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Abstract. The authors have proposed a concentration time ratio as a new  
evaluation index of intellectual productivity, which had been difficult to be 
quantitatively evaluated, with a concept of concentration on target task, and a 
measurement tool has been developed based on the index. In addition, a subject 
experiment was conducted with the tool in which the illumination conditions 
were changed. As the result, it was found that the index was not affected by 
learning effect and the difference of intellectual productivity by changing the il-
lumination conditions could be evaluated quantitatively with the index. 
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1 Introduction 

Energy saving is one of the countermeasure of increasing greenhouse gas emission 
caused by increasing worldwide energy consumption. After East Japan earthquake 
and the following Fukushima nuclear disaster, most of nuclear power stations have 
been shut down in Japan and we are suffering from lack of electricity. The govern-
ment has promoted energy saving policies such that the temperature of air-
conditioning system in the summer should be 28 degree Celsius and office lightings 
should be partially turned off [1]. However, the drop in productivity of office workers 
caused by the energy saving may extend their labor time and this may consume more 
energy. 

On the other hand, recent studies have indicated that improvement of office envi-
ronment may improve the intellectual productivity of office workers [2]. However, 
the method which evaluates office productivity objectively and quantitatively has not 
been established yet. There have been mainly two methods to evaluate the improve-
ment of intellectual productivity caused by the change of office environment. One is 
subjective evaluation methods [3] and another is quantitative methods based on cogni-
tive task performance [4]. The subjective evaluation method directly asks the change 
of their work performance to the office workers by the change of work environment. 



 An Intellectual Productivity Evaluation Tool Based on Work Concentration 365 

It is therefore difficult to quantify the improvement of the productivity. On the other 
hand, in case of the task performance-based method, they conduct specially designed 
cognitive tasks in each work environment and the change of task performance is 
measured. It is however difficult to accurately evaluate the change of intellectual 
productivity by the change of work environment because the performance is greatly 
influenced by learning effect. 

In this study, therefore, a new evaluation index and its measurement tool have been 
proposed based on a concept of work concentration and a subject experiment was 
conducted with the index to confirm its effectiveness. 

2 Concentration Index 

When they perform intellectual work, it can be assumed that they performed it with 
transiting “working state”, “short-term rest state” and “long-term rest state” as shown 
in Figure 1 [5]. In the short-term rest state, they unconsciously stop the work for a 
short time. In the long-term rest state, however, they consciously stop working to take 
a break or think other things for a long time. This state transition is affected by such 
as their work motivations, their fatigues, work contents and work environment [5]. 
Considering that concentration means a work state where their cognitive resources are 
assigned to a target work, it can be assumed that the working state and the short-term 
rest state are a concentrated state while the long-term rest state is a non-concentrated 
state as shown in Figure 1. And the intellectual work can be performed more when the 
time ratio of the concentration state among the total labor time is high. This means 
that the intellectual productivity can be measured by the concentration time ratio. 

Based on the model in Figure 1, when they perform a task in which problems with 
uniformed difficulty are given continuously, the histogram of the answering time of 
each problem can be approximated as the sum of two lognormal distributions as 
shown in Figure 2. The left lognormal distribution expresses the sum of working state 
and the short-term rest state, while the right distribution includes not only working 
state and the short-term rest state but also the long-term rest state. 
 

 

Fig. 1. Work state model 
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Fig. 2. Histogram of answering time and lognormal distributions 

When giving a cognitive task to an office worker and the histogram of the answer-
ing time of each problem is drawn, the parameters of two lognormal distributions can 
be calculated by the approximation as shown in Figure 3. At that time, the histogram 
can be expressed as formula (3) using the parameters. 

 

 

Fig. 3. Lognormal distributions and their parameters 
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Here, ,  expresses the averages of lognormal distributions, ,  expresses their 
standard deviations, and p , )1( p−  express their height ratios. When they concentrate 
the target task, the expected time of  distribution is an average answering time. 
Therefore the average answering time in concentration state can be expressed as for-
mula (2). 
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Because total time in concentration state can be expressed as CTN ⋅  where they an-
swer N problems when performing the task, the concentration time ratio, CTR, can be 
expressed as formula (3) where total task performing time is 

totalT . 

 
totalT
CTN

CTR
⋅=  (3) 

Since the task performance (answering speed) is improved as repeating the problem 
solving by learning effect, it is difficult to evaluate the intellectual productivity by the 
task performance. The concentration time ratio proposed in this study however is not 
affected by the learning effect because it only expresses the time ratio of concentra-
tion state in the total task performing time. 

3 Development of Concentration Measurement Tool 

In order to find the concentration time ratio proposed in chapter 2, cognitive tasks 
should be given to office workers, the answering time of each problem should be 
measured and the parameters of two lognormal distributions should be calculated by 
approximating the histogram of the answering time. In this chapter, a design of the 
cognitive tasks and an analysis tool will be described. 

3.1 Design of Cognitive Tasks 

The cognitive task requires some conditions such that (1)they can continuously an-
swer problems with their own paces, (2)the difficulty of each problem is unified, and 
(3)their solving strategy is not changed. And since the office work mainly requires 
linguistic ability such as document preparation and calculation ability such as ac-
counting operations, the cognitive task should require these abilities. It is sure that 
creative works such as creating new ideas are important among many kinds of office 
works, however, most of the actual office works are typical and regular works. In this 
study therefore a word classification task and a mental calculation task have been 
designed. 

Word Classification Task 
The word classification task is the task where a given word on a sheet of paper is 
required to be classified into one of 27 categories by sorts of character, the first vowel 
and meaning category. Since the word is given in Japanese, the sorts of character are 
hiragana, katakana and kanji. The first vowels include “i”, “u” and “o”. The meaning 
categories are creature, proper noun and artificiality. As shown in Figure 4, the words 
are given as a bunch of papers where one word is written on each sheet of paper. They 
are required to answer the proper category by pressing one of 27 buttons on the dis-
play of iPad. The answering time of each problem is measured by the iPad and rec-
orded into a server computer connected by the network. 



368 H. Shimoda et al. 

 

Fig. 4. Word classification task 

Mental Calculation Task 
In the mental calculation task, two-digit number is first shown on a display of a PC 
and they are required to memorize it, then another two-digit number is shown after 
pressing enter key. They are required to do a sum of two numbers in their heads and 
input the answer with a numeric keypad. After input the answer, pressing enter key 
moves to the next problem. The answering time of each problem is measured by the 
PC and recorded into the server computer. 

3.2 Analysis Tool 

With the recorded answering time, the parameters of two lognormal distributions are 
calculated by approximation as the histogram of answering time with EM (Expecta-
tion Maximization) algorithm [6], and then the concentration time ratio is calculated 
by the fomula (2) and (3). In other words, the parameters are estimated to maximize 
its probabilistic expectation as the histogram can be expressed as an approximation of 
two lognormal distributions. When estimating the parameter with the EM algorithm, 
the convergent conditions are; (a)

1μ  should be close to mode value of the histogram 
and (b)

21 μμ <  and 
21 σσ < . 

 

 

Fig. 5. Mental calculation task 
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4 Evaluation Experiment of Illumination Environment 

4.1 Objective 

The objective of the experiment is to confirm that the proposed concentration time 
ratio can evaluate the influence of intellectual productivity by change of illumination 
environment. 

4.2 Experimental Method 

Two illumination conditions were prepared which are (i)ceiling lighting (5,000K, 750 
lux on the desk), and (ii)a combination of task lighting(6,000K, 650 lux on the desk) 
and ceiling lighting(3,000K, 100 lux on the desk). Here and after (i) is called ‘Am-
bient’ condition while (ii) is called ‘T&A’ condition. Although the intensity of illumi-
nation of both conditions is 750 lux on the desk, the energy consumption of T&A 
condition is only 46% of that of Ambient condition. As shown in the right picture of 
Figure 6, it is expected to concentrate on the target task in T&A condition because the 
area except the desk is dark and it eliminates surrounding visual noise. The other en-
vironmental conditions were controlled as shown in Table 1. 

Figure 7 shows the experimental procedure. It was conducted for three days with 
changing the illumination conditions. 19 male subjects (ages of 20-55) participated in 
the experiment. 10 out of 19 subjects joined the group A-T&A-A in which the illumi-
nation conditions were Ambient, T&A and Ambient for each day respectively, while 
other 9 subjects joined the group T&A-A-T&A to keep the counterbalance. The actual 
measurement of the concentration time ratio was conducted in task set 1 and 2 at least 
two hours after lunch to avoid post-lunch dip. Task set 3 was conducted as a dummy 
task to avoid a terminal effect. The subjects were instructed not to take caffeine such 
as green tea and coffee during the experiment. 
 

 

Fig. 6. Experimental environment 

Table 1. Other environmental conditions 

Temperature Humidity CO2 density Sound noise 
25±1℃ 20-40% Under 800ppm Under 55dBA 

(a)Experimental environment(Ambient condition)                       (b)T&A condition
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Fig. 7. Experimental procedure 

4.3 Results and Discussions 

Figure 8 shows the task performance of the word classification task for each group on 
each day. As shown in the figure, the learning effect was clearly found for both 
groups. The change of intellectual productivity by the change of illumination condi-
tion could not be evaluated from this result. This tendency was also found in the men-
tal calculation task. 

The concentration time ratios were tried to be calculated by the analysis tool  
mentioned in chapter 3, however, a few of them could not be calculated because the 
parameters of lognormal distributions could not be found by EM algorithm. In the 
following analysis therefore they are omitted. The same analysis as Figure 8 was done 
for the concentration time ratio and it was found that there was no significant differ-
ence between the results for each group on each day. This means that the concentra-
tion time ratio is not affected by the learning effect. Figure 9 shows the comparison of 
the concentration time ratios under two illumination conditions for each task. 

 

Fig. 8. Task performance of word classification task 
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Fig. 9. Comparison of concentration time ratios of illumination conditions 

In the word classification task, the concentration time ratio under T&A condition 
was 2.7% higher than that under Ambient condition (p<.05). In the mental calculation 
task, the concentration time ratio under T&A was also higher however there is no 
significant difference. 

As the result of the above, it was found that the concentration time ratio proposed 
in this study has a possibility to evaluate the change of intellectual productivity quan-
titatively by the change of work environment without the learning effect. 

5 Conclusion 

In this study, the authors have proposed concentration time ratio as a new evaluation 
index of intellectual productivity from the view point of concentration on the target 
work, and have developed a measurement tool based on the index. In addition, a sub-
ject experiment was conducted to evaluate it where 19 subjects participated for three 
days. As the result, it was found that the concentration time ratio was not affected by 
the learning effect and it could evaluate the difference of intellectual productivity 
quantitatively by the change of illumination conditions. However there were a few 
cases in which concentration time ratios could not be calculated by the developed 
tool. The algorithm and the tool should be improved in the future. 
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