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Abstract 

Here we explored eye movement strategies that lead to better 
performance in face recognition with hidden Markov models 
(HMMs). Participants performed a standard face recognition 
memory task with eye movements recorded. The durations 
and locations of the fixations were analyzed using HMMs for 
both the study and the test phases. Results showed that in the 
study phase, the participants who looked more often at the 
eyes and shifted between different regions on the face with 
long fixation durations had better performances. The test 
phase analyses revealed that an efficient, short first orienting 
fixation followed by a more analytic pattern focusing mainly 
on the eyes led to better performances. These strategies could 
not be revealed by analysis methods that do not take individu-
al differences in both temporal and spatial dimensions of eye 
movements into account, demonstrating the power of the 
HMM approach. 

Keywords: hidden Markov model; fixation duration; eye 
movement; face recognition.  

Introduction 
In our daily lives, we frequently fixate at objects that attract 
our attention. Fixations are usually not extremely short, be-
cause during the time when we fixate at an object, the brain 
needs to analyze the fixation target as well as to plan for the 
next move. Previous studies showed that the former may 
take about 100 to 150 msec (Erikson & Erikson, 1971), 
while the latter may take about 150 to 200 msec (Becker & 
Jurgens, 1979).  It is therefore argued that duration could be 
used to reveal underlying cognitive processes. 

It was found in reading experiments that fixation duration 
is the best predictor for word frequency and word complexi-
ty (Rayner, 1998).  Similar findings were also discovered in 
the context of scene perception. A number of studies 
showed that the more informative objects in scenes received 
more and longer fixations (see Unema et al., 2005). 

However, in the context of face recognition, few studies 
have extensively studied the influence of fixation duration. 
A number of studies (e.g., Henderson et al., 2005; Kelly et 
al., 2011) documented fixation durations, but not many in-
depth analyses were carried out. Schwarzeret al. (2005) 
conducted an experiment in which they required participants 
to categorize face images into different categories based on 
either the overall similarities of all the facial features or the 
similarity of a specific facial feature. The former intended to 
manipulate participants to adopt a holistic viewing strategy, 
while the latter intended to manipulate participants to adopt 
an analytic viewing strategy. Results showed the two strate-

gies yielded different average gaze durations on each facial 
region. Hsiao & Cottrell (2008) found that when partici-
pants were asked to learn and identify faces, the fixation 
durations in the study phase gradually increased but the 
fixation durations in the test phase did not, suggesting that 
the strategies participants adopted during the two phases 
were somewhat different. 

These findings suggest that duration might be informative 
to understanding face recognition in addition to fixation 
locations. However, there are barriers to more extensive 
analyses. First, the strategies used when looking at faces 
might not be that straightforward. It would be a simplistic 
assumption that only one strategy is employed under various 
conditions. In fact, some visual search studies (e.g., Hooge 
& Erkelens, 1996) showed that the expected difficulty of the 
task plays a significant role in determining the length of the 
fixation durations. It is possible that the fixation durations 
are task-dependent.  

On the other hand, it has also been shown that there are a 
lot of individual differences in people’s eye movement pat-
terns. For example, Castelhano et al., (2009) found that in 
terms of fixation locations when viewing images, within-
participant consistencies were higher than between-
participant consistencies. In terms of fixation duration, some 
studies suggested that there are substantial and persistent 
between-subject differences among infants (Colombo et al., 
1995). It was even found that this difference can be used to 
predict individual’s cognitive abilities. Sigman et al., (1991) 
discovered that infants with higher cognitive abilities tended 
to have shorter fixations. 

In our previous study (Chuk et al., 2014a), we showed 
that by analyzing fixation locations with hidden Markov 
models, we could capture individual differences in eye 
movement patterns. We also showed that by clustering the 
HMMs into subgroups, different eye movement strategies 
could be discovered without making any presumptions. Our 
result suggested that people who exhibited analytic fixation 
patterns performed significantly better than their counter-
parts who exhibited holistic and semi-holistic fixation pat-
terns (Chuk et al., 2014b). However, the previous study did 
not make use of duration information in the eye fixation 
data, nor did we look at the study phase fixations. Here, we 
make use of the duration and the study phase data to further 
understand eye movement strategies that lead to better per-
formance in face recognition. We explore the duration in-
formation with HMMs and draw a comparison between 
these results and those from only location analyses. We train 

393

Appears in Proceedings of the Annual Meeting of the Cognitive Science Society, 2015 (CogSci 2015)



an HMM on each participant using the duration of the fixa-
tions and cluster the HMMs into groups based on their simi-
larities. We also train an HMM on each participant using the 
location of the fixations and cluster the HMMs into groups. 
Our aim is to discover fixation patterns, in both the study 
and test blocks, that lead to better recognition performance.  

Method 

Participants 
We recruited 48 participants, including 24 Chinese (7 males, 
mean age 21.5, SD = 2.2) and 24 Caucasians (6 males, mean 
age 21.2, SD = 7.5). Participants were given course credit or 
honorariums. Asian participants were students at the Uni-
versity of Hong Kong. Of the Caucasian participants, three 
were exchange students or staff at HKU; the remainders 
were students at the University of Western Australia. All 
participants reported normal or corrected-to-normal vision. 

Materials 
The stimuli were a total of 56 colored frontal-view faces (28 
Asians and 28 Caucasians). The Chinese faces were collect-
ed by Professor William Hayward at the University of Hong 
Kong and the Caucasian faces were collected by Professor 
Elinor McKone at Australian National University. Half of 
the faces were females and half of them were males. All the 
faces were with neutral expressions and were unfamiliar to 
the participants. The faces were cropped around the chin 
and ears, and some hair remained visible. The vertical 
height of the faces was 384 pixels. The horizontal widths 
varied due to natural variations in face shape and were on 
average 298 pixels.  

During the experiment, the faces were shown on a 22’’ 
CRT monitor with a resolution of 1024 x 768 pixels that 
was located approximately 60 cm from the participants, 
which therefore allowed each image to subtend about 8 de-
grees of visual angle horizontally and 13 degrees vertically. 

Procedure 
The experiment consisted of two sessions, each with a study 
block and a test block. Participants were allowed to take a 
short break between the sessions. In the study block, partici-
pants were asked to remember 14 faces of the same race. A 
total of 28 faces were selected for the study block and split 
into two sets of 14 faces (7 males and 7 females). The two 
sets were counterbalanced across participants. In the test 
block that followed, participants were asked to recognize the 
14 target faces among 14 foils.  

Half of the participants viewed the Caucasian faces in the 
first session and Asian faces in the second session. The oth-
er half viewed the Asian faces in the first session and Cau-
casian faces in the second session. 

We recorded participants’ eye movements with EyeLink 
1000 eye tracker. We used the default settings of the system 
and performed a nine-point calibration procedure at the be-

ginning of each block. Participants put their heads on a chin 
rest in order to stabilize their head movements. 

In the study blocks, each trial began with a fixation circle 
at the center of the screen for drift correction. Participants 
were told to fixate at the circle to ensure that they were 
looking at the center of the screen when the faces appear. 
Trials were initiated by the experimenter once the partici-
pant was fixating on the circle. A target face was then pre-
sented at one of the four quarters of the screen for 5 seconds. 
In the test blocks, the flow of the trials were the same as that 
in the study blocks except that the images remained on the 
screen until the participants responded by pressing one of 
the two keys that indicated whether they remembered the 
face or not. No feedback was given during the experiment. 

Hidden Markov model 
Hidden Markov models (HMMs) are time-series models 
that assume dependency between the current state of a time-
series data and its previous state. The states of the data are 
hidden and can be estimated from the probabilistic associa-
tion between the observed data and the states as well as 
from the transitional probabilities between the states. An 
HMM contains a vector of prior values, which indicates the 
probability of the time-series beginning with each particular 
state, a transition matrix, which specifies the transition 
probabilities between any two hidden states, and a Gaussian 
emission for each state, which captures the probabilistic 
association between the observed data (e.g. eye fixation 
duration) and a hidden state. 

We trained one HMM per participant using the fixation 
durations collected from all the trials in either the study or 
the test blocks. Hence, each participant had two HMMs, one 
trained on the study block trials and one the test block trials. 
The hidden states represent clusters of durations that are of 
similar length. We then categorized the HMMs trained on 
the same blocks into groups using the variational hierar-
chical EM algorithm (VHEM) (Coviello et al., 2014). The 
VHEM algorithm categorizes the input HMMs into groups 
based on their similarities. It also produces a representation 
HMM that summarizes the commonalities of the HMMs 
within the group. The procedure was performed on the study 
HMMs and test HMMs separately. For both the study and 
the test blocks, we compared the recognition performance of 
the groups discovered by the VHEM algorithm. Perfor-
mance in the study blocks was measured by checking 
whether the faces appeared in the study trials were identified 
correctly in the test trials. Performance in the test blocks 
was measured with d-prime. 

For each group with similar fixation durations, we also 
trained one HMM per participant and per block using the 
fixation locations, and combined the individual HMMs into 
a single representative HMM using VHEM to examine the 
general fixation patterns in the group. We thus visualized 
how the groups, which differed in their fixation durations, 
also differed in the spatial distribution of the fixations. 

Then, we trained one HMM per individual using only the 
location information. The location HMMs were also catego-
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rized into groups using the VHEM algorithm. We compared 
the performance of the groups found by categorizing the 
location HMMs to see whether, with location information 
alone, the groups also show difference in performance. 

Results 

Categorization of the individual duration HMMs 
We clustered the 48 study block HMMs into three groups 
using the VHEM algorithm. The left side of Figure 1 shows 
the representation HMM of each group. Table 1 shows that 
there were approximately same numbers of Caucasians and 
Asians in each group. No difference in racial distribution 
over the groups was observed (χ2(2) = 0.12, p = .94). 
  It can be seen that the three groups had different patterns of 
fixation durations. The first group usually began with a rela-
tively short fixation, which was then followed by either an-
other almost equally short or a much longer fixation. The 
second group showed a different pattern. The first fixations 
were also short. However, the following fixations were like-
ly to be slightly longer, with 1/3 of the chance being much 
longer. The third group was distinctive in that there was no 
long fixation; all the three clusters were within the range of 
0 to 500 msec. We found that the first fixations of Group 2 
(210.1) were significantly longer than those of Group 3 
(153.0), t(40) = 3.75, p < .01. The difference between Group 
1 (180.1) and Group 2 (210.1), t(15) = 0.99, p = .33, and the 
difference between Group 1 (180.1) and Group 3 (153.0), 
t(35)  = 1.49, p = .14, were not significant. 
  We compared the performance of the groups and discov-
ered that Group 2 performed significantly better than the 
other two groups. The hit rate of Group 2 (M = .85) was 
significantly better (F(2, 45) = 4.9, p = .01) than Group 1 (M 
= .68, t(15) = 2.98, p = .01), and Group 3 (M = .78, t(40) = 
2.22, p = .03). 
  Similarly, we also clustered the 48 test block HMMs into 
three groups. The right side images of Figure 1 show the 
representation HMM of each group. Again, there were 
roughly same numbers of Caucasians and Asians in each 
group (χ2(2) = 0.16, p = .92; see Table 2). 

  The differences between the three groups were less ob-
vious in the test blocks. The three duration clusters of the 
Group 1 were highly overlapped. Groups 2 and 3 had rather 
clear distinction between one and the other two clusters. As 
can be seen from the transition matrices, all groups began 
with short fixations, which are followed by some relatively 
longer fixations. However, the durations in clusters of 
Group 3 were shorter than that of Group 2. We found that 
the first fixations of Group 3 (129.9) was significantly 
shorter than that of Group 1 (189.2), t(35) = 7.62, p < .01, 
and that of Group 2 (187.3), t(31) = 4.96, p < .01. Regarding 
the average duration of all fixations, Group 2 (297.6) was 
significantly longer than Group 1 (244.9), t(24) = 6.49, p < 
.01, and Group 3 (214.9), t(31) = 9.39, p < .01. Comparison 
of the recognition performances (d’ prime) showed a signif-
icant effect of group, F(2, 45) = 3.59, p = .04; the results 
suggested that the Group 3 (M = 2.03) performed signifi-

cantly better than Group 1 (M = 1.49, t(35) = 2.69, p = .01), 
but not Group 2 (M = 1.85, t(31) = -.9, p = .37). 
 Caucasians Asians 
Group 1 3 3 
Group 2 5 6 
Group 3 16 15 

Table 1: distributions of the two races over the three dura-
tion groups (study block). 

 Caucasians Asians 
Group 1 7 8 
Group 2 6 5 
Group 3 11 11 

Table 2: distributions of the two races over the three dura-
tion groups (test block). 

Analysis of fixation locations for duration groups 
Using the groups uncovered above, we then estimated a 
representative HMM for each group using the fixation loca-
tions. Figure 2 shows representation HMMs for the study 
blocks (left) and the test blocks (right). 
  The images show that for study blocks, Group 1 usually 
just fixated at everywhere on a face rather than any specific 
facial feature. Groups 2 and 3, on the other hand, usually 
began with fixations that help them to locate the face on the 
screen, which was then followed by fixations concentrated 
more on the eyes. The difference between the two groups 
can be observed from the transitions. Group 2 explored dif-
ferent parts of a face, while Group 3 tended to stare at only 
some parts of a face. For Group 2, the transition probability 
from the red cluster to green cluster was about the same as 
staying in red (~47%), and likewise when starting in the 
green cluster. For Group 3, the probability to stay in red was 
almost twice that of a transition from red to green, and simi-
larly for the green cluster. 
  The test block HMMs show somewhat different results. 
Although the spatial distributions of the three clusters in 
each group seemed different, the transition matrices suggest 
that the differences were subtle. All three groups began with 
a fixation without any specific target, which was followed 
by fixations either again without a target facial feature or 
more concentrated on the eyes. The chances of two options 
are about 50-50. The result suggests that when participants 
were required to identify the faces, all different groups paid 
more attention to the eyes.  

Categorization of the individual location HMMs 
For the study block, we clustered the 48 location HMMs 
into three groups. The left images of Figure 3 show the 
study block representation HMMs of each group. Table 3 
shows the numbers of Caucasians and Asians in each group. 
There were significantly more Asians than Caucasians in 
Group 3 (χ2 (2) = 6.57, p = .04). 

Group 1 looked mainly at the whole face without a spe-
cific target. There were occasionally fixations to the lower 
part of the face (transition from red to blue is 10%). Group 2 
and Group 3 both spent more time on the eyes. However, 
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while Group 3 mainly started from some random areas on a 
face and then consistently transited between the two eyes 
and other areas, Group 2 in some cases were likely to begin 
with and to remain staring at the eyes. Comparison of the 
recognition performances (hit rate) shows a significant ef-

fect of group, F(2, 45) = 3.65, p = .03; the results suggested 
that Group 3 (M = .83) performed significantly better than 
Group 1 (M = .73, t(29) = 2.54, p = .02), but not Group 2 
(M=.79,  

 
Study Block      Test Block 

Group 1  Group 1  
from\to red cluster green cluster blue cluster from\to red cluster green cluster blue cluster 
priors .79 .09 .12 priors .72 .20 .08 
red cluster .30 .35 .35 red cluster <.01 <.01 .99 
green cluster .22 .44 .34 green cluster <.01 <.01 .99 
blue cluster .15 .55 .30 blue cluster .04 .01 .95 

Group 2  Group 2  
from\to red cluster green cluster blue cluster from\to red cluster green cluster blue cluster 
priors .91 .02 .07 priors .78 .04 .18 
red cluster .02 .68 .30 red cluster <.01 .16 .84 
green cluster .08 .58 .34 green cluster .02 .04 .94 
blue cluster .08 .62 .30 blue cluster .04 .01 .95 

Group 3  Group 3  
from\to red cluster green cluster blue cluster from\to red cluster green cluster blue cluster 
priors .89 .03 .07 priors .91 .04 .05 
red cluster .03 .76 .21 red cluster .01 .60 .39 
green cluster .04 .69 .27 green cluster .01 .20 .79 
blue cluster .04 .62 .34 blue cluster .01 .36 .63 

Figure 1. The representation HMMs of the three groups based on clustering fixation durations from the study (left) and test 
blocks (right). The curves indicate the clusters. X-axis represents fixation duration (in msec). Y-axis represents the probabil-
ity densities. The red cluster has the highest prior probability, i.e., most likely contains the first fixation. The blue cluster has 
the largest variance. In the study block, Group 2 performed the best. In the test block, Group 2 and 3 outperformed Group 1.

Study Block      Test Block 
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 Group 1 Group 2 Group 3  Group 1 Group 2 Group 3 
from\to r g b r g b r g b from\to r g b r g b r g b 
p .97 .02 .01 .96 .03 .01 .82 .14 .04 p .73 .03 .24 .55 .01 .44 .87 .06 .07 
r .59 .38 .03 .47 .46 .07 .62 .35 .03 r .51 .25 .24 .12 .54 .34 .54 .24 .22 
g .40 .50 .10 .56 .42 .02 .34 .58 .08 g .57 .07 .36 .13 .40 .47 .38 .13 .49 
b .61 .07 .32 .30 .55 .15 .37 .27 .36 b .51 .33 .16 .34 .47 .19 .45 .41 .14 
* p = prior; r = red; g = green; b = blue 
Figure 2. The representation HMMs for fixation locations of the three duration groups for study (left) and test blocks (right). 

Study Block      Test Block 

                              
 Group 1 Group 2 Group 3  Group 1 Group 2 Group 3 
from\to r g b r g b r g b from\to r g b y r g b y r g b y 
p .95 .01 .04 .68 .21 .11 .93 .05 .02 p .45 .11 .35 .09 .95 .03 .01 .01 .41 .18 .32 .09 
r .89 .01 .10 .44 .51 .05 .47 .39 .14 r .33 .60 .01 .06 .15 .35 .43 .07 .09 .60 .04 .27 
g .40 .25 .35 .36 .60 .04 .46 .18 .36 g .11 .40 .05 .44 .08 .12 .58 .22 .30 .23 .14 .33 
b .55 .09 .36 .33 .55 .12 .28 .55 .17 b 

y 
.18 
.23 

.23 

.42 
.09 
.05 

.50 

.30 
.09 
.19 

.64 

.22 
.09 
.41 

.18 

.18 
.10 
.10 

.60 

.51 
.05 
.12 

.25 

.27 
* p = prior; r = red; g = green; b = blue; y = yellow 
Figure 3. The representation HMMs of the 3 groups clustered using fixation locations from study (left) and test blocks (right, 

from Chuk et al., 2014b). In study, Group 2 and 3 outperformed Group 1. In test, Group 2 performed the best. 
 

t(29) = 1.09, p = .28). Difference between Groups 1 and 2 
was marginal (t(32) = 1.72, p = .09). For the test block, we 
performed similar analysis in our previous study (Chuk et 
al., 2014b) and results are presented in Figure 3 (right). We 
trained one HMM per participant and categorized them into 
three groups using the VHEM algorithm. We found that 
there were roughly equal numbers of Caucasians and Asians 
in Groups 1 and 2, but more Asians than Caucasians in 
Group 3 (χ2(2) = 4.55, p = .03). 
 Caucasians Asians 
Group 1 10 7 
Group 2 11 6 
Group 3 3 11 
Table 3: distributions of the two races over the three groups 

clustered using fixation location (study block). 
 Caucasians Asians 
Group 1 9 5 
Group 2 13 11 
Group 3 2 8 
Table 4: distributions of the two races over the three groups 

clustered using fixation locations(test block). 
Group 1 demonstrated a holistic viewing pattern; no faci-

al feature was looked at in specific. Group 2 looked at the 
two eyes respectively after the first fixations, and in some 
cases paid some attention to the mouth (~7%). Group 3 
showed a similar pattern to that of Group 1, but with more 
attention devoted only to the right eye. Comparison of the 
recognition performances (d’ prime) discovered that a sig-
nificant effect of grouping, F(2, 45) = 5.86, p = .01, results 
suggest that Group 2 (M = 2.1) performed significantly bet-
ter than Group 1 (M = 1.53, t(36) = 2.81, p = .01), and 
Group 3 (M = 1.54, t(32) = 2.89, p = .01).  

Discussion 
The results have shown that duration is an informative 
source of information about the strategies participants 
adopted that lead to better performance in face recognition, 
in addition to fixation location information. 

 By grouping participants into three groups using only the 
duration information, we have discovered a significant dif-
ference in the performance of the participants. In the study 
blocks, the hit rate was the best for Group 2, which had al-
most exclusively short fixations at beginning and longer 
fixations afterwards. The spatial distribution of the fixations 
shows that Group 2 was more likely than Group 3 to shuffle 
between ROIs, indicating that best performance was 
achieved by looking at different parts of a face (with long 
fixations) than staring at only one facial feature. Grouping 
of the location HMMs have shown a similar tendency. Peo-
ple who looked at other areas as well as focused on the eyes 
performed better than the others.  

The result that all the participants showed shorter first fix-
ations and longer following fixations was also consistent 
with that reported by Hsiao & Cottrell (2008), in which it 
was found that for the study phase, the first fixations were 
shorter and the following ones gradually increased in dura-
tion. With the HMMs, we found that although the pattern 
was shared by all the participants, differences in duration 
and transition patterns among the subgroups were associated 
with performance difference. 

For the test blocks, although all 3 groups of the duration 
HMMs generally had short first fixations, comparison be-
tween groups showed that for Group 3, which had the best 
performance, their first fixations were significantly shorter 
than those in Group 1 and 2. The location HMMs shown in 
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Figure 3 (right) have revealed that those who looked specif-
ically at the two eyes (Group 2 in Figure 3) performed better 
in the test blocks. The performance of those who looked 
only at the right eye (Group 3) was the same as the holistic 
viewing people (Group 1). Since the first fixation is usually 
for locating the face, together with the duration analysis, this 
may imply that some of the better performing people have a 
more consistent strategy to locate faces on the screen, so 
that their first fixations are shorter, and then subsequently 
look at both eyes for face identification. Yet, some partici-
pants (Group 2 of the duration HMMs in Figure 1) had 
longer average fixation duration than the rest but achieved 
level of performance comparable to that of Group 3, sug-
gesting the existence of individual differences. 

The observation that in the test block most participants 
spent shorter time on fixating at the faces than the study 
block is contradictory to the finding from the study blocks, 
which showed that people whose fixations were all short 
tended to perform worse (Group 3 of duration HMMs in the 
study blocks in Figure 1). This may indicate that different 
strategies had been adopted for the study and test blocks. It 
is convergent to Hsiao and Cottrell (2008) and Henderson et 
al., (2005), which showed that the strategies participants 
adopted in different tasks were different. 
  The current study also demonstrates the advantages of us-
ing HMMs to analyze fixation durations. HMMs contain 
clusters and their transition information. The clusters cate-
gorize durations of similar length into same clusters, and the 
transition information reveals the transitions between clus-
ters, so that the duration information in eye movement data 
could be more precisely interpreted. Moreover, HMMs are 
able to capture individual differences because each partici-
pant is modeled with an HMM. By clustering the HMMs 
into groups, similar viewing strategies shared by a number 
of participants could be discovered from data. For example, 
the test block categorization result shows that good perfor-
mance could be achieved by two different strategies, one 
with shorter and one with longer fixation durations. The 
discovery of the long fixation strategy is only possible when 
individual differences have been taken into account during 
the analyses. 
  In summary, the findings suggest that duration can be an 
informative source to understanding eye movements in face 
recognition. It distinguishes good performers from bad per-
formers in both study and test blocks. Together with the 
analyses with location information, our results suggest that 
an exploratory strategy looking at different facial features 
(especially the eyes) with long fixations is beneficial in the 
study phase, whereas in the test phase, an efficient, short 
first orienting fixation followed by a more analytic pattern 
focusing mainly on the eyes leads to better performances. 
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