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Abstract. A new forecast model of attention allocation was built on four trade-
off factors, including information priority, occurring probability, salient and ef-
fort, which involved both channels of information processing. To validate this 
model, sixteen participants from Beijing University of Aeronautics and Astro-
nautics were recruited to perform an instrument monitoring task under different 
conditions. Participants were required to concentrate on monitoring the flight 
indicators presented on a simulation interface of head-up display and respond to 
abnormal information (anyone of the indicators went out of the normal range) 
by pressing the corresponding buttons on the keyboard. Fixation distribution 
was recorded as evaluation index of attention allocation using Smart Eye Pro 
4.5 eye-movement tracking device. Simultaneously, reaction time and correct 
rate of key-press response were recorded by computer automatically as evalua-
tion indices of behavior performance. The regression analysis revealed good 
agreement between fixation distribution and theoretical results. 
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1 Introduction 

Early researchers found that a comprehensive, accurate and timely information collec-
tion is necessary for pilots to fulfill complicated flight tasks in the human-machine 
interaction system of cockpit display [1]. Therefore, analyzing pilot’s attention alloca-
tion mechanism is able to provide ergonomics evidence for cockpit display interface 
design, thereby improving flight performance and safety. Attention was one of the 
most important mental modulatory mechanisms to endow perception with selective 
ability during information processing [2]. Generally speaking, there were three main 
methods to investigate attention allocation, including subjective evaluation, eye 
movement tracking and cognitive modeling. Recently, cognitive modeling instead of 
subjective evaluation becomes a primary manner to investigate the essence of atten-
tion mechanism and the method of eye movement tracking is usually used for experi-
ment validation.  
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Senders introduced the concept of bandwidth and established one of first quantita-
tive models of instrument monitoring behavior [3], which suggested the relationship 
between visual scan and instrument bandwidth. Wickens et al. considered that salient, 
effort, expectancy and value were four influencing factors of attention allocation and 
then put forward the SEEV model [4]. Meanwhile, another model called A-SA (atten-
tion-situation awareness) was built based on both SEEV modules and situation 
awareness measuring to predict pilot’s error [5]. However, Miller pointed out the 
limitations of SEEV model in the technical report AHFD-04-17 /NASA-04-6 [6], 
considering that the model should be applied using ratio scale measurements and the 
weight of parameters should be deliberated when its application conditions changed. 

Besides, fuzzy control models were adopted to express the uncertainty of 
psychological state and congitive activities. Such methods were used by Nobuyuki 
Matsui et al. and Lou Yan et al. to bulid their attention allocation models [7][8]. In 
addition, Wanyan et al. advanced their models by introducing hybird entropy and 
analyzing the influences of information importance, protential possibility as well as 
detection efficiency on pilot’s attention allocation mechanism [9]. Since subjective 
evaluation of information importance was fuzzy and random, it became the core 
foundation of their model. Moreover, detection efficiency decipted the difference of 
processing time caused by various information coding features and the distinct 
requirement of processing depth, while the protential probability was optimized and 
calculated when the hybird entropy reached its max. Nevertheless, as the information 
processing time was measured beforehand, it reduced the predictable ability of the 
model. 

Based on Wanyan’s model, the present study started with a cognitive evaluation 
model of information priority. Then, a new forecast model of attention allocation was 
established on both channels of information processing: top-down was explained as 
information priority and occurring probability according to subjective expectancy 
utility theory; bottom-up was inherited as salient and effort of SEEV model to extend 
the concept of detection efficiency from [9].  In order to apply and validate this 
model, an ergonomics experiment was developed using a head-up display simulation 
interface. Combined with eye movement tracker, the actual attention allocation of 
participants were obtained and compared with the theoretical results of the model. 

2 Mathematical Modeling 

2.1 Cognitive Evaluation Model of Information Priority 

In common human-machine interaction system, information was received from visual 
display terminal and the human-machine interface could be divided into  areas of 
interest (AOIs). Such visual information was captured and transferred to brain by 
neural system. Since the different stimulus of visual information and the inconstant 
physiological state, arousing level of brain  was changing during this procedure. 
The whole  consisted  dimensional spaceΩ. However, arousing level of brain  
was influenced by various obtained information, and the results of information 
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processing were unable to predict. Therefore, information priority function  was 
introduced to reveal the cognitive evaluation results of information priority:  

 , ,  (1) ,  was the Hermite conjugated with , . The whole square integrable ,  consisted Hilbert space  at moment  onΩ. Operator  on  
depicted the potential information priority. Define state vector ,  on  as 
the information cognitive state vector, and thus  was the information cognitive 
space. Therefore, there existed a group of basal state vectors in  to constitute 
the standard orthogonal system, so that each state vector ,  in space  
could be expressed as： 

 , ∑  (2) 

 was the coefficient of the expansion of  state vector at moment . Group of 
base vectors  were chosen by implicative state of arousing level  and 
memory formed by human experience as well as potential state through learning. In 
other words, based on the acknowledgement of information implicative cognitive 
state and according to learning and memory, the results of information cognition were 
updated so that   was considered as the ability of potential cognition of 
information processing system when the arousing level  was inspired. Accordingly, 
each possible state vector under various arousing level  constituted a huge function 
group , , … , , , which reflected statistics characteristic of mental activ-
ities:  

 , ∑ , 1,2, … ,  (3) 

According to Eq.1 to Eq.3:  

 ∑ ∑, , , 1,2, … , ∞ (4) 

In Hilbert spaceΩ, the order of integral and summation was interchangeable:  

 ∑ ∑, , , 1,2, … , ∞ (5) 

Assuming:  

 , ∑ , ,  (6) 

So that: 

 ∑ , ,,  (7) 

As the base vectors of  were orthogonal to each other, it was easy to find an 
appropriate group of base vectors  which made ,  and ,  to be di-
agonal matrixes:  
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 , , . . , , , , … ,  (8) 

Therefore, information priority function  could be expressed as:  

  (9) 

It was noteworthiness that:  

 0, ∑ 1 (10) 

Hence, the cognitive evaluation result of information priority of AOIi was:  

 , 1,2, … ,  (11) 

 meant the possibility of which potential cognitive state became available.   meant the cognitive evaluation results of information priority. As  was fuzzy 
and random to realize, as well as attention allocated to visual information was influ-
enced by the physical and psychological state, there was a certain possibility that even 
the most important information could be ignored and failed to draw attention during a 
visual search task. Therefore, the possibility was depicted as which might be opti-
mized and calculated according to Eq.12:  

 ∑  (12) 

Here,  was the binary fuzzy entropy of :  

 1 1  (13) 

And,  was the membership degree standardized into [0, 1] based on the cognitive 
evaluation results of information priority . Therefore, Eq.11 was rewritten as:  

 , 1,2, … ,  (14) 

2.2 Attention Allocation Model under Multi-factor Condition 

Assuming the attention resource allocated to  AOIs was expressed as vectors:  

 , , … ,  (15) 

Generally, information processing was composed of two channels: top-down and 
bottom-up. The former one was kind of automatic search or selective control of visual 
system while the latter one was driven by visual features of information. Subjective 
expectancy utility theory and SEEV model were introduced to explain the two chan-
nels respectively. Based on SEU theory [10], attention allocation based on top-down 
channel was quantified as the product of information priority and occurring proba-
bility .  was the factor involved with task requirement that could be determined as  
Eq.14.   indicated the occurring frequency and the amount of obtained information  
referring to the bandwidth of Sender’s model. On the other hand, the factor of bottom-
up was described as detection efficiency in reference [9] which might be expanded as 
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two factors inherited of SEEV model: effort and salient .  Effort was paid out if 
eye movement or head movement was required to obtain visual information. It was 
measured by the distance between AOIs. Salient model was put forward by Itti [11] 
and adopted by Wickens in SEEV to depict bottom-up attention capture. The present 
model followed the original definition of salient, and considered  as the interaction 
results of color c, size  along with character type  in the viewpoint of multiple 
visual coding of flight information:  

 3⁄  (16) 

For most human-machine interaction systems in aviation, four factors mentioned be-
fore simultaneously influenced and restricted pilot’s attention allocation mechanism. 
However, only salient  was the factor that inhibited attention resource from trans-
ferring between distant visual information. Therefore, attention resource allocated to 
AOIi could be determined as: 

  (17) 

And the attention allocation proportion of AOIi could be determined as: 

 ∑⁄ 100% (18) 

3 Method 

3.1 Experiment Interface Design 

To validate the present model in aviation, experiment interface was designed as head-
up display simulation interface and was built by GL Studio software, as shown in 
Fig.1. The experiment interface was presented on a 19-inch Lenovo LCD with resolu-
tion of 1440×900. According to regulations of optical environment for head-up dis-
play, the average luminance of experiment interface was moderated at 120cd/m2 and 
the average illumination of experiment environment was about 600Lx. Participants 
were required to make responses through a normal keyboard. Smart Eye Pro 4.5 was 
used to track eye-movement in a nature way. 
 

 

Fig. 1. Experiment environment and simulation interface 
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3.2 Participants 

16 participants from Beijing University of Aeronautics and Astronautics were re-
cruited in this study. All participants (10males, 6females; ranging from 22 to 27 years 
old, mean age 23.9 years old) were familiar with basic computer operation and aero-
nautics knowledge. All participants were right-handed with normal or correct to nor-
mal vision.  

3.3 Experiment Design 

Five flight indicators were selected as the monitoring task target such as No.1 radar 
state; No.2 rolling angle; No.3 indicated airspeed; No.4 barometric altitude and No.5 
flight symbol. Abnormal state of the five indicators appeared randomly by computer 
program and only one indicator displayed abnormal state simultaneously. Experiment 
variables were response score and occurring frequency of abnormal state. In order to 
simulate a real cognitive situation of flight information, response score was manipu-
lated as the membership degree of information priority according to a certain ratio. In 
addition, the level of two variables must meet the requirements shown as followed:  ∑ 100 , ∑ 100  (19) 

Eq.19 meant that the appearance number of abnormal state was 100 times and the 
perfect response score was 100 points during a whole trial. To validate the present 
model, four trials were designed as shown in Fig.2. Obviously, both the score and 
frequency were constant between AOIs in trial A, which only depicted the influence 
of bottom-up channel. Trial B and trial C were introduced one of the top-down chan-
nels (occurring probability or information priority) on the basis of trial A. Trial D was 
designed to validate the whole factors corresponding to the present model.  

 

 

Fig. 2. Experiment trials design 
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3.4 Experiment Task 

The monitoring task and keyboard response were performed in the experiment. Partic-
ipants were required to allocate their attention resource according to different trials. 
As the experiment was expected to perform at a medium level of mental workload, 
participants were asked to make their response within 1s and the interval of conti-
nuous abnormal information was 2s [12]. Moreover, Latin Square design was adopted 
to avoid the errors caused by experiment order and fatigue. Each trial lasted for 4min 
with 2min break. The Smart Eye system kept real-time tracking during the whole 
trials.  

4 Results 

4.1 Theoretical Results of Mathematical Model 

In trial A, both scores and frequencies were equal for all the AOIs. Hence, only sa-
lient and effort represented for the bottom-up channels were involved and were de-
termined by the visual characteristic of simulation interface. Salient was measured by 
the performance results of multiple visual coding according to the former research 
[13] along with Eq.16 and effort was measured by the distance between AOIs, as 
shown in Tab.1. Values of all the factors were standardized into [0, 1] and the theoret-
ical results of attention allocation were calculated as shown in Tab.2. 

Table 1. Values of salient and effort 

Area of interest 1 2 3 4 5 
color 1.00 1.00 1.00 1.00 1.00 
size 1.00 1.00 1.00 1.00 1.00 
type 0.50 1.00 0.80 0.80 1.00 

salient 0.83 1.00 0.93 0.93 1.00 
distance(cm) 13.75 14.50 18.25 18.25 11.25 

effort 0.75 0.80 1.00 1.00 0.60 

Table 2. Theoretical results of the forecast model 

Trial Area of interest 1 2 3 4 5 

A 

S (10-2) 17.70 21.32 19.83 19.83 21.32 

E (10-2) 18.07 19.28 24.10 24.10 14.46 

Attention (%) 18.81 21.25 15.81 15.81 28.33 

B 
P (10-2) 10.00 30.00 25.00 15.00 20.00 

Attention (%) 9.29 31.49 19.52 11.71 27.99 

C 
V (10-2) 9.00 9.00 27.00 27.00 28.00 

Attention (%) 8.43 9.53 21.26 21.26 39.52 

D Attention (%) 4.19 14.21 26.43 15.86 39.30 
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Trial B and trial C added occurring probability and information priority on the  
basis of trial A, respectively. Probability was decided by the experiment design of 
frequency. According to the cognitive evaluation model mentioned in part 2.1, infor-
mation priority was calculated by response score as shown in Tab.3. In addition, trial 
D was designed to validate all four factors from Eq.17 and its theoretical results were 
shown in Tab.2. 

Table 3. Cognitive evalutaion of information priority 

Area of interest 1 2 3 4 5 

score 0.50 0.50 1.50 1.50 1.00 

membership degree χ  0.25 0.25 0.75 0.75 0.50 

potential possibility  p  0.18 0.18 0.18 0.18 0.28 

information priority V 0.05 0.05 0.14 0.14 0.14 

4.2 Experimental Results of Eye-Movement Tracking 

During the whole trials, the infrared images were transformed into digital images by a 
PCI frame grabber with the sampling rate of 60Hz. The experimental results of atten-
tion allocation proportion were defined as the ratio of fixation points for a certain 
AOIi to the fixation points for all the AOIs, as shown in Tab.4. 

Table 4. Attention allocation proportion results (%) 

Trial 
Area of interest 

1 2 3 4 5 

A 18.49±2.33 22.07±2.81 16.17±1.58 15.78±1.74 27.62±1.98 

B 6.61±3.29 33.12±5.39 16.95±3.43 14.95±2.98 27.96±2.90 

C 10.15±2.43 3.27±1.73 24.26±3.94 23.33±4.42 39.01±4.87 

D 6.82±2.29 15.64±5.24 24.98±3.25 17.39±3.59 35.14±4.26 

4.3 Statistical Analysis of Theoretical and Experimental Results 

For all trials, the regression analysis showed good agreement between theoretical and 
experimental results of attention allocation (r=0.91, R2=0.83, p<0.01). Correlation 
analysis revealed significant correlation between fixation distribution and the four 
factors of the model: rP=0.402, rV=0.654, rS=0.552 and rE=-0.303. 

The model was established in a nonlinear method, it was quite different from linear 
weighting method of SEEV model. In order to make comparison of these two me-
thods, another regression analysis was applied to validate the four factors in a linear 
weighting method, as shown in Tab.5. The results showed less satisfied correlation 
with fixation distribution (R2=0.80).  
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Table 5. Linear regression results 

Model 
Unstandardized Coefficients Standardized Coefficients 

t Sig. 
B Std. Error Beta 

(Constant) -0.079 0.048 -1.628 0.105 

P 0.759 0.063 0.381 12.100 0.000 

V 1.116 0.043 0.711 26.159 0.000 

S 0.692 0.25 0.092 2.762 0.006 

E -1.174 0.074 -0.436 -15.861 0.000 

5 Discussion 

It could be seen from Tab.2 and Tab.3 that the data obtained from our experiments 
were consistent with the theoretical results calculated from the attention allocation 
model. Trial A was designed to verify the bottom-up influences of salient and effort. 
Based on it, trial B and trial C respectively added one single top-down factor and 
finally trial D was designed to examine the whole model. Therefore, the effectiveness 
of the attention allocation model and the connections of its factors were confirmed. 
However, since the experiment was carried out at a medium level of mental workload, 
the behavior performance of keyboard response was considerably high with most 
accurate rate above 90% for all trials. In that case, it was not necessary to include the 
performance result here. In addition, the present model was built on four multiplica-
tive factors which simplify and optimize the linear weighting method adopted in 
SEEV model according to the results shown in Tab.5. 

The multiple factors from the present model involved both of the information 
processing channels of top-down and bottom-up. During the early attention capture 
phase, parallel manner based on bottom-up was used and considered as the fundamen-
tal characteristic of information processing [14]. It was depicted in the model that the 
salient information was easier to capture attention and the information requiring more 
effort cost was reluctant to observe. In the feature integration phase, the priority and 
bandwidth were considered to draw attention in the top-down way. Therefore, infor-
mation of high occurring probability or high importance related to task was preferred 
to get more attention resource. Nevertheless, the predicted allocation of attention re-
source was balanced by these trade-off factors. 

There were still drawbacks in the present study, the model was validated in a low 
fidelity simulation experiment, and the influence of task type and some extreme levels 
of mental workload were neglected. For example, it was unsure whether the model 
was still fit in an overload or underload condition. Further research would focus on 
the internal connection between mental workload and attention allocation, and it 
hoped that an ideal prediction of pilot’s attention allocation under different mental 
workload conditions could be developed. 
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6 Conclusion 

This paper introduced a mathematical model formed by information priority,  
occurring probability, salient and effort to predict pilot’s attention allocation. The 
effectiveness of model was validated with a target monitoring task in head-up display 
simulation interface. The experiment results revealed that the model accounted for 
above 83% of the variance in visual attention allocation between trials. Moreover, the 
present study could provide ergonomics evidence for cockpit display interface design. 
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