant difference between two group
(bottom column) with p < .05. (D, H, L, P) ERSPs in 42.5◦ homing angle task for allocentric group (upper column), egocentric group (middle column)
and significant difference between two group (bottom column) with p < .05. For all ERSPs, nonsignificant points were masked with zero values in
the mean ERSPs and are displayed in green. Significant differences with respect to baseline activity are displayed in red and blue for positive and
negative deviations from the baseline activity, respectively.

TABLE I
NUMBER OF IC, PARTICIPANT AND MNI COORDINATES FOR CLUSTERS

sensory modalities. It is based on distinct spatial coordinate
systems. Parietal alpha power modulation was previously
observed during spatial exploration and orientation mainte-
nance [10], [13], [14]. Alpha desynchronization in or near the
parietal cortex was significantly stronger when approaching
and during the turn in allocentric than in egocentric in passive

navigation [10]. In passive navigation, as a control group,
allocentric also revealed power suppression in alpha and beta
frequency bands (Fig. 6(C-D)). However, in active navigation,
allocentric participants may have changed their previously
determined preference, and participants responded in an ego-
centric reference frame while selecting homing angles [31].
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Fig. 7. Correlation Result of mean power in ERSPs of the parietal cortex
with the other three cortices. (A) Correlation with parietal ERSP in active
navigation. (B) Correlation with parietal ERSP in passive navigation.∗: p < .05, ∗∗: p < .01, ∗∗∗ : p < .001.

The parietal component cluster exhibited significantly stronger
alpha-blocking in both large and small turning-angle tasks
in our navigation task. Parietal ERSPs did not reveal signif-
icant differences, whereas large turns did reveal significant
differences between allocentric and egocentric. Then, we com-
pared previous study ERSP results in the parietal cortex [10].
The results showed even more apparent and stronger alpha-
blocking for allocentric. Therefore, we considered that allo-
centric participants might change their spatial reference frames
and become egocentric navigators while they are in an active
navigation, and a large-angle path presented to allocentric
participant which may cause them to have a tendency to switch
into an egocentric reference frame.

The occipital cortex also plays a vital role in navigation
tasks. Most previous studies showed that participants
demonstrated power modulation in the alpha and beta
bands [4], [10], [31], and our passive results also demon-
strated the same features. By contrast, recently, a study by
Miyakoshi et al. [36] shows the navigational learning during
the real spatial navigation task is associated with increase
of information flow in 2-13 Hz from occipital-to-central.
Our occipital ERSP results of active navigation showed the
same features in the alpha and low beta bands for both
allocentric and egocentric but no significant features in central
cluster. Egocentric’ high-frequency power increase seemed to
be stronger than that of allocentric in the respective occip-
ital ERSPs. According to Tallon-Baudry and Bertrand [37],
a synchronized oscillatory activity in the gamma band can be
revealed with EEG when participants experience a coherent
visual stimuli. Studies of working memory load effects on
human EEG power have indicated that gamma power typically
increases with load [38]–[40]. Moreover, the results from

Gola et al. [41] showed that beta activity in occipital regions
is perfectly correlated with an attentive visual performance.
These studies seem to be the basis for our occipital cluster
ERSPs. In active navigation, participants were to turn to
follow the course of the path. The heading was consistent
with the orientation, leading to coherent visual perception
and resulting in beta and low gamma power synchronization.
Egocentric needed to update their position and orientation in
their minds, though allocentric only updated position infor-
mation. This might be why egocentric revealed more sub-
stantial power increases than allocentric in the high-frequency
bands. In the same way, egocentric also demonstrated stronger
high-frequency activity in larger-angle tasks than in small-
angle tasks. However, we could not rule out the possible
impact of artifacts from muscle movement. Because partici-
pants should turn their body and neck while turning, muscle
movement may have an impact on EEG channels near the
occipital cortex, including O1, O2, and Oz, and lead to a power
increase in the high-frequency band. We ran the correlation of
mean power between occipital and parietal regions in each
frequency band to verify this hypothesis as we know that the
parietal cortex has a primary role in navigation, regardless of
previous studies or our own results. As a result, all allocentric
groups in the beta frequency band from occipital, as well as
frontal and central, revealed significant correlations (p < .05)
with parietal. This could because the same processing infor-
mation was flowing among all these brain areas while active
navigating and could also be caused by navigation along with
the movement artifacts.

Previous studies revealed that the frontal-parietal net-
work is for resolving allocentric and egocentric reference
frames [42], [43]. The ACC is assumed to underlie spatial
learning, visual attention, orientation, working load memory,
and path planning [44], [45]. In our active navigation task,
a cluster in or near the frontal cortex demonstrated significant
theta power synchronization in large-angle turning, likely
reflecting spatial working memory demands for successful
path integration (Fig. 5L). Accurate homing responses in
this task required participants to update the starting loca-
tion relative to their end position. Substantial theta power
increases during turning reflect increasing task requirements
related to upcoming heading changes. This finding replicates
previous statements of increased theta power in the frontal
region while performing more demanding spatial navigation
tasks [10], [46], [47].

In the large-angle trials, egocentric that used egocentric
references demonstrated more pronounced theta activity than
allocentric that used an allocentric reference frame. This
is in light of the higher amount of information that has
to be updated within an egocentric reference frame, such
as orientation and position changes with each rotation and
transformation. In contrast, an allocentric reference frame only
requires updating of position rather than the orientation of
the navigator [1]. In conclusion, egocentric spatial updating
requires a greater working memory load than the use of an
allocentric reference frame for spatial updating [45], [48].
However, both egocentric and allocentric had no theta power
increase in the frontal cluster in the small turning trials.
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In our small turning-angle scenario, participants could see the
end point soon after the turning started, which meant that
participants did not need to keep updating their position and
orientation because they already knew the end point was there.
Less spatial learning would result in less power increase in the
theta frequency band in the frontal cluster. In the ERSP results
of passive navigation, we did not observe obvious power
disturbances. The probable reason might be that participants
would drift off or be distracted easily while watching the
screen in front of the table rather than wearing the VR head-
mounted display in active navigation.

Central cluster ERSPs of active navigation revealed only
fragmentary and small patches of power changes (Fig. 5(O-P))
during both large and small turning tasks for allocentric and
egocentric. However, they could not be regarded as significant
features while navigating. Previous passive navigation results
revealed alpha modulation in motor and central regions and
assumed alpha suppression to reflect motor cortex activity
during imagined movement [4]. Motor imagery can secure
brain oscillations in Rolandic mu rhythm and central beta
rhythm, originating in the sensorimotor cortex [49]. We also
found that allocentric in passive navigation have the same
feature in central cluster ERSPs. In our active navigation
task, participants were actually moving their bodies during
trials. Therefore, conceivably, it is possible that the central
cluster ERSPs did not show significant features within the two
strategies used by the participants. In passive ERSP results
in the central cortex, the increase in egocentric’ activity near
10 Hz during turns was not reported clearly, but it might relate
to motor imagery or saccadic and optokinetic eye movements
during visual flow stimulation [10], [50]–[52].

VI. FUTURE WORKS AND LIMITATIONS

As we found the phenomenon that people will switch
spatial strategies when in a different environment in our active
experiment, we believe the experimental procedure proposed
in this paper could also be used to investigate more important
and further questions like which factors cause people to have
a tendency to change spatial reference frames. With direct
control of the switching strategy, we can guide people to
use an appropriate and efficient strategy for a navigation task
and train them to be more sensitive to their environment.
Furthermore, we can expect that the sense of direction with the
use of brain dynamics can be applied to spatial learning, real-
world driving, detour management, and even rescue training.
In future, following could be reduce as well for better results:

(1) Since our experiment included active navigation in
VR environment, more noise and artifacts were caused by
body movements and VR headset wearing in EEG signals than
in passive experiments. We could not ensure the elimination
of all noise and artifacts. Therefore, a better EEG recording
sensor or artifact eliminator to preclude all noise and muscle
movement impact would be another essential aspect to con-
sider. Besides, wearing headset for passive navigation could
be a solution for future experiment to eliminate the impact of
headset wearing.

(2) During the experiment, a wireless EEG recording system
was better for an active experiment. Furthermore, we manually

adjusted the belt of the HMD to avoid contact with the sensors
on the EEG cap. This might not have been possible if caps with
higher sensor densities were used. We believe the integration
of the EEG cap with the HMD is natural, and we expect to
see commercial products from companies such as MindMaze
to be available on the market soon.

(3) Our current setup used the Scan 4.5 system, and the
recorded EEGs were analyzed offline. This device is only
suitable for an initial investigation in a lab environment due
to its long setup time. We believe it should be possible to
reproduce the results using off-the-shelf, portable EEG devices
and to process the data in real-time.

(4) The participants in our study are male and right-handed
only. This may limit the generalization of our results. In the
future, we will extend our research on more general population
with different age groups and gender.

VII. CONCLUSION

In this study, we investigated the general spatial navigation
abilities and brain dynamics between the preference of ego-
centric and allocentric frames of reference in an active virtual
navigation task. In this VR navigation environment, we indeed
observed some differences in spatial reference frames. Behav-
ior results revealed that allocentric were better than egocentric
in homing navigation performance. We also observed strategy-
dependent brain dynamics for spatial navigation and the evi-
dence that strategy will change when people are in different
situations. We observed the power changes and causal flow
patterns in ERSPs in parietal occipital and frontal cortices
with different reference frames and different angle paths. Our
behavior results are consistent with parietal ERSP results and
strongly support the assumption that people will switch their
spatial reference frame in different environments, rather than
the assumption that only one spatial reference frame is used
to solve a task. However, since a good navigator should be
able to identify the appropriate strategy for a navigation task,
the factor and the direct control of the switching strategy are
very important for us to improve the human capability of
navigation.

REFERENCES

[1] R. L. Klatzky, “Allocentric and egocentric spatial representations: Defi-
nitions, distinctions, and interconnections,” in Spatial Cognition. Berlin,
Germany: Springer, 1998, pp. 1–17.

[2] R. P. Darken and J. L. Sibert, “Navigating large virtual spaces,” Int. J.
Hum.-Comput. Interact., vol. 8, no. 1, pp. 49–71, Jan. 1996.

[3] V. D. Bohbot, J. Lerch, B. Thorndycraft, G. Iaria, and A. P. Zijdenbos,
“Gray matter differences correlate with spontaneous strategies in
a human virtual navigation task,” J. Neurosci., vol. 27, no. 38,
pp. 10078–10083, Sep. 2007.

[4] T. Chiu, K. Gramann, L. Ko, J. Duann, T. Jung, and C. Lin, “Alpha
modulation in parietal and retrosplenial cortex correlates with navigation
performance,” Psychophysiology, vol. 49, no. 1, pp. 43–55, Jan. 2012.

[5] C. M. Goeke, P. König, and K. Gramann, “Different strategies for spatial
updating in yaw and pitch path integration,” Frontiers Behav. Neurosci.,
vol. 7, p. 5, Feb. 2013.

[6] K. Gramann, H. J. Müller, E.-M. Eick, and B. Schönebeck, “Evidence of
separable spatial representations in a virtual navigation task,” J. Experim.
Psychol., Hum. Perception Perform., vol. 31, no. 6, pp. 1199–1223,
Dec. 2005.

[7] G. Iaria, M. Petrides, A. Dagher, B. Pike, and V. D. Bohbot, “Cognitive
strategies dependent on the hippocampus and caudate nucleus in human
navigation: Variability and change with practice,” J. Neurosci., vol. 23,
no. 13, pp. 5945–5952, Jul. 2003.



1710 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 29, 2021

[8] B. E. Riecke and J. M. Wiener, “Can people not tell left from right
in VR? Point-to-origin studies revealed qualitative errors in visual path
integration,” in Proc. IEEE Virtual Reality Conf., Mar. 2007, pp. 3–10.

[9] B. E. Riecke, “Consistent left-right reversals for visual path integration
in virtual reality: More than a failure to update one’s heading?” Presence,
Teleoperators Virtual Environ., vol. 17, no. 2, pp. 143–175, Apr. 2008.

[10] K. Gramann, J. Onton, D. Riccobon, H. J. Mueller, S. Bardins, and
S. Makeig, “Human brain dynamics accompanying use of egocentric
and allocentric reference frames during navigation,” J. Cognit. Neurosci.,
vol. 22, no. 12, pp. 2836–2849, Dec. 2010.

[11] M. Plank, J. Snider, E. Kaestner, E. Halgren, and H. Poizner, “Neu-
rocognitive stages of spatial cognitive mapping measured during free
exploration of a large-scale virtual environment,” J. Neurophysiol.,
vol. 113, no. 3, pp. 740–753, Feb. 2015.

[12] A. Delaux et al., “Mobile brain/body imaging of landmark-based navi-
gation with high-density EEG,” Eur. J. Neurosci., pp. 1–27, Mar. 2021.

[13] J. Snider, M. Plank, G. Lynch, E. Halgren, and H. Poizner, “Human
cortical during free exploration encodes space and predicts subsequent
memory,” J. Neurosci., vol. 33, no. 38, pp. 15056–15068, Sep. 2013.

[14] M. Plank, H. J. Müller, J. Onton, S. Makeig, and K. Gramann,
“Human EEG correlates of spatial navigation within egocentric and
allocentric reference frames,” in Proc. Int. Conf. Spatial Cognition, 2010,
pp. 191–206.

[15] L. Gehrke, J. R. Iversen, S. Makeig, and K. Gramann, “The invisible
maze task (IMT): Interactive exploration of sparse virtual environments
to investigate action-driven formation of spatial representations,” in Proc.
German Conf. Spatial Cognition, 2018, pp. 293–310.

[16] C. J. Bohil, B. Alicea, and F. A. Biocca, “Virtual reality in neuro-
science research and therapy,” Nature Rev. Neurosci., vol. 12, no. 12,
pp. 752–762, Dec. 2011.

[17] S. E. Kober, J. Kurzmann, and C. Neuper, “Cortical correlate of spatial
presence in 2D and 3D interactive virtual reality: An EEG study,” Int.
J. Psychophysiol., vol. 83, no. 3, pp. 365–374, Mar. 2012.

[18] S. Pastel et al., “Spatial orientation in virtual environment compared to
real-world,” J. Motor Behav., pp. 1–14, Nov. 2020. [Online]. Available:
https://www.tandfonline.com/doi/full/10.1080/00222895.2020.1843390

[19] S. Moraresku and K. Vlcek, “The use of egocentric and allocentric
reference frames in static and dynamic conditions in humans,” Physiolog.
Res., vol. 69, pp. 787–801, Oct. 2020.

[20] K. Gramann, S. Wing, T.-P. Jung, E. Viirre, and B. E. Riecke, “Switching
spatial reference frames for yaw and pitch navigation,” Spatial Cognition
Comput., vol. 12, nos. 2–3, pp. 159–194, Apr. 2012.

[21] M. Seeck et al., “The standardized EEG electrode array of the IFCN,”
Clin. Neurophysiol., vol. 128, no. 10, pp. 2070–2077, Oct. 2017.

[22] A. Delorme and S. Makeig, “EEGLAB: An open source toolbox for
analysis of single-trial EEG dynamics including independent com-
ponent analysis,” J. Neurosci. Methods, vol. 134, no. 1, pp. 9–21,
Mar. 2004.

[23] C. A. Kothe and S. Makeig, “BCILAB: A platform for brain–computer
interface development,” J. Neural Eng., vol. 10, no. 5, Oct. 2013,
Art. no. 056014.

[24] T. R. Mullen et al., “Real-time neuroimaging and cognitive monitoring
using wearable dry EEG,” IEEE Trans. Biomed. Eng., vol. 62, no. 11,
pp. 2553–2567, Nov. 2015.

[25] J. A. Palmer, K. Kreutz-Delgado, and S. Makeig. (2011). AMICA:
An Adaptive Mixture of Independent Component Analyzers With
Shared Components. [Online]. Available: http://sccn.ucsd.edu/~jason/
amica_a.pdf

[26] N. Kriegeskorte, W. K. Simmons, P. S. Bellgowan, and C. I. Baker,
“Circular inference in neuroscience: The dangers of double dipping,”
J. Vis., vol. 8, no. 6, p. 88, 2008.

[27] N. Kriegeskorte, W. K. Simmons, P. S. F. Bellgowan, and C. I. Baker,
“Circular analysis in systems neuroscience: The dangers of dou-
ble dipping,” Nature Neurosci., vol. 12, no. 5, pp. 535–540,
May 2009.

[28] J. L. Lancaster et al., “Automated Talairach atlas labels for functional
brain mapping,” Hum. Brain Mapping, vol. 10, no. 3, pp. 120–131,
Jul. 2000.

[29] J. L. Lancaster et al., “Automated labeling of the human brain: A
preliminary report on the development and evaluation of a forward-
transform method,” Hum. Brain Mapping, vol. 5, no. 4, pp. 238–242,
1997.

[30] C.-T. Lin, T.-C. Chiu, and K. Gramann, “EEG correlates of spatial
orientation in the human retrosplenial complex,” NeuroImage, vol. 120,
pp. 123–132, Oct. 2015.

[31] B. V. Ehinger et al., “Kinesthetic and vestibular information modulate
alpha activity during spatial navigation: A mobile EEG study,” Frontiers
Hum. Neurosci., vol. 8, p. 71, Feb. 2014.

[32] J. Wagner, T. Solis-Escalante, R. Scherer, C. Neuper, and G. Müller-
Putz, “It’s how you get there: Walking down a virtual alley activates
premotor and parietal areas,” Frontiers Hum. Neurosci., vol. 8, p. 93,
Feb. 2014.

[33] J. L. Amengual, J. Marco-Pallarés, C. Grau, T. F. Münte, and
A. Rodríguez-Fornells, “Linking motor-related brain potentials and
velocity profiles in multi-joint arm reaching movements,” Frontiers Hum.
Neurosci., vol. 8, p. 271, Apr. 2014.

[34] J. L. Park, P. A. Dudchenko, and D. I. Donaldson, “Navigation in real-
world environments: New opportunities afforded by advances in mobile
brain imaging,” Frontiers Hum. Neurosci., vol. 12, p. 361, Sep. 2018.

[35] S. Groes, Memory in the Twenty-First Century. Palgrave Macmillan,
2016.

[36] M. Miyakoshi, L. Gehrke, K. Gramann, S. Makeig, and J. Iversen,
“The AudioMaze: An EEG and motion capture study of human spatial
navigation in sparse augmented reality,” Eur. J. Neurosci., pp. 1–25,
Jan. 2021.

[37] C. Tallon-Baudry, “Oscillatory gamma activity in humans and its role in
object representation,” Trends Cognit. Sci., vol. 3, no. 4, pp. 151–162,
Apr. 1999.

[38] J. R. Foucher, H. Otzenberger, and D. Gounot, “The BOLD response
and the gamma oscillations respond differently than evoked potentials:
An interleaved EEG-fMRI study,” BMC Neurosci., vol. 4, no. 1, p. 22,
2003.

[39] M. J. Brookes et al., “GLM-beamformer method demonstrates stationary
field, alpha ERD and gamma ERS co-localisation with fMRI BOLD
response in visual cortex,” NeuroImage, vol. 26, no. 1, pp. 302–308,
May 2005.

[40] J. A. Meltzer et al., “Effects of working memory load on oscillatory
power in human intracranial EEG,” Cerebral Cortex, vol. 18, no. 8,
pp. 1843–1855, Aug. 2008.

[41] M. Gola, M. Magnuski, I. Szumska, and A. Wróbel, “EEG beta band
activity is related to attention and attentional deficits in the visual
performance of elderly subjects,” Int. J. Psychophysiol., vol. 89, no. 3,
pp. 334–341, Sep. 2013.

[42] G. Galati, E. Lobel, G. Vallar, A. Berthoz, L. Pizzamiglio, and
D. Le Bihan, “The neural basis of egocentric and allocentric coding of
space in humans: A functional magnetic resonance study,” Exp. Brain
Res., vol. 133, no. 2, pp. 156–164, Jul. 2000.

[43] T. Zaehle, K. Jordan, T. Wüstenberg, J. Baudewig, P. Dechent, and
F. W. Mast, “The neural basis of the egocentric and allocentric spatial
frame of reference,” Brain Res., vol. 1137, pp. 92–103, Mar. 2007.

[44] H. J. Spiers and E. A. Maguire, “Thoughts, behaviour, and brain
dynamics during navigation in the real world,” NeuroImage, vol. 31,
no. 4, pp. 1826–1840, Jul. 2006.

[45] H. J. Spiers, “Keeping the goal in mind: Prefrontal contributions to
spatial navigation,” Neuropsychologia, vol. 46, no. 7, p. 2106, 2008.

[46] M. J. Kahana, R. Sekuler, J. B. Caplan, M. Kirschen, and J. R. Madsen,
“Human theta oscillations exhibit task dependence during virtual maze
navigation,” Nature, vol. 399, no. 6738, pp. 781–784, Jun. 1999.

[47] J. B. Caplan, J. R. Madsen, A. Schulze-Bonhage, R. Aschenbrenner-
Scheibe, E. L. Newman, and M. J. Kahana, “Human θ oscillations
related to sensorimotor integration and spatial learning,” J. Neurosci.,
vol. 23, no. 11, pp. 4726–4736, Jun. 2003.

[48] I. González-Burgos, G. Fletes-Vargas, D. González-Tapia,
M. M. González-Ramírez, M. C. Rivera-Cervantes, and
M. Martínez-Degollado, “Prefrontal serotonin depletion impairs
egocentric, but not allocentric working memory in rats,” Neurosci.
Res., vol. 73, no. 4, pp. 321–327, Aug. 2012.

[49] W. Yi, S. Qiu, H. Qi, L. Zhang, B. Wan, and D. Ming, “EEG feature
comparison and classification of simple and compound limb motor
imagery,” J. Neuroeng. Rehabil., vol. 10, p. 106, Oct. 2013.

[50] M. Dieterich, S. Bense, T. Stephan, T. Yousry, and T. Brandt, “FMRI
signal increases and decreases in cortical areas during small-field optoki-
netic stimulation and central fixation,” Exp. Brain Res., vol. 148, no. 1,
pp. 117–127, Jan. 2003.

[51] L. Petit and J. V. Haxby, “Functional anatomy of pursuit eye movements
in humans as revealed by fMRI,” J. Neurophysiol., vol. 82, no. 1,
pp. 463–471, Jul. 1999.

[52] T. Brandt, P. Bartenstein, A. Janek, and M. Dieterich, “Reciprocal
inhibitory visual-vestibular interaction. Visual motion stimulation deac-
tivates the parieto-insular vestibular cortex,” Brain, vol. 121, no. 9,
pp. 1749–1758, Sep. 1998.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


