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ABSTRACT 

Urban search and rescue (USAR) teams may use Artificial Social Intelligence 

(ASI) agents to aid teams in adapting to dynamic environments, minimize risk, and 

increase mission assurance and task performance. This thesis underlines the relationship 

between vocal pitch, stress, and team performance from a recent experiment conducted in 

a simulated USAR synthetic task environment (STE). The simulated USAR-STE is a 

platform to use ASI as an advisor to intervene in the human team members’ cognitive 

processes, which aims to reduce risk to task execution and to maintain team performance. 

Three heterogeneous and interdependent roles interact via voice communication to search 

and rescue the victims: (1) medic -rescues victims and identifies the severity of injuries; 

(2) transporter -moves victims to their designated zone based on injury severity; (3) 

engineer -removes hazardous material such as rubble from a room or hallway that is 

blocking passage. Different speeds are associated with each role, such as medic, 

transporter, and engineer. Medic has a default speed; the transporter has times two over 

the default speed; the engineer has the slowest speed. In a total of 45 teams, three ASI 

conditions, manipulated based on ASI intervention communication length and frequency, 

were analyzed. Each team participated in two 15-min missions. The results indicate a U-

shaped relationship between the transporter’s pitch and a change in team performance. A 

possible explanation for this significance is the task and role design. The transporter may 

have the most central role in voice communication because when the transporter is under 

varying levels of workload and stress, and thus voice pitch has a complex relationship 

with performance for that role.  
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CHAPTER 1 

INTRODUCTION 

In urban search and rescue (USAR) tasks, USAR teams are required to navigate 

dangerous environments, understand basic medical procedures to aid victims, and clear any 

foreign hazards that hinder the success of a time-critical mission (Murphy et al., 2008). 

Occasionally, these attributes are called to perform tasks with limited resources and assistance. 

Utilizing machines like an Artificial Social Intelligence agent (ASI; Williams et al., 2022) can 

help USAR teams adapt to dynamic environments, minimize risk, and increase mission 

assurance task performance. In a complex task environment, the margin for error during a 

mission is minimal, and team cohesion is vital for optimal performance. Tasks within a USAR 

mission include transporting subjects, attending to medical requirements, and effective 

navigation to the designated safe zone. A time-critical team task requires faster cognitive 

processes among the team members, including communication (Demir et al., 2017; McNeese et 

al., 2018), coordination (Demir et al., 2019; Gorman et al., 2019), and decision-making 

(Forstmann et al., 2008). The same processes are required for team effectiveness in human-AI-

robot teams (HARTs). 

Team Effectiveness  

Team effectiveness refers to a team’s capacity to achieve its goals and objectives, which 

leads to improved outcomes for individuals and teams (Kozlowski & Ilgen, 2006). A theoretical 

framework for team effectiveness is built on the input–process–output (I-P-O) heuristic (Salas et 

al., 1992), and refers to team organization during a task in which team members combine 

individual or shared resources to complete task demands (Kozlowski & Ilgen, 2006). An 
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effective team requires that cognitive, motivational, and behavioral resources are aligned with a 

task objective (National Research Council, 2015). Team effectiveness, therefore, varies with 

individual knowledge, communication, coordination, skills, abilities, and other characteristics 

within the team, collectively referred to as a psychological state. The psychological state, 

particularly the emotional state, can be captured via vocal pitch as an indicator of emotional 

stress (Pisanski et al., 2016; Scherer, 1986; Van Puyvelde et al., 2018; Zhang, 2016). The vocal 

pitch and emotion change during the voice production process (Bunn & Mead, 1971a), in which 

the average pitch has been correlated with emotional changes (Banse & Scherer, 1996; Fairbanks 

& Pronovost, 1939). 

This thesis addresses the relationship between vocal pitch, stress, and team effectiveness 

(i.e., team performance) from a recent experiment conducted in a simulated USAR synthetic task 

environment (STE) (Freeman et al., 2022).  The simulated USAR-STE is a platform to use ASI 

as an advisor to intervene in the human team members’ cognitive processes, which aims to 

reduce risk to task execution and to maintain team effectiveness.  

Artificial Social Intelligence 

Social intelligence is the capability to infer and predict human intentions, emotions, and 

actions (Frith & Frith, 2006). ASI utilization is increasing in most areas of industry and defense; 

however, enhancing the robustness of ASI social intelligence is required to effectively support 

dynamic human needs and to adapt to dynamic task environments. An adaptable and socialized 

ASI can intervene at the right time (Corral et al., 2021) and support smooth teamwork (Murphy 

et al., 2008). Designing effective ASIs to understand human cognitive behaviors (e.g., 

communication and coordination, decision-making) to be more adaptive to the team task 
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environment and maintaining team effectiveness (i.e., team situation awareness and 

performance) constitutes a central component to ongoing ASI research.  

The classical models for explanations for human behaviors (Von Neumann & 

Morgenstern, 2007) have a theoretical approach to humans and decisions. An alternative 

approach to transitioning an ASI to analyze human behaviors with a plan uses a Human Mental 

Model for the ASI agent (Chakraborti et al., 2017).  According to Chakraborti (2017), the 

Human Mental Model is defined as an [AI] agent acknowledging the needs given the human’s 

psychological state. The “Sense-Model-Act- Plan” outlines an [AI] agent with the ability to sense 

team dynamics, plan based on team behaviors, and contribute to team actions and goals to 

predict team social behavior. The model can capture the mental and physical state of an effective 

team. These models are a guideline for creating a socialized intelligent agent; however, ASI does 

not consider previous human exposure to real-world experiences (Chakraborti et al., 2017). As 

an extension of this concept, this thesis investigates the question of whether by utilizing 

psychophysiological metrics (i.e., vocal pitch) for ASI development will be able to better 

understand the needs of team members in team-based tasks. 

The Goal of the Study 

The present experiment (referred to as ASIST Study 3) is part of a larger research effort 

with DARPA ASIST, to develop an ASI agent to improve team effectiveness in dynamic task 

environments (Freeman et al., 2022). Observations from this study and participant feedback have 

pointed to a significant challenge for ASI in its ability to consider team environmental and social 

contexts (Chakraborti et al., 2017). Some challenges included understanding when a participant 
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needed assistance, understanding the contextual meaning of phrases, and providing interventions 

at the right time. 

This thesis examines teammates’ vocal pitch during team tasks as an indication of stress, 

and in turn, team effectiveness (i.e., performance) in the context of Study 3. These results may 

support ASI’s use of vocal pitch data during the task missions to intervene at an appropriate time 

and place to support team effectiveness in stressful environments. Using vocal pitch may be 

useful to understand the individuals’ physiological state or if a speaker is experiencing emotional 

stress based on the vocal frequencies (Cabrera & Baez, 2011; Sondhi et al., 2015). 

Rationale 

The relationship between voice pitch and team effectiveness under emotional stress is 

presented from a variety of perspectives in literature. For instance, an increment in workload 

during a task can increase emotional stress on humans, as well as impact psychological and 

physiological states (Warm et al., 2008). The concept of stress, referred to as emotional stress, is 

defined by the Oxford English Dictionary (Stress, n., n.d.) as “mental or emotional strain or 

tension.” In this regard, emotional stress is a state in which the physiological system is 

disorganized, which results in decreased well-being (Gaillard, 1993). The existing work shows 

that voice pitch increases during stressful scenarios (Ruiz et al., 1996). In this previous study, 

they found that an emergency appears to trigger a spontaneous dramatic increase in pitch in the 

voice. A laboratory stress situation and a real-life emergency were compared in this study. The 

voice responses observed by the pilot and co-pilot were interpreted as a potential result of the 

professional function and expected agency and coping during the situations. In addition, a 

collaborative review article (Van Puyvelde et al., 2018), examines the speech parameters 
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encountered that affect the voice output of the different types of load (cognitive, emotional, 

physical, and environmental). One of the results shows that vocal fold reactivity during 

phonation (i.e., speaking) is affected by emotional and cognitive load (2018). According to the 

article, this may be because cognitive control mechanisms compete for resources with emotional 

and sensory mechanisms (i.e., anxiety, fear, and excitement); cognitive demands reduce the 

influence of high-arousal anxiety.  

Summary 

This thesis is intended to examine the feasibility of using human vocal pitch as part of a 

larger set of psychophysiological metrics (i.e., heart rate, EEG, skin sweat response) for 

application to a future implementation of ASI that can understand human emotional states. 

This study empirically contributes to the relationship between vocal pitch, stress, and 

team performance in a simulated USAR task environment. Currently, there is not any prior work 

examining stress vocal pitch with simulated search and rescue teams. However, a review of vocal 

pitch literature and a description of the experimental task of ASIST Study 3 within the synthetic 

USAR environment follows to provide more insights on the topic. 
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CHAPTER 2 

BACKGROUND 

The state of the literature on stress, cognitive workload, and voice pitch has been 

reviewed to understand the relevance of vocal patterns with stress, how stress affects teams, and 

the application of physiological measures in USAR environments. Studies were identified via 

literature searches in the Google Scholar, ScienceDirect, and the Arizona State University (ASU) 

research databases using the keywords “voice” in combination but not limited to “stress,” “voice 

analysis,” “team,” “pitch,” “workload,” “emotion,” “cognitive,” “team effectiveness”, “human 

performance.” Currently, there is a lack of literature pertaining to the direct juxtaposition of 

USAR and voice pitch; however, there are present studies that discuss complex team 

environments. 

Cognitive Workload 

In complex teamwork environments, the cognitive workload can be dynamic and 

potentially dangerous, resulting in performance decrements (Biondi et al., 2021). This process is 

particularly relevant for search and rescue (USAR), aviation, and law enforcement environments 

that pose a life-threatening outcome. When workloads exceed the demands of individual tasks, 

performance and team effectiveness may suffer (Hart & Hauser, 1987).  

Furthermore, requirements in team coordination increase individual workload beyond 

what is inherent in individual task demands (Urban et al., 1995). For instance, studies on 

cognitive workload and communication (Salas et al., 2008; Khawaja et al., 2012; Roßnagel, 

2000) suggest that communication tends to shift from baseline communication when increasing 

the intensity of workload at various time intervals. In addition, team decision-making (Urban et 
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al., 1996; Zavala et al., 2018) under a high cognitive workload can be impaired if the task load is 

outside the limits of the team. In Palada et al. (2018) measured accuracy target detection task that 

presented a UAV camera ocean view with multiple ships synchronously passing the camera’s 

field of view. The participant had to classify the ships within the masked ship. The results show 

that increased speed associated with decreased decision time also results in decreased accuracy, 

and that the quality of evidence is related to the time spent encoding a stimulus. The results from 

this study show that high workload can impair task objectives. 

In scenarios requiring a high cognitive workload, it is vital to control emotions and stress 

to maximize performance. The Yerkes-Dodson model (Teigen, 1994) suggests an inverted U-

shaped relationship between performance and arousal. According to the model, increasing 

arousal can help optimize performance, but only to a certain point at which further increases in 

arousal will degrade performance. The team’s performance and proficiency at handling a high 

cognitive workload within a certain time frame depends on the team’s structure and experience 

within the task parameters. Stress results from levels of arousal beyond optimal and is often 

associated with high cognitive load, which can be examined through psychophysiology (Jerčić et 

al., 2020). 

Voice Pitch  

The field of psychophysiology focuses on the relationship between psychological 

influence and resulting physiological responses (Andreassi, 2013). The importance of 

psychophysiological measures (i.e., heart rate, skin conduction, and blood pressure) is in 

providing unique information about an individual to aid in a dynamic environment (2013). For 
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instance, evaluating a pilot’s response to a multitasking scenario using psychophysiological 

measures may highlight, e.g., insufficient human factors considerations in the system design. 

Campbell and Ehlert (2012) and Crosswell and Lockwood (2020) collected qualitative 

questionnaire data, as well as physiological responses to measure individual stress levels. 

Participants were asked survey questions after the task was administered in order to determine 

whether they were experiencing stress consistent with their heart rate variability. On the survey, 

participants indicated little to no stress, although their heart rates during the task indicated higher 

fluctuations than their baselines. These studies show that relying solely on qualitative data has 

limitations, as an individual may be prone to over- or underestimation. Another advantage of 

physiological measures is that they are taken continuously without task interruption. An in-depth 

understanding of the psychophysiological effects of stressful events may provide insight into 

emotional and psychological states. 

In relation to human performance, the voice output is a psychophysiological response that 

is part of the human integrative psychophysiological stress system, and stress reactivity is the 

complex integration of the sympathetic and parasympathetic nervous systems (Thayer & Lane, 

2009). Previous work has shown that voice metrics can indicate if a speaker is experiencing 

emotional stress based on the vocal frequencies measured using a vocal stress analyzer (VSA; 

Cosetl & Lopez, 2011; Sondhi et al., 2015). A VSA provides metrics of the involuntary 

psychological, stress-related response from a person’s voice (Cosetl & Lopez, 2011). In this 

study, VSA measured the fundamental frequency in a series of interviews from participants to 

detect lies or feeling ashamed. The results show that VSA technology can identify stress in the 

voice better than polygraphs. 
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Human voice with stress. To allow ASI to potentially intervene using voice pitch as a 

signal of stress it is important to understand how the human voice operates under stress. 

Emotional stress impacts voice production by affecting three processes: breathing, phonation, 

and resonance (Kreiman & Sidtis, 2011). Figure 1 illustrates the phonation process, where the 

vocal folds produce sound. Subglottal pressure determines vocal loudness as part of this process, 

while the cricothyroid muscle’s adduction impacts the vocal-fundamental frequency, f0, i.e., 

voice pitch (Van Puyvelde et al., 2018; Zhang, 2016). Resonance relates to vocal vibrations, 

which filter the frequencies for natural speech (Story et al., 2018). The vocal tract comprises 

multiple containers of air that vibrate at specific pitches, and their resonant frequencies change 

by altering the shape and formation of the mouth, throat, and lips (Gage & Baars, 2018). When a 

balance is achieved between a small glottal opening and low airflow, phonation can be preserved 

(Bunn & Mead, 1971). 

Figure 1. A simplified mid-sagittal and frontal plane depiction of air form voice production  

(Thornton et al., 2019). 
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During a high cognitive workload, the resonance process in speech is influenced. A study 

found that male participants with both low and high anxiety traits showed higher f0 under high 

levels of cognitive workload (Tolkmitt & Scherer, 1986). The average pitch range for male 

voices is 60–180 Hz, and the average pitch range for female voices is 160–300 Hz (Re et al., 

2012). There are two types of voice change that are directly indicative of psychological stress: 

gross change (voice tremor) and voice quality (Cosetl & Lopez, 2011). A third signal category 

exists in the human voice, which is related to the second type of voice change. This signal 

category is an infrasonic signal, which is one of the more significant voice indicators of 

psychological stress (2011). These psychoacoustic features, such as pitch changes, voice quality, 

energy level, and articulation, are related to emotional state (Sobol-Shikler, 2009) due to the 

differentiation of emotions at the level of the autonomic nervous system. Voice can therefore 

indicate emotional stress-based frequencies that are associated with performance.  

Research Questions and Hypotheses  

This study consists of the following research questions (RQs). 

RQ1: how does vocal pitch differ across routine and novel (i.e., pre- and post-

perturbation) task periods for individual roles in high-and-low-performing teams? 

H1: There will be an increase in voice pitch between pre-and post-perturbation time intervals. 

Rationale: The literature associates a sudden change (such as a perturbation) with a 

psychophysiological response of high voice pitch (Pisanski & Sorokowski, 2021). In a change 

from routine operations, individuals may experience stress because perturbation is a signal 

blackout resulting in failure to see teammates and victims on the map. There may be a difference 

between the voice pre-to and during (post) the perturbation in Mission 2.  
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RQ2: What portion of the team’s performance is explained by each role’s pitch change 

after a perturbation? 

H2: There will be an increase in vocal pitch after a perturbation is associated with a 

decrease in performance; the pitch change will be different for each role. 

Rationale: Based on the theoretical framework for team effectiveness I-P-O heuristic 

(Salas et al., 1992), team dynamics may change to meet the goals and objectives of the team and 

individual roles, which may be reflected in the voice pitch. There is a difference in speed, tasks, 

and individual information across roles in the experiment.  The voice pitch change may be an 

indication of cognitive load in conjunction with emotional stress (Brenner et al., 1994). Pisanski 

and Sorokoski (2021) found a significant increase in f0 and intensity when a difficult task level 

was compared to an easy task level. Therefore, in this study, it is assumed that identifying stress 

during the transition from low to high workload situations can enhance ASI’s ability to 

understand the psychological state of human subjects and ultimately intervene. In this thesis, it is 

hypothesized that the vocal pitch of team members will be associated with team performance in 

team roles during simulated USAR tasks. 
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CHAPTER 3 

METHODS  

 This study is part of a large research program sponsored by DARPA (HR001119C0130). 

The main goal of the ASIST (Artificial Social Intelligence for Successful Teams) program is to 

develop ASI that intervenes in team coordination behavior by advising the team members on 

teamwork needed to adapt to the dynamic task environment (Freeman et al., 2022). To achieve 

this goal, ASIST evaluates ASI agents’ interventions to all-human team interaction (i.e., 

communication and coordination) to improve team effectiveness. 

Simulated Minecraft Synthetic Task Environment 

 This study was conducted remotely using an ASU Minecraft Server. The experiment was 

controlled by an Experimenter-Narrator, who instructed the participants through the study, and 

the Experimenter-Administrator, who oversaw the Minecraft training, ran the testbed and 

addressed any technical difficulties. The team task map was designed to resemble a corporate 

office building in a 50 x 50 radium in Minecraft. Figure 2 illustrates the divisions of the map, 

which was divided into 63 rooms, including one large library, three conference rooms, a large 

cafeteria, two computer rooms, and 26 storage areas, see Figure 2.  There were two types of 

victims, regular and critical victims, with subcategories of A (bleeding), B (broken bones), and C 

(critical) damage types.  Regular victims were worth 10 points, and critical victims were worth 

50 points. 
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Figure 2. An overhead screenshot of the admin view during Minecraft (Freeman et al., 2022). 

 

Team Task Roles 

The Minecraft task environment consists of three heterogeneous and interdependent roles 

that interact via voice communication: (1) medic, who rescues victims and identifies the severity 

of injuries; (2) transporter, who transports victims to their designated zone based on injury 

severity; (3) engineer who removes hazardous material such as rubble from a room or hallway 

that is blocking passage. All team members could transport victims, but not as quickly as the 

transporter. There are different speeds associated with each role, such as medic, transporter, and 

engineer. Medic has a default speed; transporter has times 2 over the default speed; and engineer 

has the slowest speed. 

Design 

 The experimental design for Study 3 contained 8 advisor conditions (between-subjects) 

and 2 missions (within-subjects). The conditions included six types of ASI advisors which 
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differed based on developer organization, teams with no advisor, and teams with a human 

advisor. Each team was randomly assigned one of those conditions to aid in the two official 

missions. In this thesis, only Mission 2 was considered due to a significant perturbation, and 

teams (high or low performing) were selected from three ASI conditions.  These three ASI 

conditions include three ASI agents that were selected to move forward in the program: 

1. Carnegie Mellon University Robotics Institute (CMU) ASI: sent the messages in terms of 

moderate frequency and moderate message length; CMU-ASI intervenes to correct team 

processes, and interventions are focused on the environment, deadlines, task location, and 

encouragement to communicate (Freeman et al., 2023). Among the high- and low-

performing teams, the CMU agent was assigned to 2 teams. 

2. Dynamic Object Language Labs (DOLL) ASI: sent messages of low frequency and long 

message length; DOLL-ASI focuses on interventions that build relationships, guide tasks 

early, and improve team processes at an individual level (2023). Among the high- and 

low-performing teams, the DOLL agent was assigned to 13 teams. 

3. Charles River Analytics (CRA) ASI: sent the messages with high frequency and short 

message length. CRA-ASI distributes tasks across a team by helping the team align 

individual skills with tasks. Interventions are focused on strategy, resource use, and 

motivation (Freeman et al., 2023). Among the high- and low-performing teams, the CRA 

agent was assigned to 11 teams. 

 In the experiment, there were two missions (within subjects). Mission 1 was not 

considered because its perturbation did not interfere with locating victims, while Mission 2’s 

perturbation interfered, but both missions had the same number of victims (each 50: total 100 
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victims). In this research, Mission 2 voice pitch and team performance were examined across 

routine and novel time intervals (i.e., pre-post perturbation). Routine and novel time intervals are 

defined as the time before and after the perturbation (but including the planning process, which is 

the first two minutes at the beginning of the mission); routine time interval is voice pitch before 

the perturbation from the first five minutes of the mission, and the novel time interval is voice 

pitch after the perturbation occurs from minute twelve until the end of the mission. 

Participants 

A total of 360 participants from ASU and across the U.S. were split into 120 teams of 

three participants and completed Study 3. Participation required normal or corrected-to-normal 

vision, fluency in English, and proficiency in the video game Minecraft. Participants ranged from 

18 to 66 years old (Mage= 23.5, SDage= 6.40). However, the present work considers only 26 teams 

from the three ASI conditions (CMU, DOLL, and CRA). Participants were randomly assigned to 

the roles of Medic, Transporter, and Engineer. Each participant was compensated US $35.00 for 

their participation at the end of the debriefing. 

Procedure 

Each team participated in two competency tests (skill at utilizing basic controls and 

movement in Minecraft), a 10-min hands-on training mission, and two 15-min official missions. 

Within the missions, in Mission 1, there was no perturbation. Mission 2 perturbation included a 

blackout signal which hinders navigation (i.e., Global Positioning System - GPS signal) visibility 

within the Minecraft environment, so team members cannot see where their teammates and 

marked victims are on a map. Participants communicated through voice on ZOOM software 

(Zoom Chat, n.d.) to their teammates and experimenters. During the missions, teammates used 
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individual call signs to communicate. The goal of the team task is to search for victims, stabilize 

them, and move them to the correct zone in the task map during each mission.  

 Surveys were taken when participants started the study, and after each mission, the 

participants completed a reflection survey about the mission outcome (i.e., strategy, team 

coordination, leadership), and a debriefing was given at the end of the study.  

Measures 

 This study collected the following measures during the task: trust in an ASI, team 

performance, team process measures (such as team coordination and communication behaviors), 

information sharing, individual stress, cognitive workload, and demographics. The following 

measures were collected to address RQ1-2 of this thesis.  

 Vocal Pitch: Each participant communicated vocally with their teammates. For each 

mission, communication was recorded via ZOOM (Zoom, n.d.) and Google Meets (Google Meet, 

n.d.), which provided global and isolated audio of each team member’s voice. The fundamental 

frequency (f0; used to identify vocal pitch) was extracted from the audio data in the two missions 

using OPENSMILE software (OpenSMILE 3.0 - AudEERING, n.d.). The vocal analysis was 

carried out only on the audio data extracted from Mission 2. Matlab was subsequently applied to 

audio recordings to analyze the pitch deviations throughout Mission 2 (pre-and-post 

perturbations). The pre-perturbation interval ran from 2 minutes to 7 minutes into the mission, 

and the post-perturbation interval ran from 10 minutes to 15 minutes into Mission 2. Thus, for 

RQ1 and RQ2, the vocal pitch was divided into pre-and-post-perturbation time intervals. The 

vocal pitch was collected every millisecond, was summed within each perturbation time interval, 
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and then divided by the total pre- or post-duration milliseconds to get an index of mean pitch per 

millisecond for that interval.    

Team Performance: was calculated at the end of each mission as a cumulative score 

ranging from 0-900 points. The score was calculated according to the team’s efficiency in 

maneuvering and placing the victims in the correct zone within the 15-minute time frame in each 

mission. Regular victims were worth 10 points, and critical victims were worth 50 points.  

 High-and-low-performing teams:  The high-and-low-performing teams used for RQ1 

were chosen based on the criteria of 2-Standard Deviations (SD) above and below the mean 

Mission 2 team performance score of 45 teams in the experiment using three condition ASI 

(DOLL, CRA, CMU). A total of 26 teams resulted, with 11 high-performing and 15 low-

performing teams. High and low-performing teams were binary-coded as 1 and 0, respectively.   

 Pre- and post-perturbation performance: In this study for RQ2, the team performance 

score was divided into two separate scores for pre-and post-perturbation. During the experiment, 

the pre-perturbation interval ran from 2 minutes to 7 minutes into the mission, and the post-

perturbation interval ran from 10 minutes to 15 minutes into Mission 2. The pre-perturbation 

score was the score achieved for that team by the end of the pre-perturbation period, and the 

post-perturbation score was calculated by subtracting the score at the 10-minute mark from the 

Mission 2 score.   
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CHAPTER 4 

RESULTS 

M-Level Mixed Analysis of Variance (ANOVA) 

In the context of RQ1:  how does vocal pitch differ across routine and novel (i.e., pre- 

and post-perturbation) task periods for individual roles in high-and-low-performing teams, 

three-level nested mixed Analysis of Variance (ANOVA; 14.2 - The General M-Stage Nested 

Design | STAT 503, n.d.) was conducted. The descriptive statistics state the pitch mean for the 

medic role during pre-perturbation (M=183.08, SD= 60.20) and in post-perturbation (M=173.68, 

SD= 63.86). The pitch mean for transporter role pre-perturbation (M=204.66, SD=74.28) post-

perturbation (M=196.83, SD=57.62). The average pitch for the engineer role for pre-perturbation 

(M=173.49, SD=58.91) post-perturbation (M=188.51, SD= 37.91).  

Figure 3. The pre-and-post perturbation vocal pitch for each role. 
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The nominal high-low-team nominal performance score was a predictor, along with three 

roles nested within high-low teams. Time (pre-and-post-perturbation) was a within-subjects 

variable. Voice pitch was the dependent measure.  The ANOVA was conducted via Statistical 

Package for Social Sciences Version 26 (SPSS Statistics | IBM, n.d.). The findings show that the 

interaction effect of pre-and-post perturbation by high-and-low performing team was not 

significant, F(5,140) = 0.503, p = 0.774, p2=0.184, showing that no difference exists in vocal 

pitch in pre- and post-perturbation during Mission 2; rejects H1.  The results depicted in Table 1 

illustrate that the role within (nominal team performance) effect was not statistically significant, 

F (4,140) = 1.30, p = 0.271; Table 1. 

Table 1. Test of between-and-within-subjects effects. 

  

Linear Mixed Modeling  

A linear mixed effect modeling procedure (Mirman, 2014) was conducted to address 

RQ2: What portion of the team’s performance is explained by each role’s pitch change after a 

perturbation;  The following scatter plots illustrate the relationships between each role’s pitch 

and team performance.  
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Figure 4. Scatter plots illustrate the relationship between team performance scores (pre-and-

post) with 26 teams and task-role vocal pitch. 

 

The team performance score was modeled by a linear mixed model with fixed effects of 

each role’s pitch and their quadratic effect variables. For the final model, statistical significance 

(p-values) for individual parameter estimates was assessed using the normal approximation. 

During the model-building steps, the team was a random variable (as a grouping variable), and 

each level pitch and their interaction terms were used as Level-1 variables. There were no Level-

2 variables in this study.  

Model 0 (random intercept model) represents a null model. In this model, the team was a 

random group variable. In Model 1, linear time (pre-and-post perturbation) was added as a 

predictor of team score and then tested, which improved the model in comparison to Model 0: χ2 

(1) = 9.88, p = 0.002). In Model 2, Level-1 variables, the effect of each role’s pitch (i.e., 
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engineer, medic, transporter) were included in the best fitting model, and they did not improve 

model fit in comparison to Model 1, χ2 (3) = 1.33, p = 0.723. In Model 3, the Level-1 variable 

interaction effect with linear time (pre-post) with role’s pitch was added to the model, but it did 

not improve model fit in comparison to Model 2, χ2 (3) = 5.67, p = 0.129. After that, in Model 4, 

also added quadratic terms for each role’s pitch, which improved model fit relative to the 

previous model, χ2 (3) = 12.68, p = .005. In Model 5, an interaction effect of linear time by 

quadratic terms of the pitch for each role was also added and tested based on the previous model. 

This effect did not improve in comparison to Model 4, χ2 (3) = 0.07, p = 0.996. Thus, the test 

statistics of Model 4 are summarized in this study; see Table 2. However, fixed effect parameter 

estimates and their standard errors (SE) with p-values estimated using a normal approximation 

for the t-values for each model during the step-by-step model development process are still 

provided in Table 2.  

Table 2.  Results of Model Tests for Team Performance Score. 

 

In Model 4, the rate of change, i.e., the slope of the linear term (pre-and-post), was 

significantly and negatively related to team performance, 10 = -351.90, SE = 84.14, p = 0.001. 

The linear time indicates that team performance decreased over time, likely due to the high 
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workload of the perturbations during the post-perturbation in Mission 2. The post-perturbation 

time interval had a loss of GPS signal blackout that resulted in an increase in sensitivity to 

differences between the high-performing and low-performing teams.  

During pre-perturbation, the transporter pitch effect (Linear) was statistically significant, 

but negatively associated with team performance, 20 = -5.91, SE = 1.71, p = .002. It is possible 

that the transporter may have been scouting for victims for the medic to rescue without 

contributing to the team score, which leads to additional stress.  

The interaction effect of the pre-and-post-perturbation (nominal variable) by pitch 

(Linear term) was only significant for the transporter, t (52) = 3.69, p = 0.002. According to the 

significant interaction effect, the simple slope calculator (table 3) was used; for the calculation 

steps, see Preacher et al., n.d. By using the VCOV function of the R software package, 11 x 11 

Coefficient Covariances Matrix of Class was obtained and reported in Appendix B. The 

asymptotic variances of the interaction effect’s regression parameters were entered under 

“Coefficient Variances” in Table 3. The simple slope finding indicates that the linear 

transporter’s pitch was negatively associated with team performance in the post-perturbation 32 

= -4.169, SE = 1.73, p < 0.001. These significant findings may indicate that when the transporter 

gets more stressed due to roadblocks, a process reveals a relationship between pitch and team 

performance.  
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Table 3. Simple slope calculation is an interaction between two predictors within the Level 1 

equation but with no predictors of these effects at Level 2. 

 

On the other hand, the quadratic term of the transporter’s pitch relationship with team 

performance was statistically significant and positively associated with team performance across 

Mission 2, 24 = 1.23, SE = 0.50, p = .002 (see Table 4). In other words, moderate transporter 

pitch during a mission was associated with poorer team performance. A lower or higher 

transporter pitch was associated with better team performance. The positive relationship 

between stress and performance can be that two team members were communicating directing to 

the transporter to place rescued victims in the correct subcategory zone across the task, 

especially during the post-perturbation duration, which means the transporter was more stressed 

out to recover from the roadblock to achieve the overall team goal.  
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Table 4. Results of Model Tests for Predicting Team Performance by Role Level Pitch across 

Pre-and-Post Perturbation. 

 

Figure 5. Regression Plot depicting the relationship between the transporter’s pitch in the 

quadratic term with the team score pre-and-post perturbation. The regression line shows a 

positive relationship between the quadratic term and the team performance score. 
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CHAPTER 5 

DISCUSSION 

The findings for RQ1 failed to reject the null hypothesis and did not meet the 

expectations of previous studies that found that emotional stress expected to affect performance 

and impact voice pitch (Kreiman & Sidtis, 2011). Although the official task experiment was not 

designed to cause stress to participants, it served to develop ASI, and as a result, the pre-and 

post-perturbation events may not have been strong enough to trigger a psychophysiological 

response captured in the voice.  

On the other hand, the results do support the initial hypothesis of RQ2: what portion of 

the team’s performance is explained by each role’s pitch change after a perturbation? However, 

this hypothesis is only supported for the transporter task role. Considering gender was necessary 

because pitches differed between the sexes during the analysis. The analyzed teams had a 

majority of male participants (73%), followed by female participants (23%).  In the teams that 

were analyzed, one female was assigned the role of a transporter.  

 A possible explanation for this significance is the task and role design; the transporter’s 

pitch is associated with performance in a U-shaped manner.  The transporter is the fastest 

member of the team; the transporter was likely to have higher stress when communicating in pre- 

and post-perturbation to gain more points. According to these results, the transporter may have 

the most central role in voice communication because when the transporter is under varying 

levels of workload and stress, and thus voice pitch has a complex relationship with performance 

for that role. During a task, there appears to be a U-shaped relationship between a transporter’s 

pitch and the team’s performance, with performance decreasing up to a certain point. The pitch 
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used by transporters has a positive relationship with the team in adapting, particularly following 

a perturbation, as a high-level pitch has a relationship with recovery from perturbation. The 

analysis’s initial claim suggests that pitch and stress are linked and that stress, in turn, is 

positively associated with performance. Therefore, by measuring pitch, it may be possible to 

predict levels of stress and performance.  

Limitations and Future Work 

The empirical results reported herein should be considered limitations. The research 

questions for this thesis were not originally designed for this study. There is limited evidence in 

survey questions, such as if the stress was experienced; as reported in the Procedure section, the 

survey contained no other questions besides “Did the team have “good emotional balance?”. It 

will be valuable to provide more questions in the survey asking about indications of emotional 

stress in future studies. 

For this thesis, a workload measurement is unavailable, and a given workload 

measurement could have influenced vocal pitch. Other considerations include that the present 

work differs from previous research on psychophysiology that measured vocal pitch in 

conjunction with heart rate variability (HRV) to indicate emotional state (Cosetl & Lopez, 2011; 

Urban et al., 1996). Due to the experiment being remotely administered, collecting other 

physiological data (e.g., heart rate) would have been challenging. However, other characteristics 

in a human voice, such as jitter, shimmer, pauses, and intensity, were not applied when analyzing 

the vocal range for differences which may have provided more insights into vocal cues during 

Mission 2. 
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In addition, there was a lack of sensitivity to cumulative team performance scores versus 

the number of victims rescued for that interval. For example, during the pre-and post-

perturbation, depending on the team’s strategy rescuing higher-scoring victims (i.e., critical 

victims) versus lower-scoring victims (i.e., regular victims) may have been decided to take 

priority to increase team score. Another limitation is that the pre-and-post-perturbation score was 

not normalized based on their calculation over time; also only considered high-and-low-

performing teams chose from three conditions of ASI (DOLL, CRA, CMU). 

 Another limitation of the experiment, not all participants were native English speakers, a 

potential contributor to variations in pitch. Aside from testbed technical limitations, this study 

also relied on remote participation, which required participants to use personal audio 

microphones to capture their voices, along with internet connections and computer software; all 

internet connections, microphones, and software were tested to meet standards for usability.  

CONCLUSION 

Future ASI developments could intervene if the vocal pitch of a player deviates from 

baseline, which may become increasingly important in understanding human teams interacting 

with their environment. The purpose of this thesis was to investigate the relationship between 

vocal pitch and team performance in simulated search and rescue missions.  We conclude that 

vocal pitch pre- and post-perturbation is related to team performance, particularly for specific 

roles. This work provides a conceptual framework for the relationship between voice pitch and 

team performance. Examining psychophysiological responses, including voice pitch related to 

team performance, can inform the ongoing development of robust, intelligent ASI tools that can 

support dynamic, high-stress team environments.  
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APPENDIX A 

SCATTER PLOTS 
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1. This chart illustrates the differences between routine and novel tasks in terms of 

voice pitch frequencies from 100 to 410 Hz between high and low-performing teams. 

 

2. A scatter plot of pre-and-post perturbation voice pitch comparison in each role, 

i.e., medic, transporter, and engineer, across high-and-low-performing teams in mission. 
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APPENDIX B 

11 X 11 COEFFICIENT COVARIANCES MATRIX OF CLASS
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