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Abstract: Adaptive kinetic architecture has emerged from a need for innovative designs that adapt to the
environment and changing needs of the occupants. Architectural design and modes of egress are critical
in an emergency. Flocking describes a certain collective behavior where agents are brought together
in groups and move as a cohesive unit from place to place. Collective behavior may be observed in
microscopic as well as macroscopic environments. Crowd modeling incorporates the study of human
behavior, mathematical modeling, and molecular or fluid dynamics. The simulation of agents and
their movement in the built environment is beneficial for design professionals, scientists, and engineers.
Human behavior in panic situations is notably similar to fluids and molecules. The objective of this
research was to evaluate the movement of agents in buildings using discrete dynamic simulation. We used
a novel discrete molecular dynamics technique to simulate the evacuation of agents in panic situations.
Various adaptive geometric configurations were analyzed for improved crowd flow. Kinetic walls
were modeled in order to evaluate design optimization as it relates to rates of egression. This research
proposes the use of kinetic walls to improve safety and efficiency during an emergency evacuation.
Adaptive geometric configurations show improvements over the conventional design framework.

Keywords: adaptive design; kinetic architecture; collective behavior; energy efficiency; sustainability;
egress; discrete molecular dynamics

1. Introduction

Kinetic architecture has emerged from a need for innovative designs that adapt to the environment
and changing needs of the occupants. It is kinetic in the sense that it possess the ability to adjust to its
environment which forms an ecological system [1-3]. It is ecological because it can be likened to a living
organism and its physical surroundings. In addition to having improved aesthetics, kinetic structures
play an important role in environmental sustainability. Kinetic architecture is symbiotic in nature [4].
The concept of responsive structures encompasses energy efficiency with a focus on heating, cooling,
light, sound, and ventilation. Adaptive buildings do not require human assistance but respond naturally
to the environment in impressive ways, therefore reducing energy consumption. Architectural features
include, but are not limited to, movable fenestration and responsive facades. Currently, software tools
and innovative designs are being utilized to reach sustainability goals of zero-energy buildings [5-8].
Zero-energy buildings are designed to consume only as much energy that is needed an that can be
produced by onsite sources over a specified time. These sources include renewable energy geration like
solar power. The Al Bahar Towers, located in the city of Abu Dhabi, is known for its innovative and
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sustainable design. Its shading device consists of a series of transparent components which open and
close in response to the Sun’s trajectory. The two towers have more than 1000 individual solar protectors,
which are controlled by the building’s management system. The Al Bahar Towers were designed by Aedas
Arquitectos studio and meets the 2030 Development Plan for Abu Dhabi. The architectural design is
suitable given the climate in Abu Dhabi, which has very little rainfall and almost year-round sunshine.
The climate in this region is subtropical and arid. In collaboration with Arup Engineers, Aedas’ architects
created large geometric patterns that form a sustainable and engaging facade. The facade system provides
an adaptive and dynamic solution to the climate in this region (see Figure 1).

Figure 1. Al Bahar Towers.

Another example of this is the Milwaukee Art Museum designed by Santiago Calatrava, a Spanish
architect, structural analyst engineer, and artist. The museum was designed with the comfort of the
museum-goers in mind. It takes advantage of natural sunlight, ventilation, and radiant heating, which
saves time and money (see Figure 2).

Figure 2. Milwaukee Art Museum.

Innovative designers, architects, and others in the construction community utilize multiple software
tools to reach sustainability goals [9,10]. The concept of adaptive structures for safety has not been
thoroughly explored. It is postulated in this research that kinetic architecture might be used for additional
purposes other than energy efficiency. In particular, adaptive structures can incorporate the safe egress
of large numbers of occupants. If implemented, adaptive kinetic architecture might be considered for
areas with large gatherings, such as museums and concert halls. With this concept in mind, a building
may be designed in such a way that parts of the structure move without affecting the structural integrity.
In theory, adaptive kinetic structures are well suited for gathering places, such as museums and concert
halls. With this concept in mind, buildings may be designed in such a way that parts of the structure move
without affecting the structural integrity. This study investigated the collective behavior of crowds and
methods of improving flow by utilizing discrete molecular dynamic simulation of adaptive walls.
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2. Background

Scientists Alder and Wainwright simulated elastic collision between hard spheres during the
mid-1950s. Similarly, Rahman simulated liquid argon using the Lennard-Jones potential in the
1960s, which was a novel simulation at the time. Molecular dynamics gained popularity in material
science and has since been utilized in biophysics, chemistry, and proteomics [11-13]. It is based on
simulation techniques that involve interacting atoms, their equations of motion, and time evolution.
Theoretically, it follows the laws of classical mechanics. Newton’s Second Law of Motion:

Fy, = myay (1)

where F;, represents the force due to interacting atoms, m;, is the mass of the atom, and a,, = d?r,/dt2.

The N-body problem is insoluble for three or more bodies and originated in the study of the solar
system. In the above Equation (1), each 7 in the system constitutes N atoms. The nonquantum
behavior of matter can be mostly understood by classical terms. At the microscopic level,
classical N-body problems of matter can be understood. Various modeling techniques have been
developed for molecular-level research, including molecular modeling, Monte Carlo methods, cellular
automata, the lattice Boltzmann method, molecular dynamics with electron density function theory,
and quantum-based techniques, to name a few [14-16]. Quantum mechanics is based on a measure
of uncertainty—the uncertainty principle. On the other hand, the momentum and position can be
determined at all times with molecular dynamics. Molecular dynamics is therefore deterministic.

A deterministic system is one in which there is no randomness. In principle, given a set of initial
conditions (position and/or velocity), the time evolution can be determined. This model will produce
the same output given the same initial state. Time evolution is the process by which time passes.
There is an internal change of state. In a continuous model the variables change in a continuous way,
but not in a predictable way. In this way, it is not possible to predict exactly what will happen.

Equations of motion are solved numerically. The Lennard-Jones potential was proposed by
Sir John Edward Lennard-Jones. This potential describes the interaction between molecules and
non-bonding atoms. This equation accounts for attractive and repulsive forces and takes into
consideration the distance of separation. Attractive forces may be dipole-dipole, London interactions,
or dipole-induced dipole interactions. The 12-6 1Iiermard—]ones potential model consists of two parts—a
g

)

repulsive term (%)6 and an attractive term (¢

o o
V(r) = 45[(;)12 - (;

)°]
where V is the intermolecular potential, r is the distance of separation between particles, ¢ is the well

depth bonding energy, and o is the distance.
The simplified form is:

where A = 4e0'? and B = 4e0®.

The Lennard-Jones equation is a function of the distance between the centers of both particles.
The distance between the centers of the particle is bound, so their centers are drawn together until
the particles reach equilibrium. If the particles are pressed further together, repulsion occurs. In this
case, the bound particles are so close that the electrons orbiting their shell are forced to occupy the
other particle’s shell. The potential energy becomes increasingly positive as the separation distance
decreases below equilibrium. The opposite is true for negative potential energy due to the long
separation distances. At these long distances, the pair of molecules experiences a stabilizing force.
Molecular dynamics is a statistical mechanics method based on the partition function. The partition
function is a function of temperature and other parameters, which describes the statistical properties
in thermal equilibrium. Each type of partition function corresponds to different types of statistical
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ensembles. The grand canonical partition function applies to a canonical ensemble in which the system
exchanges both particles and heat with the environment. This is accomplished with a fixed volume,
temperature, and chemical potential (see Figure 3).

'y

Pauli repulsion

Potential energy, V

Dipole-dipole attraction

Distance between atoms, r
Figure 3. Lennard-Jones potential.
3. Methodology

The discrete molecular dynamics (DMD) simulation algorithm is an extremely fast alternative
to traditional molecular dynamics. It was first introduced in 1959 by Alder and Wainwright for
simulations of hard spheres. Later, it was used by Rapaport for the simulation of polymer chains.
It has since been adopted for simulations of protein-like polymers. The benefits of using DMD are that
it is extremely fast and suitable for the simulation of large systems on long timescales. During DMD
simulation, potentials applied to particles are approximated by discontinuous step functions of the
interparticle distance r (Figure 4).
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Figure 4. Discrete molecular dynamics (DMD) potential: (a) hard sphere collision, (b) attractive square
well interaction, (c) repulsive soft interaction, and (d) covalent bond and auxiliary bond interaction.

No force is exerted on particles until their distance becomes equal to the point of discontinuity on the
potential. When particles encounter a potential discontinuity, this is called an “event”. Between events,
particles move at constant velocities. Because the energy change during each event is known, the post-event
velocities can be calculated by solving the conservation of momentum and the conservation of energy
simultaneously. Thus, the trajectory of a particle can be simulated discontinuously between events.

The simulation code for DMD is significantly different from that for traditional molecular
dynamics because the particles are moved discontinuously from one event to the next with known
velocities. sDMD is a simulation package based on the DMD technique and a high-resolution
all-atom molecular model. The package was written in the C language by Size Zheng and
has since been optimized [17]. Its modularized structure is highly expandable: New molecular
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groups can be introduced by simply adding a new formatted connection and potential data files.
Pedestrian simulation is important in predicting the escape time for emergency planning, which leads
to safer buildings. Advances in traffic science have encouraged physicists and other scientists to
investigate the evacuation process and pedestrian flow [18]. Evacuation dynamics and pedestrian flow
are closely connected with the many-body particle system, which is a system of strongly interacting
agents. Individual pedestrians can be mimicked by molecular dynamic theory.

Therefore, this research adopted a computational tool based on discrete molecular dynamics
that has also been applied to chemical and biological systems. Even though it is commonly used for
rigid-body mechanics, protein folding, and genome analysis, its technical features are applicable to the
complexity of pedestrian interaction [19-21]. The simulation code for discrete molecular dynamics
(DMD) is different from that for traditional molecular dynamics. Its modularized structure is highly
expandable to include various molecular groups. Currently, the package is able to run simulations
under various situations as follows:

e NVT and NVE ensembles (constant number, volume, temperature) and (constant number, volume,
energy), respectively;

e  bulk conditions as well as parallel pores, cylindrical tubes, and spherical cavities;

e replica exchange molecular dynamics (REMD) simulation;

e dynamic confined systems, as the confined walls expand, compress, and pulse; and

e  molecule flow through a tube between two reservoirs.

Methods of analysis are as follows:

e  Removal of periodic boundary conditions of trajectory;

e computation of the number of different types of hydrogen bonds;

e computation of the Ramachandran plot;

e computation of system temperature, kinetic energy, and potential energy;

e computation of the number of clusters during aggregation; and

e analysis of data from T-REMD by the weighted histogram analysis method (WHAM).

In order to apply sDMD to more complex systems, we upgraded the molecular and potential
models from coarse-grained to all-atom models. Large amounts of code were rewritten and optimized.

4. Results

The main goal of this research was to evaluate the simulation of agents in buildings using
discontinuous molecular dynamic simulation. We analyzed exit corridors, particulary areas where
bottleneck occurs [22-24]. Responsive geometrical walls were analyzed to resemble wall units
commonly found at points of egression. Discontinuous or discrete molecular dynamic simulation
was utilized for optimal evacuation methodology. Four configurations were simulated as shown in
Figure 5. The configurations were as follows: (a) Reference configuration, nothing added in the room;
(b) kinetic contoured wall—a movable wall strategically placed in the middle of the room; (c) linear
compression wall—the wall compresses toward the center; and (d) curved egression wall—a kinetic
wall located at an entrance/exit to aid in egressing occupants.



Buildings 2019, 9, 44 6 of 12

(a)

(b)

(d)

Figure 5. Simulation configurations.
Table 1 shows the varying wall types with their respective distances or radii.

Table 1. Configuration parameters.

Wall Types Distance/Radius (m)
Compression Wall 4.050 4.725 5.400 6.075 6.750 7.425 8.100
Contour wall 8.775 9.450 10.125  10.800 11475 12150  12.825
Curved wall 8.775 9.450 10.125  10.800 11475 12150  12.825

Different configurations have different effects on escaping agents—where some cases may
help, the others may not. The total evacuation time was recorded. Results are the averages of
the 10 independent simulations. This is shown in Figure 6.

In Figure 6, the red line represents the reference configuration, pop represents the kinetic
contour wall, cpr represents the linear compression wall, and cur represents the curvature wall.
Analytical results show that compared with the reference configuration, the curved egression wall
significantly reduced the evacuation time. The reduction in evacuation time was up to 14 s. The linear
compression wall showed some improvement, but in some cases would even increase the time cost.
The kinetic contour wall, however, performed disappointingly in every case. It would, in a real
situation, prevent a crowd from escaping and in many cases increase the escape time.

Figures 6 and 7 show that if we did nothing (represented by the reference situation (red line)),
there would be approximately seven people left in the room after 240 s. In the case of the compression
wall, it may save one or two more people. The curved egression wall construction showed a reduction
in the number of casualties (only one or two casualties). This would save as many as six people
compared to the other cases. However, if we use the kinetic contour wall configuration, more people
would remain trapped in the room, increasing the total number of casualties to 12. This is almost
double the number in the reference case.
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Figure 6. Escape time for different configurations. Abbreviations: ref—reference configuration,

pop—Xkinetic contour wall, cpr—linear compression wall, and cur—curvature wall.
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Figure 7. The number of people trapped in the room after 240 s of evacuation time.
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5. Discussion

Throughout the history of architecture there has been a wide range of design principles. Designs of
culturally specific, fixed, or immobile structures can be found in much of the built environment.
Successfully navigating exits or entrance ways is crucial in emergency evacuation. This is evident
in emergency situations where individuals lose the ability to orient to their surroundings, panic,
and fail to act logically. Instead of responding independently, individuals rely on group action.
In this situation, the crowd or collective whole possesses knowledge of avoiding dangerous situations.
Individual cognitive abilities are lost. The result is a groupthink mentality which may not be optimal
for safety. If the danger is heightened, assertive behaviors, such as pushing or shoving, are exhibited.
This behavior is termed as non-adaptive crowd behavior. In a familiar environment, pedestrians show
some basic attributes. The most basic principle is the principle of least effort. This principle postulates
that people or animals will naturally choose the path of least effort or resistance [25,26]. The action of a
pedestrian in a normal situation suddenly changes in an emergence situation. For example, the desired
velocity increases as occupants attempt to leave a building as quickly as possible and this leads to a
typical formation. Occupants who are not well acquainted with an area will tend to exit where they
entered. This is the case even though another exit might exist or be easier to reach. They might therefore
lose the ability to orient themselves to the environment and exhibit flocking or herding behavior [27].
This behavior is responsible for injury and death in herding disasters [28-31]. The behavior of crowds
in emergency situations can be challenging to analyze since an actual experiment involves exposing
participants to a possibly hazardous environment. Drills, such as fire or earthquake drills, are effective
but can hardly recreate panic situations. Crowd behavior has been studied for decades and evacuation
methods have been developed with the aid of time-lapse films, observations, and simulations [32,33].
Inspired by the computer gaming, entertainment, and movie industries, researchers use familiar
techniques to model agents in architectural buildings [34].

Biomimicry, or the patterning of nature, utilizes sustainable solutions for challenges faced by
humanity. Flocking or herding describes certain collective behavior where species are brought together
and move as a cohesive group from place to place [35,36]. Human behavior in panic situations is
notably similar to herding and flocking. Interestingly enough, these movements are also similar
to those of fluids and certain molecules [37-39]. What is observed at the macroscopic scale is also
observed at the microscopic scale. Collective behavior may be observed in the microscopic as well as
the macroscopic environment [40-43].

The discontinuous molecular dynamics method was used to simulate an evacuation process.
During the simulations, 400 people (modeled as spheres) moved toward the exit door. The driving force
was simulated as a potential well, where the minimal was located near the exit. The random movements
of the spheres followed Brownian motions. The room had dimensions of 40 x 16 (L x W) m2. The exit
door was 3 m wide. Four configurations were simulated as shown in Figure 8. The configurations are
as follows: (a) Reference configuration, (b) kinetic contoured wall, (c) linear compression wall, and (d)
curved egression wall-kinetic wall located at an the entrance/exit. For configurations (b), (c), and (d),
seven different parameters were used. Configurations (b) and (d) had different radii of curvature.
In the case of (c), different compressing distances were used.
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(a)

(b)

TR

(d)

Figure 8. Snapshots of the evacuation process at 240 s for different configurations: (a) Reference,
(b) kinetic contour wall, (c) linear compression wall, and (d) curved egression wall.

We found that different configurations resulted in different times for agents escaping. In some
cases this was shown to help, where as in others it did not. In each configuration, we performed
10 independent simulations in order to model the evacuation process for up to 420 s. The total
evacuation time was recorded. Results are the averages of the 10 independent simulations.
Analytical results, when compared with the reference configuration, show that the curved egression
wall significantly reduced the evacuation time. The reduction in evacuation time was up to 14 s.
The linear compression wall showed some improvement although it increased the time cost. The kinetic
contour wall, however, performed disappointingly in every case. It would, in a real situation, prevent
a crowd from escaping and in many cases increase the escape time. On the basis of the existing test
case, if we set a fixed evacuation time at 240 s, we can also obtain the number of agents that would
remain trapped in the respective rooms. The simulation snapshots are shown in Figure 8.

Preliminary results show that evacuation time is improved with a combination of changes
in the geometric space at egression. For this research we outlined and quantitatively compared
various architectural layouts. We described the strong correlation between event-driven molecular
dynamics and the occupants” movement. From the microscopic view of molecular dynamics, we found
applications to crowd simulation where agents are supported by observations and refined in computer
simulation [44,45]. Discontinuous dynamic molecular modeling was utilized to optimize kinetic walls
and occupants’ egression. Kinetic structures have been shown to improve modes of egression of
building occupants. The evacuation time, distribution of total distance, and kinetic wall configurations
were compared. It is postulated that an effective crowd simulation could converge to form a simulation
metric that depicts observable real-world data. As knowledge expands and modeling techniques
improve, we will be able to learn more about social forces and the psychological and behavioral science
of large crowds [46—48]. The proposed kinetic contour wall may show an improvement over the
other architectural configurations because curved geometrical spaces reduce the shear-stress vector.
Additionally, the results depict a streamlined pattern that is consistent with fluid flow through curved
spaces. Fluid flow around curved geometries is encountered in much of nature from microscopic
organisms to the cosmological scale. Researchers Debus, Mendoza, Succi, and Herrmann detailed in
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their journal article, “Energy Dissipation in Flows through Curved Spaces”, that energy dissipation
plays a significant role in fluid dynamics in curved spaces [49]. Curvature-induced viscous forces are
shown to cause appreciable energy dissipation.

As a result of the research, we propose the use of curved kinetic obstacles at the point of egress.
In comparing and analyzing the various configurations, the proposed kinetic wall (curved egression
wall) performed well in all cases. An example of the proposed kinetic wall is shown in Figure 9.

Figure 9. Proposed curved kinetic egression wall.

We compared the evacuation time, distribution of total distance, and evacuation rate. It is
postulated that an effective crowd simulation could converge to form a simulation metric that depicts
observable real-world data [50].

6. Conclusions

Understanding the interface between architecture, engineering, and behavioral science is
important. This area of research spans many relevant topics and working together may better equip
key individuals to address issues of safety and sustainability. For this research we outlined and
quantitatively compared various architectural layouts. We analyzed the strong correlation between
molecular dynamics and occupants’ movement. From the microscopic view of molecular dynamics,
we found applications to crowd simulation where agents are supported by observations and refined in
computer simulation. Discontinuous dynamic molecular modeling was utilized in order to optimize
kinetic walls and occupant’s egression. Various architectural layouts have been shown to improve the
modes of egression of building occupants. We compared the evacuation time, distribution of total
distance, and kinetic wall configurations. Public structures, where large numbers of agents gather,
may benefit from safety design features. Sustainable adaptive architecture, especially in corridors,
hallways, and doors, can play a major role in assisting occupants to safely egress in emergency
situations. In the near future, design professionals and engineers can design with crowd mobility and
evacuation in mind. In the future, structures should be not only energy efficient but also safe and
movable. There are a growing number of smart materials available for implementation. We propose
a fire-retardant, kinetic egression wall that will aid occupants when evacuating in an emergency.
As knowledge expands and modeling techniques improve, we will be better equipped to utilize our
collective intelligence for smarter buildings and structures.
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