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The creation of a multimodal, natural user interface to facilitate multi-agent interaction is essential to establishing trust among human and machine teammates in multi-agent systems. Trust is being researched, along with trustworthiness, as a path to certification of autonomous systems by the Autonomy Teaming and TRAjectories for Complex Trusted Operational Reliability (ATTRACTOR) project at NASA. The Autonomous Mission Experimental Logistics Interactive Assistant (AMELIA) is a natural user interface that enables multimodal interaction and is designed for rapid mission planning. AMELIA is an intelligent system that considers the user’s preferred communication strategies, as well as the time-critical aspect of the multi-agent system decision-making process. Twenty-four participants planned a multi-agent search and rescue mission, with the aid of an intelligent assistant. The results show that while the combined use of touch and speech was faster than speech alone, the single modality, touch, was still the most efficient. Future research should investigate additional input technologies.
I. Nomenclature
AMELIA 				= Autonomous Mission Experimental Logistics Interactive Assistant
ATTRACTOR			= Autonomy Teaming and TRAjectories for Complex Trusted Operational Reliability 
CAS				= Convergent Aeronautics Solutions
CRM				= Crew Resource Management
DRM				= Design Reference Mission
GAN				= Generative Adversarial Network
HAT				= Human Autonomy Teaming
HAT-S					= Human Automation Trust Scale
HINGE				= Human Informed Natural-language GANs Evaluation
NUI				= Natural User Interface
SAR					= Search and Rescue
SUS					= System Usability Scale

II. Introduction
NASA’s Convergent Aeronautics Solutions (CAS) project, Autonomy Teaming and TRAjectories for Complex Trusted Operational Reliability (ATTRACTOR), aims to establish a basis of certification of autonomous systems, including the roles of trust and trustworthiness.  The Human Machine Interface (HMI) team seeks to create an intuitive, multimodal interface, which uses natural user interactions to establish trust and facilitate multi-agent interactions. Search and Rescue (SAR) is ATTRACTOR’s design reference mission (DRM). SAR missions are led by a human commander who has multiple autonomous assets, human or machine, each capable of sensing, perceiving and planning. The team is tasked with searching an area of interest using ground or air vehicles, which may be manned or unmanned. This type of operation necessitates a human-machine interface to communicate both mission objectives and status updates. The goal of the HMI activity was to improve mission performance and efficiency, and to enable trust of the system, by creating a human-machine team that works together through reliable, context-aware communication. The larger goal of human-machine teaming is to create a paradigm where cooperative performance is greater than either humans or machines alone.  
Previous work, [1-3] sought to discover a machine-preferred input modality that would result in better image generation by the Generative Adversarial Network (GAN) for the target description tasks at the beginning of the mission. The Human Informed Natural-language GANs Evaluation (HINGE) demonstrated how, using classical machine learning techniques, freeform description input from human teammates can be encoded for use in SAR missions. This work investigated the human’s input into the machine, one side of the bi-directional communication loop. It is also, however, necessary to consider the machine side of the bi-directional communication loop. 
The current work, Autonomous Mission Experimental Logistics Interactive Assistant (AMELIA), sought to better understand the individual differences in communication preferences and information sharing between humans and machine teammates throughout the mission planning stage from the machine side. The HMI team considered different aspects of communication strategies and information sharing between human-human teams [4-6] and applied those to the current research looking at human-machine teams. The communication strategies studied in the AMELIA work included: how human operators share information with the system, how and when they accept assistance from the system, what information they want from the system, and how the system can share that information in a more individualized/personalized way. The intention is that this research will pave the way towards a human-machine interface that will enable trust of the system, allow quantification of the human’s trust in the system, and further the trustworthiness of the system as a whole. Lee and See, [7, p. 51] define trust as “the attitude that an agent will help achieve an individual’s goals in a situation characterized by uncertainty and vulnerability.” Ultimately, human-machine communication should be efficient, easily understood by both human and machine teammates, require little training on the part of the human, and result in a productive human-machine collaboration.
III. Background
When interacting with machines, humans feel more comfortable using a variety of modalities to communicate. Natural User Interfaces (NUI) allow users to communicate naturally and give access to multiple input modes and multiple styles of interaction. These include, but are no longer limited to speech, touch, gestures, keyboard, mouse, and eye tracking. [8] Multimodal interactions facilitate easier and more intuitive communication, offer improved error handling and efficiency, and provide greater precision in visual spatial tasks. Studies also show that no one single modality can provide a natural interaction experience and the variety of inputs both support users’ preferred interaction style and allow for greater expressive and transparent dialogue. [9, 10]
Although text input was determined to be preferable over speech for target descriptions within the ATTRACTOR HMI development in that specific experiment [1], it was still necessary to consider speech as an input modality in interface design due to its ease of use and the natural inclination to use it along with other communication modalities simultaneously. Speech-based, natural language interfaces allow users to communicate with machines in a way that is natural and intuitive, even during remote operations. Studies show they are efficient, convenient and can increase satisfaction, usability and situation awareness. [11, 12]  
[bookmark: _GoBack]Therefore, the HMI team began to consider bi-directional, multimodal communication from the machine side. Most communications from machine to humans are scripted and typically the same for all users. Amazon’s “Alexa”, Apple’s “Siri”, Google’s “Galaxy” and Microsoft’s “Cortana” are all progressing in their capabilities. However, when a user asks Alexa to play a piece from a well-known composer, for instance saying, “Alexa, play Beethoven Symphony number 9,” the response usually follows a pattern of repeating back the information in some way. “Playing Symphony’s no 9, Volume 3, by Ludwig Van Beethoven from Spotify.”[footnoteRef:5] This was the second attempt, the first attempt was, “Alexa, play Beethoven’s 9th Symphony,” which brought forth an answer that contained a litany of composers, musicians, symphonies, before finally playing the song from Amazon Music, when all that was requested was to play the song.  These responses highlight the potential frustrations that users have when giving a machine a command easily understood by other humans. Many applications repeat back the request in similar ways. Aviation Crew Resource Management (CRM) and other critical applications (e.g., space missions, nuclear plants and health care settings) require this repeat back of information before performing the request to reduce errors. It is not always preferred by people in more common, everyday situations. [13] The ability for a system to adapt to a user’s preferences for communication strategies may be an important factor in enabling trust and improving efficiency in performance [14].  [5:  Actual transcript from the researcher’s interaction with Alexa.] 

The idea of self-adaptive intelligence led to the development of AMELIA, a mission planning data collection tool with the dual purpose of studying multimodal interactions within the AMELIA interface, along with a study of the preferred communication strategies of the users experiencing the system. The goal is to emulate the communication strategies inherent in the majority of human-human communications. 
IV. Study Design
Human-computer interaction research indicates that speech and touch are the most naturally interactive and unconstrained modalities at the moment. [9, 15] Therefore, the AMELIA interface was designed to integrate speech and touch as input modalities for the mission planning phase of a SAR mission. The application is housed on a 2-in-1 tablet-laptop, with both speech recognition and touch screen capabilities. The GUI design and machine learning incorporated within rely on the Python scripting language. This allows the system to be portable for remote and on-the-spot mission planning. During the study, participants were asked to interact with AMELIA via touch only, speech only, and speech and touch combined. Their interactions and use of the interactive assistant was recorded and correlated with other subjective measures obtained during the experiment. 
A. Participants
Twenty-four participants, aged 18-74, were recruited via an email campaign from November 2019 through February 2020. Eleven females and thirteen males participated. Their education levels ranged from “some college” to a doctorate level education. All participants had at least some familiarity with touch screen use, and nearly all had speech recognition experience with other applications and technologies.
B. Procedures
AMELIA combines multimodal input technologies (speech and touch) with natural language speech recognition, to aid in planning a simulated SAR mission. AMELIA uses machine learning to assist the user with planning. Each participant is assigned the role of “Mission Commander” and instructed to arrange five virtual drone assets equally throughout an area of interest where a missing sensor is thought to be located. This same activity is then repeated for each of the four scenarios. Participants were randomly assigned an order for the first three scenarios: “touch only”, “speech only” and “positional touch with speech”. The “positional touch with speech” modality option allowed a “put this here” approach to placing the assets, but lacked the full touch capabilities in order to encourage the use of both speech and touch together. Each input modality variation was demonstrated prior to that scenario’s run. All participants then ended with a final timed scenario where all touch and speech capabilities were available for use. For the speech scenarios, the participants were instructed to use the prompt “Amelia” before any command. An AMELIA Helper was also added to the interface to aid the participants in placing the drone assets. The AMELIA Helper would suggest drone placement or movement based on the placement of other drones via a text box on the right side of the interface. (See Fig. 1) Participants could either tap the Yes or No buttons during any scenario other than the speech scenario, or speak “Yes”, or “No” (with the prompt) during any scenario other than the touch scenario. This interaction was recorded for data analysis.
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Fig. 1. AMELIA interface during a time trial.

After each scenario, participants were given a System Usability Scale (SUS) [16], and after the final scenario, participants were asked to fill out a Human Automation Trust Scale (HAT-S) [17] and a Communication Strategies questionnaire. Participants were also asked to take a free online personality assessment and share their resulting personality type with us.
V. Results
1. Descriptive Analysis
Participants were timed for each scenario. The average time to complete the touch scenario was 42 seconds (min = 10, ma = 93). Speech took an average of 259 seconds (min = 46, max = 727), while the positional touch with speech scenarios took an average of 127 seconds (min = 32, max = 382). After each participant had run through the first three scenarios listed above, in randomized order, they were given a final scenario with all capabilities of touch and speech turned on. This final scenario took, on average 64 seconds (min = 11, max = 362). (See Fig. 2)


Fig. 2. AMELIA Elapsed Run Time per Modality.

The use of the AMELIA Helper was also recorded during the scenarios each time the participant responded with touch or speech to the suggestions.  In the Touch scenario, the AMELIA Helper was not used at all. The average use during the Speech scenario was 2.3 interactions (min = 0, max = 10), while the use during the Positional Touch with Speech scenarios and the full capability were 1.08 (min = 0, max = 6), and 0.54 9(min = 0, max = 4), respectively. (See Fig. 3)


Fig. 3. Use of AMELIA Helper across Modality.

System Usability Scale

Participants were asked to fill out a System Usability Scale (SUS) after each scenario. The SUS is a 10 item questionnaire that uses a five-point Likert Scale from Strongly Agree to Strongly Disagree. The scoring is seen as a reliable measure of usability. [16] Participants rated the Touch user interface at 87 (Excellent), the Positional Touch with Speech user interface at 78 (Good) and the Speech interface at 62 (Ok/Fair). 

The assumption of sphericity was not violated (Mauchly’s Test of Sphericity, p > .05). There was a significant main effect of modality on usability ratings, [F(2, 46) = 16.79, p < .001, partial η2 = .422]. Follow-up Bonferroni adjusted pairwise comparisons indicated the Speech condition (M = 62.20, SD = 20.94) had significantly lower usability ratings than both the Touch condition (M = 87.08, SD = 14.61, p < .001) and Positional Touch with Speech condition (M = 78.12, SD = 16.52, p = .016). Additionally, the Positional Touch with Speech condition had significantly lower ratings than the Touch condition (p = .035). 
Human Automation Trust Scale

The HAT-S survey was conducted at the end of the study to aid in understanding trust between humans and AMELIA. This questionnaire included 12 questions, five related to distrust concepts and seven related to trust concepts. These were rated on a 7 point Likert scale. (1 = not at all, and 7 = extremely) [17]. For the questions relating to system distrust (deceptive, underhanded behavior, suspicion, wariness and harmful actions of the system) the average of those scores was 1.76, which may point to a low level of distrust for the system. Furthermore, the questions that related to system trust averaged 4.35 out of 7, across the seven questions. Further work in this area is ongoing.
Communication Strategies 

Finally, a questionnaire to determine an individual’s communication strategy was given. This questionnaire sought to determine the amount of information each participant desired (maximum vs. minimum), as well as the informational style (tactical/strategic/analytical/empirical) of the information available. Additionally, it was hoped that this information could be correlated to personality and then used to train the system to adapt to the individual’s preferred communication strategy. Unfortunately, it was determined that there was not enough data to conclusively find any correlations between personality type and communication strategies. Further research into communication strategies are being explored and future studies are planned to gather more data in this research area.
 Future Work
Utilizing bi-directional communication to improve teaming between the user and system would improve team performance and allow for greater human-machine trust. [18] Furthermore, the addition of other input technologies to broaden the natural user interaction dynamic needs to be better understood. This includes, but is not limited to, the integration of eye tracking and gesture recognition. This work is being transitioned into the Autonomous System’s research thread under the NASA Transformative Tools and Technologies (TTT), Revolutionary Aviation Mobility Subproject and also aligns with work being done in the area of Advanced Air Mobility. 
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