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Abstract

:

(1) Background: Starting in 1993, the sociomapping method was used in the Czech Army to map communication. After initial pilot tests in military aviation, where we verified the reliability and validity of the basic subjective scales (for example, by correlations with physiological data), this method was utilized for communication mapping in the HUBES (Human Behavior in Extended Spaceflight) experiment conducted between 1994 and 1995, and since then has been repeatedly used in experiments simulating long-term space flights. (2) Methods: In this article, we summarize the key findings obtained through sociomapping in eight space experiments with crews including women, conducted between 2015 and 2023, including five experiments at the Mars Desert Research Station (MDRS) and in three stages of the SIRIUS project (Scientific International Research in Unique Terrestrial Station). (3) Results: The median test-retest correlation for both the frequency and quality of communication was 0.64, ranging widely from −0.74 to 1. The quantity and quality of communication showed a moderately strong correlation (0.40). Control charts demonstrated diverse developmental trends in crew communication across the experiments. Sociomapping allowed for more detailed visualization of the structure and dynamics of communication throughout the missions, as well as the detection of subgrouping and isolation of individuals in the crews. (4) Conclusions: The experiments showed that scaled assessments of mutual communication in terms of both quantity (frequency) and quality are a reliable and valid tool that enables the capture of significant one-time fluctuations and/or long-term trends. The experiments highlighted the possibility of increased risk of significant fluctuations and gradual deterioration of communication in the second half of the mission, which, however, does not have to be the rule, especially in shorter isolations. Continuous monitoring of communication through simple rating scales allows for timely intervention and stabilization of communication.
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1. Introduction


Psychosocial aspects of space travel have been studied since the 1950s [1,2,3,4]. While early space flight programs were more focused on resolving physical and physiological stressors, the advent of long-duration missions emphasized the importance of psychological and social stressors [5]. Vinograd [6], in a comprehensive study of isolation experiments aimed at gathering relevant recommendations for long-duration space flights, highlights not only the importance of interpersonal relationships but also the lack of methods for quantitatively capturing their changes. Ziller [7] cites group dynamics as one of the fundamental differences that distinguish long-term work teams from short-term ones. Connors, Harrison, and Akins [8] recommend reducing the psychological and interpersonal vulnerability of the team not only through appropriate individual selection but also through group dynamics training and the provision of psychological assistance. They also advocate for the need for future research focused on better understanding team dynamics. Nicholas [9] noted that despite the crucial impact of team interaction on team performance, this area has been largely ignored in the context of space research. Foushee and Helmreich [10] even mention a paradox in that relatively little attention is paid to research and training for group performance in aviation, despite the fact that crew performance is inherently a type of group performance. Later, Galarza and Holland [11] highlight that the ability to work in a team is a critical competency for long-duration flights, which should also be reflected in the development of tools and procedures not only for selection but also for training and support. In 2004, Manzey [12] summarized the then-current knowledge about behavior during long-duration flights, emphasizing that attention should be paid to the mutual interactions among crew members and their measurement. More specifically, he claims that the biggest psychological challenges astronauts have to cope with are related to psychological and interpersonal stressors they are exposed to, especially a lack of privacy and enforced social contact with other crew members. Kanas and his colleagues [13] formulated recommendations that internationally approved procedures should be established for monitoring interactions among crew members, emphasizing self-monitoring methods. The assertion that teamwork needs attention in both research and training and that tools and procedures enabling this should be developed can also be captured in recent systematic studies [14,15,16].



One of the important themes of team dynamics is the formation of subgroups and cliques, leading to a decrease in group cohesion and, in some cases, even resulting in the isolation of certain crew members [17,18]. In this context, Kanas [19] emphasizes the importance of having open communication channels among crew members. In addition to the theme of team dynamics, the gender composition of teams also appears to be an important topic. In summary comments on space exploration, the assumption was initially formulated that this was not work suitable for women [20,21]. However, this topic has become more discussed with the gradually growing assumption that crews in space research will be mixed [17,18,22,23], up to the radical suggestion that crews should be all-female [24]. Landis [24] argues that women have a lower mass, take less volume than males, and use proportionately fewer consumables. In addition, a female crew may be likely to choose non-confrontational approaches to solve interpersonal problems. Another important aspect influencing the communication and collaboration of crews is linguistic and cultural differences [13,17,18], which can result in group division [25]. The fact that cultural and gender differences can lead to significant conflict was demonstrated, among other instances, in the SFINCSS experiment [26].



Apart from one-time conflicts, various studies have shown a gradual increase in tension during long-term missions accompanied by a decrease in communication. Sometimes, this is referred to as the phenomenon of the second half or the third quarter of the mission [16,27,28]. These findings, evident in some specific case studies [26,29,30], however, cannot be generalized [16,28].



In the former Czechoslovakia, the study of space crews was initiated by the sociologist and pilot Jaroslav Sýkora. One of his initial studies was the Stola 1988 experiment, which simulated a 21-day space flight and examined differences between two crews. In this experiment, Sýkora brought together doctors, psychologists, and sociologists to study stress aspects related to crew isolation from an interdisciplinary perspective. Differences in the communication of both crews were later correlated with leadership style and crew composition, which differed in the presence or absence of women [31,32,33].



In 1993, the method of sociomapping [34,35,36] was introduced in the Army of the Czech Republic, enabling the monitoring of communication development within and between teams. Mutual interactions were transformed into a fuzzy model of the mutual communication proximity of individual crew members or teams. This fuzzy model allowed for the aggregation of various measurement methods and different time intervals. Repeated representations captured changes in the overall volume of communication, as well as in mutual proximity or distance. This method was designed for monitoring communication in the Human Behavior in Extended Spaceflight (HUBES) experiment. During repeated scaled assessments of mutual cooperation, a persistent decline in mutual communication was visible. In the dynamic mapping of mutual communication distance, gradual isolation of one of the crew members was evident [35]. This decline in perceived communication corresponded with a decrease in recorded communication and an increase in stress [31], which were findings also noted by other research teams [30].



Sociomapping was also utilized in the EKOPSY 95 experiment, conducted between 1995 and 1996, in which a three-member crew was temporarily expanded by an additional three-member crew, which was later separated again [37]. In the EKOPSY experiment, crew members evaluated their communication with each other on an ordinal scale. This made it possible to assess, based on the average, how other crew members perceived an individual’s communication activity, as well as how the individual perceived communication activity with each team member. Mutual evaluations enabled the depiction of the crew’s communication structure and dynamics through sociomaps, which derived the mutual arrangement from the mutual communication proximity. On the sociomaps depicting the development of mutual communication proximity, it was evident that both crews managed to connect mainly through the communication of both leaders. After the crew was reduced to three members again, communication did not return to the original level, and one of the crew members remained partially isolated [37,38].



In the Mars-105 experiment conducted in 2009, a total of 7 data collections were carried out with an average 16-day interval between administrations [38]. Each crew member ranked the other crew members from whom they communicated with the most to the least. The average test-retest correlation of this ranking was 0.80. The quality of communication with individual team members was assessed on a percentage scale. The lowest average communication quality scores (69%) were achieved during the sixth administration (two-thirds of the total experiment time). At the same administration, the lowest scores were also recorded for the overall assessment of team atmosphere and team performance. Additionally, a higher number of mutual misunderstandings were reported at that time [38].



In the Mars-500 experiment, conducted between 2010 and 2011, a total of 36 data collections were conducted at fourteen-day intervals. Apart from the order in which individual members communicate with each other and how they should communicate, a five-point scale assessing the level of communication with individual persons was also utilized for both the current and optimal communication levels. Throughout the experiment, crew members used all values on the scale, with the average test-retest correlation of communication frequency being 0.79 and the average test-retest correlation of optimal communication frequency being 0.84 [39]. One significant decrease in the communication frequency parameter occurred during the seventeenth administration, which was due to the simulated landing on Mars and, thus, the division of the entire group into two subgroups. After the Mars-500 experiment, questions arose about the format of the five-point scale used for frequency and quality of communication, which is also employed in the research of regular work teams [38]. Such scales were used in the series of MDRS and SIRIUS experiments.



In this study, we focused on mapping the mutual communication of eight crews involved in simulated space flights with varying isolation durations. We were particularly interested in the following four areas of research questions:




	
What is the general level of frequency and quality of mutual communication among the observed crews? What is the typical distribution of the use of individual degrees on the measurement scales? Which values, in terms of the rarity of their occurrence, can be considered warning signals?



	
What is the stability of communication frequency and quality among the crews in the simulated flights? What is the typical test-retest correlation between the various measurements of mutual crew communication?



	
What trends and changes can we observe in the development of frequency and communication over time? Are there any typically occurring phenomena in the frequency and quality of crew communication? Is it possible to observe significant fluctuations in certain time intervals of the experiments?



	
What significant changes in the structure of communication occur during the various experiments? Is the team structure stable or rather a temporary phenomenon within the changing dynamics of cooperation during the experiments?









2. Materials and Methods


2.1. Description of Experiments


This study is based on the analysis of data from eight experiments simulating space missions, specifically five MDRS (Mars Desert Research Station) experiments, namely MDRS 162, 147, 148, 275, and 280, and three SIRIUS (Scientific International Research in Unique Terrestrial Station) experiments, namely SIRIUS-17, SIRIUS-19, and SIRIUS-21. The experiments took place between 2015 and 2023, with isolation periods ranging from 12 to 240 days. The crews consisted of 3 to 7 members, with one experiment seeing a reduction in crew members from 6 to 5 during the simulation. Seven crews were gender mixed; one crew was all female. Three of the eight crews had a female commander. Six crews included members of different nationalities; two crews were composed of members of the same nationality. Further characteristics of the experiments and their crews are detailed in Table 1.



All MDRS experiments were held in the Mars Desert Research Station in Utah, USA. The Mars Desert Research Station (MDRS), owned and operated by the Mars Society, is a space analog facility in Utah that supports Earth-based research in pursuit of the technology, operations, and science required for human space exploration. The facility hosts an eight-month field season for professional scientists and engineers, as well as college students of all levels, in training for human operations, specifically on Mars [40].



All stages of the SIRIUS project were held in the ground-based experimental facility (NEK) in Russia. SIRIUS is an international project that is being conducted in Moscow at the Institute of Biomedical Problems (IBMP) of the Russian Academy of Sciences (RAS) in collaboration with NASA’s Human Research Program (HRP) [41,42,43]. Thus far, three stages of the project have been conducted (SIRIUS-17, SIRIUS-19, and SIRIUS-21). In each of these so-called ICC (Isolated, Confined, and Controlled) analog missions, a mixed crew (3 men and 3 women) was isolated. Crew communication was monitored as part of a broader questionnaire focused on psychosocial aspects [44].



For more information about all eight experiments included in this study, please see Appendix A.




2.2. Data Collection


Data on the mutual communication of crew members, specifically regarding frequency and quality, was collected throughout the isolation periods in all the mentioned experiments. This collection was conducted through questionnaires based on mutual assessments. Crews evaluated the frequency and quality of their mutual communication at various intervals, which were always adjusted to the overall duration of the isolation. The total number of data collections varied depending on the duration of each experiment. A detailed overview is provided in Table 2.




2.3. Communication Scales


The foundation of our team and crew research is based on relational questions focusing on the frequency and quality of mutual communication among individual crew members. Each member individually evaluated their colleagues during the relevant time period in terms of how often they communicated with them and the quality of the mutual communication. The length of the evaluated period was derived from the overall duration of the isolation and ranged from daily intervals to bi-weekly intervals. The five-point Likert scales were verbally anchored. The description of the scales is provided in Table 3:



For both communication scales, we can measure test-retest correlation, the median estimate of which (at intervals shorter than six months) is 0.63 for the communication frequency scale and 0.59 for the communication quality scale [45]. In earlier studies, a high correlation has been demonstrated, which for example, for the communication frequency scale was 0.65 on average at intervals shorter than six months [38]. Although this high correlation is satisfactory evidence of test-retest reliability, the ability of this question to capture continuous changes has also been documented in various case studies and experiments [38,39,46]. Moreover, the correlation between ratings on the communication frequency and quality scales was found to be moderate (specifically 0.44) based on the data from hundreds of regular work teams [38].



Previous studies have also confirmed the associations between the evaluation using rating communication scales and mutual trust, team satisfaction, or team performance. For instance, a positive correlation between the quality of mutual communication and overall satisfaction with team communication was found, with a value of r = 0.49 [47]. A correlation between the current frequency of communication and sympathy was also identified, with a value of r = 0.46, and trust, with a value of r = 0.42 [48]. The quality of communication also positively correlates with an average team member’s annual revenue in business teams, with a value of r = 0.20 [49].



Data collected using scales measuring the mutual frequency and quality of communication within individual crews were analyzed and visualized using the sociomapping method, which allows for the capture of communication structures and the display of the temporal evolution of relationships [39,46]. Control charts [39,46,50] were additionally used to statistically evaluate the significance of fluctuations over time. These methods will be briefly introduced in the following sections.




2.4. Control Charts


Data on mutual evaluations (of which there are a total of 30 in a six-member team, for example) can be summarized into an average as a simple parameter indicating the quantity (frequency) and quality of communication. These values allow for a comparison with values from work teams of the same size, representing an external benchmark. An internal benchmark involves comparing the specific data collection with the long-term average over an extended period, which is done within the control chart.



If we have these parameters at regular intervals, we can evaluate sudden fluctuations and changes using control charts [38,46,50]. Tests described for this method enable the determination of whether a deviation from a stabilized state is excessive or whether a specific phenomenon is emerging, whether it is a long-term trend of decreasing or increasing mean level or an increase in volatility [51]. The graphical representation of the tracked changes and fluctuations is presented in Figure 1.



The basic parameters of control charts are the central line (CL) and two boundary lines indicating statistically significant deviations—the upper control limit (UCL) and the lower control limit (LCL). The UCL and LCL were determined using the control limits factor (A3) multiplied by the sample’s standard deviation and added to the mean or subtracted from the mean. The A3 is a standardized coefficient that considers all values for each measurement [52].



Apart from monitoring whether individual measurements fall outside the common range defined by the UCL and LCL lines, it is also possible to observe whether there is a long-term decrease or increase in the observed variable (successive measurements have a downward or upward trend) or whether values remain above or below the normal level for an extended period (multiple measurements in a row are above or below the average).




2.5. Sociomapping


The sociomapping method allows for the analysis and visualization of changes in mutual communication. Its underlying mathematical basis is a fuzzy model, within which the proximity of each crew member to other crew members is indicated. These fuzzy models allow for the aggregation of various data collection methods, as well as temporal aggregation [34,35]. A fuzzy model, generally, is an asymmetric matrix in which the degree of membership (from 0 to 1) of person j to the fuzzy set of close individuals to person i is indicated in the i-th row and j-th column. The degree of membership can range from zero, corresponding to the minimum possible level of communication, to 1, corresponding to the maximum possible level of communication in terms of the given communication parameter. An example of a fuzzy matrix is shown in Table 4. Communication data can come from various sources. The degrees of membership can be converted based on content analysis of the volume of mutual communication (within the total volume of communication of a given person), variables obtained through observation, and mutual subjective evaluations using ordinal scales. In our case, the model was created based on the above-mentioned subjective communication scales.



The fuzzy model is transformed into a sociomap, which is a graphical representation of mutual relationships [38,53,54,55]. An example of a graphical representation of a fuzzy model using a sociomap is shown in Figure 2. The accuracy of the sociomap with respect to the given model is measured using the Spearman rank correlation based on the distance on the map (from the nearest to the furthest) and the values of the degree of membership in the fuzzy model (from the highest to the lowest). This Spearman correlation is calculated for each team member and then averaged for the entire team and the corresponding sociomap. The algorithm that assigns a corresponding sociomap to each fuzzy model is based on maximizing the average Spearman coefficient.



In general, the sociomap demonstrates that the closer a person is to the sociomap, the higher their degree of belonging to the fuzzy set of communication proximity. The heights of individual crew members correspond to the average value of how they are perceived by the other team members. In the previous example of a military team, we present a fuzzy model (Table 4) and its corresponding sociomap (Figure 2). The average Spearman correlation between the degrees of belonging and the proximities on the sociomap is 0.72 in this case [38].



The sociomap allows us not only to capture the extent of communication involvement of individual team members but also to see who speaks more and who speaks less. Consequently, we can observe the division of the team into subgroups or the partial isolation of some team members on the sociomap. In the case of repeated data collection, we can observe the development of mutual communication.





3. Results


The aforementioned eight experiments conducted between 2015 and 2022 involved 48 subjects who provided 4851 mutual evaluations of quantity (frequency) and quality of communication out of 5062 possible evaluations, representing a 96% return rate of the rating scales. The total sum of days in isolated conditions amounted to 464.



3.1. Description of Frequency and Quality of Communication in the Experiment Crews


Although the question setups differed in individual experiments, they were always based on the two aforementioned five-point scales. The distribution of the individual degrees of both scales is visualized in Figure 3 and Figure 4.



As can be seen, respondents utilized the entire range of the scale for both questions. The mode and median of the responses are 4, which represents a narrower statistical norm. Responses 4 and 5 account for 70% in the case of evaluating the frequency of communication and over 80% in the case of evaluating the quality of communication. Responses 1 and 2 are rare occurrences (values 1 and 2 occur in 12% of cases for the frequency of communication and only 5% of cases for the quality of communication). They should thus serve as an indicator of a less functional communication channel. Descriptive statistics for these scales in individual experiments and across the samples are provided in Table 5.



The above-mentioned averages are computed across all data collections from individual team members; the overall score is computed using the data on the team level. The distribution of data collection results is further expressed in the following histograms (see Figure 5 and Figure 6).



During the individual data collection across all experiments, the average team communication frequency never fell below the value of 2 and was only below 3 in 3.5% of cases. In 5.8% of cases, the average communication frequency exceeded 4.5. The average mutual ratings for communication quality never fell below 3. In 4.7% of cases, the teams were able to achieve an average communication quality rating higher than 4.5.




3.2. Stability of Communication Frequency and Quality among the Experiment Crews


The stability of communication can also be assessed by the correlation between two consecutive data collections. Table 6 provides descriptive statistics for the calculated Spearman correlations for each experiment separately, as well as the overall value for all measurements included in this study across the experiments.



The overall median test-retest correlation across all experiments was 0.64 for both frequency and quality of communication. Rounding to two decimal places makes the results look identical. The correlation range was from −0.74 to 1 for frequency and from −0.57 to 1 for quality. All those results indicate high stability of communication but also occasional significant changes. The results can be further described by the distribution of the test-retest correlations (see Figure 7 and Figure 8).



The correlation between the scales of quantity and quality of communication across all experiments was 0.40. This correlation coefficient is based on individual-level data and was computed across all experiments included in this study.




3.3. Significant Fluctuations and Trends in the Communication of the Experimental Crews


The development of both the quantity and quality of communication can be expressed using a control chart, which includes a time series of individual data collections, as well as the long-term average and any warning lines that express a significant deviation from the average. In Figure 9 and Figure 10, we illustrate the fluctuation of both parameters, with the central lines and warning limits UCL and LCL marked.



These graphs allow us to capture not only singular fluctuations but also longer-term trends. A downward trend can be observed, for instance, in the SIRIUS-17 experiment, where there was a decline in both frequency and quality. A significant one-time fluctuation in frequency (and partially in quality) of communication can be seen in the SIRIUS-19 experiment. In the SIRIUS-21 experiment, a decrease in the frequency of communication is indicated (seven final observations fall below the centerline). An example of stabilized communication can be found in the MDRS 147 experiment. Improving trends in both frequency and quality of communication can be observed, on the other hand, in the MDRS 275 and MDRS 280 experiments. The MDRS 148 and MDRS 162 experiments are relatively stabilized, although it is evident that the lowest values of communication quality are achieved at the end.




3.4. Visualization of the Structure and Dynamics of Team Communication


Sociomaps offer a deeper understanding of team structure (and dynamics). Figure 11 shows the development of communication frequency during the MDRS 280 experiment. In the beginning, not only a lower intensity of communication is noticeable (blue/green color), but also a structure indicating five team members that are rather separated, with two members in the middle of the sociomap connecting the rest of the team. They act as a connector between the other members. In the second sociomap, we already see a clearer formation of the team, with a structure of two smaller subgroups, mostly connected by one person in the middle of the map. The last sociomap, depicting the end of the experiment, clearly shows highly intensive communication connections between all team members. The team has become highly interconnected, and in terms of communication, it has become significantly more cohesive. The division into distinct sub-teams has disappeared, and none of the team members are significantly separated from the rest of the team.



Figure 12 shows the evolution of communication frequency in another 7-member team, specifically the MDRS 275 experiment. Before the start of the mission, we can see a team with relatively lower communication frequency on the first sociomap, with one team member more distanced from the others, but even the others do not show full mutual communication connections yet. The sociomap from approximately the middle of the mission indicates an overall increase in communication frequency, with more distant team members successfully involved in communication exchanges. However, we still see mostly pairs connecting to the team leader. At the end of the experiment, the formation of a communicationally interconnected five-member crew is evident, with two team members remaining slightly separated from the rest of the team, but this dyad is still connected to each other (proximity on the map).





4. Discussion


Among the various approaches that analyze crew interactions, content analysis of communication [56] or the use of semantic differentials [57] are some examples that enable the capture of the gradual convergence of mutual perceptions. Vinokhodova et al. [58] and Gushin et al. [59] emphasize the importance of measuring changes in communication and psychological closeness not only within the crew but also with the mission command center (MCC). They reported an increase in a “psychological distance” between the crew and the MCC personnel versus increased crew cohesion. A detailed analysis of various levels of communication is quite demanding and expensive and requires special software [60]. In our experiments, changes were repeatedly captured only through subjective scales. This approach is highly time-efficient.



Although the questionnaires varied in different experiments, the assessment of communication in terms of real frequency and quality was always the basis. The reason for choosing communication to assess team processes is that communication can be considered a fundamental condition for all team processes [61]. A meta-analytic study on the relationship between team communication and team performance [62] found a relationship strength of 0.36 for communication quality and 0.19 for quantity. Moreover, these numbers remained relatively stable despite changing team characteristics or management methods. When operationalizing quantity and quality through subjective rating scales, we arrived at similar results on a representative sample from the Czech Republic [63]. For the communication frequency scale, the correlation with perceived performance was 0.19, and for the communication quality satisfaction scale, the correlation with perceived team performance was 0.39. The use of rating scales thus appears to be effective and beneficial for a quick insight into the state of team communication, which can also predict their performance.



Frequency analysis of mutual evaluations of communication quantity and quality among crew members shows that one of the significant warning signs is the scaled rating at levels 1 and 2, which is rarely found on both communication frequency and quality scales. It should be perceived as an unusual phenomenon that indicates a lack of communication connection, which could be a source of potential communication barriers.



Average values of mutual communication frequency, either in quantity or quality, do not normally fall below 3 on the five-point scale. Therefore, any lower average value for both parameters should also be considered highly atypical. Values of average communication frequency and quality below 3.5 are still below the average range compared to the norm for simulated flight crews, while values above 4.5 can be considered significantly above average. Overall, the average of both scales compared to the norms for regular work teams is very high. The obtained average scores can be compared with the norms of regular work teams. These norms were collected from 2014 to 2020 for a total of 1049 teams. The norms take into account the team’s size. Compared to these norms, the space crews are exceptional in terms of above-average frequency (96.5th percentile) and communication quality (98th percentile).



The results of the test-retest correlation of both scales are consistent with previously published findings on time dependability [45]. Although the median estimate of the mean can be understood as evidence of the scale’s reliability and the time stability of communication, the wide range of correlations indicates greater variability in specific cases. This variability may have been caused in some cases by the experimental program, such as the Mars landing simulation in the Mars-500 experiment, but it may also be due to conflicts, as previously found in the HUBES and Mars-105 experiments [38].



It turns out that changes in the quantity and quality of communication are correlated, which can be considered evidence of convergent validity, even though they do not measure the same concepts. The correlation between communication frequency and quality is 0.40, which is very close to the previously published correlation of 0.44 found in regular work teams [38].



On the control charts of overall communication parameters, we can capture occasional fluctuations as well as systematic trends. One possible trend is the deterioration of communication (in terms of both quantity and quality) in the second half of the experiment. The experiments where deterioration occurred include SIRIUS-17 and SIRIUS-21. It cannot be said, therefore, that the general deterioration of communication (which was previously found, for example, in the HUBES, EKOPSY, or Mars 105 experiments [38]) had to be the rule, but it is one of the possible developments that need to be considered since we can include cases such as the SFINCSS and EXEMSI experiments [30]. Given the high number of case studies showing deteriorating communication, it is necessary to consider this risk in training and subsequent team support.



When values for a specific group (or individual) are compared with values for the remaining team members, it is possible to capture the splitting of the team into sub-teams. In the example provided, we illustrated that it is possible to capture the splitting of a group or the partial isolation of some team members on the sociomap.



Regarding gender differences, there is currently a lack of sufficient data. From a communication perspective, mixed crews can be evaluated (compared to team norms) as highly effective, although for a long time in space research, there was a trend to nominate all-male crews. In this context, we can mention a study on work teams, where we did not find significant gender differences in the frequency of mutual communication [64]. Differences in the quantity and quality of communication will continue to be one of the questions in our future research.



Regular measurement of communication sensitizes crew members to how they communicate with each other and provides an early signal in case some communication indicators are not developing as desired by the crew members or the command center [46]. Sociomaps can be a suitable basis for debriefing focused on mutual cooperation [65]. Salas and his colleagues [66] proved that team training has an effect on team performance. If a team learns to conduct regular debriefs, a significant increase in team performance is evident [67,68]. This approach has long been used in aviation [69]. Therefore, it is recommended that team training and team debriefing be used within space crews [70]. The entire process could be adopted by the crew even before the mission itself, which in some cases was done by administering scales at least once before the start of the mission. This finding is supported by a meta-analysis of the impacts of team collaboration training on behavior and team performance [71]. This meta-analysis has demonstrated that training that includes content review supplemented by simulations and a final debrief achieves a high effect on team performance.



Debriefing takes the form of a structured team discussion of the results of the sociomapping followed by facilitated feedback, which is then followed by the creation of action plans to improve communication. The whole process typically includes these specific phases:




	
Data collection and evaluation.



	
Presentation of sociomaps to the team.



	
A general discussion about the results (of what team members found interesting, surprising, affirming, or contradictory about their perceptions of the team).



	
Preparation of feedback to individual team members. Everyone notes on paper the pluses (something they would like to appreciate their colleague for) and deltas (what they could improve in their communication to work better together).



	
Individual team members have a minute to communicate feedback to each other team member.



	
Team members transform the feedback they have heard into an action plan of what they will specifically do to maintain highly effective team communication.








One potential limitation of this study is based on the measurement of communication on subjective assessment scales. In the HUBES and EKOPSY studies, communication scales were compared with objective criteria: physiological and behavioral indicators; for example, it was confirmed that subjective ratings of peer relationships were related to measured physiological indicators of stress. We also validated the relationship between subjectively rated communication frequency and actual communication volume measured in minutes, with an average correlation of 0.69 between objective and subjective communication frequency [38]. In future years, we plan to focus on re-integrating our subjective scale data more closely with objective data measured during isolation to re-validate communication scales in the space research setting.



Let us add that besides space research, communication mapping has been used in the analysis of various other work teams. Over time, it has been proven to be a reliable and valid method [38,72], allowing for the comparison of communication among different work teams. Sociomapping has a demonstrated impact on team performance assessed internally [65] as well as externally [73]. The use of sociomapping is suitable in more demanding situations [74]. Sociomapping can be followed by intervention methods [48,75,76]. Sociomapping has also started to be used in the Army of the Czech Republic for interventions that support team cohesion [77]. Among other things, it has been shown that team interventions based on sociomapping can contribute to the support of mental health [78]. From the perspective of the team itself and the command center, sociomapping can be seen as a regular form of monitoring the quality and quantity of communication within quality management.



In the future, we would recommend that the crew adopt this process along with debriefing and be informed about the various phases that a team can go through and how to deal with misunderstandings or conflicts more constructively. Sociomapping is not only a diagnostic tool but can also be used as a method that is applicable for team training as a tool for better awareness of team processes.




5. Conclusions


Regular evaluation of communication frequency and quality using five-point scales allows for capturing one-time fluctuations in communication as well as long-term trends. If any change is captured by the analysis of averages through regulatory analysis, a sociomap can be used to visualize the relationships among individual crew members. The data collected can serve as a basis for communication debriefing aimed at stabilizing or improving communication. Simultaneously, these procedures can be used for team collaboration training before the actual space mission.
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Appendix A. Resources for More Information about Experiments




	Experiment
	Website with More Information about the Simulation/Project



	MDRS 147
	https://sites.google.com/a/marssociety.org/mdrs2013/home/crew-147/final-mission-report?authuser=0 (accessed on 10 November 2023)



	MDRS 148
	https://sites.google.com/a/marssociety.org/mdrs2013/home/crew-148/mission-summary?authuser=0 (accessed on 10 November 2023)



	MDRS 162
	https://sites.google.com/a/marssociety.org/mdrs2013/home/crew-162/endmissionsummary?authuser=0 (accessed on 10 November 2023)



	MDRS 275
	https://mars.bde-supaero.fr/en/crew-275-crew-members/, more will be published on the MDRS website later (accessed on 10 November 2023)



	MDRS 280
	https://hypatiamars.com/newsletter/ (accessed on 10 November 2023), more will be published on the MDRS website later



	MDRS
	https://mdrs.marssociety.org/ (accessed on 10 November 2023)



	SIRIUS-17
	https://www.nasa.gov/wp-content/uploads/2018/10/sirius-17.pdf (accessed on 10 November 2023)



	SIRIUS-19
	https://www.nasa.gov/wp-content/uploads/2018/09/sirius_19_booklet.pdf (accessed on 10 November 2023)



	SIRIUS-21
	http://sirius.imbp.ru/sirius21/eng.html (accessed on 10 November 2023)



	SIRIUS PROJECT
	http://sirius.imbp.ru/eng.html (accessed on 10 November 2023)
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Figure 1. Example of a control chart. Note: the blue line represents the average value (CL), and the red dashed lines indicate the UCL (upper control limit) and LCL (lower control limit) values. The example also includes visualization of some observed phenomena in the development of the monitored variable. 
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Figure 2. A sociomap corresponding to the fuzzy model from Table 4 (retrieved from Bahbouh [38], p. 101). Note: The letters (A–H) represents the individual members of the team. The mutual distances indicate the intensity of the relationship (e.g., communication frequency). The closer the labeled subjects are on the map, the more intensively they communicate with each other. The color intensity represents the overall intensity of communication, with red indicating the highest average intensity and blue the lowest. 
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Figure 3. Distribution of the five-point evaluation of the communication frequency across all experiments. Note: 1 = should often be better; 2 = should sometimes be better; 3 = sufficient; 4 = sometimes above average; 5 = often above average. 
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Figure 4. Distribution of the five-point evaluation of the communication quality across all experiments. Note: 1 = should often be better; 2 = should sometimes be better; 3 = sufficient; 4 = sometimes above average; 5 = often above average. 
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Figure 5. Distribution of average scores—communication frequency scale. 
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Figure 6. Distribution of average scores—communication quality scale. 
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Figure 7. Distribution of test-retest correlation coefficients—communication frequency. 
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Figure 8. Distribution of test-retest correlation coefficients—communication quality. 
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Figure 9. Control charts of communication frequency in individual experiments. Note: the blue dashed line represents the average value (CL), and the red dashed lines indicate the UCL (upper control limit) and LCL (lower control limit) values. 
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Figure 10. Control charts of communication quality in individual experiments. Note: the blue dashed line represents the average value (CL), and the red dashed lines indicate the UCL (upper control limit) and LCL (lower control limit) values. 
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Figure 11. Sociomaps of the communication frequency at the beginning of the MDRS 280 experiment, in the middle of it, and at its end. Note: The letters (A–G) represents the individual members of the team. The closer the team members are to each other on the sociomap, the more frequently they communicate with each other. The color intensity represents the overall intensity of communication, with red indicating the highest average intensity and blue the lowest. 
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Figure 12. Sociomaps of the communication frequency at the beginning of the MDRS 275 experiment, in the middle of it, and at its end. Note: The letters (A–G) represents the individual members of the team. The closer the team members are to each other on the sociomap, the more frequently they communicate with each other. The color intensity represents the overall intensity of communication, with red indicating the highest average intensity and blue the lowest. 
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Table 1. Overview of experiments in which sociomapping was used to monitor the crew’s mutual communication.
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	Year
	Duration in Days
	Number of Crew Members
	Nationality of Crew Member
	Women in Crew (Total Number/

Commander)
	Facility,

Location





	MDRS 147
	2015
	13
	7
	3 USA

1 Germany

1 France

1 UK
	3/no
	MDRS, UT, USA



	MDRS 148
	2015
	12
	6
	2 France

2 Portugal

1 USA

1 Sweden
	4/yes


	MDRS, UT, USA



	MDRS 162
	2016
	18
	3
	2 USA

1 Mexico
	2/yes
	MDRS, UT, USA



	MDRS 275
	2023
	30
	7
	7 France
	2/no
	MDRS, UT, USA



	MDRS 280
	2023
	14
	7
	7 Spain
	7/yes
	MDRS, UT, USA



	SIRIUS-17
	2017
	17
	6
	5 Russia

1 Germany
	3/no
	NEK, IMBP, Moscow, Russia



	SIRIUS-19
	2019
	120
	6
	4 Russia

2 USA
	3/no
	NEK, IMBP, Moscow



	SIRIUS-21
	2021–2022
	240
	6

(5 after 33 MD)
	3 Russia

2 USA

1 UAE
	3/no
	NEK, IMBP, Moscow







Note: MD = mission days; MDRS = Mars Desert Research Station; NEK = Nadzemnyj experimentalnyj komplex = Ground-based experimental facility.













 





Table 2. Description of the frequency and interval of measurements in the analyzed experiments.
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	Number of Measures
	Pre-Isolation

Measure
	Interval between Measures





	SIRIUS-17
	16
	No
	1 day



	SIRIUS-19
	17
	No
	7 days



	SIRIUS-21
	16
	No
	14 days



	MDRS 147
	9
	Yes
	2 days



	MDRS 148
	9
	Yes
	2 days



	MDRS 162
	8
	Yes
	2–4 days



	MDRS 275
	9
	Yes
	3 to 5 days

(Mondays and Fridays)



	MDRS 280
	5
	Yes
	3 to 5 days

(Mondays and Fridays)










 





Table 3. Questions and scales measuring the frequency and quality of communication.
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Scale

	
Question

	
Scale Verbalizations—Examples






	
Frequency of communication

	
How often did you communicate with your colleagues from the crew?

	
[1]

Almost never

	
[2]

Sometimes

	
[3]

Rather often

	
[4]

Very often

	
[5]

Almost all the time




	
Communication quality

	
Evaluate the quality of communication with your colleagues from the crew?

	
[1]

Should often be better

	
[2]

Should sometimes be better

	
[3]

Sufficient

	
[4]

Sometimes above average

	
[5]

Often above average











 





Table 4. An example of the fuzzy model for 8 subjects (retrieved from Bahbouh [38], p. 99).
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	A
	B
	C
	D
	E
	F
	G
	H





	A
	
	0.48
	0.15
	0.54
	0.57
	0.21
	0.75
	0.78



	B
	0.81
	
	0.75
	0.75
	0.81
	0.81
	0.84
	0.84



	C
	0.93
	0.75
	
	0.57
	0.72
	0.51
	0.57
	0.24



	D
	0.69
	0.61
	0.45
	
	0.75
	0.27
	0.42
	0.78



	E
	0.54
	0.45
	0.33
	0.63
	
	0.48
	0.45
	0.15



	F
	0.78
	0.12
	0.63
	0.81
	0.75
	
	0.24
	0.45



	G
	0.57
	0.81
	0.73
	0.69
	0.69
	0.54
	
	0.48



	H
	0.33
	0.66
	0.66
	0.78
	0.84
	0.66
	0.84
	










 





Table 5. Descriptive statistics of the communication scales.
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Frequency of Communication

	
Communication Quality




	

	
Median

	
Avg

	
Min

	
Max

	
SD

	
Median

	
Avg

	
Min

	
Max

	
SD






	
SIRIUS-17

	
4

	
4.06

	
2

	
5

	
0.43

	
4

	
3.98

	
2

	
5

	
0.30




	
SIRIUS-19

	
4

	
4.19

	
1

	
5

	
0.96

	
5

	
4.49

	
2

	
5

	
0.62




	
SIRIUS-21

	
4

	
3.82

	
1

	
5

	
1.06

	
4

	
4.01

	
1

	
5

	
1.07




	
MDRS 147

	
4

	
3.53

	
1

	
5

	
1.08

	
4

	
4.09

	
1

	
5

	
0.54




	
MDRS 148

	
4

	
3.63

	
1

	
5

	
1,14

	
4

	
3.99

	
1

	
5

	
0.87




	
MDRS 162

	
4

	
4.17

	
2

	
5

	
0.99

	
4

	
4.12

	
3

	
5

	
0.67




	
MDRS 275

	
4

	
3.54

	
1

	
5

	
0.98

	
4

	
3.75

	
1

	
5

	
0.86




	
MDRS 280

	
4

	
3.51

	
1

	
5

	
1.09

	
4

	
3.81

	
1

	
5

	
1.12




	
Overall *

	
3.92

	
3.88

	
2.20

	
4.67

	
0.85

	
4.02

	
4.07

	
3.29

	
4.63

	
0.69








Note: Avg = average, Min = minimum, Max = maximum, SD = standard deviation. * Overall values are computed as weighted median/average, respectively, considering the total amount of measures during the experiments.













 





Table 6. Descriptive statistics of the test-retest correlations for communication frequency and quality.
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Frequency of Communication

	
Communication Quality




	

	
Median

	
Avg

	
Min

	
Max

	
Median

	
Avg

	
Min

	
Max






	
SIRIUS-17

	
0.59

	
0.61

	
0.33

	
1

	
0.85

	
0.80

	
0.33

	
0.95




	
SIRIUS-19

	
0.81

	
0.66

	
−0.14

	
1

	
0.69

	
0.63

	
−0.27

	
1




	
SIRIUS-21

	
0.78

	
0.72

	
0.42

	
1

	
0.89

	
0.75

	
−0.28

	
1




	
MDRS 147

	
0.64

	
0.60

	
0.47

	
0.71

	
0.52

	
0.44

	
−0.57

	
1




	
MDRS 148

	
0.16

	
0.20

	
