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1 

 

Social groups barely change the speed-density relationship in unidirectional 1 

pedestrian flow, but affect operational behaviours 2 

 3 

Abstract 4 

Pedestrian crowds are not homogeneous. One common distinguishing characteristic is the 5 

membership in social groups based on friendship or families, for example. It is important to 6 

understand how these social groups affect pedestrian dynamics to inform their consideration in safety 7 

planning. Despite previous work on social groups, there is a paucity of controlled experiments on their 8 

effect under normal conditions which is crucial to delineate relative risks to pedestrians in non-9 

emergency situations. To address this, we present results from controlled experiments on the 10 

influence of dyadic social groups in unidirectional pedestrian flow. We consider crowds comprised of 11 

100%, 67%, or 0% social groups. Our experimental setting results in crowd densities between 1.25 to 12 

4.0 pedestrians per m2. We find that while the relationship between pedestrian speed and density is 13 

affected by the presence of social groups, the size of this effect is smaller than the overall variability 14 

of observations. In contrast, we find clear differences in movement dynamics between individuals and 15 

social groups. Social groups move at slower speeds and overtake others less frequently. Regardless of 16 

pedestrian density, social groups are further away from the next-closest pedestrian than individuals 17 

are, suggesting there is a larger empty space around social groups. These findings suggest when social 18 

groups need to be considered in safety management and modelling under normal conditions. At a 19 

macroscopic level, described by speed-density relationships, social groups need not be considered 20 

explicitly but when considering a microscopic level, including overtaking and personal space, they 21 

should be considered explicitly. 22 

Keywords: pedestrian dynamics; social groups; fundamental diagram; operational behaviours; spatial 23 

pattern 24 

 25 

Introduction 26 

The movement dynamics of pedestrian crowds are studied widely and are regarded as important for 27 

several practical applications in transportation, ranging from the design of efficient and comfortable 28 

infrastructures, to the organisation of safe events and evacuations (e.g. [1, 2]). Pedestrian dynamics 29 

are predominantly either studied via data from observations or controlled experiments [1, 2], or via 30 

theoretical models [3, 4]. A simplifying assumption that is often but not always made in this research 31 

is that all individuals in a crowd are approximately identical. However, crowds are not homogeneous. 32 

In addition to different physical and psychological attributes of individuals, such as size (density) [5], 33 

preferred speed [6], and motivational state [7], most crowds contain social groups that structure the 34 

interactions between individuals. 35 

 36 

A social group can be defined as a set of pedestrians with a social relationship among them [8], who 37 

stay close to each other and share the same destination. Examples include families, friends, work 38 

colleagues, and classmates. Such social groups are very common in pedestrian crowds. The proportion 39 

of pedestrians in social groups within crowds is typically larger than 50%, with examples for estimated 40 

ratios being 70% in commercial streets [9], 66% in a shopping mall [10], about 50% in an airport [11], 41 

66% on a university campus [12], and 74% in celebrations after a football match [13].  Therefore, the 42 
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effect of social groups on pedestrian crowd dynamics needs to be understood and researchers have 43 

already started to investigate this question. 44 

 45 

The effects of social groups on the dynamics of pedestrian crowds could occur at different levels of 46 

observation. On the one hand, the presence of a sufficient number of social groups could affect the 47 

macroscopic movement dynamics of crowds, influencing crowd flow and density [14], for example. 48 

On the other hand, membership in social groups could influence the movement and interactions of 49 

pedestrians at a microscopic level, resulting in particular spatial arrangements of pedestrians [15], for 50 

example. Both of these levels of observation are important, and we will discuss previous work on each 51 

of them in turn. 52 

 53 

At the macroscopic level, the relationship between pedestrian density and speed (or pedestrian flow), 54 

often referred to as the fundamental diagram, usefully characterises the movement dynamics within 55 

a given transport infrastructure. To date, the effect of social groups on this speed-density relationship 56 

has not been investigated systematically in controlled experiments. Previous work has employed 57 

simulation models to investigate such effects and produced contradictory findings. Some simulation 58 

studies suggest that social groups have a positive effect on pedestrian flow at low densities and a 59 

negative effect on pedestrian flow at high densities [14, 16]. However, other work suggests that the 60 

presence of social groups decreases the average speed of pedestrian crowds because of the lower 61 

speeds of social groups [17]. Based on this, it is not clear whether social groups have a positive or 62 

negative influence on pedestrian flow. Research on another macroscopic measure, the egress time 63 

from a confined space, has similarly produced conflicting results based on model simulations [18, 19] 64 

and controlled experiments. For example, Bode et al. suggest that the presence of social groups 65 

increases the average egress time, as social groups take longer to initiate movement and they take 66 

longer time to move to the vicinity of the exits [20]. However, Von Krüchten et al. find that the 67 

presence of social groups reduces egress as they induce a more efficient queueing at a bottleneck [21]. 68 

Other researchers find that the positive or negative effect of social groups on pedestrian dynamics 69 

depends on the degree of familiarity between social groups [22] or the visibility conditions of the 70 

environment [23].  71 

 72 

At the microscopic level previous work has investigated more detailed behaviours of social groups, 73 

such as the movement speed [15], movement path [24], response (decision) time [25], and relative 74 

positions [24] of group members. The desire of individuals in social groups to maintain group cohesion 75 

and to walk close to each other appears to result in differences between social groups and individuals. 76 

The typical walking speed of pedestrians is very important in transport, as it directly determines the 77 

flow through facilities or the egress time in evacuations. Previous work suggests that group speed 78 

decreases with social group size  [26], but others suggest that the speed of triads is larger than the 79 

speed of dyads and that the speed of individuals is higher than that of social groups, additionally 80 

depending on the walking purpose [27] or even gender [28]. The spatial structure adopted by social 81 

groups appears to arise from a trade-off between maintaining cohesion and facilitating 82 

communication against the need to avoid collisions with other pedestrians. For example, group 83 

members walk next to each other at low densities to facilitate communication and adopt more 84 

compact patterns (V-shaped or U-shaped patterns) to avoid conflicts with other pedestrians [9, 29]. 85 

In addition, group structures are affected by other factors, such as the relation between group 86 

members and the gender of the group members [27, 28]. Considering the space maintained by and 87 

around social groups, some authors indicate that larger social groups require more space per person 88 

than smaller groups[21]. Other work suggests that pedestrians walk further away from groups than 89 

from individuals and that this distance increases with the size of the social group unit [30]. In 90 
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conclusion, there is a substantial body of evidence on the effects social groups have on the microscopic 91 

movement patterns of pedestrians. 92 

 93 

In this contribution, we add to our understanding of the effects social groups have on pedestrian 94 

dynamics by performing controlled experiments for the commonly occurring condition of 95 

unidirectional pedestrian flow. Crucially, we systematically vary both the proportion of individuals 96 

within the crowd who are part of a social group and the pedestrian density. This means that we can, 97 

for the first time, measure the effect social groups have on the speed-density relationship. 98 

Furthermore, we analyse microscopic measures that are likely to be relevant for how individuals 99 

experience pedestrian infrastructures, such as overtaking behaviours and the relative positions of 100 

pedestrians between and within groups under different densities and crowd compositions. Pedestrian 101 

behaviours are divided into tactical behaviours (pedestrian activity schedule and route choice) and 102 

operational behaviours (walking behaviours, such as acceleration, direction changing, and interaction 103 

behaviours between pedestrians) [31]. In this paper we analysed operational behaviours, such as free 104 

speeds, overtaking behaviours and relative positions within and between social groups.  105 

 106 

Methods 107 

Experiment and data collection 108 

Our experiments were designed to emulate unidirectional pedestrian flow at different densities along 109 

a laterally confined space, similar to a corridor. This situation occurs commonly in pedestrian 110 

infrastructures, such as pavements, corridors, and bridges. Crowds of volunteers passed through this 111 

experimental setup and we simulated social groups composed of two individuals, as detailed below. 112 

The experiments were carried out on the 22nd September 2019 in Hefei, China. In total, 94 113 

participants (60 male and 34 female subjects) took part in our experiments. All participants were 114 

university students and their ages ranged from 19 to 24 years old. The mean (± standard deviation) 115 

heights of female and male participants were 1.63 (± 0.05) m and 1.75 (± 0.05) m, respectively. 116 

Average ages were 22 (± 2) years and 21 (± 2) years for female and male subjects, respectively. No 117 

participant reported or displayed any physical health impairments. The same group of 94 participants 118 

completed all parts of our experiments. This means that we cannot completely rule out habituation 119 

effects, but we suggest that the highly controlled nature of our experiments reduce such effects, as 120 

discussed below. 121 

To investigate the influence of social groups on pedestrian dynamics, we assigned participants to 122 

either walk individually, or to simulate a social group with another participant. Participants instructed 123 

to walk as individuals were told to behave as normal and walk alone throughout the experiment 124 

without talking to others. To simulate social groups, we randomly selected pairs of individuals of the 125 

same gender who may or may not have already known each other. To control for influences of 126 

previously existing relationships between individuals [32], we simulated consistent strong social ties 127 

by instructing participants to walk arm in arm with each other throughout the experiment. Participants 128 

within simulated social groups were allowed to talk to each other during the experiment to further 129 

enhance the social group simulation. Other approaches for simulating social ties of different strengths 130 

have been used previously (e.g. [20, 21, 32]). We deliberately simulated strong social ties based on 131 

the observation that this relationship is common in our daily life (family members and close friends 132 

[33]) and based on the assumption that these will have the most pronounced effect on the observed 133 

movement dynamics and to pre-empt any changes in the interpretation of instructions due to 134 

participants habituating to the experimental conditions.  135 
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Our main experimental manipulation was the ratio of participants allocated to social groups. We 136 

considered three crowd compositions where 100%, 67%, and 0% of individuals were allocated to social 137 

groups. We chose these ratios for the following reasons. The ratios of 100% and 0% are the extreme 138 

cases in which the crowd is only composed of social groups (100%) or individuals (0%). The ratio of 67% 139 

meant that there were the same number of social groups as there were individually moving 140 

pedestrians, as there were 2 people in each social group. These ratios allowed us to the extreme crowd 141 

compositions and a value between the extremes. The crowd composition in which individuals and 142 

simulated social groups were mixed consisted of 31 individuals and 31 social groups resulting in a total 143 

of 93 participants instead of the 94 participants for the other two crowd compositions. We refer to 144 

the three crowd compositions which form the three experimental conditions we compare as the social 145 

group crowd, mixed crowd and individual crowd, respectively. 146 

The experimental setup was made up of three sections (see Fig. 1(a)). The first section was a 9 m long 147 

and 3 m wide waiting area, which was used to assemble the participants at the start of experimental 148 

runs. The second section was a 1.8 m long open space that allowed participants to walk from the 149 

assembly area into the main experimental area. The last section was the experimental area (9.6 x 1.8 150 

m). At the end of the corridor making up the experimental area was an exit and we adjusted the width 151 

of this exit to achieve different pedestrian densities within the experimental area. We used nine 152 

different exit widths, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.6, and 1.8 m, and ran our experiment using these 153 

nine widths for each of the three experimental conditions, resulting in a total of 27 experimental runs. 154 

We carried out all experiments for each experimental condition in one block in order of increasing exit 155 

widths. The order in which we completed experiments for the three experimental conditions was first 156 

the individual crowd, then the mixed crowd, and finally the social group crowd. After each block of 157 

experiments, participants rested for about 15 min to reduce fatigue. In addition, between two blocks 158 

of experiments, we tested the free speed of individuals and social groups. At the start of experiments, 159 

participants were assembled in a regular pattern in the waiting area, to achieve consistency across 160 

experiments and, for the mixed crowd condition, an even distribution of individuals and social groups. 161 

Participants were lined up in rows of six participants each. Participants who were in the same social 162 

group always stood immediately next to each other. For the mixed crowd, we positioned individuals 163 

and social groups alternatingly in each row with individuals occupying the first and fourth positions 164 

(see Fig. 1(a)). To control for gender effects, we always positioned female participants in the front 165 

rows of this assembly pattern. 166 

We conducted additional experiments to measure the free speed of social groups and individuals in 167 

the absence of other pedestrians. During these experiments, only one individual pedestrian or a single 168 

social group at a time entered the experimental area and walked towards the exit. Only when 169 

individuals or social groups reached the middle of the corridor, the next individual or social group was 170 

permitted to enter the experimental area. Participants were instructed to move at their normal 171 

walking speed. In this way. We recorded the free movement speed of 92 individuals and 48 social 172 

groups. 173 

We recorded the movement of pedestrians inside the experimental area with one digital camera that 174 

was positioned on a windowsill of a nearby high-rise building (see Fig. 1(b) for a still image of the 175 

recordings). The frame rate of the video recordings was 25 frames per second, but we reduced this to 176 

10 frames per second in our analysis, as the dynamics we investigate do not change substantially over 177 

much shorter timescales. Running and pushing were forbidden throughout our experiments. 178 

 179 
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 180 

(a) 181 

 182 

（b） 183 

 184 

(c) 185 

Fig. 1 Experimental layout and data collection. (a) Layout of the experiment with three sections (waiting area, 186 
experimental area and open gap between them). The width, d, of the exit at the end of the experimental area is 187 
varied to obtain different densities. The assembly of participants in the waiting area at the start of experiments 188 
is shown for the mixed crowd condition. Participants walking as individuals are shown in blue and participants 189 
simulating social groups are shown in red. (b) Still image of video footage recorded from experiments for the 190 
mixed crowd condition. Pedestrian movement was only recorded in the experimental area. Female participants 191 
wore red hats and were assembled at the front of crowds. Male participants wore orange hats. (c) Trajectory for 192 
one experiment under the mixed crowd condition with exit width d=0.5 m. The colour of trajectories indicates 193 
the walking speed of pedestrians. A speed reduction in front of the exit due to congestion followed by an 194 
acceleration after the exit can be observed. 195 

 196 

Data analysis 197 

We use the open-source software PeTrack [34] to obtain the trajectory of pedestrians’ heads from 198 

video recordings of our experiments (Fig. 1(c)). We manually correct erroneous or missing trajectories. 199 

To remove any spurious fluctuations in trajectories, we smooth raw trajectories by computing the 200 

running average of x and y coordinates with a smoothing window of 1 s. 201 

We calculate instantaneous speeds from trajectories by measuring the displacement of individuals 202 

over a 0.4 s time interval (e.g. Fig. 1(c)). For our free speed measurements, we use the average 203 
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instantaneous speed of pedestrians in the middle of the experimental area (interval from 3-7 m along 204 

the length of the experimental area). 205 

To compute pedestrian densities and associated speeds for the speed-density diagram (often referred 206 

to as the fundamental diagram), we use the open-source software JPSreport [35]. We use a well-207 

established method based on the Voronoi tessellation of space occupied by pedestrians to compute 208 

speed-density data for every video frame [35]. Speed-density observations are recorded in 209 

measurement areas and we consider three non-overlapping measurement areas of 2 x 1.8 m in size 210 

each, located at the following intervals along the length of the experimental area: 2-4 m, 4-6 m, and 211 

6-8 m (shown in Fig. 1(a) as the measurement area). The movement dynamics in experiments, such as 212 

ours, vary substantially at the start and end of experiments when the dynamics are transitionary and 213 

not in their stable state. We use a modified Cumulative Sum Control Chart (CUSUM) algorithm [36] to 214 

robustly detect the steady period of the speed-density dynamics. Details for the detection method 215 

and the steady period obtained for each experiment are shown in the appendix (see Fig. A1 and Table 216 

A1). We compare speed-density data across measurement areas and find that they are in good 217 

agreement (see Fig. A2 in the appendix) and thus use data from all three areas. 218 

To characterise the speed-density relationship and to enable visual comparison across experimental 219 

conditions, we fit the following function to our speed-density data (based on [37]): 220 

1

1 v

a b

v freev v e


 
− − 

 

 
 = −
 
 

                                                                    (1) 221 

where vv  is the speed, freev  is the free movement speed which depends on the presence of social 222 

groups, 𝑎 and 𝑏 are free parameters, and v  is the density. The free speeds for individual crowd, social 223 

group crowd and mixed crowd are 1.51, 1.41 and 1.44 (0.33*1.51+0.67*1.41) m/s, respectively. 224 

Speeds and densities are calculated by JPSreport and 𝑎 and 𝑏 are obtained by fitting equation (1) to 225 

our data using a standard least squares approach. 226 

As equation (1) includes separately measured free speeds, it is not suitable for a statistical assessment 227 

of the difference in speed-density relationship across experimental conditions. Instead, we fit the 228 

equation 𝑓(𝑥) = 𝑎 ∗ 𝑒𝑥𝑝(−𝑏 ∗ 𝑥)  to our data for each experimental condition to compare the speed-229 

density relationship between two of the three experimental conditions at a time using a permutation 230 

test. Our test statistic Φ is the sum of the absolute differences for the two fitted parameters 𝑎 and 𝑏 231 

across the two experimental conditions we compare. We test the null hypothesis that Φ is no larger 232 

than we would expect if experimental runs for a given exit width are interchangeable under different 233 

experimental conditions (i.e. experimental conditions have no systematic effect on the speed-density 234 

relationship). Different exit widths result in different densities in the experimental area. So, to obtain 235 

the full range of densities in each data permutation, we use a paired permutation test, where 236 

permutations only randomise experimental condition (resulting in 29=512 possible permutations for 237 

each pairwise comparison of conditions). We perform all 512 possible permutations of the data. For 238 

each data permutation, we compute Φ. The p-value for our null hypothesis is the proportion of 239 

permutations resulting in Φ larger or equal than the observed value of Φ. 240 

For completeness, we also compute the relationship between the flow and density of pedestrians 241 

from our speed-density data. The specific flow is defined as [38]:  242 

s v vJ v =                                                                             (2) 243 
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where sJ  is the specific flow, vv  is the speed and v  is the density.  244 

While the speed-density relationship provides a high-level description of the movement dynamics in 245 

our experiments, it does not permit detailed insights into the interactions between individuals and 246 

social groups. Therefore, we additionally investigate overtaking behaviour and measures for the 247 

spatial structure of the crowd. 248 

To compute the number of overtaking events, we compare the order in which individuals and social 249 

groups enter and leave the experimental area. If the order in which individuals and social groups enter 250 

and leave the experimental area is the same, no overtaking has taken place. If the order is different, 251 

we compute the total number of positions that have changed and divide it by two, to ensure 252 

overtaking and being overtaken is not both counted. For social groups, we require both individuals 253 

within the social group to have overtaken others before counting an overtaking event. A graphical 254 

illustration for this approach is provided in the results section below. 255 

For the mixed crowd condition, we test the null hypothesis that there is no difference in the number 256 

of overtaking events between individuals and social groups using a permutation test. Our test statistic, 257 

Θ, is the difference in observed overtaking events between individuals and social groups summed 258 

across all exit widths (as individuals overtake more frequently, Θ is positive). We generate 1,000 data 259 

permutations by randomly re-assigning individual and social group labels to pedestrians (as both 260 

individuals in a social group are required to overtake others, the two individuals in social groups are 261 

treated as one entity in this analysis). This leads to randomised data, where some of the overtaking 262 

events by individuals may be counted towards the overtaking events of social groups and vice-versa. 263 

The p-value is obtained as the proportion of Θ values obtained from data permutations that are larger 264 

or equal to the observed value. 265 

We use two measures to investigate aspects of the spatial structure of the crowd. First, we calculate 266 

for each individual or social group the distance to the closest pedestrian. For social groups, this is the 267 

minimum of the distance to the closest pedestrian across the two group members (group members 268 

are not included in this calculation). Second, we calculate the distance between the two group 269 

members within social groups. This, in addition to a qualitative assessment of the relative positioning 270 

of group members provides insights into how social groups adapt to different crowd densities. We 271 

calculate these measures for every video frame in the middle and the end of the experimental area 272 

(intervals from 4.5-5.1 m and 9-9.6 m along the length of the experimental area). 273 

 274 

Results  275 

In this section, we present the results from our experiments, starting with the free speed 276 

measurements and the speed-density relationships before considering more detailed aspects of the 277 

movement dynamics via overtaking events and distance between individuals within and between 278 

social groups. 279 

Free speed  280 

The distributions of speeds measured in our free speed experiments for individuals and simulated 281 

social groups are shown in the appendix (Fig. A3). The average speed of individuals (n=92) and social 282 

groups (n=48) are 1.5108 (SD=0.1364) m/s and 1.4133 (SD=0.1306) m/s. The average speed of 283 

individuals is therefore 6.9% faster than that of simulated social groups and this difference is unlikely 284 

to arise by chance (Mann-Whitney U test, U=10495, p=1.3825e-06<0.05). To avoid the influence of 285 
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the order of the input arguments, in our paper, we put the larger data in the first place when we use 286 

Mann-Whitney U test and Wilcoxon signed rank test.  287 

Speed-density relationship 288 

Figure 2 shows the measured speed-density and associated specific flow-density relationships for the 289 

three experimental conditions. The measured data shows a substantial overlap in speed-density 290 

values across experimental conditions and over the entire range of observed densities. 291 

Fitting the function from equation (1) to the speed-density data shows some differences across 292 

experimental conditions (see table A2 in the appendix for fitted values of free parameters). In addition 293 

to the different free speeds we obtain from separate experiments, the fitted lines show a faster 294 

decrease in speed with increasing densities for crowds composed entirely of individuals when 295 

compared to crowds composed entirely of social groups (Fig. 2(a)). The fit line for mixed crowds falls 296 

between these two extremes. By comparing pairs of experimental conditions, we find that the 297 

differences between the social group crowd and individual crowd conditions are unlikely to have 298 

arisen by chance (permutation test, n=512 permutations; social group vs. individual condition, 299 

p=0.0020<0.05; social group vs. mixed condition, p=0.0059<0.05; mixed vs. individual condition, 300 

p=0.0645>0.05). While this evidence suggests that the presence of social groups can affect the speed 301 

density relationship, it is important to note that the differences in the fitted relationships are small 302 

within the range of densities observed in our experiments (1.25-4 pedestrians/m2). Considering this 303 

and the substantial overlap in the range of speed-density values across the three experimental 304 

conditions, we suggest that any effect of social groups on the speed-density relationship is so small 305 

that it is almost negligible. 306 

The relationship between density and specific flow shown in Fig. 2 (b) further confirms this suggestion. 307 

We find that the specific flow attains a maximal value between densities of 1.5 to 2.5 pedestrians/m2. 308 

While the overlap in data across experimental conditions is large, it appears that the specific flow for 309 

the individual condition falls faster with increasing densities, as suggested by our fit lines for the 310 

speed-density relationship (noticeable in the data for densities larger than 2 pedestrians/m2). Thus, 311 

the flow of crowds containing social groups may be less sensitive to some increases in density, but the 312 

size of this effect is likely to be small and subject to substantial variability. 313 

 314 

                                        (a)                                                                                    (b) 315 

Fig. 2 (a) Speed-density relationship for the three experimental conditions. Solid lines show curves fitted to the 316 
data (see equation (1) in the methods section). (b) Relationship between specific flow and density for the three 317 
experimental conditions. For display clarity, we only show 1 data point every 10 frames, but we use all data for 318 
calculations. 319 
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 320 

Overtaking  321 

We define overtaking as a change in the order in which participants entered and left the experimental 322 

area of our experiments (Fig. 3(a)). We find that overtaking occurs in all our experiments and record 323 

consistently more overtaking events in the individual crowd condition compared to the social group 324 

crowd condition with counts the mixed crowd condition taking values between the two extremes (Fig. 325 

3(b)). It should be noted that since we treated social groups a single unit and not as two pedestrians 326 

when detecting overtaking events, it should be expected that the total number of overtaking events 327 

is smaller for the mixed and social group crowd conditions, as they effectively include fewer pedestrian 328 

units. Thus, to investigate differences in overtaking between individuals and social groups, we only 329 

consider the mixed crowd condition and find that individuals overtake others more frequently than 330 

social groups (Fig. 3(c)). Our permutation test suggests that this difference is unlikely to have arisen 331 

by chance (permutation test, n=1,000 permutations, p=0.0050<0.05). 332 

Our method for detecting overtaking does not distinguish between competitive (wanting to get ahead) 333 

and cooperative (letting others pass) behaviours. The differences in free speeds between social groups 334 

and individuals suggest that the latter will overtake more, as do the presumably higher 335 

manoeuvrability and the smaller space requirements of individuals. If such physical aspects solely 336 

determine the difference in overtaking, it could be expected that increasing densities result in a 337 

reduction of overtaking events. Interestingly, our data do not show a clear trend for the number of 338 

overtaking events as the exit width (and therefore the density inside the experimental area) is altered. 339 

This suggests that overtaking occurs at a similar level across the densities we observe and that a 340 

change of available space per pedestrian has no substantial effect. It may be that density-related 341 

effects only occur at higher densities outside the range covered by our experiments. 342 

 343 

  (a)                                                                                      (c) 344 

Fig. 3 Overtaking behaviour in the experiment. (a) Example of overtaking behaviours in one experiment based 345 
on the order in which participants enter and exit the experimental area. If the exit order is lower than the 346 
entrance order (data below the dashed green line), the participant overtook others and vice-versa. For social 347 
groups, overtaking behaviour only happened when each of the two group members overtook others. In the plot, 348 
pedestrians who have overtaken others are indicated via black circles. (b) The number of overtaking events for 349 
the three experimental conditions. (c) Overtaking behaviour in the mixed crowd condition. Individuals overtake 350 
others more often than social groups.  351 

 352 
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Distance to the nearest neighbour 353 

To further understand the role of social groups, we investigate the spatial structure of the crowd. 354 

Individuals seek to maintain their own personal space (e.g. [39]). Based on the concept of a social 355 

space boundary created by social groups, some authors suggest that pedestrians maintain a larger 356 

distance to social groups compared with individuals [30]. To investigate this effect in our experiments, 357 

we measure the average distance of social groups and individual pedestrians to the next closest 358 

person (Table 1).  359 

Table 1 Distance to the nearest neighbour of social groups and individuals. The mean (M) and standard 360 
deviations (SD) of the distance to the nearest neighbour in the two measurement areas (4.5-5.1 m and 9-9.6 m 361 

along the length of the experimental area) for each exit width and all experimental conditions are shown. 362 

Exit 
width 

(m) 

Social group crowd 
(m) 

M(SD) 

Individual crowd (m) 
M(SD) 

Mixed crowd (m) 
M(SD) 

Social group Individual 

4.5-5.1 9-9.6 4.5-5.1 9-9.6 4.5-5.1 9-9.6 4.5-5.1 9-9.6 

0.5 0.49(0.13) 0.54(0.15) 0.45(0.08) 0.40(0.07) 0.51(0.14) 0.47(0.12) 0.49(0.12) 0.43(0.15) 

0.6 0.51(0.13) 0.50(0.15) 0.47(0.08) 0.41(0.07) 0.51(0.12) 0.48(0.10) 0.50(0.09) 0.43(0.10) 

0.7 0.56(0.17) 0.53(0.15) 0.48(0.08) 0.42(0.07) 0.54(0.14) 0.49(0.13) 0.49(0.10) 0.41(0.09) 

0.8 0.57(0.15) 0.56(0.16) 0.47(0.08) 0.44(0.07) 0.53(0.11) 0.47(0.10) 0.53(0.09) 0.43(0.08) 

0.9 0.61(0.16) 0.58(0.16) 0.50(0.08) 0.45(0.07) 0.59(0.13) 0.52(0.13) 0.56(0.11) 0.46(0.09) 

1.0 0.63(0.16) 0.58(0.18) 0.52(0.08) 0.48(0.09) 0.63(0.15) 0.55(0.13) 0.57(0.13) 0.49(0.10) 

1.1 0.64(0.16) 0.62(0.19) 0.51(0.09) 0.47(0.10) 0.63(0.14) 0.60(0.17) 0.56(0.12) 0.51(0.11) 

1.6 0.70(0.16) 0.76(0.20) 0.57(0.09) 0.60(0.13) 0.67(0.17) 0.78(0.20) 0.56(0.13) 0.63(0.13) 

1.8 0.72(0.15) 0.90(0.21) 0.57(0.10) 0.63(0.16) 0.71(0.19) 0.87(0.25) 0.62(0.11) 0.75(0.24) 

 363 

The distance to the nearest neighbour increases with exit width in two measurement areas (as 364 

expected from the associated decrease in density). The theoretical occupied space of individuals 365 

increases with the exit width (decrease of the density in the corridor) in a confined space. The fact 366 

that this effect occurs for all three crowds suggests limited habituation effects on the distance 367 

participants keep from each other. We find that there are no significant differences between the two 368 

measurement areas in the distance to the nearest neighbour among the three crowds (Wilcoxon 369 

signed rank test; social group crowd, W=21.5000, p=0.9375>0.05; individual crowd, W=35.5000, 370 

p=0.1406>0.05; mixed crowd, social groups, W=28, p= 0.5508>0.05; mixed crowd, individuals, 371 

W=32.5000, p= 0.2578>0.05). This suggests that pedestrians keep a relatively fixed distance to their 372 

nearest neighbours in each crowd type throughout the experimental area. 373 

Comparing across experimental conditions, we find that the distance to the nearest neighbour in social 374 

group crowds is larger than that in individual crowds in both measurement areas. For the first 375 

measurement area (4.5-5.1 m), the difference is on average 19.23% (Wilcoxon signed rank test; W=45, 376 

p=0.0039<0.05) and for the second measurement area (9-9.6 m) it is on average 29.06% (Wilcoxon 377 

signed rank test; W=45, p=0.0039<0.05). Within the mixed crowds, we find a similar distinction 378 

between individuals and social groups with the latter being on average further away from their nearest 379 

neighbours for both measurement areas. For the first measurement area (4.5-5.1 m), the difference 380 

is on average 8.76% (Wilcoxon signed rank test; W=36, p=0.0078<0.05) and for the second 381 

measurement area (9-9.6 m) it is on average 14.72% (Wilcoxon signed rank test; W=45, 382 

p=0.0039<0.05). Our findings from the mixed crowd condition confirm that a larger distance is 383 

maintained to social groups [30]. Considering that distances to the nearest neighbour are also larger 384 
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in the social group crowd condition, it seems that it is not only individual pedestrians contributing to 385 

the maintenance of these larger distances, but also social groups themselves. 386 

These findings are further corroborated by a comparison between the nearest neighbour distances of 387 

social groups in the mixed crowd and the social group crowd conditions and the nearest neighbour 388 

distances of individuals in the mixed crowd and the individual crowd conditions. We find that the 389 

nearest neighbour distance of social groups in social group crowds is larger than that of social groups 390 

in mixed crowds in the second measurement area (area 9-9.6 m) (area 4.5-5.1 m, 2.02% difference, 391 

Wilcoxon signed rank test, W=24, p=0.1094>0.05; area 9-9.6 m, 7.51% difference, Wilcoxon signed 392 

rank test, W=43, p=0.0156<0.05). As discussed above, this suggests that social groups themselves help 393 

to maintain larger distances. Similarly, for individual pedestrians, we find that the distance to the 394 

nearest neighbour is consistently larger in mixed crowds compared to individual crowds (area 4.5-5.1 395 

m, 7.62% difference, Wilcoxon signed rank test, W= 43.5000, p=0.0117<0.05; area 9-9.6 m, 4.95% 396 

difference, Wilcoxon signed rank test, W= 40, p=0.0469<0.05). This again shows the effect the 397 

presence of social groups has on the average distance individuals maintained to the nearest person. 398 

To summarise, we find that the distance to the nearest neighbour is largest in the social group crowd 399 

condition and smallest in the individual crowd condition and our findings suggest that both individual 400 

pedestrians and social groups contribute to the maintenance of these larger nearest neighbour 401 

distances. 402 

 403 

Relative positions within social groups 404 

Previous work has suggested that pedestrian density and the number of social group members can 405 

affect the spatial patterns adopted by social groups [9]. To test this for our data, we calculate the 406 

distance between social group members and their relative positions for different crowd types and 407 

locations in the experimental area. The measured distances between social group members are shown 408 

in Table 2 and information on the relative spatial positions on social group members is shown in Figure 409 

A4 in the appendix.  410 

Table 2 Distance between social group members in the social group crowd and the mixed crowd. The mean 411 
(M) and standard deviations (SD) in the two measurement areas (4.5-5.1 m and 9-9.6 m along the length of the 412 

experimental area) for each exit width are shown. 413 

Exit width (m) 
Social group crowd (m) 

M(SD) 
Mixed crowd (m) 

M(SD) 

4.5-5.1 9-9.6 4.5-5.1 9-9.6 

0.5 0.41(0.05) 0.36(0.06) 0.41(0.07) 0.37(0.05) 

0.6 0.41(0.05) 0.35(0.05) 0.44(0.07) 0.37(0.05) 

0.7 0.41(0.06) 0.36(0.06) 0.41(0.05) 0.37(0.06) 

0.8 0.40(0.05) 0.37(0.06) 0.43(0.07) 0.36(0.08) 

0.9 0.41(0.06) 0.37(0.06) 0.43(0.06) 0.39(0.06) 

1.0 0.40(0.06) 0.37(0.06) 0.43(0.07) 0.38(0.06) 

1.1 0.40(0.06) 0.39(0.06) 0.42(0.07) 0.39(0.08) 

1.6 0.41(0.06) 0.42(0.06) 0.42(0.07) 0.41(0.07) 

1.8 0.42(0.06) 0.41(0.07) 0.44(0.10) 0.42(0.05) 

 414 

We find that the location within the experimental area affects the distance between social group 415 

members in these experimental conditions. In the social group crowd condition the distance between 416 

group members is on average 8.29% larger in the middle (4.5-5.1 m) than at the end of the 417 
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experimental area (Wilcoxon signed rank test; W=43, p=0.0156<0.05) and in the mixed crowd 418 

condition the distance between group members is on average 10.92% larger in the middle of the 419 

experimental area (Wilcoxon signed rank test; W=45, p=0.0039<0.05). This effect of measurement 420 

location is more pronounced for narrower exits (Table 2). For narrow exit widths, the pedestrian 421 

density increases close to the exit as participants have to wait to be able to exit [40]. Our findings show 422 

that group members reduce their relative distance to accommodate this increase of the density or to 423 

adjust to it. Figure A4 in the appendix shows that while social groups walk side-by-side in the middle 424 

of the experimental area, they change their walking patterns to walk more in line at the end of the 425 

experimental area for narrow exit widths. This confirms findings reported elsewhere [41], it matches 426 

suggested changes in walking patterns at higher densities [9] and this behaviour makes sense 427 

intuitively, as it facilitates a smoother passage through narrow exits. 428 

We find that in the middle of the experimental area, social group members are on average 4.38% 429 

further away from each other in the mixed crowd condition compared to the social group crowd 430 

condition (Wilcoxon signed rank test, W=28, p=0.0156<0.05). However, at the end of the experimental 431 

area, this difference disappears (Wilcoxon signed rank test, W=29, p= 0.1719>0.05). This suggests that 432 

the distance between group members is only affected by the experimental condition further away 433 

from bottlenecks. 434 

 435 

Discussion 436 

By conducting controlled experiments on the unidirectional flow of pedestrians at different densities, 437 

we provide further evidence for the effect social groups have on pedestrian movement dynamics and 438 

therefore address a paucity of experimental data under normal conditions for this topic. The presence 439 

of social groups affects the movement dynamics at both macroscopic and microscopic levels, but 440 

effect sizes at the macroscopic level are no larger than the variability we observe in our data. 441 

At the macroscopic level, our findings are in line with predictions from simulation models [14, 16], 442 

suggesting that at high densities (2-4 ped/m2 in our work), the existence of social groups increases 443 

average pedestrian speed (and therefore flow). One possible explanation for this finding could be the 444 

spatial structure of social groups (relative positions of group members and distance to the nearest 445 

person). Social groups are at a larger distance from their nearest neighbours in our experiments when 446 

compared with individuals. In addition, we find that group members adapt their relative positions to 447 

mitigate the influence of the high density. These factors could make crowds including social groups 448 

less sensitive to increasing densities than crowds composed of individuals. However, the effect social 449 

groups have on the speed-density relationship is small within the pedestrian densities covered by our 450 

experiments. Other work on factors that influence the speed-density relationship, such as cultural 451 

differences [42],  differences in pedestrian facilities (unidirectional flow and bidirectional flow [38] or 452 

corridor flow and ‘T’-junction flow [43]) and the age of pedestrians [40] have sometimes reported 453 

larger effects than what we find. Thus, we suggest that the effect of social groups on speed-density 454 

relationships is likely to be small under normal conditions, especially when considered within the 455 

overall variability that this relationship shows (e.g. consider the scatter of speed-density 456 

measurements in Figure 2).  457 

At the microscopic level, we confirm that the free speed of our simulated social groups is smaller than 458 

that of individuals, as expected from previous studies [26]. This is likely due to the fact that in contrast 459 

to the unconstrained and flexible motion of individuals, group members are constrained by others, 460 

and they need to cooperate with each other to move (especially in our experiments where group 461 

members walk arm in arm). 462 
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We find that in the mixed crowd condition individuals overtake others more frequently. This agrees 463 

with previous work showing that individuals make detours more frequently to reach their destinations 464 

in multidirectional flow compared to social groups [32] (overtaking often requires a deviation from 465 

the direct path towards a goal). One possible explanation for this is that individuals can move faster 466 

and are more flexible in adjusting their movement direction. Another possible explanation could be 467 

based on the larger distances social groups appear to maintain to their nearest neighbour. Individuals 468 

with their smaller space requirement might find it easier to ensure sufficient space for overtaking is 469 

available whilst avoiding collision with others (see [44] on space consideration when overtaking).  470 

Considering the spatial distribution of pedestrians, the distance to the nearest person is consistently 471 

larger for social groups than for individuals. In addition to the suggestion in previous work that 472 

pedestrians maintain a larger distance to groups than to individuals [30], our findings indicate that 473 

social groups also contribute to the maintenance of these larger nearest neighbour distances. We also 474 

find that the relative positions of social group members change closer to bottlenecks. Previous work 475 

has already shown that the spatial configurations of groups are affected by group size and pedestrian 476 

density [9, 29] and even by the underlying motivation of group members (moving to a work or leisure 477 

activity [27, 28, 45]). Taken together these findings show that the internal spatial distribution of 478 

pedestrians in crowds varies substantially when social groups are present. Interestingly, these effects 479 

on the spatial distribution of pedestrians do not lead to substantial changes in the flow-density 480 

relationship, suggesting that they are either not sufficiently important for the movement dynamics or 481 

that they are counter-balanced by other factors, related to walking speeds and overtaking, for 482 

example. It may be that under normal conditions social group effects are noticeable at a microscopic 483 

level (this is intuitive, as social groups can often be detected by observation [24]), but not at the 484 

macroscopic level. 485 

We argue that controlled experiments play an important role in determining the effect factors, such 486 

as social groups, have on pedestrian dynamics. However, it is important to acknowledge limitations of 487 

our approach. First, despite carefully adjusting exits widths, we did not obtain data for low and very 488 

high pedestrian densities. While it could be argued that the upper limit of the density range we cover 489 

is adequate to investigate normal conditions, it should be highlighted that the social group effect we 490 

find in the speed-density relationship may become more pronounced for larger densities. Second, we 491 

always located female participants at the front of the crowd. Previous work has found gender effects 492 

related to social groups [27, 28] and our assembly of participants could thus influence our findings. 493 

Third, we used the same group of participants, all of them university students (the age range of these 494 

participants is not indicative of the general population), throughout our experiments and conducted 495 

a large number of experimental runs. This could lead to habituation effects and make it difficult to 496 

assess the variability of our measures across a more representative sample of participants. Finally, we 497 

only considered dyadic social groups and we simulated strong social bonds by requiring group 498 

members to walk arm in arm. The choice for studying dyadic social groups can be justified to some 499 

extent. For example, observational studies show that most social groups are dyads [9, 10] and larger 500 

social groups with four or more members often split into smaller groups (2-person groups and 3-501 

person groups) in movement [11, 12]. However, previous work suggests that group size and group 502 

relationship can affect the dynamics [27, 28] and we cannot assess this with the experiments 503 

presented here. We have already outlined our justification for only simulating strong social bonds 504 

between group members in the methods section. However, it is likely that the type of relationship 505 

binding social groups together is important for the movement of social groups [33]. 506 

 507 
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Conclusions 508 

In the introduction, we discuss ambiguities in findings on the effect social groups have on pedestrian 509 

dynamics. For example, some studies suggest the presence of social groups increases egress times, 510 

while others find a decrease. Similarly, the small increase in flow for crowds containing social groups 511 

compared to crowds composed entirely of individuals we find is in line with some previous work but 512 

disagrees with other research suggesting social groups reduce the flow. Our work and previous work 513 

which shows that the microscopic structures and movement of social groups are not fixed, but changes 514 

with density, the context, and group compositions [9, 27, 28, 41], may help to resolve these 515 

contradictions. Simulation models and to some extent experiments implement social group 516 

behaviours in a simple and abstracted way. As a result, they may only represent one facet of social 517 

group behaviours and neglect their adaptive nature (as also highlighted in [41]). Behaviours observed 518 

in real life are likely to lie somewhere between the extremes of these idealised situations. We suggest 519 

that the key aspect to consider is the size of the effect social groups have on measures of interest (e.g. 520 

flow, overtaking frequency). If the effect is small, even for extreme cases, it seems unlikely social 521 

groups have a substantial effect in real life. 522 

In conclusion, we find that social groups barely change the speed-density relationship in unidirectional 523 

pedestrian flow, but strongly affect operational behaviours. Seeing that the change in the speed-524 

density relationship is small, one could suggest that for applications considering at the overall 525 

dynamics level, social groups need not be considered under normal conditions. However, for 526 

applications considering a more detailed level, involving operational behaviours, it is important to 527 

consider social groups explicitly. Therefore, whether to consider the impact of social groups on 528 

pedestrian dynamics or not under normal conditions depends on the application. 529 

 530 

Appendix 531 

 532 

  533 

Fig. A1 Illustration for the detection method of the steady period for speed-density data. The 534 

modified Cumulative Sum Control Chart (CUSUM) algorithm is applied separately to speed and 535 

density time series and requires the manual suggestion of an initial suggestion for a steady period 536 

[36]. To demonstrate the robustness of this method, we show its output for one experiment trial 537 

and two different initial steady period suggestions: (a) frame 470-570, (b) frame 320-470. The initial 538 

steady period suggestions are indicated by green dash lines. The red striped area is the algorithm-539 
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detected steady period for the density. The final detected steady period (frame: 314-575 for (a), 540 

frame: 307-586 for (b)) is shown as the yellow shaded area and combines the detected steady 541 

periods for density and velocity. The final steady periods suggested by the algorithm are almost the 542 

same. Table A1 shows the final detected steady period for each experiment. 543 

 544 

Table A1 Final detected steady periods for our experiments. We show the start and end frames. 545 

Measurement 
area 

Exit 
width(m) 

Social group crowd Mixed crowd Individual crowd 

2-4 

0.5 203 345 342 447 212 409 

0.6 250 363 204 441 249 333 

0.7 239 365 199 308 251 371 

0.8 247 404 241 376 279 377 

0.9 171 312 249 351 233 333 

1 257 364 124 230 288 352 

1.1 199 362 246 348 233 348 

1.6 96 231 204 349 203 257 

1.8 156 373 194 338 204 292 

4-6 

0.5 313 585 306 424 267 470 

0.6 315 403 317 504 415 622 

0.7 340 422 289 494 433 549 

0.8 326 457 284 413 244 483 

0.9 309 443 260 408 273 486 

1 164 287 292 350 251 431 

1.1 335 395 273 353 223 391 

1.6 186 368 281 351 131 306 

1.8 154 289 251 293 209 233 

6-8 

0.5 445 571 560 642 399 628 

0.6 386 599 416 648 456 611 

0.7 495 557 245 433 504 636 

0.8 389 544 146 378 352 568 

0.9 297 424 284 480 435 549 

1 338 464 215 322 390 496 

1.1 392 362 289 402 326 443 

1.6 211 403 307 366 192 346 

1.8 174 424 184 266 107 337 

 546 

 547 

 548 
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  549 

(a)                                                                                     (b) 550 

 551 

 552 

(c) 553 

Fig A2 Speed-density relationship, often referred to as Fundamental Diagram, obtained using 554 

different measurement areas for (a) social group crowd, (b) mixed crowd and (c) individual crowd. 555 

We use a modified Cumulative Sum Control Chart (CUSUM) algorithm to automatically detect the 556 

steady period of the dynamics [36]. Colours indicate different measurement areas (e.g. ‘Area: 2-4’ is 557 

the interval between 2 m and 4 m along the length of the experimental area etc.). The speed-density 558 

relationships obtained using different measurement areas overlap substantially, suggesting the 559 

relationship is are robust to where it is measured. 560 

 561 

Table A2 Measurement of the similarity of speed-density relationships obtained using different 562 

measurement areas. To test if data from different measurement areas are consistent, we fit 563 

equation 1 in the main text to data from each measurement area. The estimated parameters are 564 

very similar across measurement areas for each experimental condition. Measurement areas are 565 

indicated as the interval along the length of the experimental area they cover (e.g. ‘2-4’ is the 566 

interval between 2 m and 4 m along the length of the experimental area etc.). Estimates for ‘Total’ 567 

use data from all three measurement areas. 568 

Conditions 
a b R-squared 

Crowd type Measurement area 

Social 2-4 2.0416     0.1732    0.8609 
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group 
crowd 

4-6 1.9414     0.1783     0.9376 

6-8 1.9656     0.1777     0.9397 

Total 1.9974 0.1773 0.9199 

Mixed 
crowd 

2-4 2.3219     0.2145     0.9139 

4-6 2.3811     0.2205     0.9175 

6-8 1.8574     0.1992     0.9186 

Total 2.1632 0.2110 0.9115 

Individual 
crowd 

2-4 2.0785     0.2237     0.8236 

4-6 2.4704     0.2436     0.8997 

6-8 2.3243     0.2347     0.9100 

Total 2.3171 0.2359 0.8946 

     569 

 570 

 571 

Fig. A3 Distribution of measured free speeds. We measure the free speed of 92 individuals and 48 572 

social groups. The average speeds (SD) of individuals and social groups are 1.5108 (0.1364) m/s and 573 

1.4133 (0.1306) m/s.  574 

 575 

 576 

 577 
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  578 

 579 

(a)                                                                                (b) 580 

 581 

 582 

 583 

(c)                                                                               (d) 584 

Fig. A4 Relative positions of social group members at the 4.5-5.1 m measurement area for (a) the social 585 

group crowd (in red) and (b) the mixed crowd (in blue) and at 9-9.6 m for (c) the social group crowd 586 

and (d) the mixed crowd. Relative positions for all exit widths are shown. The exit width increases from 587 

left to right and top to bottom across panels in the figure (i.e. the top left-hand corner and the bottom 588 

right-hand corner correspond to experiments with exit widths of 0.5 and 1.8 m, respectively). Data are 589 

obtained for every video frame for each social group within the measurement area. The black disc 590 

indicates the position of the group member who is at the front in the social group and the blue (red) 591 

points indicates the position of the other group member. For measurements in the middle of the 592 

experimental area (4.5-5.1 m), the social group members predominantly walk side-by-side. However, 593 

for narrow exit widths social group members walk more in line behind one another close to the exit 594 

from the experimental area (9-9.6 m).  595 

 596 
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