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Abstract

Speech noise can reduce occupants' work performance in open-plan offices. Some models have
been created to predict the effect of speech of different intelligibility on work performance. However,
few of them consider the effects of speech intelligibility in Chinese environments. This study aims to
develop a model that evaluates how much work performance is decreased by speech noise with
different intelligibility in Chinese open-plan offices. A laboratory experiment has been conducted in
this paper to determine the effects of different speech intelligibility on occupants' objective
performance of the serial recall task and perceived speech disturbance in Chinese open-plan offices.
Then, a prediction model was developed by analyzing the data from this experiment and two previous
studies. These two studies researched the effects of the Speech Transmission Index (STI, an objective
parameter of speech intelligibility) on the serial recall performance in Chinese environments.
According to the prediction model of serial recall performance in Chinese environments, performance
decrease occurs within the STI range of 0.31-0.47. The comparison of curves between STI and DP
with previous studies shows that the STI range for serial recall performance variation in Chinese
environments is narrower than in non-Chinese language environments. Furthermore, the DP average
change rate of serial recall tasks in Chinese environments is not less compared to non-Chinese
environments, although the effect of speech noise on serial recall performance is lower in the Chinese

environment.

Keywords: Open-plan Offices, Language Environments, Serial Recall Performance, Speech

Transmission Index, Prediction Model
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1. Introduction

The open-plan office is a typical office type in office buildings. Flexible layout and high economic
efficiency make the open-plan offices popular [1, 2]. Large office space without partition walls is the
main feature of open-plan offices. It allows occupants to work together and communicate conveniently,
but also enables noise to transmit throughout the office with few obstacles. Limiting the noise
disturbance between workstations or teams is viewed as one of the major acoustic challenges for all
types of open-plan offices, according to ISO 22955:2021 [3]. Conversation noise (or speech noise),
one of the most annoying noises in open-plan offices [4-6], has a strong effect on occupants' work
performance [4, 7, 8], perception of acoustic environments [6, 9] and mental health [10-12]. The high
speech intelligibility of speech noise is one of the main reasons causing the decrease in work

performance [13-15] and perceived acoustic dissatisfaction [16-18] in open-plan offices.

1.1 Effects of speech intelligibility on work performance in open-plan offices

A large number of studies examined the effects of speech intelligibility on occupants' work
performance [19-21]. The Speech Transmission Index (STI), an objective parameter of speech
intelligibility, has been frequently used in previous studies to research the relationship between speech
intelligibility and work performance [8, 14, 22]. For instance, Haka et al. [19] examined how STI
conditions (ST1=0.10, 0.35 and 0.65) affect occupants' work performance in Finnish environments.
Jahncke et al. [20] tested how much work performance is reduced by speech noise with five levels of
speech intelligibility (STI = 0.08, 0.16, 0.23, 0.34, and 0.71) in the Swedish environment. Renz et al.
[23] conducted a laboratory experiment to study the effects of eight STI conditions (ST1=0.10 to 0.33)

on occupants’ work performance and perceived sound annoyance in the German environment by
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changing the speech-to-noise ratio (SNR) and masking sounds. Ebissou et al. [24] tested occupants'
work performance and mental workload in four STI conditions (STI = 0.25, 0.35, 0.45, and 0.65) in
the French environment. Lou and Ou [14] explored how much work performance is reduced by five
levels of speech intelligibility (ST1 = 0.08, 0.16, 0.23, 0.34, and 0.78) in Chinese open-plan offices.
All of these studies mentioned above showed that work performance decreases with the increase of
STl values.

Some studies [22, 25, 26] have proposed a prediction model to show how much work performance
is decreased by speech with different intelligibility levels by summarising the results of experimental
studies in which the effects of varying STI values on work performance were investigated. For instance,
Ranz [26] proposed a prediction model in 2019 to show the relationship between STI values and the
decrease in work performance (DP) in open-plan offices based on a series of experimental studies
conducted in the German environment. Hongisto [25] in 2005 created an STI-DP model to predict the
effects of irrelevant speech on work performance in open-plan offices. According to this STI-DP model,
the work performance decrease occurs within the STI range of 0.2 and 0.5. In 2020, Haapakangas et
al. [22] revised Hongisto’s STI-DP model through a systematic literature review. The work
performance decrease is located within the STI range of 0.12-0.51. In the studies of Hongisto [25] and
Haapakangas et al. [22], when developing the STI-DP model, all tests about the STI-performance
relationship were analyzed without considering the effects of language environments. Moreover, the
experimental data were almost collected from studies in Western language environments and rarely

included experimental studies in Chinese environments.
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1.2 Effects of language environments on speech intelligibility

Language is usually viewed as a critical factor when concerning speech intelligibility [27, 28].
The relationship between ST1 and speech intelligibility has been found to be different under different
language environments [29, 30]. For example, the speech intelligibility score in English is much larger
than that in Arabic, Chinese and Polish under the same STI condition [29]. Besides, Zhu et al. [30]
revealed that the STI used to evaluate Chinese speech intelligibility could be calculated without
considering the modulation of correction factor values, which is different from the recommendation
of the International Standard for the objective rating of speech intelligibility, IEC 60268-16 [31]. As
mentioned above, differences in languages may affect the relationship between STI and work
performance [32]. Earlier studies [19, 33] in the Finnish environment showed that no significant
differences in serial recall performance are found within the STI range of 0.0-0.35, and the
performance decrease starts at the STI of 0.38 and reaches a maximum at the STI of 0.65. However, a
previous study [20] in the Swedish environment indicated that the performance decrease of the serial
recall task occurs within the STI range of 0.23-0.34. In addition, the study of Kang and Ou [8] found
a difference between Chinese and non-Chinese environments in terms of the effects of STI values on

work performance.

1.3 Task types

Some cognitive tasks (such as serial recall tasks, mental arithmetic, reading comprehension,
operation span task, etc.) are usually used to quantify the negative effects of poor acoustic conditions
in laboratory experiments researching the STI-performance relationship [34-36]. For these studies, the

selection of task types is an important aspect of determining the negative effects of acoustic conditions
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since the effect of acoustic conditions on task performance varies by task type [37]. The study of Kang
and Ou [8] shows a significant effect of ST on serial recall performance, while the effects of STI on
the performance of mental arithmetic, reading comprehension and proofreading are not statistically
significant. The study of Haapakangas et al. [36] indicates that there is a significant effect of acoustic
conditions on serial recall performance, but the effects of acoustic conditions on the performance of
creative thinking and proofreading tasks are not statistically significant.

Among the common cognitive tasks, the serial recall task is frequently used to test short-term
memory efficiency [38, 39] and to evaluate the effects of environmental changes on work performance
[21, 24, 34, 40]. This task requires subjects to recall a list of items in the order in which they appeared
[38, 41]. Moreover, compared with other cognitive tasks, the serial recall task is more susceptible to

speech noise of different intelligibility no matter in what kind of language environment.

1.4 Aim of this study

The following information can be summarised from the above literature review: (1) High speech
intelligibility (or large STI value) is one of the main reasons causing the decrease in occupants'
cognitive performance in open-plan offices. For determining the effects of ST1 on work performance,
the serial recall task is frequently used in previous studies and is susceptible to the disturbance of
speech noise. (2) Some STI-DP models have been created to evaluate work performance in different
STI conditions and to guide the acoustic design in open-plan offices. The experimental data used to
create the STI-DP model, however, rarely included experimental results in Chinese environments. (3)
The language environment is an important factor when considering the relationship between perceived

speech intelligibility and STI value. It may also be a non-negligible factor when determining the
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relationship between STI and DP.

In view of the research background, this study conducted a laboratory experiment to investigate
the effects of STI conditions on occupants’ work performance (i.e. serial recall performance) in
Chinese environments. A total of seven STI conditions were concerned in this study. In addition, the
effects of STI on serial recall performance in the Chinese environment from earlier studies were
summarised to create an STI-DP model of the serial recall task applicable to the Chinese open-plan
office. In particular, the following research questions are addressed:

1) What is the STI range that leads to changes in serial recall performance in Chinese

environments?

2) Are there differences in the STI range between Chinese and non-Chinese environments for

changes in occupants' serial recall performance?

2. Experiment

2.1 Methods and materials

Forty-one subjects were recruited from Huagiao University in this experiment. There were 20
females and 21 males aged between 18 and 31 years, with an average of 22.4 years. All the subjects
are native Chinese students and have no hearing problems. All were compensated for their participation.

The experiment was a one-way repeated measures design with seven levels of speech
intelligibility according to the seven acoustic conditions during which the performance of the word
serial recall task and subjective ratings of speech disturbance were tested. All seven acoustic conditions

were presented using open-type headphones (Sennheiser HD 650 and 600). The tests were performed
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in a laboratory of Huagiao University. Figure 1 shows the layout of the laboratory with the size of 6.6
x 6.5 x 3.0 m3. Workstation E was arranged as the control console. Workstations R1 and R2 were used
as test positions. A 1.5 m high partition was installed between R1 and R2 to avoid visual contact. The
temperature was kept at 22-23 °C. The vertical illumination level was around 530 Ix on each table

surface, and no glare problems were found on each table.
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Figure 1 Layout of the test laboratory (E represents the position of the control console, and R1-R2

represent the test positions)

The word serial recall task was used to determine the impacts of STI on work performance. Each
trial included ten sequences of Chinese words. For each sequence, seven words were extracted from

one of 8 semantic categories (i.e., "fish and aquatic plants,” "fruit and vegetable,” "Chinese cities,"
"crop and trees,"” "human tissues and organs,” "business and living goods," "food and beverages,” and
"animals™). The computer screen displayed one word (1 second on, 0.5 seconds off) at a time in a

specific order. After all words were displayed, participants were required to recall the words in the

order in which they appeared within 47 seconds.
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The sound stimuli for auditory assessment were generated through the Odeon software. Firstly, a
3D model of the open-plan office was built using the SketchUp software. The dimension of this 3D
model (37.2 x 109 x 3.6 m®) was from the in-situ measurement in our recent study [42] (see Figure 2).
Secondly, four office scenes were created by changing the sound absorption of office surfaces. Table
1 shows the information on 4 office scenes. As shown in Table 1, distraction distance r, and comfort
distance r. of each office scene are given to show the acoustic performance of office scenes. The rp,
describes the distance in meters from the speaker where the ST1 is below 0.5, which is used to predict
the objective speech privacy of open-plan offices [43]. The 7, refers to the distance in meters in which
the sound pressure level of speech is below 45 dBA, which is suggested to evaluate the effect of spatial
attenuation of speech in open-plan offices [43-45]. Thirdly, one or two receiving positions (H1 and H2)
were selected in each office scene (see Figure 2). Speech sounds and background noise were
convoluted with the binaural room impulse at the selected position using the Odeon software. Finally,
the convoluted speeches and background noise were played back through headphones (Sennheiser HD
600 and 650) and recorded via a binaural microphone (B & K, Type 4101) to ensure the sound pressure
levels of distracting speech and background noise. Seven ST1 values were determined by calculating

the EDT and SNR for each condition based on the method of Hongisto et al. [46] (see Table 1).
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Table 1 Information of seven acoustic conditions

Figure 2 Layout of the simulated open-plan office (H1 and H2 present receiving positions)

No. STI Lys/dBA | Lp 4 pldBA | Lyeq totai/dBA | SNR/ABA | EDT/s re/m rp/m | Office scenes
1 0.27 31.6 40.1 40.7 -8.5 0.20 3.8 35 1
2 0.36 35.7 39.1 40.7 -3.4 0.29 52 5.6 2
3 0.37 37.1 40.1 41.9 -3.0 0.11 3.8 35 1
4 0.39 38.9 36.8 41.0 2.1 0.40 6.7 8.5 3
5 0.41 39.2 39.1 42.2 0.1 0.22 52 5.6 2
6 0.50 42.2 32.1 42.6 10.1 0.75 11.9 13.5 4
7 0.54 46.4 32.6 46.6 13.8 0.64 119 13.5 4

Note:

SNR refers to the speech-to-noise ratio;

EDT was averaged over 250 to 4000 Hz octave bands.

The speech noise materials were 14 dry recordings of Chinese sentences, which were recorded in

an anechoic room by female and male native Chinese speakers before the experiment. The background

noise was a ventilation sound recorded from a working Gree vertical air conditioner (KFR-

120LW/E(12568L)A1-N1) in an office. Our previous studies [8, 47] have used these speech and

ventilation noises. The spectrum of the speech and ventilation noise is given in Figure 3.
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The experiment lasted about 2h20min. One or two subjects took part in the experiment each time.
At the beginning of the experiment, subjects were informed of the experimental purposes and practised
the serial recall task to familiarize themselves with the requirements of the task within 10 min in a
quiet environment. During the formal testing stage, each subject performed one trial under each of the
7 STI conditions. The perceived speech disturbance of each subject was collected by the question
answered on a 5-point scale (from 1 not at all to 5 very high) after the word serial recall task. Each STI
condition took about 12 min. A 4-minute break was given after each condition. The presentation order

of the STI conditions was randomized.
2.2 Results

Subjects' objective performance (accuracy rates of word serial recall tasks) and perceived speech
disturbance under seven STI conditions are shown in Figures 4 and 5. For objective performance,
participants' objective performance seems to decrease with the increase of ST1 values (see Figure 4).
Repeated measures of analysis of variance (RMANOVA) tests reveal there are statistically significant
differences among average accuracy rates under the 7 conditions ((Fe 240 = 13.085, P-value = 0.000,
partial n? = 0.246). F refers to F-ratio, which is the test statistic [48]. Partial n?, a measure of the effect
size, expresses the ratio of the sum of squares of the effect to the sum of squares of the effect and the
error sum of squares [49]. The post-hoc contrast comparisons with Bonferroni adjustment were
conducted to further examine the difference between any particular two conditions. This post hoc
analysis can be summarized as follows: 1) the objective performance at STI = 0.54 is significantly
lower than at STI = 0.27 (P<0.01), STI = 0.36 (P<0.01), STI = 0.37 (P<0.01), STI = 0.39 (P<0.01),
and STI =0.41 (P<0.01); 2) the objective performance at STI = 0.50 is significantly lower than at STI

12
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201 Figure 4 Subjects' average accuracy rates of the serial recall tasks under the 7 ST conditions (error

202 bars define confidence intervals)
203
204 For subjective perceptions, the mean score of speech disturbance seems to increase with

205 the increase of STI (see Figure 5). Friedman tests reveal that there is a statistically significant
206  difference among the seven STI conditions in terms of speech disturbance (Friedman's Q(6)
207 =116.07,P<0.01, W=0.472). Friedman's Q is the test statistic that summarizes how differently SIT
208 conditions were rated in a single number. W is the effect size (Kendall's W value). Pairwise
209  comparisons were subsequently performed with adjustment for multiple comparisons using a
210  Bonferroni correction. The analysis of post hoc tests can be summarized as follows: 1) subjects’
211  perceived speech disturbance in STI=0.27 is significantly lower than in any other STI condition

212 (P<0.01 for all comparisons). 2) Perceived speech disturbance at STI=0.54 is significantly
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higher than at STI=0.36 (P<0.01), STI=0.37 (P<0.01), and STI=0.41 (P<0.05). 3) A borderline-
significant difference (P=0.069) is shown between perceived speech disturbance at STI=0.50
and STI=0.36. It is worth mentioning that perceived speech disturbance at STI=0.27 is 1, which
means that there is little speech disturbance affecting subjects when performing the serial recall
task under the condition of STI=0.27. A possible explanation for this could be that the sound
pressure level (SPL) of speech at STI=0.27 is too low (only 31.6 dBA, see Table 1). The SPL of
ventilation noise was 40.1 dBA which was higher than speech. Considering the masking effects
of ventilation noise, it is not surprising that all subjects could not hear speeches during testing
in the condition of STI 0.27 and rated the disturbance level of speech as "not at all," despite the

STI being calculated as 0.27 based on the SNR and early decay time (EDT).

5

Perceived speech disturbance

027 0.36 0.37 0.39 0.41 0.50 0.54
STI
Figure 5 Subjects’ perception of the speech disturbance under the 7 STI conditions (error bars define

standard errors)
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3. Relationships between STI and work performance in Chinese open-plan offices

3.1 Prediction model

The relationship between STI and work performance was one of the focuses of studies on open-
plan offices' acoustic environments. The sigmoidal function is usually used to simulate the relationship
between STI and the decrease in work performance (DP) in open-plan offices by previous studies [22,

25, 26]. The normal equation is:

B

F(x)=A—m

1)
in which A (%), B (%), x,, and k are constants to be optimized.

This study also selected the sigmoidal function to simplify the relationship between STI and DP
in Chinese environments. The model is built depending on equation (1) using Solver (Microsoft Office
Package, Excel). The optimization task was to minimize the sum of squares of residuals. The
constraints of the constants were 2-30 for Aand B, 0.1-0.9 for x,, and 0.03-0.1 for k. The value of R?

describes the model's goodness of fit, and the Pearson correlation coefficients 7, is calculated to

compare with the other STI-DP models proposed by previous studies in this field.

3.2 Relationships between ST1 and DP in Chinese environments

There are the other four experimental studies about the STI-performance relationship in Chinese
environments. Table 2 shows the detailed information of these studies. As seen in Table 2, the effects
of STI conditions depended on the task type. Of the eight tests of the STI-performance relationship,
three tests (i.e., tests 1, 2, and 4) found strongly significant effects of STI conditions on the accuracy

rate of the serial recall task. Only one test (i.e., test 3) revealed strong effects of STI conditions on the

15
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accuracy rate of the reading comprehension task. The remaining tests (i.e., tests 5-8) found no
statistically significant effects of STI conditions on the accuracy rates of tasks. The STI-DP model was

created based on tests 1, 2, and 4 for the serial recall task.

Table 2 Descriptive information on eight tests of the STI-performance relationship in Chinese open-

plan offices
Range in Are there
Test No. of Range in statistically
t .. Task t L N
No. Study participants asKiype STI Aeqtotal 1 gignificant
dBA .
differences?
1 | This work 41 Serial recall task 0.27-0.54 | 40.7-46.6 Yes
Zh t al. .
2 [ 4%”96 a 30 Serial recall task 0.00-0.66 | 54.6-55.2 Yes
3 Lou and Ou 20 Engl_lshllterature _ 0.08-0.78 | 495-50 5 Yes
[14] reading comprehension
K .
4 ang - and 38 Serial recall task 0.00-0.67 | 40.4-47.1 Yes
Ou [8]
Kang and . .
5 38 Mental arithmetic 0.00-0.67 | 40.4-47.1 No
Ou [8]
Kang and . .
6 ou [8] 38 Reading comprehension | 0.00-0.67 | 40.4-47.1 No
7 | Kang ~and 38 Proofreadin 0.00-0.67 | 40.4-47.1|  No
ou [8] g e A
8 Yu et al. 32 Slmula.lted X-ray 0.00-0.69 65.0 NO
[50] screening task

The DP in this study was obtained by the difference in the average accuracy rate between the
reference and speech intelligibility conditions. For this work, the SPL of speech in STI 0.27 is very
low (31.6 dBA, see Table 1). Moreover, as mentioned in Section 2.2, the mean score of perceived
speech disturbance of STI 0.27 is 1, which means there is little speech disturbance affecting subjects

when performing the serial recall task under the condition of STI 0.27. Thus, the STI of 0.27 was

16
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regarded as the reference condition to calculate the DP. In the studies of Kang and Ou [8] and Zhang
etal. [47], the quiet condition (i.e., the condition without masking sound and speech noise) was viewed
as the reference condition to calculate the DP of the serial recall task in different ST1 conditions. Zhang
et al. [47] studied word serial recall performance under different STI conditions with four masking
sounds. The DP in different STI conditions masked by pink noise and ventilation sound was calculated
because these two sounds were also used in tests 1 and 4, respectively, to vary the STI value. The data
from the experimental studies mentioned above are shown as individual points in Figure 6, and the S-
shaped curve in Figure 6 is the result of the sigmoidal function based on the non-linear least-square

fitting method.

Decrease in performance, %

09 1.0

Figure 6 STI-DP model of the serial recall task in Chinese environments.

The task-specific model in Chinese environments was created based on the tests listed in Table 3.
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Haapakangas et al. [22] introduced STl and STlgo to describe the STI range where work performance
changes drastically. In their study, STl refers to the ST1 value in which n% of the maximum decrease
in performance is reached. Thus, STl and STlgo were computed in this study to show the STI range
for changing work performance. Table 3 shows the variables and correlation coefficients of the STI-
DP model. As shown in Table 3, the performance decrease occurs within the STI range of 0.31-0.47 in
the STI-DP model. The Pearson's correlation coefficient was calculated to show the relationship
between observed and predicted DP. The larger coefficient, the better the model fit. As seen in Table

3, the Pearson's correlation coefficient STI-DP model is 0.79.

Table 3 Results of variables in the DP-STI model

Variables | A (%) | B (%) | x, k R? Ty | DP10(%) | DP90(%) | STl | STlgo

Model 6.4 6.3 0.4 0.04 | 063 | 0.79 0.6 5.7 031 | 047

Note:

Tyy- Pearson’s correlation coefficient for the relationship between observed and predicted DP;
DP10: The decrease in performance at STlio;

DPgo: the decrease in performance at STlgo.

4. Discussion

4.1 The effect of STI

The experiment results reveal that speech noise has a significant effect on serial recall
performance and perceived speech disturbance. The accuracy rates significantly decrease with the
increase of STI, while speech disturbance significantly increases with the increase of STI. These results
are consistent with previous studies [8, 19, 24]. It is worth mentioning that the overall trends of serial

recall performance and perceived speech disturbance have local changes at STI1=0.41 (See Figures 4

18



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

and 5). A possible explanation for these changes could be the difference in SNR between conditions
of STI=0.39 and STI=0.41. Both the EDT and SNR are two key parameters for determining the STI
condition in open-plan offices. In this study, the STI conditions were controlled by changing the EDT
and SNR, not just the SNR. As seen in Table 1, although the objective speech intelligibility in the
condition of STI 0.39 is lower than in the condition of STI 0.41 due to the contribution of EDT, the
SNR at STI=0.39 (2.1 dBA) was larger than that at ST1=0.41 (0 dBA).

Moreover, as can be seen from Figure 6, there is an interesting situation to underline. For both
the small and medium STI conditions (i.e., STI1<0.5), the DP of the serial recall task in this study is
close to that in the studies of Zhang et al. [47] and Kang and Ou [8]. For the large STI conditions (i.e.,
STI1>0.5), however, the DP of the serial recall task in the present study is much larger than that in the
other two studies. For instance, at ST1=0.50, the DP of the serial recall task in this study is 7.1%, which
is greater than that in the studies of Zhang et al. [47] (6.4%) and Kang and Ou [8] (4.7%). The
maximum DP in this study is as high as 11.9%, which is larger than that in the other two studies. One
possible explanation for this situation could be the differences in SNR and EDT among the three tests.
In the condition of ST1=0.50, SNR in this study was 10.1 dBA, which is much larger than in Zhang et
al. [47] (4.8 dBA) and Kang and Ou [8] (5.5 dBA). In addition, Zhang et al. [47] and Kang and Ou [8]
altered the STI value by adjusting the SNR. The EDT in these two studies remained unchanged (0.55
s and 0.33 s, respectively). However, the EDT at STI1=0.50 and ST1=0.54 in this study was 0.75 s and
0.64 s, respectively. Braat-Eggen et al. [51] revealed that the perceived speech disturbance increases
when working in office scenes with a longer reverberation time. Thus, it is possible that speech in the

condition with a long reverberation and large SNR may cause more disturbance to occupants' serial
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recall performance.

4.2 Comparison of relationships between ST1 and serial recall performance with other studies

A comparison of the curves between STI values and the decrease in serial recall performance was
carried out to obtain the difference between this study and the studies of Haapakangas et al. [22] and
Renz [26]. Figure 7 shows the three curves and corresponding DP1o, DPgo and ., values. In 2020,
Haapakangas et al. [22] proposed 4 STI-DP models based on 34 laboratory tests investigating the
change in cognitive performance with the increase of STI. Of these 34 tests, 19 were carried out in
Finnish, 6 in German and 7 in Swedish environments. The remaining two tests were conducted in
French and Chinese environments, respectively. All speech sounds used for these 34 tests were
recorded in the participants' native language to ensure participants could understand. In the study of
Haapakangas et al. [22], model 3 presents the relationship between STI and DP of serial recall task,
which was obtained through a summary analysis of 11 experimental studies conducted in 4 language
environments (i.e. Finnish, German, Swedish, and French environments). Renz [26] proposed an ST1I-
DP model based on six laboratory studies that analyzed the change in the serial recall performance

with the ST1 increase in the German environment.
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Figure 7 A comparison of models expressing the relationship between ST1 and DP of the serial recall

task. The models of Haapakangas et al. [22], Renz [26] and this study are included.

Based on STl and STlgo values in Figure 7, the decrease in serial recall performance is located
within the STI range of 0.31 and 0.47 in Chinese environments, while it occurs within a larger range
(0.03-0.45) in German environments (the model of Ranz). According to model 3 of Haapakangas et al.
[22], serial recall performance decreases within the ST1 range of 0.12 to 0.51, which is much larger
than the STI1 range in Chinese environments. Additionally, the DP gradient of the STI-DP model in this
study from STl to STlgo is close to that of model 3 of Haapakangas et al. [22] and steeper than that

of Ranz [26] (see Figure 7). The DP of the serial recall task in this study is always lower than those in
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the other two models under the same STI condition. These results mentioned above imply that: 1) the
decrease in serial recall performance in Chinese environments occurs within a narrower ST range than
in Western language environments. 2) The effect of speech noise in the Chinese environment on serial
recall performance is lower than that in Western languages, while the average change rate of the DP is
not less in Chinese environments than in Western language environments within the STI range of 0.31-
0.47.

It is worth noting that the maximum differences in the STlipand STlgo among the three curves are
up to 0.27 and 0.06, respectively (see Figure 4). Bradley et al. [52] found that a just noticeable
difference (JND) of ST1 is 0.03, which means that the differences in the STligand STlgo are large. One
possible explanation could be the difference in language environments. Chinese is a monosyllabic
language that belongs to the Sino-Tibetan language family. Its syllable information consists of
consonants, finals and tones. Unlike many Western languages such as Finnish, German and Swedish,
the tone in Chinese is used to distinguish the meanings of words. Furthermore, a difference in the
average spectrum is found between Chinese and Western languages [30]. The differences in
pronunciation and vocal characteristics mentioned above may cause the difference in perceived speech
intelligibility in varying language environments and thus impact the relationship between speech
intelligibility and work performance. In addition, previous studies [29, 53] have demonstrated that the
perceived speech intelligibility differs among language environments even under the same STI value.
That is to say, the STI value representing the same speech intelligibility may differ between Chinese
and Western language environments such as Finnish, Swedish and German. Overall, differences in

STl and STlgo show that the STI range for work performance changing varies across language
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environments. Another possible explanation for the difference in STlg could be the differences in the
measurement of STI. The STI values reported in Haapakangas et al. [22], Ranz [26], and this study
have not been calculated in the same method. In Haapakangas et al. [22] and Ranz [26], some STI
values have been obtained based on the method recommended in IEC 60268-16, which has been
revised three times in the past 20 years [31, 54-56]; while some STI values have been determined
based on the method described by previous studies [46, 57] by considering the result of reverberation
time (or EDT) and the energy-equivalent sound pressure levels of speech and background sounds. In

this study, the determination of all STI values was based on the method of Hongisto et al. [46].

4.3 Limitations of this study

The STI-DP model of serial recall task involves inevitable uncertainty because of the
determination of STI conditions. In this study and the other two studies, the reported STI values have
been determined based on the method described by Hongisto et al. [46] by using EDT and SNR values.
Although similar methods of determining ST conditions are usually applied in previous studies [19,
20, 23], it is different from the international standard 1SO 60268-16.

Another source of uncertainty is the calculation of the DP. The performance in a quiet
environment is usually viewed as an ideal reference to calculate the DP. In this study, however, the
minimum STI value (0.27) was used as a reference condition to calculate DP. Although there was no
speech disturbance at ST1=0.27 based on subjects' rating results, the background noise (i.e. ventilation
sound) may also exert adverse effects on subjects than in a quiet environment.

This study was limited to the effects of various ST conditions on serial recall performance. The
relationship between STI and work performance may vary by task type. For instance, Kang and Ou [8]
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found that STI conditions have no main effects on the objective performance of mental arithmetic,
proofreading, and reading comprehension (in Chinese) tasks, with the exception of the serial recall
performance. Lou and Ou [14] revealed that STI conditions have a significant effect on the objective
performance of English literature reading comprehension, which was inconsistent with findings on the
relationship between STI and reading comprehension performance (in Chinese) [8]. More studies are
needed to explore the STI-DP model for specific work activities. In addition, inter-individual
variability (such as gender, noise sensitivity, etc.) is a critical factor that impacts participants’ serial
recall performance [24, 58]. In this study, the difference in the effects of speech between Chinese and
non-Chinese environments (see Figure 7) may also be affected by inter-individual variability. Further
studies are needed to examine the impact of non-acoustic factors (such as inter-individual variability,

language environment, etc.) on serial recall performance in open-plan offices.

5. Conclusion

A laboratory experiment was conducted to determine the effects of STI conditions on occupants'
serial recall performance in Chinese open-plan offices. Both the occupants’ objective performance
(accuracy rates of word serial recall tasks) and perceived speech disturbance were tested under seven
STI conditions (i.e., STI = 0.27, 0.36, 0.37, 0.39, 0.41, 0.50 and 0.54).

Based on the results of the laboratory experiment and analysis of experimental data from two
experimental studies, an STI-DP model of the serial recall task for Chinese open-plan offices was first
proposed by the non-linear least square fitting method. This model can be used to evaluate the effects
of speech on serial recall performance in different STI conditions in Chinese open-plan offices.

The main findings can be drawn from the analysis results:
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1) The experimental results show that with the increase of the STIs in Chinese open-plan offices,
occupants' performance of the serial recall task decreases, and their perceived speech disturbance
increases.

2) According to the STI-DP model, in the Chinese environment, serial recall performance starts
to decrease when STI is above 0.31, while the decrease in performance reaches the maximum when
STI exceeds 0.47. This STI range for changes in serial recall performance is much narrower than in
non-Chinese environments.

3) The effect of speech noise in the Chinese environment on serial recall performance is lower in
comparison with non-Chinese environments, but the average change rate of the DP in Chinese is not

lower than in non-Chinese environments in the range of ST1=0.31 to 0.47.
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