

  applsci-10-01522




applsci-10-01522







Appl. Sci. 2020, 10(4), 1522; doi:10.3390/app10041522




Article



Twin-Robot Dialogue System with Robustness against Speech Recognition Failure in Human-Robot Dialogue with Elderly People



Takamasa Iio 1,2,*[image: Orcid], Yuichiro Yoshikawa 3,4, Mariko Chiba 5, Taichi Asami 5, Yoshinori Isoda 5 and Hiroshi Ishiguro 3,4





1



Faculty of Engineering, Information and Systems, University of Tsukuba, Tsukuba 305-8573, Japan






2



JST PRESTO, Kawaguchi-shi 332-0012, Japan






3



Graduate School of Engineering Science, Osaka University, Toyonaka 560-0043, Japan






4



JST ERATO, Kawaguchi-shi 332-0012, Japan






5



NTT DOCOMO, Inc., Tokyo 100-6150, Japan









*



Correspondence: iio@iit.tsukuba.ac.jp; Tel.: +81-29-853-5115







Received: 23 December 2019 / Accepted: 17 February 2020 / Published: 23 February 2020



Abstract

:

Featured Application


Dialogue robot system for elderly people who have less opportunities to talk to other people.




Abstract


As agents, social robots are expected to increase opportunities for dialogue with the elderly. However, it is difficult to sustain a dialogue with an elderly user because speech recognition frequently fails during the dialogue. Here, to overcome this problem, regardless of speech recognition failure, we developed a question–answer–response dialogue model. In this model, a robot took initiative in the dialogue by asking the user various questions. Moreover, to improve user experience during dialogue, we extended the model such that two robots could participate in the dialogue. Implementing these features, we conducted a field trial in a nursing home to evaluate the twin-robot dialogue system. The average word error rate of speech recognition was 0.778. Despite the frequently high number of errors, participants talked for 14 min in a dialogue with two robots and felt slightly strange during the dialogue. Although we found no significant difference between a dialogue with one robot and that with two robots, the effect size of the difference in the dialogue time with one robot and that with two robots was medium (Cohen’s d = −0.519). The results suggested that the presence of two robots might likely encourage elderly people to sustain the talk. Our results will contribute to the design of social robots to engage in dialogues with the elderly.
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1. Introduction


For elderly people, it is important to have opportunities to talk with someone daily. The act of talking with someone is a fundamental action for building social connectedness and reducing the feeling of social isolation. Social disconnectedness and perceived social isolation are likely to cause health risks [1,2,3], such as dementia [4,5], depression [6], and early death [7]. Therefore, it is important to increase opportunities for elderly people to have dialogues with other people.



However, increasing such opportunities are not as easy as they may seem. To see why, we considered a case in Japan, which is one of the countries with the highest rate of people aged 65 or over. Ninety percent of the elderly people who live with their families have dialogues every day in some ways including telephone calls and e-mails. However, only 54.3% of those who live alone do so [8]. To increase opportunities for those living alone to have a dialogue, it was desirable for their family members, friends, neighbors, and hired caregivers to support them. Nonetheless, it was not easy for them to continue spending much time with the elderly people. In other words, there are limitations in human resources to support elderly people.



Social robots, including computer agents, are expected to increase opportunities for the elderly to engage in dialogues. Various applications of social robots for elderly people, such as schedule management, cognitive games, physical exercise suggestions, and information-provision [9,10], have been proposed so far. Although these applications can be useful in maintaining the health of elderly users, the aim of the applications is not to sustain a dialogue. Studies of communication for elderly people, for example Erber [11], Caris-Verhallen et al. [12], and Grainger [13], are premised on the idea that dialogue is important for elderly people. Furthermore, based on this idea, interventions that attempt to motivate residents of nursing care homes to interact with each other have been proposed; for example, staff training to raise awareness and to encourage caregivers to stimulate residents to interact [14,15,16]. Like these studies, under the assumption that much of the beneficial features of human social interaction is carried by dialogue, it does make sense to investigate whether these beneficial features of dialogue can also be realized by a non-human social agent. The first step towards producing and investigating such an application is to develop a system that can sustain a dialogue with elderly people for some time.



However, it is quite hard for robots to sustain a dialogue with the elderly. Kopp et al. [17] pointed out that “elderly users often have selectively impaired abilities, e.g., for auditory perception, articulation, adapting to a recommended interaction style, adhering to a clean turn-taking structure, or comprehending content of high information density [18,19]”. In particular, the difficulty of speech recognition in a dialogue with elderly people [18] is a critical issue in sustaining a coherent dialogue. In commonly used chat-bot systems, speech recognition failures basically because of nonsense responses and results in dialogue breakdown. It is unclear how a robot could sustain a coherent dialogue for a while under the situation where speech recognition would frequently fail.



Our goal is to develop a robot dialogue system that can sustain a coherent dialogue with elderly people for some time and also provide good user experience with the dialogues. To achieve this goal, we propose a question–answer–response dialogue model in which a robot takes the initiative in the dialogue by asking a user, various questions. Moreover, we propose an approach to extend the model such that two robots can participate in the dialogue. To evaluate how these features influence user’s dialogue time and user’s dialogue experience, we implement a dialogue system with two robots called the twin-robot dialogue system and conduct a field trial using the twin-robot dialogue system in a nursing home. We report the details of the trial and the results and finally, we discuss the implication of the results.




2. Related Work


Over the years, several categories of robot technologies have been proposed to support elderly people [9,10,20]. However, there are only two basic categories. One is robot technologies that physically support humans. These technologies include smart wheelchairs [21,22], prosthetic hands, and exoskeletons [23,24]. With these technologies, robots are considered as tools for extending the human body rather than as independent agents. The other is robot technologies that socially support humans. This category is further divided into two subcategories. One is robot technologies that support daily life tasks, such as medication and task schedule management [17,25,26], monitoring (fall detection) [27,28], household tasks [29,30], and shopping support [31]. The other subcategory is robot technologies that support health maintenance and psychological well-being improvement, such as pet-type robots (Paro) [32], conversational robots (including computer agents), AIBO [33,34], and NeCoRo [35]. Note that this categorization is formal. In fact, robot systems that belong to both categories have also been proposed. For example, there have been wheelchairs that talk to elderly people who ride them [22] and robots that chat while shopping [31].



In this study, we review past studies of robot technologies for supporting the elderly through conversations. A mobile robotic assistant, Pearl [25], provided a reminder of the elderly daily activities, such as to visit the toilet every three hours and also to take medication. Regarding Pearl, a caregiver for an elderly client had input his/her daily activities in advance, and Pearl reminded the person based on the schedule. MonAMI Reminder [26] was also a schedule management assistant that allowed users to register their own schedule. Due to the difficulty in speech recognition, the input to the agent was provided with a digital pen and paper. Reminders were output, by voice, through embodied agents on a device. These robots and the agent have not been evaluated from the viewpoint of quality of a conversation. Ryan was a conversation robot for elderly people with dementia and depression [36]. Ryan has been developed by DreamFace Technologies, LLC. This robot has a head projection system that displays an animated avatar onto a mask and can show an emotive and expressive face. The robot has a touch-screen interface on its torso, which can be used as music player, narrated photo album, and video player. Furthermore, the robot can play cognitive games with a user using the screen and remind the user of daily activities with simple chats. Abodollahi et al. [36] installed this robot in a room for elderly participants and asked them to live together for 4 to 6 weeks. As a result, the average one-turn conversation between a participant and the robot was 198 times per day, which is relatively large. However, this paper does not show specific results, such as examples of dialogues, duration of a dialogue, and accuracy of speech recognition. Therefore, the quality of a dialogue was quite unclear.



A virtual assistant, Billy (‘Billie’), to accompany and guide the elderly throughout the day was developed [17,37]. Billy basically performs schedule management like the MonAMI Reminder. However, with Billy, all inputs and outputs can be done through spoken-dialogue and natural confirmation signals like nodding or non-lexical cues. Furthermore, Billy can provide suggestions for leisure activities depending on the user. In their study, they took into account that elderly people seldom speak clearly, they cannot understand high-density dialogue, and they cannot perform turn-taking well. In view of this, they developed a robust and reliable interaction design called social cooperative behavior for the schedule management system. Although field trials started, the specific results have not yet been reported. Their system was sophisticated in terms of schedule management. However, with regards to achieving a conversation for a long while, it appeared to have low conversation support.



For robots specialized in assisting physical or cognitive activities, Ifbot could provide some activity programs such as Japanese language quizzes, singing songs, mouth exercise, and arithmetic. Although they used speech recognition in the programs, they said; “Almost all participants may have been dissatisfied with the robot’s speaking and voice recognition functions.” [38]. Matilda is a human-like (in appearance and attributes; e.g., voice, expressions, gestures, emotions) assistive communication robot (service and companion) in nursing homes in Australia [39]. Although users’ impression of Matilda was assessed through a field trial in the nursing homes (Australia), the dialogue between elderly participants and the robot was not mentioned. Minami et al. [40] developed a dialogue robot system that chats with elderly people watching TV. This robot could provide responses by extracting social media comments related to TV programs. In addition to this function, the robot improves users’ dialogue experience such as backchannel and repetition. However, the study did not evaluate the system with elderly people, and it did not consider dialogue breakdown due to speech recognition failures. Otaki et al. [41] developed a robot system that supported the co-imagination method for elderly people. With this robot system, elderly people talk to each other with a specified theme while looking at photos taken in their early lives. This method is designed to train the cognitive functions, which especially decline with aging, at an early stage of dementia [42]. The robot acts as a moderator of the conversation. Because the robot was remote-controlled by an operator, it is unclear how successful robot moderation between elderly participants is under the situation of frequent speech recognition failures. Sakakibara et al. [43] proposed a system that dynamically generated dialogue scenarios for counseling patients with dementia. In the study, personalized conversations were generated using the history obtained in conversation and linked open data. However, they did not care about the situation of speech recognition failures and the system had not yet been evaluated. Jokinen proposed constructive dialogue models [44] and an architecture based on the model [45] for socially intelligent robots. A robot with this architecture can be aware of potentially interesting topics and of the user’s attention, interest, and understanding through multimodal signals. Dialogue content is managed by topic tracking and anticipating possible continuations, calculated by coherence measures using the semantic distance between possible topics. With this architecture, Jokinen et al. [45] developed an application, using a robot assistant that instructed the human user on various task procedures related to elder care support services. However, the architecture is not applied to engage in dialogues with the elderly and is not concerned with speech recognition failures.



Through the above review, past studies of social assistive robots for elderly people appear to have paid little attention to speech recognition failure. They have not evaluated for how long dialogues with elderly participants had been continued. In contrast to the past studies, this paper focuses on developing and evaluating a robot dialogue system that can sustain a dialogue even in a situation where speech recognition frequently fails.




3. Question–Answer–Response Dialogue Model


We developed a question–answer–response dialogue model in which a robot takes the initiative in a dialogue by asking a user various questions in order to sustain the dialogue regardless of speech recognition failures. This model has two features:




	
The model regards a dialogue as a transition process which comprises four states.



	
Every time a state is transitioned to the next state, a system selects a suitable utterance (among a set of utterances defined in the next state) for the robot.








Here, we explain the details of the model.



3.1. States


The four states in a dialogue are as follows: question, answer, backchannel, and comment. Figure 1 shows part of a dialogue constructed from the four states. The question state means the robot asks the user a question. The answer state means the user answers the robot. The backchannel state means the robot provides a backchannel, such as “uh-huh”, “I see”, or “really?”. The comment state means that the robot comments on the question or the answer from the user.



There are three reasons for adopting such a structure:




	
The structure makes a dialogue robust against speech recognition failures. Although speech recognition may fail, a robot can sustain a coherent dialogue by providing an ambiguous response; independent of user answer. Consider the dialogue in Figure 1. The user might answer “yes”, “no”, or “so-so” instead of “I don’t remember”. However, the response of the robot sounds coherent in any of the three ways. It means that the robot can sustain a coherent dialogue even when the speech recognition result is doubtful.



	
The structure makes it easy to control the direction of a dialogue. A dialogue with the elderly is basically non-task-oriented (i.e., chat). However, the dialogue often has some type of implicit purposes. For example, it would be expected to stimulate users’ cognitive function abilities or to get users to pay attention to their daily lifestyle. To achieve such a purpose, a robot needs to mainly control the direction of the dialogue such that it can talk with the user about certain topics. Because the structure compels the robot to take the initiative in a dialogue, the robot would control the direction of the dialogue more easily than if it had been a free-style chat.



	
The structure makes it easier to create a scenario of a dialogue. In the present natural language processing technology, it is still difficult to generate robot responses suitable for user utterances automatically. In particular, it is quite difficult to generate robot responses that facilitate dialogue with implicit purposes. In view of this, we had to create a scenario manually, consulting experts of such dialogues (i.e., caregivers). In general, creating a scenario from scratch is difficult. A scenario writer needs to consider many factors; for example, what kind of story the robot tells, how the story unfolds, whether each topic of the story remains coherent, when and how the robot asks, and for how long the robot should take the initiative. In contrast to the difficulty in considering such factors, using the proposed structure, a scenario writer needs to only create pairs of questions asked by a robot and responses to answers the user might give. This is relatively easier than creating scenarios from scratch.









3.2. Transition Rules


The state transition diagram is shown in Figure 2. Table 1 shows the transition rules for each state. The system transforms from one state to another when it receives some events. In this study, we defined three events: an event in which a robot completed an utterance (Robot Utterance Completion: RUC), an event in which the system recognized user utterance (User Utterance Recognition: UUR), and an event in which user utterance has not been recognized for a certain period of time (Timeout: TO).



The reason for separating the backchannel state from the comment state is to deal with a situation where a user remained mute. In general, when a user answered something, the robot should provide a backchannel like “I see” or “uh-huh” to show that the robot is listening to the user. However, when a user does not answer, the robot should not provide any backchannel because the backchannel would make the user feel strange. At that time, the system skips the backchannel state and transitions to the comment state as shown in the state transition diagram (Figure 2).




3.3. Utterance Selection in Each State


Every state (except for the answer state) has a set of objects for the robot utterances and an algorithm for selecting an object from the set.



The question state has a set of objects shown in the Listing 1. When the system transitions to the question state for the first time, it selects an object among the set randomly. After the second time, it selects an object with the same topic as the previous question among the set, except for objects that have already been selected. The reason for maintaining the same topic is that it would be unnatural to change topics with every question. However, to prevent the user from getting bored, the topic is changed every four times.



	Listing 1: Objects of the question state.



	[image: Applsci 10 01522 i001]








The answer state has no set. The system selects no objects because it waits for the user to answer.



The backchannel state has a set of objects shown in the Listing 2. The question key is used to associate a backchannel with a question. The keyword, ‘key’, is a list of answers expected of the user in the answer state. The backchannel key is a sentence with a backchannel. The algorithm for selecting a backchannel is as follows: First, the system selects objects having the same question key as the previous question and it searches whether any of keywords of each object is in the speech recognition results. If a keyword is in the speech recognition results, the object having that keyword is selected. In contrast, if there is no keyword in the speech recognition results, the system selected the object without keywords (i.e., default backchannel). For example, as shown in Figure 1, when the user answered “I don’t remember.” to the question; “Have you ever been abroad?”, the second object of the Listing 2 is selected.



	Listing 2: Objects in the backchannel state.
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The comment state has the same set of objects as in the backchannel state (Listing 3). The selection algorithm is also the same as that of the backchannel state.



	Listing 3: Objects in the comment state.
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4. Participation of Multiple Robots


Although the question–answer–response dialogue model is expected to be robust against speech recognition failures, the dialogue generated by the model might be tedious for users. This is because the dialogue system is a one-way model; the robot asks a question, the user answers it, and the robot responds to the answer. If this continues for a while, the user might feel bored and stop the dialogue early.



We let two robots participate in the dialogue to decrease the tediousness of the model. There have been reports of advantages of using multiple robots in a dialogue. For example, when multiple robots participate in a conversation, a user seems to become insensitive to unnaturalness about consistency in a dialogue [46,47]. In addition, the user tends to feel that he or she can talk easily with multiple robots [48,49] and the user is likely to experience eye contact with the robots [50]. Karatas et al. [51] developed a multi-agent system that interacts with a driver in a car and showed that using multiple agents reduces cognitive loads of the driver compared to using a single agent. Sakamoto et al. [52] conducted a field trial in which two robots provide information to passersby at the station and found that passersby were more likely to stop when two robots were talking than when a single robot was talking. Iio et al. [47] demonstrated that visitors in an exhibition hall tended to have a longer dialogue with multiple robots than a single one.



In this study, we defined the participation framework of a dialogue in which two robots and one user participated, according to Goffman [53]. The participation framework contains a speaker, an addressee, and a side-participant. The turn-taking system was implemented based on Sacks et al. [54]. The rules of turn-taking of each state in our system are described below.



In the question state, the rule of selecting a speaker differs between the first time and the second time or after. In the first time, either of the robots is selected as a speaker randomly. Another robot becomes a side-participant. After the first time, the speaker of the previous question is selected as a speaker. However, when the topic changes from the previous question, the side-participant of the previous question is selected as a speaker.



This approach is based on the concept of common ground [55] among the participants. When a speaker asks a question on a certain topic, the addressee and the side-participant would have common ground that the speaker appears to be interested in the topic. Such common ground would allow the speaker to continue asking questions on the same topic. Therefore, it is reasonable for the speaker of the previous question to continue questions. However, when the topic of a question changes, it is not easy to interpret the sudden topic shift on the common ground. Arimoto et al. [46] reported that the unnaturalness of the sudden topic shift would be alleviated by changing the speaker. Therefore, it is reasonable for the side-participant of the previous question to become a speaker when the topic changes from the previous question.



In the answer state, the user becomes a speaker. The speaker of the previous question would be regarded as an addressee from the viewpoint of the concept of adjacency pair [56].



In the backchannel state, the speaker of the previous question is selected as a speaker again. This is grounded on the concept of the sequence-closing third [57]. Since the backchannel state is regarded as post-expansion of the question–answer adjacency pair, it is reasonable that the speaker of the previous question, which were addressed in the previous answer state, become a speaker.



In the comment state, a speaker depends on a speech recognition result of the previous answer state. Although the speaker of the previous question is basically selected as a speaker, the side-participant of the previous question is selected when the result has a kind of negative expression (including “No”, “Nothing”, “Never”, etc.) or timeout. When the side-participant is selected, the side-participant speaks to the speaker; in other words, the speaker is selected as an addressee. In this manner, the speaker can easily continue asking a question in the next question state. A user’s answer with negative expressions might indicate low interest in the topic. Here, if the side-participant expresses interest in the topic by commenting on the previous question, it appears to be reasonable for the speaker to continue asking a question on the same topic from the viewpoint of common ground [55] because at least one participant shows the interest in the topic.




5. System


We developed a twin-robot dialogue system including the two features: the question–answer–response dialogue model and the participation of two robots in a dialogue. The hardware components of the system are shown in Figure 3 and the system architecture is shown in Figure 4.



A microphone array collects sounds. The sounds are integrated though noise a reduction process by a microphone array. The integrated sound is then sent to the automatic speech recognition module, which recognizes the user utterance. We used a cloud speech recognition service provided by NTT Docomo. The service receives a voice and returns the voice recognition results, which are sent to the utterance selection module. According to the selection rules (see Section 3.3), the utterance selection module selects an utterance from the database. The selected utterance is sent to the robot controllers. The voice recognition results are also sent to the nodding generation module as a signal of user speech. The nodding generation module sends a nodding motion to the robot controllers. Nodding is a motion for expressing that the robot is listening to the user in the nodding generation module. This motion is always executed in the answer state whenever the system received a speech recognition result. The robot controllers interpret the utterance with motions and execute them. After the execution is completed, the completion signal is sent to the utterance selection module. The utterance selection module selects a next utterance. As such, the system repeats selecting and executing an utterance according to a speech recognition result and its own behavior execution.



A social-conversational robot developed by VSTONE, CommU, was used as the dialogue partner in our system. This robot is desktop sized at 304 mm high, 180 mm wide, and 131 mm deep, weighing 938 g. CommU has three degrees of freedom (df) for its waist, 3 df for its neck, and 2 df for each eyes. The robot has two LEDs in its cheeks. The robot controller was a software server, which received a command, such as “speak” or “nod”. The robot controller controlled the robot according to a received ommand.




6. Field Trial


6.1. Purpose


We conducted a field trial in a nursing home. There were two purposes for this field trial. The first was to investigate whether the twin-robot dialogue system can sustain a coherent dialogue with elderly people for a certain time and the second was to evaluate whether the system can provide good user experience of a dialogue.




6.2. Participants


Thirty elderly residents in a nursing home participated in the trial: 26 females and 4 males. They were native Japanese speakers. Their average age was 86.3 years (SD = 7.5). According to caregivers, 13 participants had no dementia, 4 had mild dementia, and the other 13 had advanced dementia.



The participants were recruited by caregivers of the nursing home. Before the trial, we explained the purpose and the procedure to the caregivers and asked them to recruit candidates who would like to participate in the trial. We sent an instruction document of the trial to their families and asked the families to fill out a consent form. The consent form had been approved by the ethical committee of Osaka University. The candidates whose families agreed that they should participate in the trial became the participants.



Furthermore, two caregivers participated in the trial to observe participants’ behavior.




6.3. Scenarios


To achieve the purpose, it was desirable to design an experiment that could clarify two basic research questions: Whether or not the system has the question–answer–response dialogue model, and whether a single robot or two robots engage in a dialogue. However, without the question–answer–response dialogue model, it was obvious that the elderly could not continue a dialogue with the system. The reasons are as follows: the chatbot model commonly used in non-task-oriented chat systems generates responses based on the results of speech recognition. When speech recognition fails, the chatbot model generates a response that does not match the context of the dialogue. Since speech recognition frequently fails during a dialogue with elderly people, the system with the chatbot model would give unrelated responses in the dialogue in most cases. Therefore, we designed scenarios depending on whether only a single robot or two robots participate in a dialogue, which are as follows:




	
One-robot scenario. One robot participated in a dialogue. The robot performed tasks according to the question–answer–response dialogue model (see Section 3).



	
Two-robot scenario. Two robots participated in a dialogue. The robots performed tasks according to the question–answer–response dialogue model (see Section 3). They take turns according to the rules described in Section 4.








The field trial was a between-participant design. The participants were assigned to each scenario in such a way as to balance the dementia level of participants in of each scenario as shown in Table 2.




6.4. Procedure


The procedure was as follows: A caregiver escorted a participant to a place of trial (Figure 5). The caregiver had the participant sit down on a chair in front of the robot. If the participant was using a wheelchair, the caregiver put the participant with the wheelchair in front of the robot. After escorting, the caregiver moved to a position behind the participant. Thus, the caregiver was invisible to the participant during the trial. Then, a controller greeted the participant and explained the task. The instruction was as follows: “This robot starts to talk to you in a little while. Please talk with it.” After the instruction, the controller started the system and the robot started a dialogue. As the participants were native Japanese speakers, the field trial was conducted in the Japanese language. The procedure that a caregiver takes an elderly person to the robot, encourages him or her to talk with the robot, and watches him or her from behind would be reasonable at least in the phase of introducing the robot system.



The dialogue continued following the flowchart of Figure 6. The robot said the introduction first. Next, the robot started a dialogue. In every 5 min during the dialogue, the robot asked the participant whether to continue the dialogue or not. When the participant gave a positive answer, the robot continued the dialogue. Otherwise, a negative answer ended the dialogue.



Here, we should note an inappropriate case caused by speech recognition errors. If the robot recognized that the participant answered positively even though the participant actually answered negatively, the robot would have continued the dialogue. Because such a situation must be avoided, an experimenter force-quit a program for a dialogue as soon as possible.



Considering the burdens of a participant, we limited the dialogue time to 15 min even if the participant would like to continue. The dialogue was recorded by video cameras.



The caregiver had observed the dialogue and filled out in a questionnaire about the participant behavior. When the dialogues ended or were force-quit, the caregiver took the participant to a place away from the robot. Then, an interviewer asked the participant a simple question. After that, the caregiver took the participant back to his or her room, and then escorted the next participant to the place of trial.




6.5. Dialogue Contents


The number of questions we created was 55, which enabled a dialogue to run for approximately 27 min because it required approximately 30 s in the cycle for the robot to ask a question, receive an answer from the user, and respond to the answer. The details are shown in Table 3. The questions, backchannels, and comments were created by an expert in robot speech creation and elderly care.




6.6. Measurements


We measured the following values: word error rate (WER), dialogue time, user utterance time, and subjective impressions of the participant and caregiver.



6.6.1. Word Error Rate


WER is a typical metric of the accuracy of speech recognition [58]. In this experiment, the WER is for errors that occur when the robot recognizes the participant’s speech. The WER was calculated as follows:


  W E R = ( S + D + I ) / N  



(1)




where S, D, I, and N are the number of substitutions, deletions, insertions, and words in the reference, respectively. To compute the WER, we transcribed all participants utterances in the dialogue. The WER was used to confirm the difficulty of speech recognition in a dialogue with elderly people.




6.6.2. Dialogue Time


Dialogue time is the time from when the robot starts a dialogue until the robot ends the dialogue or a participant leaves the seat. Dialogue time was used to evaluate how long the twin-robot dialogue system can sustain a dialogue with elderly people.




6.6.3. Participant Utterance Time


Participant utterance time is the time that a participant spent speaking during a dialogue. By watching the video of the dialogue, we recorded the time when the participant started speaking and when he or she ended speaking. Participant utterance time was used to investigate whether participants participated positively during a dialogue.




6.6.4. Participant Subjective Impression


We asked a participant the following question: “Did you feel something strange in that dialogue with the robot?” The question was asked to elicit their viewpoint of the naturalness of the dialogue. Indeed, we needed to use formal psychological measures to obtain accurate results; however, this was quite challenging to accomplish for the elderly with dementia.




6.6.5. Caregiver Subjective Impression


We asked the caregivers the following question: “Did the participant talk with the robot more positively, comparing to when he or she talked with staffs.” The question used a 7-point Likert scale, in which one means ’strongly disagree’, and seven means ’strongly agree’. The question was asked in order to find out if the participant had been in the same or different state as usual.






7. Results


We obtained the videos and the questionnaire results of 24 participants and analyzed the data. Although there had been 30 participants altogether, one participant could not continue a dialogue because he was not able to hear the robot’s voice at all, while the other five participants had halted the dialogue owing to technical problems (e.g., network trouble, program bugs). The two-robot scenario had 13 participants, and one-robot scenario had 11 participants.



We used the Mann–Whitney U test to compare data between the scenarios, and the alpha-level set at 0.05. We used a computer software ’jamovi’ [59] for this test.



7.1. Word Error Rate


Figure 7 shows the averages of the WERs. The total average of the WERs was 0.778 (SD = 0.144). The average of the WERs of the one-robot scenario was 0.789 (SD = 0.123), and that of the two-robot scenario was 0.768 (SD = 0.163). There was no significant difference between the scenarios (U = 62.0, p = 0.608, Cohen’s d = 0.148).




7.2. Dialogue Time


Figure 8 shows the averages of the dialogue time. The total average of the dialogue time was 12 min 51 s (SD = 4 min 52 s). The average of the dialogue time of one-robot scenario was 11 min 30 s (SD = 5 min 18 s), and that of two-robot scenario was 14 min (SD = 4 min 20 s). Here, milliseconds were round off. There was no significant difference between the scenarios (U = 48.0, p = 0.188, Cohen’s d = −0.519).




7.3. Participant Utterance Time


Figure 9 shows the averages of the participant utterance time. The total average of the participant utterance time was 3 min 31 s (SD = 3 min 14 s). The average of the participant utterance time of one-robot scenario was 3 min 5 s (SD = 3 min 21 s), and that of two-robot scenario was 3 min 53 s (SD = 3 min 13 s). There was no significant difference between the scenarios (U = 61.0, p = 0.569, Cohen’s d = −0.242).




7.4. Participant Subjective Impression


Figure 10 shows the results of the question to the participants, which was whether the participants have felt something strange in a dialogue. The numbers of the participants who answered “Yes”, “No”, and nothing were 3 (13%), 17 (71%), and 4 (17%), respectively in total. Those numbers were 1 (9%), 8 (73%), and 2 (18%) in one-robot scenario, and were 2 (15%), 9 (69%), and 2 (15%) in two-robot scenario, respectively.




7.5. Caregiver Subjective Impression


Figure 11 shows the averages of the scores of the question to the caregivers, which is whether the participants had talked with the robot more positively than usual. The total average of the scores was 4.92 (SD = 1.89). The average of the scores of the one-robot scenario was 4.55 (SD = 1.86), and that of two-robot scenario was 5.23 (SD = 1.92). There was no significant difference between the scenarios (U = 61.5, p = 0.568, Cohen’s d = −0.186).





8. Discussion and Conclusions


8.1. Interpretation of the Results


The total average of the WERs was 0.778. This means that approximately 78% of the words in the utterances of the participants were mis-recognized. In general, it would be too difficult to continue a dialogue with this speech recognition accuracy. Despite the difficult situation, the system continued the dialogues for 12 min 51 s on average. This suggests that the twin-robot dialogue system could sustain a dialogue for a certain time regardless of speech recognition failures.



The average of the participant utterance time was 3 min 31 s, which was approximately 27% of the average dialogue time (cf. the average of the robot utterance times was approximately 5 min 51 s). In other words, the ratio of the participant utterance times to the robot utterance time was approximately 3:5. Because the gap between the utterance time of the participants and the robot was not so much, the participants can be considered to have positively participated in dialogue with the twin-robot dialogue system.



Regarding subjective impressions, 71% of participants answered that there was nothing strange in the dialogues with the robot. We believe that the system could have provided a dialogue without breakdown for many participants. In addition, the caregivers answered that they felt that the participants had been speaking more positively than usual. Because such positive participation might have involved a novelty effect that none of the participants has spoken to a robot before or an experimenter effect that the participants received special attention in the context of this experiment, we cannot justify whether the system was able to encourage some participants to participate more actively. To clarify the effect of the system on the positive participation, a long-term study is required.



In contrast, there was no significant difference between the one-robot scenario and two-robot scenario in each measurement. Therefore, it is still unclear if the use of two robots is effective in improving the user experience of dialogue. Nevertheless, regarding dialogue time, the effect size was medium (Cohen’s d = −0.519). The results suggested that the presence of two robots might likely encourage elderly people to sustain the talk.




8.2. Effects on the Elderly with Dementia


The caregivers who observed the trial remarked, during an interview after the trial, that participants with dementia appeared to have really enjoyed the dialogue. To comprehend their opinion, we grouped the results of the following question posed to the caregivers, “Did the participant talk with the robot more positively, comparing to when he or she talk with staffs?” at the level of dementia (Figure 12). Although two-way ANOVA showed no interaction between groups and scenarios, the graph appears to suggest the trend that participants with severe dementia spoke more actively than usual, in accordance with the observation caregivers made during the trial and confirmed during the interview after the trial.



Furthermore, we grouped the participant utterance times precisely as we did for the caregiver impressions (Figure 13). This graph shows that some of the participants were talking for more than 5 min (i.e., Participants 2, 15, 18, 19, and 20). Especially, there were three participants with severe dementia in the two-robot scenario. Although we cannot conclude with certainty based on such small data, this result appears to provide a new hypothesis that some elderly people with severe dementia may actively speak when placed in a two-robot scenario.



Further research are required to investigate whether using multiple robots is better for elderly people with severe dementia.




8.3. Influence of Topics on Participants’ Utterance Time


In order to investigate whether the topic of the questions influence the verbal participation time of the participants, we calculated the mean of the utterance time of the participants in each topic. The results were as follows: In the one-robot scenario, the utterance time of the topic of travel, health, and childhood were 11.9 s (SD = 21.3), 6.8 s (SD = 5.1), and 14.7 s (SD = 27.4). In the two-robot scenario, the utterance time of the topic of travel, health, and childhood were 9.3 s (SD = 10.5), 9.2 s (SD = 11.5), and 12.0 s (SD = 12.7). We analyzed the results using two-way mixed ANOVA, which has scenario factor and topic factor. The results showed that there was no main effect in the scenario factor (F(1,20) = 0.01, p = 0.920), no main effect in the topic factor (F(2,40) = 2.094, p = 0.136), and no interaction between the two factors (F(2,40) = 0.933, p = 0.402). Therefore, it is unlikely that differences in topics had a systematic effect on utterance time.



Because the variance of the utterance time is very large, the influence of the topic of the question on the utterance time appeared to be considerably dependent on the individual. As an interesting example, we found that a topic stimulated participants’ memory and the participants began to talk about their life for a long time. Specifically, participant 2 spent about 2 min talking about her initial visit to the nursing home when the robot asked, “Have you ever had a honeymoon?”. Moreover, in response to the question, “What class did you like in elementary school?” she had talked about her childhood struggles for about 3 min. Participant 18 spent about 3 min talking about their experiences during World War II when asked “Have you lived around here since you were a child?”. Their utterance times were quite long considering that usual answers of other participants were only one or two sentences. More surprisingly, even the caregivers, who have been interacting with the participants in their daily lives, did not know the stories of the participants until that time. These examples are interesting from the aspect of robots being potentially able to elicit a much deeper story from the elderly if the robot chooses topics adjusted to the individual.




8.4. Pros and Cons of Our System


We found several pros and cons of the twin-robot dialogue system through the field trial.




	
Leading a dialogue by a robot




	
Pros. Participants who have no topic to discuss might have easily taken part in a dialogue. In general, it is quite challenging for people to initiate a dialogue unless they have topics they would want to talk about. We found that many participants had no topic to discuss with the robot. By the robot initiating a dialogue, those participants could have participated in the dialogue without worrying about initiating it.



	
Cons. Dialogue initiation by the robot may have frustrated some participants in case they had something they would have preferred to talk about with the robot.








	
Patterning a dialogue




	
Pros. Participants who are not good at communicating smoothly might have easily followed a dialogue because the user could have predicted the flow of the dialogue. This aspect should be important in dialogues for elderly people with declining cognitive ability.



	
Cons. Participants who have no communication problems might have felt bored earlier during a dialogue if the dialogue was monotonous.








	
Choosing robot responses by using keyword match of user answers




	
Pros. This method was clearly robust against speech recognition failures. In our question–answer–response dialogue model, if the speech recognition result contains words of the keyword attribute, the backchannel (comment) associated with the keyword is selected. Otherwise, the backchannel (comment) associated with no keyword (i.e., the default backchannel (comment)) is selected. Therefore, when the speech recognition result is a broken sentence, the default backchannel (comment) is selected in most cases. Because the default backchannel (comment) is a sentence that is coherent for any answer, the dialogue was usually coherent even if the speech recognition fails.



	
Cons. There are two situations for a dialogue to break down. First, there is the case where a user asks a robot a question while the robot is in the “answer mode”. Here, the sentence associated with the default attribute is selected unless it was time for the user to be posing a question to the robot. Because the sentence of the default attribute is not meaningful to the question, the dialogue would become unnatural. Second, there is the case where a keyword is matched owing to speech recognition failures, although this will rarely happen. For example, let us consider the following situation: a robot asks “Which countries do you want to travel, France or England?”. Although a user answers France, the speech recognition result could be England. At this point, the dialogue would be strange because the robot would choose “England” as the response. To avoid this, we need more sophisticated algorithms.














8.5. Application of the System


The ability to talk with elderly people is becoming increasingly important for social robots because dialogues play an important role in building human–robot relationships. Social robots instruct elderly people to take medicines, exercise, undergo cognitive training, and suggest lifestyle improvements in order to sustain physical and mental wellbeing. Instructions in such situations may not work well if the relationship with elderly people—in other words, a sense of trust, security, and familiarity—is not built. Conversely, if the relationship between elderly people and social robots is well formed, the instruction will be more effective. Therefore, not only robots as companions but also a various other robots will need to have a certain level of dialogue with humans. The proposed twin-robot dialogue system would be useful from the viewpoint that they can sustain dialogues up to 12 min 51 s.
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Figure 1. Dialogue constructed from the four states. 
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Figure 2. State transition diagram Of a dialogue with an elderly person. 
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Figure 3. Hardware components of the system and the connections between them. 
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Figure 4. The system architecture. 
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Figure 5. Twin-Robot dialogue system that talks with an elderly person. 
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Figure 6. Flowchart of a dialogue in the trial. 
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Figure 7. The averages of the word error rate (WER) in each scenario. 
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Figure 8. Averages of the dialogue time in each scenario. 
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Figure 9. Averages of the user utterance time in each scenario. 
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Figure 10. Results of the question to the participants in each scenario. 
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Figure 11. Averages of the scores of the question to the caregivers. 
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Figure 12. Averages of the scores of the question to the caregivers, grouped by dementia levels of the participants. 
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Figure 13. Utterance time of each participant grouped by dementia levels. 






Figure 13. Utterance time of each participant grouped by dementia levels.



[image: Applsci 10 01522 g013]







[image: Table] 





Table 1. State transition table of the state transition diagram. The events are abbreviated as follows: RUC: Robot utterance completion, UUR: User utterance recognition, and TO: User utterance timeout.
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	State
	RUC
	UUR
	TO





	Question
	Answer
	-
	-



	Answer
	-
	Backchannel
	Comment



	Backchannel
	Comment
	-
	-



	Comment
	Question
	-
	-
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Table 2. Distribution of participants’ cognitive capacities.
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Cognitive Capacities

	
Scenario

	
Total




	
One-Robot

	
Two-Robot






	
Noting or mild

	
6

	
6

	
12




	
Severe

	
5

	
7

	
12




	
Total

	
11

	
13

	
24
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Table 3. A part of the questions we prepared for the trial.
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	Topic
	Number
	Example





	Childhood
	16
	“Where did you usually play?”



	
	
	“What toy did you want?”



	
	
	“Did you like to go to school?”



	Travel
	20
	"Do you like travel?”



	
	
	“Where have you traveled so far?”



	
	
	“What was the best food you have had in travel?”



	Health
	19
	“Have you had severe illness so far?”



	
	
	“Do you like walking?”



	
	
	“Do you have food you eat for health?”











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Talking more than usual (grouped by dementia levels)

Donerobot @ two-robot {

l

nothing or mild severe






media/file8.jpg
Robot (Boy) Robot (Girl)

Mic-array base
(including 4 microphones) Wireless network






media/file27.png
Talking more than usual (grouped by dementia levels)

- Oonerobot Btwo-robot +

nothing or mild






media/file13.png





media/file12.jpg





media/file18.jpg
Dialogue time (minutes)

two-robot






media/file9.png
1 1
Robot (Boy) Robot (Girl)

Mic-array base
(including 4 microphones)

Wireless network





media/file14.jpg
Introduction

v

Question-Answer-Response dialogue

Once at every A robot judged it
5 min a positive case
v

Asking whether to stop the dialogue

A robot judged it a negative case,
or 15 min from the beginning.

Closing

A
par

obot tried to continue even though a
ticipant showed an intention to stop.

Force-quit by an experimenter






media/file20.jpg
Utterance time (minutes)






media/file23.png
100%4
S0
B0
70%
B0%
50%
40%
0%
20%%
10%

0%

Whether to have felt something strange in a dialogue

1

one-robot

two-robot

E no-answer
B no
O yes





media/file5.png
1: Question 2: Answer 3: Backchannel 4: Comment

Have you ever | don’t | see | would like to
been abroad? remember. ' go abroad.






media/file15.png
Introduction

——1  Question-Answer-Response dialogue >
Once at every A robot judged it
5 min a positive case

Asking whether to stop the dialogue

A robot judged it a negative case,
or 15 min from the beginning.

Closing

A robot tried to continue even though a
participant showed an intention to stop.

— Force-quit by an experimenter






media/file19.png
& o

QH-F-I:\NEE

Dialogue time (minutes)

one-robot

two-robot





media/file28.jpg
1
12
10

o N & o

Each participant utterance time (minutes)

H

1@3 45678 90usu@nr@ODN 25

nothing or mild severe

one-robot

nothing or mild

severe

two-robot





nav.xhtml


  applsci-10-01522


  
    		
      applsci-10-01522
    


  




  





media/file11.png
Sound from
microphone
array

—p

Automatic
speech
recognition

Server (in cloud) Robot (x2)
Utterance Robot
selection controller
Utterance set .
Nodding Robot
generation controller






media/file6.jpg





media/file24.jpg
Talking more than usual

two-robot






media/file29.png
14
12

10

o N B O

Each participant utterance time (minutes)

1@3456

nothing or mild

one-robot

7 8 9 10 11|12 13 14@16 17

severe

nothing or mild

two-robot

21 22 23 24

severe






media/file1.png
O 00 N Sy O B WD

Question:
Topic:

Question:
Topic:

Question:
Topic:
by

"Have you ever been abroad?",
"travel"

"Where do you want to travel

"travel"

"What was your favorite food

"childhood"

to?7",

in childhood?",






media/file2.png
O 00 N O o N

{
Question: "Have you ever been abroad?",
Keyword: ["yes", "yeah"]
Backchannel: "Cool!"

I

{
Question: "Have you ever been abroad?",
Backchannel: "I see."

I

{
Question: "Where do you want to visit?",

Keyword: ["kyoto", "tokyo", "osaka"]
Backchannel: "Yeah."

g






media/file10.jpg
Sound from
microphone
amy

Automatic
speech
recognition

‘Server (in cloud). Robot (x2)
i
Utterance Robot
selection controller
Utterance set
) | Nodding Robot
generation controller






media/file7.png





media/file16.jpg
08
08
07
06
0s
04
03
02
01

Word error rate

one-robot






media/file3.png
O 00 N Sy O B WD

g

Question:
Keyword:
Comment :

Question:
Comment :

Question:
Keyword:
Comment :

"Have you ever been abroad?",
[nyesn’ Hyeah"]
"You are a global person. I also want to go someday."

"Have you ever been abroad?",
"I would like to go abroad someday."

"Where do you want to visit?",
["kyoto", "tokyo", "osaka"]
"That’s an exciting city. I want to go there too."






media/file0.png





media/file22.jpg
Whether to have felt something strange in a dialogue

B no-answer
@|ne
Oyes

one-robot two-robot





media/file17.png
0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

Word error rate

one-robot

two-robot





media/file4.jpg
T: Question 2: Answer 3 Backchannel 4: Comment

T would like to

1563 g0 abroad.

Have you ever Tdon't
been abroad? remember.






media/file25.png
Talking more than usual

oherobot two-robot





media/file21.png
Utterance time (minutes)

one-robot

tw o-robot





