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Resilient help to switch and overlap 
hierarchical subsystems in a small 
human group
K. Fujii1,2, K. Yokoyama1, T. Koyama3, A. Rikukawa4, H. Yamada4 & Y. Yamamoto1

Groups of social organisms in nature are resilient systems that can overcome unpredicted threats 
by helping its members. These social organisms are assumed to behave both autonomously and 
cooperatively as individuals, the helper, the helped and other part of a group depending on the context 
such as emergencies. However, the structure and function of these resilient actions, such as how helpers 
help colleagues and how the helper’s action is effective at multiple subsystem scales remain unclear. 
Here we investigated the behaviour of organised and efficient small human groups in a ballgame 
defence, and identified three principles of hierarchical resilient help when under attack. First, at a 
present high emergency level, the helper simply switched the local roles in the attacked subsystem with 
the helped. Second, at an intermediate emergency level, the helpers effectively acted in overlapping 
subsystems. Third, for the most critical emergency, the helpers globally switched the action on the 
overall system. These resilient actions to the benefit of the system were assumed to be observed in only 
humans, which help colleagues at flexibly switched and overlapped hierarchical subsystem. We suggest 
that these multi-layered helping behaviours can help to understand resilient cooperation in social 
organisms and human groups.

Groups of living organisms can achieve a greater quality of work than individuals. This ability has been called 
collective intelligence1, defined as the general ability of a group to perform a wide variety of tasks in mobile ani-
mals2–5, robotics6–9, simulated agents10,11 and human groups1,12–16 operating as autonomous decentralised systems. 
For example, interactions between homogeneous mobile animals can solve problems in complex environments2,3 
by entrainment with the movements of neighbours. However, the individuals who make up groups in nature are 
sometimes considerably heterogeneous because of role-sharing, e.g. competition17,18 , cooperation19 and play-
ing various specific roles9,14–16,20–22. Even if a primary goal is simple, such as chase or escape21,23, autonomous 
role-shared agents adapt to the behaviours of the enemy and colleague, and to other changing factors such as het-
erogeneous environment24,25. Consequently, each agent has multiple hierarchical lower-level goals18,26 in addition 
to the primary goal. Furthermore, in a well-organised system, agents should alternately or simultaneously behave 
as autonomous individuals, help or are helped in cooperative dyad and work dependently as part of the whole. 
These autonomous and dependent multi-agents in role-sharing27 to jointly act28 at appropriate subsystem scales 
(from the individual to the overall system) are necessary to solve problems based on hierarchical goal as an overall 
system; in nature, however, these joint actions remain unclear. The flexible system behaviour can be investigated 
by observing how role-shared agents in efficient social systems, such as organised small human group14, cope with 
various emergencies.

A resilient systems, such as an organism in nature29, network systems30,31 or adaptive robot32 can recover 
from unpredicted difficulties or impairment. Resilience has been studied as the capacity of a system to absorb 
disturbances and reorganise while undergoing change so as to maintain the same function, structure, identity 
and feedbacks33. Similarly, resilient multi-agent systems can overcome an emergency of intended or unpredicted 
attack, which is an uninvestigated type of collective intelligence. The important feature is how agents should 
cooperatively interact, because the social interaction may have sometimes negative effects34,35 on the whole sys-
tem. In cooperative animal groups in nature, the resilience of the group is understood as helping behaviour such 
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as observed in social wasp20 or brown hyenas22 despite being non-primate and/or with no kin relationship. The 
helping behaviour explicitly solves problems of the involved subgroup19 and implicitly preserves the function of 
the overall group20. In a state of emergency, however, helpers themselves are threatened with additional helping 
costs. Especially in efficient system with minimising the cost because of limited number of agents, such as naviga-
tion teams at unpredicted sea14, the agents must execute a suitable action with appropriate timing. Furthermore, 
in contrast to the predetermined role-sharing navigation teams requiring different expertise, we hypothesised 
that a helper’s behaviour in more flexible role-switchable system takes a variety of forms at appropriate subsystem 
scales. However, the structure and function of the resilient action, such as how helpers help colleagues, and how 
the helper’s action can be effective at multiple subsystem scales, remain unclear. Understanding these resilient 
helping in nature enables us to identify how groups of social organisms adapt to and survive (or manage the risk) 
inherent in confronting enemies or unpredicted crises.

In this study, we show the resilient helping behaviour in heterogeneous groups at multiple subsystem scales 
against intended attacks by observing sophisticated teams engaged in basketball game (Fig. 1a,b). Because of 
small limited number of members, sports teams provide excellent examples of how autonomous agents act in 
close and efficient coordination in a flexible role-switchable system with minimising personal costs. We focused 
on players performing person-to-person defence against an offensive team, where the roles of all defenders are 
predetermined to mark each attacker (i.e. individual role-filling). In a competition involving experienced teams, 
both defensive and offensive teams employ multi-layered strategies based on the primary goal of protecting all 
shootable spaces (i.e. cope with emergency in the attacker’s shot) and of creating a space for taking a shot, respec-
tively. Thus, the defensive teams provide an example of showing the structure and the function of the resilient 
individual actions when confronting the attack of the offensive team. To investigate the overall defender’s behav-
iour, we first examined the degree of threat for a defensive team against competitor’s attacks using small competi-
tion networks36. We then analysed defensive subsystem coping behaviour with ‘screens’ as intended competitor’s 
subgroup attack, which is used to disrupt defensive players by blocking them.

Results
Degree of threat at multi-subsystem scales. First, we illustrated that the probability and opportunity 
of the primary threat was heterogeneously distributed across the field. The probability of the successful shot as 
primary defensive threat (i.e. defender’s failure) was decreased with the distance from the ring (Fig. 1d, R2 =  0.57, 
F1,6 =  7.96, p =  0.030, 52 shots in total) and the shot was frequently taken near the 3-point line (ball was moved: 
Fig. 1c,e) and near the ring (players moved: Fig. 1f) probably because of the profit and probability trade-of f 37. In 
this study, we assumed that the probability of the primary threat was linearly decreased with the target (i.e. ring).

Degrees of threat were explained as competitive inter-agent distance in heterogeneous field with static 
spatial- and dynamical predictive-specificity (Video S1). We examined various maximum attacker-defender 
distances during the entire period of analysis (for another interval, see Fig. S9) represented as the necessary 
spatial-gaps to avoid the primary threat. Results demonstrated that maximum Euclid attacker-defender distance 

Figure 1. Measurement. (a) Experimental setup. Ten players and a ball were captured. Three red circles 
indicate optical motion cameras (6 cameras in total). Players wearing a white or blue sportswear performed 
half-court 5-on-5 basketball. (b) Coordinate system and example of optical motion capture system at the 
same time as (a). Players can be identified as the given numbers all of the times. (c) Heat map of shot position 
frequency. The shot was frequently taken near the 3-point line and near the ring. (d) Relationship between 
distance from ball to ring in shot and successful shot probability. The probability was linearly regressed (red 
line) with the distance. (e,f) Heat map of ball (e) and all players’ position (f) frequency in entire period of 
analysis. The ball was distributed distantly from the ring probably because defensive players move to shut the 
ball away from the ring, whereas the players were distributed near the ring.
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should be modified reflecting static-spatial specificity of shot probability and dynamic-predictive specificity of 
ball position (Fig. 2 and Fig. S1 and Supplementary Text: p =  0.012, odds ratio =  6.38). In contextually homoge-
neous field, Euclid inter-agent distance is considered a critical parameter to control the qualitative change the 
dynamics of the whole system shown in mobile animal2,3 and human38,39 groups of homogeneous joint action28. 
However, our results indicated that in a physically and contextually heterogeneous field, the critical inter-agent 
distance to express the interaction should be adjusted considering static spatial-specificity and dynamical 
predictive-specificity.

Degrees of threat in competitive group were also expressed at multiple subsystem scales (Video S2) of com-
petition network. Regarding the primary threat (Fig. 3a), the adjusted maximum distances at three different sub-
system scales (Fig. 3b–d: ball-mark, ball-nonmark and nonball-mark) predicted significant difference between 
successful and failed defence (Table S2: all p <  0.29 and odds ratio >  2.98). The defender’s shortening of the 
adjusted ball-mark spatial-gap was directly effective to foil the shot, which was primary rule in defensive systems 
(Fig. 3b). In contrast, indirect coping with the threat on lower-level rules was observed (Fig. 3c,d: secondary 
care to prevent a shot, or keeping role-filling rule), which would be effective to avoid the system primary threat. 
Therefore, degrees of threat in competitive groups were expressed as the adjusted attacker-defender distance at 
multiple subsystem scales using small competition networks36. If defensive system has only one non-hierarchical 
rule, adaptive competitors will strike at a weak point (i.e. spatial-gap), such as the hub observed in the network 
research40. Thus, the system competing against adaptive competitors needs to select appropriate rules, which 
could create a more resilient system (e.g. switching the hub of a mobile group41). Below we demonstrate the resil-
ience of the system against the specific emergencies of competitor’s subgroup attacks.

Figure 2. Maximal adjusted attacker-defender distance. (a–d) The 4 ×  4 distance (corrections and 
subsystem scales) in successful (red) and failed (cyan) defences during entire period of analysis (for detail, see 
Supplementary Methods). Asterisk shows significant difference between the distance in successful and failed 
defences. Each distance diagram was shown in (e,f). (a) Euclid attacker-defender distance with no correction, 
(b) with spatial correction, (c) with prediction correction and (d) with both correction (Fig. 3) were shown. 
Results demonstrated that the maximum Euclid attacker-defender distances should be modified reflecting 
static-spatial specificity of shot probability and dynamic-predictive specificity of ball position. The detailed 
diagram of the distances at multi-subsystem scales were indicated in Fig. 3. (e) Diagram of the distance between 
current defender position (blue solid triangle) and desired defender position (red dot triangle) to prevent an 
attacker from shot and penetration into the ring is shown. The distance with four correction was calculated by 
the correction of spatial (red dot line: multiplying the successful shot probability in Fig. 1d) and/or prediction 
(reflecting ball, attacker and defender position and velocity). (f) Competition network diagram of the distance 
between attackers (circular node) and defender (triangle node) including the primary threat (ball) at 4 
subsystem scales: ball-mark distance (orange), minimum ball-nonmark distance (black), maximum nonball-
mark distance (magenta) and nonball-nonmark distance (blue) calculated by minimum (of non-mark) and 
maximum (of non-ball) distance.



www.nature.com/scientificreports/

4Scientific RepoRts | 6:23911 | DOI: 10.1038/srep23911

Helping behaviour in a local emergency. Tactical competitor cooperation created hazardous emergency 
situations. Offensive teams used ‘screens’ to disrupt defensive players by legally blocking them (a total of 139 
screens in 61 attacks) and to break defenders’ role-filling rules (Video S3). These screens represent an emergency 
for the defensive team. Before the use of the screen, the adjusted spatial-gaps of the involved agents did not differ 
between successful and failed defence (Fig. S2a); however, the adjusted ball-mark spatial-gap after the screen in 
failed defence was larger than those in successful defence (Fig. S2b and Table S2: p =  0.010, odds ratio =  5.34). 
Thus, specific tactically cooperative attack of the offensive team created defender’s direct primary threat (i.e. shot) 
to break the defensive organisation role-filling rules. Dysfunction of organisation would be lower-level emergency 
relative to the direct primary threat; however, our results showed that the dysfunction caused the hazardous crisis. 
Therefore, the system should find solutions at the involved subsystem scale to cope with the emergency, in other 
words, needs helping behaviours.

Helping behaviour coping with the emergency showed various forms at multiple subsystem scales (Video 
S4-7). We categorised four helping patterns coping with the competitor’s intended subsystem attack: (1) helper 
left the tactical attack (Fig. 4a, 66 screens, 47%); (2) helper transiently took the role of the helped and thereaf-
ter returned the original role (Fig. 4b, 34 screens, 24%); (3) helper completely switched roles with the helped 
(Fig. 4c, 25 screens, 15%); (4) helper moved to ring to play other roles (Fig. 4d, 14 screens, 10%). The first pattern 
was following role-filling individual rule, the third represent helping at the local subsystem and the second is 
intermediate (i.e. helper played the double-role). Although role-filling and role-switching are seemingly contra-
dictory as a rule, they actually did because role-filling ranked higher than role-switching in the predetermined 
person-to-person defensive strategy. Moreover, the defensive team predeterminedly gradated role-switching cri-
teria not to be predicted by the competitors (i.e. switch-recommended or avoided: see Supplementary Methods). 
The frequencies of transient help and role-switch were along with the favourable predetermined strategy (Fig. 4e: 
recommended role-switch was more than that in switch-avoided; in contrast, the relationship was reversed in 
transient help), suggesting that the helper selected desirable helping behaviour as a whole. We hypothesised that 
the helping behaviour at multiple subsystem scales depends on the context such as assumed emergency levels 
(Fig. 4e).

Figure 3. Attacker-defender distance. (a–e) Competition network diagram of the relationship between 
attackers (circular node) and defender (triangle node) including the primary threat (ball) at 4 subsystem 
scales: (b) ball-mark distance (orange); (c) minimum ball-nonmark distance (black); (d) maximum nonball-
mark distance (magenta); (e) nonball-nonmark distance (blue) calculated by minimum (of non-mark) and 
maximum (of non-ball) distance. (b–e) The results of statistical analyses of adjusted distances between attackers 
and defenders at 4 subsystem scales in successful (red) and failed (cyan) defences were shown (for detail, see 
Supplementary Methods). Asterisks and black solid arrows show significant prediction between the distance in 
successful and failed defences.
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Helping patterns within a local subsystem emerged dependant on both the physical and strategic context. We 
first examined the adjusted roundabout distance (protuberance in Fig. S7a) of the helped during the screen as 
the competitor’s physical disturbance (see Supplementary Methods). Result demonstrated that in a role-switch 
in switch-avoided situation, the disturbance was larger than that in leaving (Fig. S7f, F2,64 =  3.17, p =  0.049, 
multi-comparison: p =  0.041), indicating strategically undesirable and physically emergency situation was 
occurred (Fig. 4e: only 6 emergencies). However, other coping behaviour was not explained by the physical dis-
turbance. Regarding the degrees of threat, in more frequent recommended role-switch (Fig. 4e: 19 emergencies), 
the ball-mark spatial-gap involved with the emergency was larger than the leaving before the emergency (Fig. 5a: 
F2,43 =  4.45, p =  0.018, multi-comparison: p =  0.035) but not after the emergency (Fig. 5c, p >  0.05). The defensive 
subsystem intentionally may allow to stretch the spatial-gaps because role-switching can save moving distance 
for the helped (see Fig. 4c) and predictively avoid the competitor’s disturbance. In switch-avoided situation, the 
transient help efficiently regulated the role-filling rule rather than the remaining patterns (Fig. 5d: F2,64 =  4.97, 
p =  0.001, multi-comparison: both p <  0.045). This strategically desirable and high frequent role-overlapping 
helping behaviours (Fig. 4e: 24 emergencies) had the combined advantage of switching (avoid emergency) and 
leaving (follow the role-filling rule). Other subsystem behaviours, such as transient help in switch-recommended 
and leaving, did not show significant differences in physical disturbance and degrees of threat, suggesting that 
these subsystem behaviours emerged at lower emergency levels (Fig. 4e). All of subsystem behaviour requires 
close and efficient cooperation following primary and the lower-level rules in addition to predetermined rules, 
which seem to be a cascade reaction driven by the helper’s appropriate movement timing. In Suppelementary 
Text, we showed that the simple and earlier switching helping behaviour benefited on the system, but overlapped 
help timing depended on the situation.

Helping behaviour at a global scale. The helpers sometimes globally switched the action on the overall 
system for the most critical emergency of primary threat, not staying to help in the local emergency (Fig. 4d,e). 
Helper sometimes helped the primary emergency (i.e. shot) in 10 out of 14 ring helps (termed as global help: see 
Supplementary Methods). The ball-nonmark spatial-gap before the global help was larger than that before the 

Figure 4. Patterns of helping behaviour with emergency. (a–d) Observed 4 cooperative patterns of coping 
dyad with the emergency: (a) leaving the screen, (b) transient help and return, (c) role-switching and  
(d) Global helping with the uninvolved colleague with the emergency (Other pattern is shown in Supplementary 
Materials). (e) Frequencies and competition subsystem network diagram of the 4 cooperative pattern organised 
at assumed emergency levels. The frequencies of transient help and role-switch were along with the favourable 
predetermined strategy (i.e. recommended role-switch was more than that in switch-avoided; in contrast, the 
relationship was reversed in transient help). The defensive team in this study predeterminedly gradated role-
switching strategies not to be predicted by the competitors, i.e. switch-recommended (blue bar) or avoided 
(magenta bar).
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non-global help (Fig. 6a, t18 =  2.4, p =  0.025), but not after the emergency (Fig. 6b, p >  0.05), indicating that the 
coping with the first priority was required in global help and avoided the threat at a similar level to the non-global 
help. Conversely, the nonball-mark spatial-gap before the globally-helped emergency was smaller than that before 
the non-global help (Fig. 6c, W =  78, p =  0.039), but not after the emergency (Fig. 6d, p >  0.05). Combined with 
the explicit signal of less disturbance of the screen (Fig. S14a, p =  0.026), the global help situation was not haz-
ardous other than the ball and favourable condition of global helping. Additionally, the helper initiation tim-
ing at global help did not differ from other helping behaviour (Fig. S14b, p >  0.05), suggesting that the helper 
dealt with the two matters simultaneously rather than sequentially, from comprehensive perspectives. Although 
a screen-play represented an emergency to attract helper’s attention, too much attention to the emergency would 
make the uninvolved subsystem dangerous at a higher emergency level against another intended attack. Switching 
from the help in a localised space to the global help adapting the situation would be beneficial for the resilient 
system.

Discussion
Although the defensive teams employed a simple rule to move to the ball and/or the marked attacker across the 
entire period, in emergency situations, the helper switched and overlapped the hierarchical subsystem (Figs 4–6). 
This role of the helper was merely one of the temporal roles in the overall system, however, it helped to cre-
ate a resilient systems. First, at a present high emergency level, the helpers simply switched the local roles with 
the helped (Fig. 4c). Second, at an intermediate emergency level, the helpers effectively acted in overlapping 
subsystems (Figs 4b and 5d), and third, for the most critical emergency of primary threat, the helpers globally 
switched the action on the overall system (Figs 4d and 6). These behaviours benefited the entire group. Our 
results also suggest that the overall system explicitly understood14 and implicitly coordinated16 with the helper’s 
action at switched and overlapped subsystem scales, based on both top-down predetermined rules and real-time 
bottom-up shared intentionality42. This flexible and close coordination with minimised personal cost would be 
expected of flexibly role-switchable and organised efficient systems, rather than systems based on predetermined 
role-sharing14 such as non-human animals20,22,43 and human homogeneous joint actions28. We can therefore 
understand general principles that allow resilient systems to confront emergencies by switching and overlapping 
hierarchical subsystems.

Such resilient joint action would develop via communications with colleagues and competitors and adapta-
tion to the circumstances. When helpers were helping their colleagues to cope with an emergency, they auton-
omously made decision based on the information about competitors in the heterogeneous field (Fig. 1c), and 

Figure 5. Helping behaviour characteristics. (a–d) Adjusted attacker-defender distance at two subsystem 
scales (a,b): Ball-nonmark distance and (c,d): Nonball-mark distance) before (a,c) and after (b,d) emergency 
involved with the emergency. Lv., Tr. and Sw. mean leave, transient and switch in emergency, respectively. 
Asterisk means significant difference between the patterns connected by the horizontal solid line. In 
recommended role-switch (Fig. 3e: 19 emergencies), the ball-mark distance involved with the emergency was 
larger than the leaving before the emergency (a) but not after the emergency (c). In switch-avoided situation 
after emergency (d), the transient help efficiently regulated the role-filling rule rather than the remaining 
patterns. The overall differences between before and after emergency (irrespective of the types of the helping 
behaviors) were shown in Fig. S2.
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simultaneously obeyed the team rules that were dependent on the information held by colleagues (i.e. explicit 
instructions) and on the strategic context (Fig. 4e). Our results may be regarded as task- or system-specific; 
however, it is natural to assume that these cooperative helping behaviours18 would be learned and developed44 
via explicit and implicit communications42 with colleagues (by creating pre-determined and implicit rules at 
hierarchical subsystem scales with teammates, coaches and tradition of the team and the game), and through 
competition against tactical competitors and adapting the heterogeneous circumstances. It has been claimed that 
only humans can have shared intentionality which has a recursive nature42 but only finite computations should 
be performed45 at multiple layers because of limitations on human cognitive resource. On this account, resilient 
joint actions will mutually develop in response to competitors and circumstances rather than emerge as complete 
solutions within the involved system. Creation, execution and evolution processes of helping behaviour in resil-
ient systems should be further investigated.

Our results provide insights into social communication and the design of multi-agent autonomous systems. 
The term ‘resilience’ has been used in socio-ecological systems and in engineering33 but could be extended to 
social communication in human groups and adaptation within a living organism consisting of multiple subsys-
tems. The resilience of social communication or individual adaptation can be estimated from the switching and 
overlapping in helping behaviour at appropriate subsystem scales, implying the local robustness of subsystem 
cooperation, or the reorganisation of global system against intended attack or unpredicted crises, which the pre-
vious framework could not explain. For example, modelling of cooperation19 such as polarised mobile agents2,3 
cannot explain the switching hierarchical helping structure of resilient systems. Resilience in socio-ecological 
systems46 has been theorised as attractor dynamics33; however, asymmetric competition cannot be explained 
using this approach47. We expect that it will be possible to apply multi-layered helping behaviour to resilient coop-
eration in social organisms2,3,26 and human groups1,12,41 using mathematical simulations10,11,23. In practical terms, 
we can develop more resilient artificial autonomous systems such as multi-agent robots6–9 implementing these 
role-switchable and overlapping actions to manage risks such as recovery from system impairment.

Methods
Participants. Ten males from a top-level university basketball team in Japan (age =  19.5 ±  0.5 years, experi-
ence =  10.7 ±  2.4 years [mean ±  SD]) participated in this study. The players provided their written informed con-
sent to participate in this study. The experimental procedures were conducted in accordance with the Declaration 
of Helsinki and approved by the Local Ethics Committee in the Research Center of Health Physical Fitness and 
Sports, Nagoya University.

Figure 6. Global helping behaviour. Adjusted spatial-gap at 2 subsystem scales (a,c): Ball-nonmark,  
(b,d): Nonball-mark distance) of 5-on-5 system in global and non-global help before and after the emergency. 
Asterisk shows significant difference between global and non-global help. The ball-nonmark spatial-gap before 
the global help was larger than that before the non-global help (a), but not after the emergency (b), indicating 
that the coping with the first priority was required in global help and avoided the threat at a similar level to the 
non-global help. Conversely, the nonball-mark spatial-gap before the globally-helped emergency was smaller 
than that before the non-global help (c), but not after the emergency (d).
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Protocol. The players were divided into two teams (team A and B) and played 5-on-5 half-court (14 m ×  15 m) 
basketball game alternately as an offensive team to shoot the ball within 20 s and then as a defensive team. Each 
trial began at the initial position fixed by the coach with a pass from the defender to the dribbler, and it finished 
with a successful shot, rebound by a defender or turnover (i.e., out of bounds of the court or a defensive team 
holding the ball). In the event of a defensive foul or out of bounds, the same offensive team started attacking 
again with the ball (i.e., reset trial which was excluded from the analysis). The game was played with two referees 
according to the rules of basketball except for the specific rules stated above. The total number of 5-on-5 games 
(trials) was 73, which comprised 31 successful shots, 35 defensive rebounds or turnovers, and 7 reset trials. We 
analysed 54 trials, including 61 attacks (26 successful shots, 26 failed shots and 9 ball-lost) in which screening play 
was detected in the way described below (screen feinting was not also detected as screen in this study).

Measurement. Three-dimensional coordinates of the landmark points were acquired using a 3D optical 
motion capture system with 6 cameras operating at 100 Hz (OptiTrack Prime W17, NaturalPoint, USA). Reflective 
markers were placed on each player’s body (top and left of the head and right and left side of their shoulders). 
We used the midpoint of shoulders as the representative point of the players. We also used the basketball pasted 
reflective sheet in a striped pattern to improve ball handling and recorded its position. All raw coordinate data 
points were smoothed using a fourth-order Butterworth low-pass digital filter (6 Hz). All numerical calculation 
was performed using the MATLAB 2011a Statistical Toolbox (The MathWorks, Inc., MA, USA).

Scene selection. We constructed automatic play-detection system using the positional data (for detail, see 
Supplementary Methods). First, we categorized the state of the ball into holding, passing and shooting. We ana-
lysed the duration before the attacker’s shot or ball lost. To analyse emergent subsystem behaviour, we then com-
putationally detected the defenders who marked each attacker, the state of the ball and the screening behaviour of 
players (for detail, see Supplementary Methods).

Attacker-defender distance as degrees of threats. We considered adjusted attacker-defender dis-
tances reflecting the spatial and predictive specificity of the environment. A desired defensive position was 
defined as a position desired defensive distance (0.5 m) from the attacker’s position in a straight line connecting 
the attacker’s position and the ring. The attacker-defender distances were calculated in four ways (Fig. S1a, Fig. S1 
and Video S1): (1) Euclidean distance from the desired defensive position to the current defender’s position; (2) 
spatially-corrected distance, i.e., the Euclidean distance multiplied by the successful shot probability calculated 
by the linear regression of the distance between the shot position and the ring (Fig. 1d); (3) prediction-corrected 
distance, i.e., the Euclidean distance corrected by the time required to catch the ball passed by another attacker 
and the distance that the attacker can move during the ball was passed based on the attacker’s current velocity, 
and (4) the spatially- and prediction-corrected distance. Time series of adjusted distances were not smooth at the 
start of the pass because attacker with the ball abruptly switched, thus, we eliminated the instant from calculation 
(Fig. S1a).

To take the effect of screening on the predicted distance into consideration, we defined the roundabout dis-
tance of the user-defender during the screen as the protuberance (Fig. S7a; maximum 1 m), which was obtained 
by the perpendicular line from the current screener’s position to a line connecting the user-defender’s desired and 
current position (we termed the Euclid roundabout distance). We assumed the user-defender moves parallel to 
the protuberance, and subsequently toward the desired position (trajectory of rectangular triangle in Fig. S7a). 
During screening, we calculated the predicted distance based on the trajectory.

To examine characteristics of attacker-defender distance at multiple subsystem scales, we exclusively catego-
rised 25 attacker-defender distances (5 attackers ×  5 defenders) into 4 distances (Fig. S1b and Video S2), which 
were analysed as the maximum values of the attacker-defender distances: (1) maximum ball-mark distance, i.e., 
the maximum distance between the attacker with the ball and the defender marking the attacker; (2) max-min 
ball-nonmark distance, i.e., the maximum distance between the attacker with the ball and the nearest defender 
to the attacker other than the defender marking the attacker; (3) maximum nonball-mark distance, i.e., the max-
imum distance between the attackers and the defender marking each attacker other than the ball-mark distance, 
and (4) max-min nonball-nonmark distance, i.e., the maximum distance between the attackers and the nearest 
defender to each attacker after removing the above 3 distances. The 4 ×  4 maximum distances (four correction 
methods and four subsystem scales) in specific interval were used in analyses below.

Defender’s coping behaviour with screen. We computationally detected defender’s coping behaviour 
with screen (see Supplementary Methods). We then categorised the screen coping behaviour as a dyad into 4 
patterns: leaving, transient help, role-switch and ring help (in detail, see Supplementary Methods).

To consider the context in team strategy shared in advance, we further categorised the switching and transient 
help into those in switch-recommended and switch-avoided strategy. In switch-recommended strategy, switching 
help was recommended in the team defence in the specific pair of defender (such as pair of guard) or in specific 
situation (specific offense formation), according to the head coach of the team. If the situation other than the 
above, we defined it as the switch-avoided situation, taking priority of person-to-person defence rule.

Analysis of cooperating behaviour at multiple subsystem scales. Similar in the attacker-defender 
distance, we calculated four maximum roundabout distances (i.e. Euclid, spatially-corrected, prediction-corrected 
and both-corrected) corrected by shot probability and/or distance between attacker with ball and user-defender 
(Fig. S7b) as an index of the effectiveness of the screening.

For comparison with variables such as maximum roundabout distance and various initiation times and 
for examining correlation with categorisation such as coping subsystem behaviour with screen, the adjusted 
attacker-defender distances involved/uninvolved with and before/after the screen were calculated at focused 
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subsystem scales. The distance involved with the screen was calculated using 4 distances (2 attackers and 2 
defenders involved with the screen) with the same algorithm and the uninvolved was calculated using 9 distances 
(3 attackers and 2 defenders uninvolved with the screen). The distance before and after the screen were estimated 
using the interval from 5 s before the start of the screen until the start, and before the end of the screen until 5 s 
after the end, respectively, considering the hysteretic effect and cause of the screen .

Statistical analyses. The probability of the successful shot was linearly regressed with the distance from 
the ring. F-value and R2-value were calculated as test for the significance and the contribution in the regression, 
respectively. Comparison between various distances and the outcome of defence (success was attacker’s failure 
of shot and loss the ball) were performed using logistic regression analysis. The Nagelkerke R2 as a coefficient 
of determination describes which fraction of the variability is explained. Hosmer-Lemeshow goodness-of-fit 
chi square to study the calibration of the models. AIC (Akaike information criterion) was used to compare the 
goodness-of-fit of the model. We did not used multi-regression analysis because the explanation variables such 
as the various distances were in different contextually- or spatially-hierarchies and we should separately examine 
these variables.

To compare the variables in various defender’s coping behaviour with the screen, one-way ANOVAs (F-value 
was calculated for significance) were used with the coping behaviour (different strategy were separately analysed 
because of contextually-different situation), if the hypothesis of homogeneity of variances between systems was 
accepted with Bartlett’s test. If rejected, the Kruskal-Wallis nonparametric tests were performed to compare these 
variables. An unpaired t-test or Wilcoxon rank sum test with Bonferroni correction (t-value and W-value was 
calculated, respectively) was used to compare the variables within the factor where a significant interaction in 
ANOVA or a significant effect in Kruskal-Wallis test was found, respectively.

For comparison of variables between the global help and the non-global help behaviour, we used unpaired 
t-test if the normality assumption was accepted by Lilliefors Test. If rejected, Wilcoxon rank sum test was used. 
For all the statistical calculations, using p-value, p <  0.05 was considered significant. Statistical analyses were 
performed using the MATLAB 2011a Statistical Toolbox (The MathWorks, Inc., MA, USA) and PASW Statistics 
(version 18.0.0, SPSS Inc., Chicago, IL, USA).

References
1. Woolley, A. W., Chabris, C. F., Pentland, A., Hashmi, N. & Malone, T. W. Evidence for a collective intelligence factor in the 

performance of human groups. Science 330, 686–688, doi: 10.1126/science.1193147 (2010).
2. Berdahl, A., Torney, C. J., Ioannou, C. C., Faria, J. J. & Couzin, I. D. Emergent sensing of complex environments by mobile animal 

groups. Science 339, 574–576, doi: 10.1126/science.1225883 (2013).
3. Ioannou, C. C., Guttal, V. & Couzin, I. D. Predatory fish select for coordinated collective motion in virtual prey. Science 337, 

1212–1215, doi: 10.1126/science.1218919 (2012).
4. Korman, A., Greenwald, E. & Feinerman, O. Confidence Sharing: An Economic Strategy for Efficient Information Flows in Animal 

Groups. Plos Computational Biology 10, doi: 10.1371/journal.pcbi.1003862 (2014).
5. Murakami, H. et al. Emergent Runaway into an Avoidance Area in a Swarm of Soldier Crabs. Plos One 9, doi: 10.1371/journal.

pone.0097870 (2014).
6. Halloy, J. et al. Social integration of robots into groups of cockroaches to control self-organized choices. Science 318, 1155–1158, doi: 

10.1126/science.1144259 (2007).
7. Werfel, J., Petersen, K. & Nagpal, R. Designing Collective Behavior in a Termite-Inspired Robot Construction Team. Science 343, 

754–758, doi: 10.1126/science.1245842 (2014).
8. Guo, N., Lv, J. & Yu, J. Research on the Unmanned Air Vehicle Team Intelligence Control System Based on Multi-agent. Intelligent 

Robotics and Applications, Pt Ii, Proceedings 5315, 73–80 (2008).
9. Martinson, E., Arkin, R. C. & Ieee, I. Learning to Role-Switch in Multi-Robot Systems. Paper presented at 20th IEEE International 

Conference on Robotics and Automation (ICRA), Taiwan. IEEE (doi: 10.1109/ROBOT.2003.1242005) 2, 2727–2734 (2003, Sept. 14–19).
10. Ogren, P., Fiorelli, E. & Leonard, N. E. Cooperative control of mobile sensor networks: Adaptive gradient climbing in a distributed 

environment. Paper presented at IEEE Transactions on Automatic Control, Sweden, IEEE (doi: 10.1109/tac.2004.832203) 49, 
1292–1302 (2004, Aug. 14).

11. Popat, R., Cornforth, D. M., McNally, L. & Brown, S. P. Collective sensing and collective responses in quorum-sensing bacteria. 
Journal of the Royal Society Interface 12, doi: 10.1098/rsif.2014.0882 (2015).

12. Clement, R. J. G., Wolf, M., Snijders, L., Krause, J. & Kurvers, R. H. J. M. Information transmission via movement behaviour 
improves decision accuracy in human groups. Animal Behaviour 105, 85–93, doi: 10.1016/j.anbehav.2015.04.004 (2015).

13. Galton, F. Vox populi. Nature 75, 450–451, doi: 10.1038/075450a0 (1907).
14. Hutchins, E. Cognition in the Wild (MIT press, 1995).
15. Dickinson, T. L. & McIntyre, R. M. A conceptual framework for teamwork measurement. Team performance assessment and 

measurement 19–43 (1997).
16. Rico, R., Sánchez-Manzanares, M., Gil, F. & Gibson, C. Team implicit coordination processes: A team knowledge–based approach. 

Academy of Management Review 33, 163–184 (2008).
17. Bastolla, U. et al. The architecture of mutualistic networks minimizes competition and increases biodiversity. Nature 458,  

1018–U1091, doi: 10.1038/nature07950 (2009).
18. Schelling, T. C. The strategy of conflict (Harvard university press, 1980).
19. Nowak, M. A. Five rules for the evolution of cooperation. Science 314, 1560–1563, doi: 10.1126/science.1133755 (2006).
20. Queller, D. C. et al. Unrelated helpers in a social insect. Nature 405, 784–787, doi: 10.1038/35015552 (2000).
21. Boesch, C. Joint cooperative hunting among wild chimpanzees: Taking natural observations seriously. Behavioral and Brain Sciences 

28, 692–693 (2005).
22. Owens, D. D. & Owens, M. J. Helping-behavior in brown hyenas. Nature 308, 843–845, doi: 10.1038/308843a0 (1984).
23. Kamimura, A. & Ohira, T. Group chase and escape. New Journal of Physics 12, doi: 10.1088/1367-2630/12/5/053013 (2010).
24. Chase, J. M. & Leibold, M. A. Spatial scale dictates the productivity-biodiversity relationship. Nature 416, 427–430, doi: 

10.1038/416427a (2002).
25. Fukami, T. & Morin, P. J. Productivity-biodiversity relationships depend on the history of community assembly. Nature 424, 

423–426, doi: 10.1038/nature01785 (2003).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:23911 | DOI: 10.1038/srep23911

26. Torney, C., Neufeld, Z. & Couzin, I. D. Context-dependent interaction leads to emergent search behavior in social aggregates. 
Proceedings of the National Academy of Sciences of the United States of America 106, 22055–22060, doi: 10.1073/pnas.0907929106 
(2009).

27. Rose, O. Benefits and Drawbacks of Simple Models for Complex Production Systems. In Managing Complexity: Insights, Concepts, 
Applications 91–118 (Springer, 2008).

28. Sebanz, N. & Knoblich, G. Prediction in joint action: what, when, and where. Topics in Cognitive Science 1, 353–367, doi: 
10.1111/j.1756-8765.2009.01024.x (2009).

29. Mumby, P. J., Hastings, A. & Edwards, H. J. Thresholds and the resilience of Caribbean coral reefs. Nature 450, 98–101, doi: 10.1038/
nature06252 (2007).

30. Cohen, R., Erez, K., ben-Avraham, D. & Havlin, S. Resilience of the Internet to random breakdowns. Physical Review Letters 85, 
4626–4628, doi: 10.1103/PhysRevLett.85.4626 (2000).

31. Sterbenz, J. P. G. et al. Resilience and survivability in communication networks: Strategies, principles, and survey of disciplines. 
Computer Networks 54, 1245–1265, doi: 10.1016/j.comnet.2010.03.005 (2010).

32. Cully, A., Clune, J., Tarapore, D. & Mouret, J.-B. Robots that can adapt like animals. Nature 521, 503–U476, doi: 10.1038/nature14422 
(2015).

33. Walker, B., Hollin, C. S., Carpenter, S. R. & Kinzig, A. Resilience, adaptability and transformability in social-ecological systems. 
Ecology and Society 9(2), 5 (2004).

34. Lorenz, J., Rauhut, H., Schweitzer, F. & Helbing, D. How social influence can undermine the wisdom of crowd effect. Proceedings of 
the National Academy of Sciences of the United States of America 108, 9020–9025, doi: 10.1073/pnas.1008636108 (2011).

35. Muchnik, L., Aral, S. & Taylor, S. J. Social Influence Bias: A Randomized Experiment. Science 341, 647–651, doi: 10.1126/
science.1240466 (2013).

36. Braha, D., Stacey, B. & Bar-Yam, Y. Corporate competition: A self-organized network. Social Networks 33, 219–230, doi: 10.1016/j.
socnet.2011.05.004 (2011).

37. Neiman, T. & Loewenstein, Y. Spatial Generalization in Operant Learning: Lessons from Professional Basketball. Plos Computational 
Biology 10, doi: 10.1371/journal.pcbi.1003623 (2014).

38. Okumura, M. et al. A Critical Interpersonal Distance Switches between Two Coordination Modes in Kendo Matches. Plos One 7, 
doi: 10.1371/journal.pone.0051877 (2012).

39. Kijima, A. et al. Switching Dynamics in an Interpersonal Competition Brings about “Deadlock” Synchronization of Players. Plos One 
7, doi: 10.1371/journal.pone.0047911 (2012).

40. Albert, R., Jeong, H. & Barabasi, A. L. Error and attack tolerance of complex networks. Nature 406, 378–382, doi: 10.1038/35019019 
(2000).

41. Yamamoto, Y. & Yokoyama, K. Common and Unique Network Dynamics in Football Games. Plos One 6, 6, doi: 10.1371/journal.
pone.0029638 (2011).

42. Tomasello, M. Origins of human communication (MIT press, 2010).
43. Yamamoto, S., Humle, T. & Tanaka, M. Chimpanzees’ flexible targeted helping based on an understanding of conspecifics’ goals. 

Proceedings of the National Academy of Sciences of the United States of America 109, 3588–3592, doi: 10.1073/pnas.1108517109 
(2012).

44. Bateson, P. The biological evolution of cooperation and trust. Trust: Making and breaking cooperative relations, electronic edition. 
Department of Sociology, University of Oxford 14–30 (2000).

45. Clark, H. H. & Marshall, C. R. Definite reference and mutual knowledge. In Elements of Discourse Understanding (Cambridge 
University Press, 1981).

46. Vicsek, T. & Zafeiris, A. Collective motion. Physics Reports-Review Section of Physics Letters 517, 71–140, doi: 10.1016/j.
physrep.2012.03.004 (2012).

47. Fujii, K., Isaka, T., Kouzaki, M. & Yamamoto, Y. Mutual and asynchronous anticipation and action in sports as global-competitive 
and local-coordinative dynamics. Scientific Reports 5, 16140; doi: 10.1038/srep16140 (2015).

Acknowledgements
The authors would like to thank A. Miura of Waseda University for the discussion of the social network; Y. 
Kobayashi of Tokai University for the discussion of practical interpretation. This work was supported by a Grant-
in-Aid for JSPS fellows grant number 26–407 and Grants-in-Aid for Scientific Research 24240085. The funders 
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions
K.F. conceived the original idea of concept of helping behaviour. K.F., A.R. and Y.Y. designed the experiment. K.F., 
K.Y., T.K., A.R., H.Y. and Y.Y. performed the experiment. K.F. and Y.Y. analysed data. K.F., K.Y. and Y.Y. wrote the 
paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Fujii, K. et al. Resilient help to switch and overlap hierarchical subsystems in a small 
human group. Sci. Rep. 6, 23911; doi: 10.1038/srep23911 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Resilient help to switch and overlap hierarchical subsystems in a small human group
	Introduction
	Results
	Degree of threat at multi-subsystem scales
	Helping behaviour in a local emergency
	Helping behaviour at a global scale

	Discussion
	Methods
	Participants
	Protocol
	Measurement
	Scene selection
	Attacker-defender distance as degrees of threats
	Defender’s coping behaviour with screen
	Analysis of cooperating behaviour at multiple subsystem scales
	Statistical analyses

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Resilient help to switch and overlap hierarchical subsystems in a small human group
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23911
            
         
          
             
                K. Fujii
                K. Yokoyama
                T. Koyama
                A. Rikukawa
                H. Yamada
                Y. Yamamoto
            
         
          doi:10.1038/srep23911
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23911
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23911
            
         
      
       
          
          
          
             
                doi:10.1038/srep23911
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23911
            
         
          
          
      
       
       
          True
      
   




