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Abstract We present Social Groups and Navigation (SGN), a method to simulate the walking behavior of
small pedestrian groups in virtual environments. SGN is the ﬁrst method to simulate group behavior on both
global and local levels of an underlying planning hierarchy. We deﬁne quantitative metrics to measure the
coherence and the sociality of a group based on existing empirical data of real crowds. SGN does not explicitly
model coherent and social formations, but it lets such formations emerge from simple geometric rules. In addition
to a previous version, SGN also handles group-splitting to smaller groups throughout navigation as well as social
sub-group behavior whenever a group has to temporarily split up to re-establish its coherence. For groups of
four, SGN generates between 13% and 53% more socially-friendly behavior than previous methods, measured
over the lifetime of a group in the simulation. For groups of three, the gain is between 15% and 31%, and for
groups of two, the gain is between 1% and 4%. SGN is designed in a ﬂexible way, and it can be integrated into
any crowd-simulation framework that handles global path planning and any path following as separate steps.
Experiments show that SGN enables the simulation of thousands of agents in real time.
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1

Introduction

The simulation of pedestrian crowds has become increasingly important in what-if studies and safety
training for mass events and evacuation scenarios, urban city planning, cgi-enhanced movies and video
games. Over the past decades, a wide range of models have been developed that simulate a crowd as
individual agents or as one entity based on ﬂow dynamics. Less attention has been paid to the simulation
of small social groups, although empirical research shows that a high percentage of crowd members walk
in groups in urban environments and public places [1–3].
Existing methods model explicit formations to keep groups coherent [4] and socially-friendly [5, 6].
Such formations have been observed in real crowds [3], but they are not strictly kept at all times due to
the wide range of factors that inﬂuence a group’s walking behavior. We therefore believe that explicitly
modeling such formations may yield artiﬁcial-looking behavior. Groups may lack ﬂexibility and put
too much emphasis on maintaining an explicit formation. For instance, groups might not be able to
temporarily split and instead take unrealistic detours.
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Contributions. We present a method named Social Groups and Navigation (SGN) to simulate the
walking behavior of small pedestrian groups. This work is an extension of a previously published version
of SGN [7]. SGN is based on the social-force model by Moussaı̈d et al. [3] and the vision-based collisionavoidance method by Moussaı̈d et al. [8], which we have modiﬁed and extended to yield more coherent
and socially-friendly behavior. We do not explicitly model social formations. We instead introduce
quantitative metrics to measure the coherence and sociality of small groups. We use these metrics to let
formations emerge from the group members’ attempts to stay coherent and social. The generated behavior
is more ﬂexible and diverse than with existing methods. SGN allows groups to temporarily split to avoid
dynamic obstacles such as other agents, and groups automatically re-organize themselves when coherence
is lost. In addition to our previous version1) [7], SGN handles social sub-group behavior when a group
has to temporarily split up to re-establish its coherence. SGN handles social behavior on both global and
local levels of a crowd simulation framework. Furthermore, SGN can be used to simulate thousands of
agents in real time. Our method does not depend on a particular representation of the environment. Any
representation that allows real-time path planning with clearance from obstacles is a feasible choice, see
e.g. [9–11]. SGN can be easily integrated into existing crowd simulation frameworks that independently
support global planning, route following and local behavior such as collision avoidance, e.g. [12, 13].

2

Related work

For a general overview of crowd simulation, we refer the reader to the books by Thalmann and Musse [14]
and Pelechano et al. [15]. In this section, we focus on selected work related to our SGN method.
Early work on social groups did not involve coherence or social formations. Musse and Thalmann [16]
described a model that uses a small set of parameters such as interests, emotional status, and domination
for the agents. The focus is on social relationships between groups and their members.
Qiu and Hu [17] presented a model to simulate pedestrian groups based on utility theory and socialcomparison theory. Agents are allowed to switch between groups, but coherence and socially-friendly
formations are not modeled.
Other models focus on coherence. Kamphuis and Overmars [18] presented a method to simulate large
coherent groups such as military armies. It handles both global planning and local steering. Sociallyfriendly formations are not supported, and coherence is not re-established when it is lost. Kimmel et
al. [4] presented an extension of the Velocity Obstacle (VO) [19] approach to simulate coherent groups.
A geometrical Loss of Communication Obstacle (LOCO) is used, which can be combined with a VO to
generate collision-free movement for small groups. Coherence is kept by preventing agents to move farther
away from their groups than a threshold distance. There is no explicit formulation of socially-friendly
formations, and the method works only locally as an extension of the VO method and its reciprocal
variants, e.g. [20]. Park et al. [21] presented a model that considers higher-level social interactions between
the group members. It assigns a leader to each group, and it handles group-coordination strategies based
on common ground theory. Huang et al. [22] present a path-planning method to simulate coherent and
persistent groups. It is based on the Local Clearance Triangulation by Kallmann [10], and it handles
groups as deformable shapes. Deformations as well as splitting and merging actions of a group inﬂuence
the path costs.
Other models simulate socially-friendly formations. Moussaı̈d et al. [3] use video recordings of urban
areas to collect empirical data of pedestrian crowds. They also describe a social-force model to simulate
small pedestrian groups. Our SGN method is based on this model. Karamouzas and Overmars [5]
presented a velocity-based approach that explicitly models socially-friendly formations. It optimizes a
cost function to maintain group coherence and guarantee collision-free movement. Wu et al. [6] combine
the work by Karamouzas and Overmars [5] with the vision-based steering approach by Ondřej et al. [23].
They compare the distortion, dispersion, and out-of-formation metrics of their simulation with data from
a real crowd.
1) See https://www.youtube.com/watch?v=nuGyOLW 6eE; accessed January 26, 2016.
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Compared to most of the above methods, our SGN method handles social-group behavior on both
global and local planning levels by not only adding coherent and socially-friendly walking behavior, but
also letting groups re-establish their coherence in case they have to temporarily split during the simulation.

3
3.1

Preliminaries
Basic settings

Assume we are given k groups of agents Gi , 1  i  k. We assume group sizes |Gi | of 2 through 4, which
corresponds to observations made in real crowds [3]. Our method is designed in a modular way, and it
can be used to also simulate individuals by switching oﬀ the corresponding group-related parts of the
method. It also allows to simulate mixed scenarios with groups and individuals. For ease of explanation,
we assume that all groups are present at the start of the simulation. However, our method can also be
used in a framework in which groups may enter the simulation at a later point in time.
For 1  i  k and 1  j  |Gi |, we denote by Aij the jth member of group Gi , which is represented
as a disc with radius rij (in m) and a mass mij = 320rij (in kg), following the deﬁnition by Moussaı̈d
et al. [8]. By xij , we denote the center point of the disc that represents Aij , and we refer to it as the

agent’s position. Each agent has a personal space radius rij
 rij and a preferred speed sij . Each group
has a preferred group speed si = min1j|Gi | sij , which is the smallest preferred speed of its members.
Each agent Aij has a ﬁeld of view (FOV), which is a circular segment centered in xij with a viewing
distance dij and a viewing angle of Φij . We say that an agent Aij  is visible to an agent Aij , if the FOV
|Gi | 
rij  to
of Aij contains at least one point of the disc that represents Aij  . We assume that dij  2 j  =1
ensure that an agent can see all its group members when they are lined up in front of the agent, with
the personal spaces of any two consecutive agents overlapping in at least one point. This is important
for (re-)establishing group coherence; see Subsection 4.3.
Each group Gi has a goal area Gi . We assume that Gi has a feasible global route to Gi . A feasible route
can be computed with any existing path planning method that ensures clearance from static obstacles,
e.g. [9–11]. To ensure collision-free movement for all group members, the global route should keep
clearance from obstacles that corresponds to the largest disc radius of all group members.
3.2

Overview of the SGN method

Our method works as follows: A group that enters the simulation ﬁrst establishes its coherence by letting
all members walk towards the initial group leader. During that phase, all members that are close to each
other form temporary sub-groups until they have reached the group leader. All coherent groups then walk
towards their goal along a shared global path that is initially computed. While walking, social forces try
to make the group members stay coherent and social. Whenever coherence is lost, a group re-establishes
its coherence by letting the leader wait for its fellow members as soon as the local crowd density around
the leader is low. Figure 1 provides a visual overview of our SGN method and its two main modes:
coordination mode and group-walking mode. From a member’s perspective, each member can be either
in a walking or waiting state. Members that are in a waiting state do not move. Note that this does not
necessarily mean that they stop abruptly. In the social-force model that we use within our method, we
implicitly incorporate slowing-down behavior; see Subsection 4.6 for details. The initialization step and
the simulation loop of our method are as follows:
SGN initialization. For each group Gi , we perform the following actions:
• Set Gi to coordination mode (Subsection 4.3).
• Let an arbitrary member of Gi be the leader Li (Subsection 4.1).
• Compute a route πij to Li for each member Aij = Li .
• Compute a route πi from Li to the goal area Gi .
The SGN simulation loop. For each group Gi in coordination mode (Subsection 4.3), we perform
the following actions:
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[Group is initialized]

Coordination mode

[All members reached goal]

[Group is coherent]

Group-walking mode
Members walk as a group
based on social forces and
visual perception, thus
maintaining sociality.

Group members approach
their group leader in
temporary sub-groups
until the group is coherent.
[Group is not coherent]
Sub-group
Sub-group
Leader
Figure 1
mode.

(Color online) Overview of the SGN method with its two main modes: coordination mode and group-walking

• (Re-)organize all Aij = Li into sub-groups Glsub , 0  l  4, and choose from the routes πij a route πl
to Li for each Glsub (Subsection 4.3.1).
• Compute a preferred velocity for each Aij = Li to move along πl with speed sij . Any existing
path-following method can be used.
• Pass the preferred velocities to a modiﬁed version of the collision-avoidance method by Moussaı̈d et
al. [8] (Subsection 4.5).
• Check for each waiting member whether there is a fellow agent in its personal space. If so, set that
agent to a waiting state, too.
• If all group members are in a waiting state, then set Gi to group-walking mode (Subsection 4.4).
For each group Gi in group-walking mode (Subsection 4.4), we perform the following actions:
• (Re-)assign the role of Li to the group member that is closest to Gi , measured via the curve-length
distance along πi (Subsection 4.1).
• Determine the current last member li of the group, which is farthest away from Gi , measured via
the curve-length distance along πi (Subsection 4.1).
• Compute a preferred velocity for each member along the group’s global path πi with speed si . Any
existing path-following method can be used here.
• Pass the preferred velocities to a modiﬁed version of the collision-avoidance method by Moussaı̈d et
al. [8] (Subsection 4.5).
• Compute the acceleration for each agent using a modiﬁed version of the social-force model by
Moussaı̈d et al. [3] (Subsection 4.4).
• If Gi is not coherent (Subsection 4.2) and the density around Li is smaller than 0.7 pedestrians per
m2 [24], then set Gi to coordination mode (Subsection 4.3).

4
4.1

The SGN method in detail
Leader and last member

For each group Gi , we deﬁne a leader Li and a last member li . These roles are re-assigned at the end
of each simulation cycle. Li is deﬁned to be the group member that is closest to Gi , measured via the
curve-length distance along πi . The last member is deﬁned as the member that is farthest away from Gi .
The only exception is in the initialization phase. Here, no global path has been computed yet, and the
role of the leader is assigned to an arbitrary member.
Note that the global path serves as an indicative route [25], and the agents are in general not located
exactly on that route. It depends on the path-following method what points on the route are used to
determine the leader and the last member. One option is to deﬁne a reference point on the global path
for each agent, e.g. the point on the global path that is closest to an agent’s position [26]. Both the leader
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and the last member can change frequently whenever their reference points are close to each other. Note
that this does not yield oscillating group behavior because the mode changes are based on the referencepoint positions and not the mapping of roles (leader or last member) to speciﬁc group members; see
Subsections 4.3 and 4.4 for details.
4.2

Coherence and sociality

We deﬁne the coherence and sociality of Gi in the following way:
Deﬁnition 1. Let Gi be a group with leader Aij and last member Aij  . We say that Gi is coherent iﬀ
dist(xij , xij  )  dij  + rij .
In other words, a group is coherent when at least one point of the disc that models the leader can
potentially be seen by the last member. Note that this does not reﬂect whether the leader is actually
inside the FOV of the last member. As long as their distance is within the deﬁned range, the group is
coherent, even when the last member is not looking in the leader’s direction.
We deﬁne a social threshold distance dsocial . It is a maximum distance that two group members are
allowed to keep from each other while still being able to socially interact. This distance is based on
empirical observations [3, 27–29]. It should not be larger than the minimum of the viewing distances of
all agents, i.e., ∀i ∈ [1, . . . , k], ∀j ∈ [1, . . . , |Gi |], dsocial  dij .
Deﬁnition 2. We say that a group Gi is in a partially social conﬁguration iﬀ ∀j ∈ [1, . . . , |Gi |],
∃j  ∈ [1, . . . , |Gi |], j = j  , such that Aij and Aij  are mutually visible and dist(xij , xij  )  dsocial +rij +rij  .
Deﬁnition 3. We say that a group Gi is in a totally social conﬁguration iﬀ Gi is partially social and
∀j ∈ [1, . . . , |Gi |], ∀j  ∈ [1, . . . , |Gi |], j = j  , Aij and Aij  are mutually visible.
A group is partially social when each member has at least one mutually visible other member within
the social threshold distance, and it is totally social when, in addition, all members are mutually visible.
These deﬁnitions are based on criteria that were deﬁned in previous studies on pedestrian groups [1]. In
these studies, clear social interactions among group members (talking, laughter, smiles, gesticulation) are
used to identify people belonging to the same group [3].
4.3

Coordination mode

When a group loses its coherence, it enters coordination mode. In this mode, the members will gather
around Li to (re-)establish coherence. Li enters a waiting state and does not move until coherence is
established. Coordination mode is also the default mode of each new group in the simulation. Each
Aij = Li in coordination mode computes a route πij to Li . Any path-planning method that guarantees
clearance from obstacles is suﬃcient [9–11]. Subsequently, all Aij = Li of the same group (re-)organize
themselves into sub-groups.
4.3.1 Sub-groups
The idea behind sub-groups during coordination mode is to let agents that are close to each other walk
together until they reach the leader. In a previous version2) of our method [7], we let agents walk
individually during coordination mode, which yielded less convincing results. We believe that walking in
sub-groups reﬂects real-world behavior more accurately. The reason is that social bonds are usually not
dropped when several members of a group walk towards another leading member that is waiting for the
others. This is further backed up by Costa [28], who observed that big social groups in real-life tend to
split up into smaller sub-groups of up to 3 members.
We deﬁne up to k  ∈ {1, 2, 3, 4} sub-groups Gik ⊂ Gi , as follows: We let Lik be a member for which its
route to the leader Li has shortest curve-length distance among all other routes within the same group.
Initially, Li1 = Li because a route to itself has zero length. We add Lik to sub-group Gik . Let Mi ⊂ Gi
be the set of all members that do not (yet) belong to a sub-group. We then move all members m from
Mi to sub-group Gik that are within coherence distance from Lik and for which m and Gik are mutually
2) See https://www.youtube.com/watch?v=nuGyOLW 6eE; accessed January 26, 2016.
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visible. We then iterate this process for the updated set Mi until there are no members left that do not
belong to a sub-group. Since Gi contains at most four members, this process yields no more than four
sub-groups, and a sub-group consists of one through four members.
Each member in a sub-group then adopts the route πik of its sub-leader Lik and starts following it.
Any route-following method can be used that computes a preferred velocity for each agent. In coordination mode, this preferred velocity is then passed to a collision-avoidance method; see Subsection 4.5.
Afterwards, the preferred velocity is passed to a social-force model that maintains sub-group-coherence
and sociality; see Subsection 4.6.
4.3.2 Transition to group-walking mode
Any Aij = Li follows the shared route of its sub-group to Li until it detects a fellow member that is in
a waiting state. When coordination mode starts, only Li is in a waiting state. Members that are close
to Li enter a waiting state, too. We use an agent’s personal space to determine whether another agent
is suﬃciently close: At the end of each simulation cycle, each waiting member of a group in coordination
mode checks whether there is a non-waiting member in its personal space. If so, that non-waiting member
switches to a waiting state, too. Since we assume the viewing distance dij of each agent Aij to be at
|Gi | 
rij  (see Section 3), the group will always be coherent as soon as all members have switched
least 2 j  =1
to a waiting state. This ensures that we can safely set the group to group-walking mode when there are
no non-waiting members left at the end of a simulation cycle.
4.4

Group-walking mode

In this mode, each group Gi moves along πi to Gi . Any route-following method can be used that takes
a guidance path as an input and computes a preferred velocity for each agent. This preferred velocity is
then passed to a collision-avoidance method; see Subsection 4.5. Similar to handling sub-groups during
coordination mode, the preferred velocity is then passed to a social-force model that maintains groupcoherence and sociality; see Subsection 4.6.
After the group has moved for the time of one simulation step, we check whether it is coherent according
to Deﬁnition 1. If not, the group needs to re-establish its coherence. In real-life, we expect the leader
to wait for its fellow group members in a non-congested area of the environment. Thus, in order to
prevent a leader from stopping in the middle of a highly dense situation, we check whether the local
crowd density around the leader is smaller than a threshold value of 0.7 agents per m2 . This value is
based on the Pedestrian Level Of Service (PLOS) system proposed by Fruin [24]. Only when the group
lost its coherence and when the local crowd density around the leader is small, we set the group back to
coordination mode.
4.5

Collision avoidance

We use the vision-based collision-avoidance method by Moussaı̈d et al. [8] with some modiﬁcations. We
keep the following core concepts as proposed in the original method:
Let vij be the preferred velocity of agent Aij as computed by the path-following algorithm that is
used. Let α0 be the corresponding angle of vij measured against the agent’s line of sight. Let Oij be the
Φ
Φ
last visible point in Aij ’s FOV that lies in the direction α0 . Let α ∈ [− 2ij , + 2ij ] be a candidate angle
direction, and let Ωα be the last visible point in Aij ’s FOV that lies in the direction of α. Let Tα be the
point in the direction of α which is the last collision-free position within the agent’s FOV. Figure 2 shows
an example of the situation. The desired direction is then deﬁned as
αdes =

argmin
α∈[−

where d(α) =

Φij
2


d2ij + f (α)2 − 2dij f (α) cos(α0 − α).

,+

Φij
2

d(α),
]
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Oij

α0 vij
α

Tα
f(α)

Ωα

Fα

xij
Figure 2 (Color online) Example of the situation during the modiﬁed collision-avoidance method for a candidate angle
α. Here, the point Fα is closer to xij than Tα . Thus, f (α) is set to dist(xij , Fα ).

In the original method, the term f (α) is deﬁned as the distance from the agent’s position to Tα . If no
collision occurs within the distance of dij , then Tα coincides with Ωα , and f (α) is therefore set to dij .
For our method, we modify the deﬁnition of f (α): We let Fα be the perpendicular foot of Oij on the
straight-line segment between xij and Ωα (see Figure 2). We then deﬁne
f (α) = min(dist(xij , Tα ), dist(xij , Fα )).
The moment when the next directional change occurs should not solely be based on the impending
collisions, but also on the distance to Oij . In other words, an agent should also change its direction
when it reaches a point where moving on in its current direction would increase the distance to Oij , even
with no impending collisions. The point where this happens is Fα . Without that option, an agent might
‘overshoot’ in the desired direction.
Now that αdes is computed, we can compute the desired speed sdes . From the original method, we
adopt the concept of a relaxation time τ . This relaxation time ensures that an agent chooses its speed
such that there is enough time to avoid a collision within the given time frame. Let sij be the agent’s
preferred speed, and let dcol be the distance between the agent and the ﬁrst collision in the direction of
αdes . We deﬁne
sdes = min(sij , dcol /τ ).
This ensures that the agent moves at its preferred speed when there are no impending collisions in the
given time frame, and it slows down accordingly when needed. Finally, let vdes be the resulting desired
velocity in the direction of αdes and scaled to the desired speed sdes .
4.6

Social-force model

We apply social forces to each group in group-walking mode after the collision-avoidance step. The social
forces are based on the model by Moussaı̈d et al. [3], with some modiﬁcations. We will ﬁrst explain the
model and then discuss what details have been modiﬁed compared to the original method.
Given an arbitrary agent Aij , its desired velocity vdes , and the actual velocity v from the previous
simulation step, we compute the acceleration dv/dt in the following way:
k |Gu |
W
dv
vdes − v
1 
1 
fgroup
=
+
,
fuv +
fw +
dt
τ
m u=1 v=1
m w=1
m

(1)

where fuv is a repelling force to avoid another agent Auv (Subsection 4.6.1), fw is a repelling force to
avoid one of the W wall segments in the environment (Subsection 4.6.2), and fgroup is a group force to
maintain coherent and socially-friendly formations (Subsection 4.6.3).
4.6.1 Physical-contact force with another agent
The force fuv is applied to agent Aij when there is contact with agent Auv . By dist(Aij , Auv ), we denote
xij −xuv
be the unit vector pointing
the Euclidean distance between Aij and Auv . Let n(Aij , Auv ) = dist(A
ij ,Auv )
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from Auv to Aij . Let S be a global parameter that deﬁnes the strength of the force [8]. We then deﬁne
the force as follows:


fuv = S · max 0, rij + ruv − dist(Aij , Auv ) · n(Aij , Auv ).
4.6.2 Physical-contact force with obstacles
The force fw is applied to agent Aij when there is contact with a wall segment w in the environment.
By dist(Aij , w), we denote the length of the shortest line segment which connects Aij with w. Let
n(Aij , w) be a unit-length vector that is perpendicular to w and points from w to Aij . Let S be the
global force-strength parameter as described in Subsection 4.6.1. We then deﬁne the force fw as follows:


fw = S · max 0, rij − dist(Aij , w) · n(Aij , w).
4.6.3 Group force
The group force fgroup is deﬁned as fgroup = fvis + fatt , where fvis is a deceleration force that represents
the desire of Aij to keep its fellow group members in its FOV, and fatt is an attractive force that represents
the desire of Aij to maintain group coherence.
To deﬁne fvis , let θij  , j = j  , be the minimum rotation angle (in degrees) that is required to let the
position xij  of agent Aij  be inside agent Aij ’s FOV. Let θ = max1j  |Gi | θij  be the maximum of the
minimum rotation angles. Furthermore, let Svis be a global parameter that deﬁnes the strength of fvis [3].
We then deﬁne fvis as follows:
fvis = −Svis · θ · vdes .
This means that we scale the desired velocity vdes by the rotation angle θ and the strength parameter
Svis in negative direction of vdes to compute the ﬁrst part of the group force.
The force fatt describes agent Aij being attracted to the centroid
Ci =

1
|Gi |



xij

1j|Gi |

of the group Gi (viewed as a given set of points) to maintain group coherence. Let dist(Aij , Ci ) be the
distance from the agent to the centroid. Similar to Moussaı̈d et al. [3], we deﬁne a threshold distance
d = 0.5 · (|Gi | − 1), such that Aij is attracted to Ci as soon as its distance to Ci exceeds d. Let n(Aij , Ci )
be the vector pointing from Ci to Aij , normalized to unit length. Furthermore, let Satt be a global
parameter that deﬁnes the strength of fatt [3]. We then deﬁne fatt as follows:

Satt · n(Aij , Ci ), if dist(Aij , Ci )  d and vdes = 0,
fatt =
0,
otherwise.
In the above deﬁnition, we check whether the desired velocity vdes given by the collision avoidance
method is the zero vector 0. If so, this means that the agent has reached its goal, and we therefore let
the attraction force be 0, too. This yields an overall group force of 0, and it disables social behavior for
agents that have reached their goal.
4.6.4 Diﬀerences to the original model
In the original social-force model by Moussaı̈d et al. [3], the acceleration term for agent Ai is deﬁned as

dvi
= fi0 + fiwall +
fij + figroup .
dt
j
Here, fi0 is an attractive force to move agent Ai in a particular direction at a preferred speed, fiwall is
a repulsive force to avoid static obstacles, fij is a repelling force to avoid physical contact with another
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agent Aj from a diﬀerent group. The resulting behavior is reactive and lacks anticipation. To add a
more predictive avoidance behavior within our SGN method, we have replaced the above forces by the
avoidance forces of Moussaı̈d et al. [8]; see Eq. (1) in Subsection 4.6.
Another modiﬁcation is that we use the centroid Ci of the group Gi when computing the group force
fgroup . In the original method, the center of mass of the group is used instead of the centroid. We assume
that a variation in mass among the group members should not have an eﬀect on the group force, which
is why we consider the centroid a better choice.
Similarly, we modiﬁed the computation of the force fvis : In the original method, the force is deﬁned via
the required rotation angles for each agent to keep the center of mass of the group in its FOV. Instead,
we deﬁne the force via the required rotation angles to keep the group members themselves in an agent’s
FOV. Again, we believe that a variation in mass should not have an eﬀect on this step. Furthermore, the
original method does not guarantee that group members eﬀectively slow down when a fellow member is
left behind in dense situations, which our modiﬁcation does.
Another change in the force fvis is that we use the desired velocity vdes that already takes predictive
avoidance behavior into account. In the original method, the actual velocity of an agent is used here,
which lacks anticipation.
Finally, we changed the repulsive forces between agents: In the original method, the group force figroup
contains a repulsive term to model the interaction between members of the same group. In our SGN
model, we skip this term. Physical contact between agents are generally resolved by our deﬁnition of fuv
in (1), independent of whether the agents are from the same group or not.
4.6.5 Group-splitting during walking mode
It is possible to extend SGN to simulate big social groups, i.e. groups where |Gi | > 4. As mentioned
in Subsection 4.3.1, Costa [28] observed that big social groups in real-life tend to split up into smaller
sub-groups of up to 3 members. To model this in SGN, we modify the visual factor fvis of the group
force fgroup ; see Subsection 4.6.3 for details. For big social groups we deﬁne θ to be the minimum of
the minimum rotation angles, i.e. θ = min1j  |Gi | θij  . The intuition is that in small social groups each
member tries to socially interact with all fellow members, while in big social groups each member tries
to socially interact with at least one fellow member:
⎧
⎪
θij  , if |Gi | ∈ [2, 4],
⎨ max
1j  |Gi |
θ=
⎪
θij  , if |Gi | > 4.
⎩ min

1j |Gi |

A limitation of this approach is that it can be the case that the last member (see Subsection 4.1)
cannot establish social bonds with any fellow member, if each fellow member chooses to socially interact
with a member other than the last member. In that case the last member will trail the rest of the group.
However, the coordination mode will allow the group to re-establish its coherence if lost.

5
5.1

Experiments
Experimental setup

We have tested and validated our SGN method on a PC with an Intel Core i7 860 4-core processor with
2.8 GHz, an NVIDIA GeForce GTX 285 video card and 8 GB of RAM, running Windows 7 Ultimate
64bit. We have used one single core for all experiments.
We integrated the method into the crowd simulation framework described by van Toll et al. [13]. For
each agent, we used a radius of 0.24 m, an FOV of Φij = π with maximum viewing distance of 10 m. The
personal space radius and the social threshold distance were set to 1 m each. Following Weidmann [30],
we used a normal distribution with a mean of 1.34 m/s and a standard deviation of 0.26 m/s to randomly
choose the preferred speed for each agent. Each goal area was modeled as a disc with radius 0.6 m.
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(a)

(b)

(d)

(c)

(e)

Figure 3 (Color online) The scenarios we used for our experiments. (a) bidirectional corridor ; (b) bottleneck ; (c) corners;
(d) building evacuation; (e) room evacuation. Small discs indicate the agents, grouped by color, and large discs indicate
the corresponding goal areas.

The relaxation time τ used in the social-force model was set to 0.5 s. Following Moussaı̈d et al. [8], the
strength parameter S of the physical forces was set to 5000. Following Moussaı̈d et al. [3], the parameter
Satt was set to 3. The parameter Svis , which was set to 4 in [3], yielded undesired stop-and-go behavior
among group members, and we instead determined a value of 1 via preliminary experiments based on
visual inspection. Furthermore, we set the time for one simulation step to 0.1 s.
We tested our method with group sizes of 2, 3, and 4 in ﬁve diﬀerent scenarios: bidirectional corridor,
bottleneck, corners, building evacuation, and room evacuation. The scenarios are displayed in Figure 3.
Bidirectional corridor features a 20 m long corridor that is 10 m wide. Three groups are placed on
each end of the corridor, and each group has its goal areas at the opposite end of the corridor. We use
this scene to test whether groups stay coherent and in socially-friendly formations when they encounter
other groups moving in the opposite direction.
Bottleneck features a 50 m long corridor that linearly decreases in width towards the right side. On the
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Figure 4 (Color online) Results from our comparison of SGN with Moussaı̈d et al. in the ﬁrst four of our scenarios. We
show the average group coherence (a), partial sociality (b), and total sociality (c) (all in %) for both methods and varying
group sizes.

left, the corridor is 40 m wide, and on the right it is 10 m wide. Twelve groups are placed on the left end
and have their goal areas on the right end. We use this scene to test whether groups stay coherent and
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in socially-friendly formations when the environment becomes more narrow and crowd density increases.
Corners features an empty square room with four social groups. Each group is placed near a diﬀerent
corner and has its goal position near the opposite corner of the room. We use this scene to test whether
groups stay coherent and in socially-friendly formations when having to cross the center point of a room
with other groups approaching from diﬀerent directions.
Building evacuation features a building that spans an area of 95 m × 128 m. The building has ten
rooms that are connected via one large corridor. The corridor has an exit at each end. A total of 490
groups is placed in the rooms, and each group has to leave the building through the nearest exit. The
members of a group are all placed at random positions in the same room. We use this scene to test
whether groups stay coherent and in socially-friendly formations in a high-density evacuation situation.
Room evacuation features a room with one exit, and a crowd of 180 agents subdivided into groups
of varying size. The agents have to evacuate the room through the exit. This experimental setup was
proposed by Köster et al. [31]. It is based on a controlled laboratory experiment performed by Liddle et
al. [32]. We use this scene to test whether our SGN method generates group behavior that is in line with
empirical data, and what eﬀect the group size has on evacuation times.
5.2

Eﬀects of SGN on coherence and sociality

In a ﬁrst set of experiments, we compared our SGN method against the methods by Moussaı̈d et al. [3,8].
To this end, we integrated both the collision-avoidance method [8] and the social-force model [3] into the
local movement layer of the framework by van Toll et al. [13].
The goal was to test whether SGN with its additions to the combined work by Moussaı̈d et al. yields
group behavior that better reﬂects real-life situations than the original methods. An overall assumption
is that agents do not switch groups during the simulation. Thus, real-life behavior in a corresponding
situation means that each person tries to stay in coherent and socially-friendly formations as much
as possible while approaching the goal area. We therefore compared the frequency of coherence and
sociality in our simulated groups for the SGN method and for the work by Moussaı̈d et al. We measured
the percentage of simulation steps over the lifetime of a group in which it is coherent according to
Deﬁnition 1. By lifetime, we refer to the number of simulation steps that it takes a group to reach its
goal area. Similarly, we measured the percentage of simulation steps over the lifetime of a group in which
it is in a partially-social and totally-social formation according to Deﬁnitions 2 and 3, respectively. We
ran each scenario 100 times and took the average coherence and sociality over all runs.
Figure 4(a) shows the average coherence (%) for both methods and varying group sizes in the ﬁrst four
scenarios. Figure 4 (b) and (c) show the average partial and total sociality (%), respectively.
The results show that our SGN method improves over the work by Moussaı̈d et al. in all cases with
respect to partial and total sociality. Regarding coherence, our method improves in all cases except the
bottleneck scenario with groups of 3. In that scenario, coherence is lost in one single run for our SGN
method. A Welch’s t-test on the diﬀerence between the two coherence results (for SGN and Moussaı̈d et
al.) yielded a p-value of 0.3198, and the diﬀerence is thus not considered statistically signiﬁcant.
5.3

Evacuation times

In a second set of experiments, we used the room evacuation scenario (see Figure 3(e)) with 180 agents.
We measured the evacuation times achieved by our SGN method, by Moussaı̈d et al. [3, 8] and by Köster
et al. [31]. We set the radius of each agent to 0.2 m. All other settings were kept as described in
Subsection 5.1. Since the constrained space for this scenario does not allow for much variation in the
initial spacial distribution of the groups, we used a ﬁxed initial conﬁguration for the 180 agents. With
no randomness left, we ran our SGN method once per group size and measured the total time needed to
evacuate the room.
Figure 5(a) shows the result of this experiment. The corresponding real-life experiment by Liddle
et al. [32] was performed with 180 individuals, for which a total evacuation time of 80 s was reported.
There is no corresponding ground truth data for bigger group sizes. However, according to empirical
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Figure 5 (a) Evacuation times for the room-evacuation scenario. Due to spacial constraints, for SGN and Moussaı̈d et
al., we used a ﬁxed start conﬁguration for all agents with no randomness involved. The results show the evacuation times
for a single run of each of the two methods. For comparison, we list the mean evacuation times of the method by Köster et
al. [31] for individuals and for groups of 2 and 4, and the ground-truth data for individuals as obtained by Liddle et al. [32].
(b) The evacuation times for the room-evacuation scenario using our SGN method for diﬀerent agent radii and group sizes.

data obtained by Xu and Duh [33], the evacuation times should increase when the group size increases.
Indeed, both SGN and the method by Köster et al. show this trend. With the methods by Moussaı̈d
et al., a decrease in evacuation times can be observed for groups of 4, which contradicts the empirical
observations.
In addition to the group size, we tested the eﬀect that the radius of an agent’s disc has on evacuation
time when using SGN. To this end, we repeated the scenario four times with all radii increased, ranging
from 0.21 m up to 0.24 m with a step size of 0.01 m. Furthermore, we ran a variant of this scenario with
mixed radii that were randomly chosen in the range of 0.20 m to 0.24 m for each agent. Figure 5(b) shows
the result of these experiments. We conclude that an increase in the radius increases the evacuation times
for all group sizes. This is an expected result because higher radii yield less free space in the environment,
which increases the overall crowd density. For groups of 2 and radii of 0.23 and 0.24, we observed high
evacuation times due to an increased crowd congestion in these runs. Increased crowd congestion could
also be observed for single runs with other group sizes and even when using only individual agents. This
eﬀect occurs due to the highly competitive nature of the collision avoidance method, which does not
guarantee coordination of crowds in high-density scenarios but rather makes agents try to exploit gaps
in the crowd whenever possible.
5.4

Sub-groups vs. no sub-groups

We have tested the eﬀect of sub-group behavior as described in Subsection 4.3.1 and compared it against
the same scenarios when turning oﬀ the sub-grouping part of our SGN method. Figures 6–8 show the
results of this comparison for diﬀerent start conﬁgurations with groups of three and four.
In Figure 6, we show the improved behavior when using sub-groups with respect to global-path planning. A leader is waiting behind an obstacle, and two members on the opposite side of the obstacle
start coordinating to approach the leader. Without sub-groups (Figure 6(a)), the two members plan
individual paths to the leader, which are not homotopic and make the two members split up. When we
use sub-groups (Figure 6(b)), the member on the right becomes a sub-leader, and its path to the leader

Kremyzas A, et al.

Sci China Inf Sci

November 2016 Vol. 59 112102:14

Goal

Goal

Leader

Leader

Member

Member

Member

(a)

Sub-leader

(b)

Figure 6 (Color online) (a) Without sub-groups, members follow individual paths despite their social bond. (b) With
sub-groups, members share a path to their leader.
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Figure 7 (Color online) (a) Without sub-groups, members do not walk in socially-friendly formations during coordination.
(b) With sub-groups, a socially-friendly v-shape emerges over time.

is shared by both sub-group members, which better reﬂects their social bonds during coordination. In
Figure 7, we show the beneﬁts of sub-groups with respect to social formations. We show three points in
time t for a group of four. Without sub-groups (Figure 7(a)), the three members approach their leader in
a straight-line formation that does not reﬂect their social bonds. When using sub-groups (Figure 7(b)),
the three members pick a sub-leader, and a socially-friendly v-formation emerges over time. In Figure 8,
we show the dynamic aspects of sub-groups. Since we determine a sub-leader in each step of coordination mode, sub-groups may dynamically form during the simulation. In the shown example, the three
members start as individuals when approaching their leader. At a later point in time, however, the two
leading members of the three are within coherence distance, and thus form a sub-group.
5.5

Performance

We tested the performance of our SGN method in an extended variant of the room evacuation scenario,
which consists of eleven copies of the scenario, i.e. eleven rooms as displayed in Figure 3(e). Each room
is initially occupied by 180 agents, yielding a total of 1980 agents in this stress-test scenario. The agents
are subdivided into groups, and each group has to evacuate the room it is starting in. We ran the scenario
100 times for group sizes of 1, 2, 3, 4, and mixed sizes, and we measured the average time needed to
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Figure 8 (Color online) (a) Even when using sub-groups, members start as individuals in the shown conﬁguration.
(b) During the simulation, a sub-group is dynamically formed.
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Figure 9 (Color online) The average time per step (a) and the frame rates (b) we achieved with a serial and parallel
execution of SGN for 1980 agents and diﬀerent group sizes.

compute one simulation step.
Figure 9 shows the average time per simulation step (Figure 9(a)) and frame rates (Figure 9(b)) we
achieved for a serial and parallel execution our method. For the parallel execution, we used 4 CPU cores
and a total of 8 threads. The results show that the average running times are all close to each other
for the varying group sizes, and mixed group sizes yield intermediate running times. For all group sizes,
our SGN method only yields a small increase in average running times over the simulation of individual
agents. When executing the method in parallel, one simulation step is performed about 4.5 times as fast
as with a serial execution. For all tested group sizes, we achieved an average rate of slightly less than 20
steps per second. Since we set the time for one simulation step to 0.1 s, we can conclude that our SGN
method achieves real-time performance for large numbers of agents when using parallel computation.

6

Limitations

While our SGN method generates coherent and socially-friendly group behavior for a large number of
agents in real time, it has some limitations. SGN does not include avoidance behavior with respect to
entire groups. In addition, the vision of an agent is still an approximation and is not inﬂuenced by the
environment. For instance, agents in open spaces should see hundreds of meters ahead, while their vision
should be limited in indoor environments. The computational complexity of maintaining actual vision is
a bottleneck that justiﬁes using approximated vision as used in previous methods, e.g. by Moussaı̈d et
al. [8].
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Conclusion and future work

In this paper, we have presented an extension of our Social Groups and Navigation (SGN) method
to simulate social-group behavior for virtual pedestrians. SGN is based on the vision-based collisionavoidance method by Moussaı̈d et al. [8] and the social-force model by Moussaı̈d et al. [3]. It is designed
to let small social groups stay in coherent and socially-friendly formations without explicitly modeling such
formations. Furthermore, SGN lets a group re-organize itself when coherence is lost during the simulation.
In addition to our previous version3) [7], SGN handles sub-groups for improved social behavior among
group members that have to split up to re-establish their coherence. SGN handles both global and local
aspects of the path planning pipeline to ensure coherent and socially-friendly group navigation.
We have shown experimentally that our method improves over existing methods by generating more
coherent and socially-friendly walking behavior. Furthermore, our method runs at interactive rates for
large numbers of agents, and it can be integrated into any existing crowd simulation framework that
supports global path planning, local path following and micro-behavior in separate steps [12, 13]. SGN
is thus well-suited for gaming and simulation applications that require believable and eﬃcient group
behavior for virtual pedestrians.
Additional research should focus on evaluating SGN’s ability to simulate big groups which are composed
of many small social groups. As a result, relevant metrics should be deﬁned for this evaluation. Finally, a
revised coherence deﬁnition that accounts for the size of a group seems necessary to control the frequency
at which big groups coordinate.
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