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Abstract

We investigate a variety of aspects related to the simulation of passenger dynamics on
escalators, mainly focusing on the discrepancy between the ‘theoretical’ and the ‘practical
capacity that is observed for these facilities. The structure of the paper is twofold. In the first
part, we introduce a space-continuous model to describe the transition of agents from walk-
ing on the plain to standing on the escalator. In the second part, we use numerical findings
from simulations to study important measures like minimum distances between the standing
agents and average occupancies of the escalator steps. One of the most important results
obtained in this paper is a generalized analytical formula that describes the escalator capac-
ity. We show that, apart from the conveyor speed, the capacity essentially depends on the
time gap between entering passengers which we interpret as human reaction time. Compar-
ing simulation results with corresponding empirical data from field studies and experiments,
we deduce a minimum human reaction time in the range of 0.15s—0.30s which is in perfect
agreement with results from social psychology. With these findings, it is now possible to
determine accurately the relationship between the capacity and the speed of an escalator,
allowing a science-based performance evaluation of buildings with escalators.

Introduction

With an ever-growing urbanization [1], the peak performance of pedestrian facilities in public
buildings like shopping malls, entertainment centers, and sport stadiums, is gaining impor-
tance. Moreover, public transport via trains has become one of the most effective and climate-
friendly transportation modes available. As a result, more multiple-level train and metro sta-
tions are being built and used on a regular basis. To increase comfort of the passengers as well
as to satisfy in particular intermittent performance demands of buildings as a whole, escalators
are being used ubiquitously as they generally transport large passenger groups much faster
between different levels than stairs and elevators [2].

One important measure to assess and evaluate the performance of escalators is the maxi-
mum passenger flow that can be realized over a certain period of time. As with other pedestrian
facilities, this handling capacity strongly depends on the geometrical dimensions which are
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usually fixed and typically known or easily accessible. More importantly (and in contrast to

many other pedestrian facilities), however, escalators have an additional setting option that can
be adjusted dynamically during operation: the conveyor speed. According to this, the escalator
capacity is not a fixed number but depends on the mode in which the facility is operated [3-5].

The question that naturally arises is how the escalator speed should be selected. There are
two main points to consider. First, it is obvious that the choice of a particular conveyor speed
is always a trade-off between comfort, safety, and performance demands as not all these aspects
can be maximized at the same time. For instance, while a larger conveyor speed may increase
the capacity, it also complicates the adaptation process of the entering persons to match the
fast-moving escalator which in turn may endanger the passenger safety. The importance of
the safety aspect is underpinned by the fact that escalator-related injuries have increased in the
past years [6].

Second, in order to strike a balance between the aforementioned aspects, the performance
of an escalator has to be known exactly. Surprisingly, however, there exists a long-standing
and persistent ambiguity regarding the relation between conveyor speed and capacity of esca-
lators. Many guidelines, norms, and handbooks, for instance, propose a linear speed-depen-
dence of the maximum possible passenger flow [2,7-10]. The corresponding quantity is often
referred to as ‘theoretical” capacity although the underlying theoretical assumptions are often
not explained in detail. At the same time, however, it is known that the idealized situation of
maximum escalator utilization is almost never observed in field studies and experiments,
see for instance Table 1 which summarizes empirical findings on maximum observed flows at
escalators.

Regarding the discrepancy between ‘theory’ and observation, Fruin already noticed in the
70s the so-called ‘empty’- or ‘vacant’-step phenomenon which states that a fully utilized escala-
tor is never observed, even in peak travel times [20]. Therefore, usually a so-called ‘practical” or
‘nominal’ capacity is introduced in (manufacturer) handbooks and in norms. This quantity is
consistently and significantly smaller than the ‘theoretical’ one. What often remains unclear,
however, is the actual size and speed-dependence of the deviation as well as the underlying rea-
son for it. Even among escalator manufacturers [3-5], there is no consensus about these points
and, accordingly, many values for the ‘practical’ capacity can be found in the literature, see
Fig 1 for a qualitative illustration. As a consequence, manufacturers and norms recommend
speed-settings that might not be optimal.

In the following, we aim to contribute resolving this issue by putting the speed-capacity
relation and therefore the performance analysis of escalators on a firmer basis. We do this by

Table 1. References for maximum observed upward flows at escalators.

reference

Bodendorf et al. (2014) [11]
Bohm-Franke (2015) [12]
Kinsey (2011) [13]

Nai et al. (2012) [14]
Kabhali et al. (2021) [15]
Kabhali et al. (2021) [16]
Davis et al. (2002) [17]
Al-Sharif et al. (1996) [18]
Majo (1966) [19]

escalator speed [ms™] count interval [s] maximum flow [*']

0.50 10 1.73
0.50 10 1.80
0.50 60 1.70
0.61 20 2.25
0.65 30 2.57
0.65 24 2.47
0.72 variable 1.98
0.75 30 2.03
0.75 60 2.25

The clear width of the escalator is one meter in all cases. The column ‘count interval’ indicates the length of the time span in which the maximum flow is measured.

https://doi.org/10.1371/journal.pone.0282599.t001
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Fig 1. Qualitative difference between the ‘theoretical’ and the ‘practical’ escalator capacity in the range of typical
conveyor speeds. Regarding the ‘practical’ capacity, linear, saturating, and even decreasing curve progressions can be
found in the literature.

https://doi.org/10.1371/journal.pone.0282599.9001

presenting an efficient space-continuous first-order model that describes the transition of
agents from walking on the plain to standing on the escalator.

We suggest solving the duality problem of the capacity by proposing a generalized formula
that

« is able to explain the deviation between ‘theoretical’ and ‘practical’ capacities,

« is at the same time able to explain the existence of different ‘practical capacities that can be
found in the literature, and

« is compatible with observed empirical values from field studies and experiments.

Based on purely numerical studies, we deduce and validate an analytical formula that
quantifies the variation of the escalator capacity with respect to its speed. Our results show
that assuming standing agents leads to reasonable predictions of the escalator performance.
Moreover, it is found that the obtained capacity formula is a valid generalization of the linear
approach often assumed and used in the literature.

Simulation of escalators

Usually, experimental and numerical studies of pedestrian dynamics serve as validation
ground for mathematical models that aim to describe them. Concerning escalators, however,
this approach is only partially practical as there is only little empirical data to compare with
and due to limited possibilities to perform experimental work under extreme conditions and
over an extended period of time. In this work, we therefore follow a different approach by
developing a space-continuous model that describes the entering behavior of pedestrians at
escalators. We implement the model in the open-source software JuPedSim [21] and capitalize
on the obtained numerical results to formulate a theoretical concept of the escalator capacity.
For the simulations, we use the geometry shown in Fig 2. In this setup, two floors with a height
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Fig 2. Geometry used for the simulations. The geometry consists of three parts: a lower floor including the agent sources (right), an escalator with a
clear width of w € {0.6, 1.0}m, and a projected horizontal length of /... = 10 m (middle), as well as an upper floor which is located Al = 5 m above the
lower one (left). The movement direction of the agents and of the escalator is from right to left. The incoming agent flow « can be freely adjusted
whereas the flow 3 is typically measured.

https://doi.org/10.1371/journal.pone.0282599.9002

difference of Ah = 5 m are connected by a single escalator with a projected horizontal length of
lesc = 10 m and an inclination angle of approximately 27°. As clear widths of the escalator, we
consider the cases w = 0.6 m and w = 1.0 m. For the upcoming capacity analysis, it is important
to generate a constant density in front of the entrance to the escalator. Accordingly, we ensure
that the relation o > S holds in all simulations, where o is the incoming agent flow and 3 is the
flow on the escalator. Only with this condition it is guaranteed that the escalator is operated in
a mode that corresponds to its capacity.

Model of pedestrians

To account for dynamical factors of the passenger dynamics on escalators, several rule-based
models have been developed in the past [22-25]. In this contribution, we do not use one of the
existing models but extend the collision-free speed model [26] which, compared to second-
order models [27, 28], is characterized by a reduced computational effort and a faster run time
of the simulations. The model is minimum in the sense that it is defined by only a small set of
parameters. It is also particularly well suited for describing the passenger dynamics on escala-
tors, as will be shown below.

In the simulations, we use circular-shaped agents with a projected diameter of d = 0.4 m
and a corresponding occupation area of A = 0.13 m®. According to [10], this space require-
ment corresponds to the one of an adult wearing thick clothing. In principle, circular-shaped
agents can cause gridlocks in the presence of narrow bottlenecks. In the considered simula-
tions, however, all bottlenecks are considerably wider than w = 0.4 m and the problem does
not occur. In addition, each agent is assigned an individual desired velocity which it tries to
reach on the plain. The absolute values of the velocities are provided in the form of a normal
distribution for which we use vq ori,. = 1.3 ms ! as expected value and 0 = 0.26 ms ! as stan-
dard deviation which is in accordance with [9]. Moreover, we assume the actual speed of an
agent to be proportional to the available free space [26]:

—d
v(s, T) = min{voghom., max{O,ST}}, T >0, (1)

where s is the smallest distance to the neighbors in the motion direction. The variable T
corresponds to the time gap between successive pedestrians in single-file motion [26]. As with
the desired velocities, individual T-values can be assigned to the agents in form of a normal
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0.0

distribution. In order to study the impact of T on the numerical results, however, in each of
the simulations we use one T-value for all agents. This value is then (possibly) varied in succes-
sive simulations. A typical value is T = 0.25s.

Finally, neighbors and walls not only influence the speed of an agent but also its movement
direction. In this work, we use default values for the model parameters as suggested in
[21,26,29]: @agent = Awall = 55 Dagent = 0.1m, and Dy, = 0.02 m. Here, d,gent and dyyay are dimen-
sionless repulsion coefficients while D,gen¢ and D,y are repulsion distance thresholds between
pedestrians and with the geometry, respectively.

Model of escalators

So far, we have introduced rules that govern the movement of pedestrians in 2D space in gen-
eral. However, unlike static geometrical components like corridors and bottlenecks, escalators
have their own dynamics and move upwards or downwards with a specific conveyor speed. In
JuPedSim, an upward or downward escalator is implemented by specifying an inclined area
of the geometry in which agents mainly move at the escalator speed. As the desired speed of a
walking agent on the plain, vo horiz is typically different from the speed of the escalator, Ve

it becomes necessary to moderate between the two quantities. In JuPedSim this is done by
means of a smooth adaptation function that avoids any discontinuities [21]. The actual posi-
tion-dependent speed of the agent is then given by

— () + Ve - f (%), (2a)

v() (‘x) = VU.horiz. (]‘

with f(x) = tanh(cx?) - tanh(c(x — 1,..)*), (2b)

where c is a parameter to adjust the adaptation function. To take the speed adaptation into
account, the replacement v pori,.— Vo has to be made in Eq (1).

Fig 3 shows the development of the actual speed as one single agent passes the same esca-
lator for two different values of the parameter ¢ and three common escalator speeds, respec-
tively. In each of the cases, the agent decelerates beginning at x = 0 m, adapts to the speed of

1.4
""""" VESC = 0.75 m/S 1.2 VESC == 0-75 m/S
—— Vease = 0.65 M/s ' —— Veasc = 0.65 m/s
Vesc = 0.50 m/s 1.0 —— Vese =0.50 m/s
............................................................... Lo
| E
_____________________________ <0 ol ia e gl o sl e o nins vl sened s ol
0.4
0.2
1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

x [m] x [m]

Fig 3. Speed of a single agent, depending on the position on the escalator. Shown are simulation results obtained for ¢ = 50 (left) and ¢ = 500 (right),

and for the common escalator speeds ve, € {0.50, 0.65, 0.75} ms™", respectively. The desired speed of free walking on the plain is here vo poriz, = 1.3 ms™".

1

The shaded areas indicate regions where the agent speed is adapting to the one of the respective escalator. The corresponding adaptation lengths are
approximately 1.0 m (left panel) and 0.4 m (right panel).

https://doi.org/10.1371/journal.pone.0282599.9003
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Table 2. Required length of the horizontal flights at the entrance and exit of an escalator according to norm EN
115-1 [7].
escalator speed minimum length
Vese <0.50ms ™' | 0.8 m (&2 steps)
0.50ms ™! < Ve <0.65ms™ | 1.2m (=3 steps)
0.65ms ™! < Veee <0.75ms ™" | 1.6 m (~ 4 steps)

The values are valid for heights Ah < 6 m.

https://doi.org/10.1371/journal.pone.0282599.t002

the escalator, holds it, and accelerates at x > 9m to reach again the desired speed of free walk-
ing on the plain.

On a real-life escalator, the adaptation process is supposed to take place in the horizontal
flights at the entrance and the exit areas. According to norm EN 115-1:2017 [7], the minimum
length required in movement direction of these regions depends on the conveyor height,
slope, and speed of the escalator, see e.g. Table 2. Comparing the requirements with Fig 3, it
follows that the deceleration and acceleration of the agent can be adjusted such that it takes
place fast enough. More precisely: for ¢ = 50, the adaptation length is approximately 1.0 m
which, according to Table 2, would be too long for escalator speeds ve, < 0.5 ms . Setting
¢ = 500, however, the adaptation length can be shortened to approximately 0.4 m which is in
accordance with the requirements of norm EN 115-1.

Simulation of multiple agents

As mentioned before, in JuPedSim escalators are modeled such that each agent is assigned an
individual desired speed which it tries to attain passing the facility. When considering a single
agent, this method is definitely sufficient to obtain realistic results since a single agent can
choose its speed almost completely freely. In crowded situations, however, interactions among
the agents limit this freedom and, accordingly, the simulated speed is likely to be below the
desired one. This is in contrast to the situation at an escalator since here the conveyor speed
constitutes a lower bound for the speed of the agents located on it.

In order to estimate whether it is possible to model realistic behavior on escalators with the
concept of a desired speed, we consider the following setup: We use the geometry of Fig 2 and
simulate 1.000 agents passing successively an escalator that is operated at a speed of v, = 0.5
ms . The continuous incoming agent flow of a = 3s™" is chosen such that it lies above the
capacity of the escalator, as will be shown below. The corresponding simulation results are
summarized in Fig 4.

As expected, all agents are adapting their speed to match the speed of the escalator. Since o
is larger than the escalator capacity, a congestion forms in front of the facility leading to stron-
ger interactions among the agents and therefore to a reduction of the individual speeds in the
region x < 0 m. As a consequence, most of the agents have to accelerate instead of decelerate
when entering the escalator which is reflected by the fact that Fig 4 is asymmetrical around
x =5 m (downward shift of the Lh.s.). Compared to the right diagram in Fig 3, also the adapta-
tion length is slightly extended at the entrance of the escalator. However, it is, for the vast
majority of the agents, still compatible with the requirements of Table 2. Outside the adapta-
tion phases (in the region 1m < x < 9m) all agents are moving with approximately the same
speed which corresponds to the case of standing agents on the escalator.

Finally, the results in Fig 4 show that it is indeed possible to model realistic behavior on
escalators with the concept of a desired speed, even for the case that the incoming agent flow is
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3 4 5 6 7 8 9 10
x [m]
Fig 4. Individual speeds of 1.000 agents, depending on the position on the escalator. The results are obtained using

¢ =500, Vese = 0.5 ms ™', and w = 1.0 m. The shaded areas indicated the required length of the horizontal flights
according to Table 2.

https://doi.org/10.1371/journal.pone.0282599.9004

significantly larger than the handling capacity of the facility. The agreement between simula-

tion results and simulation goal is particularly striking for escalator speeds ves. < 0.5 ms™".

Passenger dynamics of escalators

In the following, we examine different quantities with simulations that are difficult to access
through experiments and field studies. More precisely, we consider situations that involve the
operation of escalators above their respective capacity, meaning that the incoming agent flow
o is larger than the maximum flow f that can be transported away by the escalator. In real-life
situations, these situation are either too dangerous for the involved people or the necessary
boundary conditions can only be ensured for a short amount of time. In contrast, the following
results (and underlying simulations) do not suffer from these restrictions. It is therefore possi-
ble to realize and investigate steady-states of almost any temporal extension.

Spatial separation of agents on the escalator

One particular feature of an escalator with standing agents is that the distances between any
agent and its direct neighbors do not change, even though the overall agent flow is non-vanish-
ing. To verify if the model introduced in the previous section recovers this feature, in each sim-
ulation we label the #n agents currently located on the escalator according to their position in
movement direction (in our case x-direction) and consider all (n — 1) spatial distances between
adjacent agents. The average along the x- and the y-axis is then given by

n(ty)—1

Ax(ty) = ———

1
n(t) — 1 ! (32)

x4 () — x:(%)

i=1
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1 n(fy)—1

Ay(t)) = n(t) =1 Z

i=1

Vi1 (t) = (k)| (3b)

where x; is the absolute x-position of agent j and similar for the y-direction. In a similar way, it
is possible to determine the total distance s:

1 n(ty)—1
S(to) = T’l(tﬂ) _ 1 ; \/

Simulation results of the different distances are shown in Fig 5.

As can be seen, after an initial phase where the first agents are arriving at the escalator, the
average distance in movement direction is dropping and a steady-state with constant spatial
separations establishes for each of the considered escalators. The only quantity in Fig 5 that

shows a significant speed dependence for both escalator widths is Ax, or more specifically, Ax

2

+

2

. (3¢)

x4 () — x:(%) Vi1 (to) — ¥i(ty)

1.5 1.5
—— Ax (Ax = 0.526m) —— Ax (Ax = 0.589m)
=10 S Ay (A_y = 0.003m) =10 sl | Ry {A_y = 0.001m)
= | = s (5 =0.526m) = UL s (s =0.589m)
S Lm' =
(@)} (@)}
0.5 e 0.5 h
0‘00 100 ) 200 300 0‘00 100 200 300
t[s] t[s]
1.5 1.5
—— Ax (Ax = 0.261m) —— Ax (Ax = 0.294m)
=10] Ay (A_y = 0.542m) =10 Ay (/_\._y = 0.530m)
EF e s (5 =0.602m) = | - s (s =0.608m)
= =
B [[Nemsseeweaal o = ol NS (@)}
q_c) 0.5 q_c) 0.5
0‘00 100 200 300 0'00 100 200 300
t[s] t[s]

Fig 5. Simulation results for spatial distances between the agents. Shown are results for the clear widths w = 0.6 m (first row) and w = 1.0 m
(second row), as well as for the escalator speeds ves. = 0.5 ms ! (left) and Ve = 0.75 ms ™ (right), respectively. The average values of the distances

are obtained from steady-state regions of 60s length (shaded areas) and are indicated by a bar. Since Ay almost vanishes in the upper two diagrams,
the total distance s is approximately the same as Ax.

https://doi.org/10.1371/journal.pone.0282599.9005
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Fig 6. Minimum spatial separations in movement direction depending on the escalator speed (left) and the model parameter T (right). The
simulation results are obtained by measuring Ax for the escalator widths w = 0.6 m and w = 1.0 m, respectively. Model parameters are fixed by T = 0.25s
(left) and Ve = 0.5 ms ™! (right). The approximations follow from Eq (6) using dyp = 0.4 m, O, = 2 for w= 1.0 m, and O, = 1 for w = 0.6 m. The
shaded area indicates the range of typical escalator speeds.

https://doi.org/10.1371/journal.pone.0282599.9006

which is the average of Ax over all considered frames in the steady-state (shaded areas). To fur-
ther study this dependence, we consider a wider range of escalator speeds and determine the
average of the minimum spatial separations in x-direction as before. The corresponding simu-
lation results are summarized in the left diagram of Fig 6. For both escalator widths and over
the entire considered speed range, Ax depends linearly on ve,. The obtained simulation results
can therefore be fitted by a linear regression for which we obtain

fit for w=0.6 m: Ax(v,)=0.404 m+0.248 s-v T=0.25s, (4a)

esc?

fit for w=1.0m: Ax(v,)=0.199 m+0.127 s-v T=025s. (4b)

esc?

In order to check the impact of the model parameter T, we vary the T-value for the fixed
escalator speed Ves. = 0.5 ms ! with corresponding simulation results shown in the right dia-

gram of Fig 6.
As before, the simulation results show a linear parameter dependence and can be fitted
accordingly:
fit for w=0.6 m: Ax(T)=0405m+0482 ms'-T, v, =0.5ms", (5a)

fit for w=10m: Ax(T)=0.203 m+0229 ms"'-T, v, =005ms" (5b)

The results in Eqs (4) and (5) can be explained as follows: The typical step depth of an esca-
lator is dyiep = 0.4 m [3-5]. On the narrow escalator with a clear width of w = 0.6 m, only one
person can stand on each step simultaneously, resulting in a minimum possible x-distance
between the agents of min(Ax) = 0.4 m. In contrast, for escalators with a width of w = 1.0 m,
two persons can stand next to each other on each step, resulting in a minimum x-distance
min(Ax) ~ 0.2 m.
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Introducing the step depth of an escalator, d.p, as a new variable, Egs (4) and (5) can there-
fore be approximated and rewritten in a unified form as

— 1
Ax<W7 Vesc) =75 dstep + T : Vesc ) T’ Vesc > 0 (6)
O, (w)

In this expression, the whole width dependence is factored out in terms of the parameter
O,(w) which is given by O, = 1 for w= 0.6 m and O, = 2 for w = 1.0 m. One particular fea-
ture of Eq (6) is that it explicitly contains the model parameter T which governs the inverse
slope of the speed function, see for instance Eq (1). In the present case of an escalator with con-
gestion upstream, T acts in the role of a time gap as most of the agents have to accelerate when
entering the escalator which in turn is a consequence of the congestion in front of the facility
(the incoming agent flow « is larger than the escalator capacity, i.e. Cesc = max()<a). The
acceleration of each agent can only be initiated in case there is free space available at the
entrance of the escalator. For non-vanishing values of T and v, this fact causes additional
spatial gaps in movement direction between the standing agents since the escalator is con-
stantly moving on during the entering process. Conversely, in the (hypothetical) case that T
vanishes, the spatial separation in movement direction coincides with the step depth dgp.
Accordingly, the term T - v, can be regarded as a ‘reaction distance’ which is an inevitable
consequence of the fact that T is non-vanishing. Moreover, apart from the global prefactor O,
the reaction distance appears without any non-trivial coefficient and exponent. In this way,
the ‘unphysical’ model parameter T directly translates into a ‘physical’ observable that can be
measured.

We would like to stress that, apart from T and v, the simulation results have been
obtained by using identical values for the other model parameters. Although individual escala-
tor steps are not implemented in the simulations, reasonable results for the facility parameter
dyep are obtained as a consequence of the used parameters, in particular the projected diameter
of the agents. We have also checked explicitly that the obtained results are independent of the
model parameter c, introduced in Eq (2) to govern the speed adaptation of the agents. Overall,
the deviation between the different simulation results in Fig 6 and the approximation in Eq (6)
and is less than one per cent in the considered parameter range.

Step occupancy and density on the escalator

In contrast to the previous considerations, the spatial distances in movement direction
between standing agents are discretized on a real-life escalator due to the presence of individ-
ual (moving) steps. In other words, the horizontal length of an escalator, I, is divided into
Ngteps Steps of depth diep:

lesc = nsteps ! dstep ! (7)
As mentioned before, the actual number of persons that can simultaneously stand on the
same step depends on the clear width w of the escalator. To quantify this fact, we introduce the
so-called step occupancy O,(t,) which counts the absolute number of standing agents on step i
at time #,. Considering persons with a shoulder width of d = 0.4 m as before, it is obvious that
the following step occupancies can be realized:

04Am<w<08m: Oft, € {01}, (8a)

08m<w<12m: O(t) €{0,1,2}. (8b)
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The average step occupancy of an escalator can then be computed by simply taking the
average of all steps, i.e.

Mgteps
7Y 1 1 dstep

nmps(t[)) = —Z Oz(t(]) =— nesc(to)(7) (7) l nesc(t0)5 (9)
nsteps i=1 nsteps esc

where 7 is the number of standing agents on the escalator.

In Eq (9), the step occupancy is defined in a macroscopic way by considering the whole esca-
lator at a time and by measuring the absolute number of agents currently located on it. Apart
from this global definition, it is also possible to consider only the occupied area of an escalator
by using the results of the spatial distances from the previous section. For example, on an esca-
lator with a step depth of d, = 0.4 m the average distance between the agents in movement
direction is Ax = 0.4 m if each step is occupied by one person. If only every second step is
occupied, the average distance between the agents is Ax = 0.8 m etc. This relationship
between the (macroscopic) occupancy and the (microscopic) spatial separation can be written
as

— Ay
Onlh) = %5 (10)

Since both quantities on the r.h.s. are known from Eq (6), we can write the occupancy as

A OO(W) ’ dstep
~ 0T T o, S, 11
& dstep + T v, Ve ( )

Simulation results based on this definition of the step occupancy are shown in the left dia-
gram of Fig 7.
The simulation results show that the average step occupancy

o decreases with increasing escalator speed; the decrease is (slightly) non-linear,

« stays below O = 1 for the escalator width w = 0.6 m which is compatible with the fact that at
most one person can simultaneously occupy one step, see Eq (8a),

2.0
1.8
1.6

s

1.0 e

1D 0.8
0.6
0.4
0.2

°%0 01 02 03 04 05 06 07 08 09

5 SN BN
S L \X\\
7 - <
Te L : o
~~x T
S S ~er
"X~__~ — t L i C U
Xa‘_%-‘~ ~ - >é~___%\~‘
- | e _
E 3 SR T
e,
e
2 oL [}
b TR,
--------- 0
T TR e L QU 2
X  w=1.0m, simulation " Sfpesiises Q X w=1.0m, simulation
--—- w=1.0m, approx. 1 ---- w=1.0m, approx.
+ w=0.6m, simulation - w=0.6m, simulation
------- w=0.6m, approx. e w=0.6m, approx.

%0 01 02 03 04 05 06 07 08 0.9
Vesc [M/s] Vesc [M/S]

Fig 7. Speed dependence of the step occupancy. The simulation results are obtained from Eq (10) by using results of the spatial separation in
movement direction from the previous section. The respective approximations follow from Eq (11) using T = 0.25s, dyp = 0.4 m, O = 2 for w= 1.0 m,
and O = 1 for w=0.6 m.

https://doi.org/10.1371/journal.pone.0282599.g007
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o stays below O = 2 for the escalator width w = 1.0 m which is compatible with the fact that at
most two persons can simultaneously occupy one step, see Eq (8b).

As mentioned before, at a real-life escalator distances between standing agents in move-
ment direction are discretized due to the presence of individual steps. Larger spatial distances
as a consequence of a finite time gap between entering passengers can therefore only be real-
ized in the form of an under-occupation of individual steps. Even though individual steps are
not explicitly considered in the presented space-continuous model, the obtained simulation
results as well as Eq (11) recover this feature. In this way, the left diagram in Fig 7 also explains
observations already formulated in [20]:

‘Numerous observations have shown that 100 per cent step utilization is never obtained,
even with the heaviest traffic pressure and use by the most knowledgeable and agile pedes-
trians, including commuters.’

In addition, the meaning of the previously introduced parameter O becomes clear. It is the
maximum occupancy that can only be realized in the hypothetical limits T — 0 and v, —0:
l}n{}@m = lim()@mC = O,(w). (12)
In all considered simulations, the escalators are set up in an operational mode that is above
their respective capacity. Eqs (9) and (10) should therefore yield similar results for the steady-
states since the escalators are continuously fully occupied. We have checked explicitly that the
relation 5%@5 ~ O, indeed holds. Moreover, the maximum deviation between the individual

simulation results and the approximation in Eq (11) is at most one per cent.

Finally, we would like to mention that, for a given escalator, the quantities occupancy and
density are closely related but not identical. For instance, the density on an escalator can be
obtained by dividing the total number of agents located on the escalator, 7., by the projected
area of the escalator, Aec = W - Lesc. Using Eqs (9) and (10), we therefore write the relation
between density and occupancy as

_ nesc _ nesc @ O”steps ’ ICSC _ O”steps (13 )
Poe =4 Wl d L. dyw e
esc W lese step W lese step w
OAx (E) dstep _ 1

(13b)

NdsteP'W d _Ax-w Ax-w

step :

In the second line, we made use of the relation 6%% ~ O,, which is valid for the case that

the escalator is fully occupied. Simulation results for the density on escalators are shown in the
right diagram of Fig 7.

Escalator capacity

One key measure of an escalator is its capacity which, for a given time interval At = #,—t,, is the
maximum number of persons that can be transported away by the facility, i.e.

C.(w,v.) =max{f(w,v. )} = max{%tn(%)} (14)

According to this definition, the determination of the capacity consists of two independent
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measurements as one has to determine the agent number (at least) at two different times #;
and #,. At an escalator, the situation is slightly different since here the conveyor speed is con-
tinuously constant. In order to obtain the capacity, it is therefore sufficient to measure only
one quantity at a fixed time. In general, there are two options:

(a) measurement of the agent number:
The starting point of this approach is the hydro-dynamical equation f = pec-W-vesc together
with the definition of the capacity in Eq (14). Using Eq (13a), the capacity is given by

Cesc(W v ) = max{neSC(W7 Vesc_)} % a>C

? Tesc l esc? esc*
esc

(15a)

(b) measurement of the spatial separation in movement direction:
As in approach (a), the starting point is the hydro-dynamical equation. However, using Eq
(13b), the density is expressed in terms of the spatial separation in movement direction, i.e.

1
C.(wv,)=———-—-v,, a>C,. 15b
el ) min{Ax(w, vesc)} (15b)

Conceptually, approach (a) is based on the measurement of agent numbers which can be
carried out comparatively easily. The obtained results are, however, very sensitive to small fluc-
tuations of the agent numbers. For example, for an escalator with a clear width of w = 0.6 m
and a length of [.,c = 10 m, a step depth of dy, = 0.4 m results in 25 steps, each with a maxi-
mum occupancy of max(Q,) = 1. A maximum of 7., = 25 agents can therefore simulta-
neously be located on the escalator. In this case, each agent contributes at least 4% to the result
in Eq (15a). For shorter escalators, the rate is even higher. In contrast, the measurement of Ax
in approach (b) is mainly limited by the spatial resolution of the simulations, resulting in over-
all smaller uncertainties. On a commercial escalator, the smallest possible value of the spatial
separation in movement direction is Ax ~ 0.2 m, see for instance Fig 6. A spatial resolution of
0.001m, as used in the simulations, then corresponds to a precision of 0.5%. In the following,
we therefore use Eq (15b) to measure the speed-dependent capacity of the escalators. In doing
so, we check explicitly that the obtained results are compatible with the other approach within
the measurement uncertainties.

In Eq (15b), the capacity is expressed in terms of spatial separations in movement direction.
Using Eq (6), we can therefore write

v
Cesc(w7 Veser T) = OO(W) : ﬁa T, Vese > 0, (16)

step

where again O, = 2 for w = 1.0 m and O, = 1 for w = 0.6 m. This non-linear function for the
speed-dependent capacity of an escalator is one of the most important findings in this contri-
bution. To the knowledge of the authors, it is for the first time that such a formula is given in
an explicit analytical form only including physical parameters. A graphical representation of
the capacity formula is shown in Fig 8.

Regarding large escalator speeds, i.e. vesc — 00, Eq (16) has no local maximum, but is
bounded above by

5 Vescr T) = OU(W)'

Vese—00 T

lim C,.(w,v,

(17)

PLOS ONE | https://doi.org/10.1371/journal.pone.0282599 March 6, 2023 13/18


https://doi.org/10.1371/journal.pone.0282599

PLOS ONE

Unified description of the escalator capacity

3.01 % w=1.0m, simulation -
---- w=1.0m, approximation //'
+  w=0.6m, simulation ,/’)(
2.57 .. w=0.6m, approximation X
/X/ .
__ 2.0 g
(2] i
=
e x*
Q 15 7 ,/’ _______
& //, el
@) A o S
i LT ’
1.0 1 ,/, +
X i
PR Lt
/,/ e
0.5 X sy
//, .
4 ~+
/'/
0.0 + T T T . T - : . !
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Vesc [M/s]

Fig 8. Non-linear speed-dependence of the escalator capacity. Shown are simulation results for the escalator widths
w = 1.0 m (blue markers) and w = 0.6 m (green markers). Approximations are obtained by using Eq (16) with dgp, =
0.4 m and T'= 0.25 s. The shaded area indicates the range of typical escalator speeds.

https://doi.org/10.1371/journal.pone.0282599.9008

In other words, the capacity of an escalator is not only limited by the clear width of the facil-
ity, but also by the value of the parameter T. In the present case of an escalator with congestion
upstream, the parameter can be regarded as a reaction time of the passengers entering the facil-
ity, see for instance Eq (6) and the discussion below that formula. Only in the limit of a vanish-
ing time gap T, the capacity can get in principle arbitrarily large. In Eq (16), this hypothetical
(1) case then corresponds to a linear rise of C,. with increasing ves..

The fact that Eq (16) explicitly contains the model parameter T is a strong indication that
the underlying collision-free speed model [26] is very well suited for describing the passenger
dynamics of escalators, at least for the considered escalator widths. Moreover, we would like to
stress that T'is the only ‘free’ parameter in Eq (16) that can be used to adjust the simulations.
All other parameters are properties of the escalator itself and are therefore fixed for a given
scenario. In this respect, we have checked explicitly that the obtained capacity values are inde-
pendent of parameter ¢ which is related to the speed adaptation of the agents, see Eq (2). The
T-dependence of the capacity in the range 0.15s < T < 0.3s is shown in Fig 9.

To further verify the obtained results, we compare them with field studies summarized in
Table 1 and with data provided by escalator manufacturers. When comparing Eq (16) with the
literature, the following points should be noted:

o Results of field studies are only available for the commonly used escalator width w = 1.0 m.
In Fig 9, therefore only results for w = 1.0 m are shown. All following statements are, how-
ever, also valid for w = 0.6 m.

« Eq (16) describes the capacity of an escalator which is the maximum agent flow that can be
realized over a certain period of time. Since the necessary boundary conditions are difficult
to come across in real-life situations, observed results of field studies should lie on or below
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Fig 9. Speed-dependent capacity of an escalator for different values of the time gap T. The diagram compares Eq
(16) for different T-values with maximum observed flows summarized in Table 1 and ‘practical’ capacities provided by
manufacturers [3-5]. The escalator parameters are fixed by dgp = 0.4 m and w = 1 m (O, = 2). By definition, the
capacity should be as big as or larger than observed flows.

https://doi.org/10.1371/journal.pone.0282599.9009

the respective curve in Fig 9. Depending on which entries in Table 1 are considered valid, T
can be chosen such that this is indeed the case.

o The minimum value of the time gap to explain all results in Table 1 is T'= 0.15s. Using this
value, Eq (16) yields a (speed-dependent) escalator capacity that is slightly larger than all
observed flows, including the ones obtained for escalator speeds Ve, > 0.65 ms ), see Fig 9.

Considering the most commonly used escalator speed, Ve, = 0.5 ms~', a minimum
time gap of T = 0.2s is sufficient to explain all results in Table 1 and data provided by the
manufacturers.

A time gap of T = 0.35s is too long to be compatible with observed flows of [12, 14-16] and
data provided by [3-5]. In order to explain these experimental data with Eq (16), therefore
smaller T-values have to be used, see the above bullet points.

Summarizing, the comparison of Eq (16) with available literature on escalator capacities
shows that the applied setup as well as the introduced escalator model yield reliable and
sound predictions. As one of the most important findings, we deduce a minimum additional
time gap between entering passengers in the range of T = (0.15 — 0.30)s which is perfectly
compatible with knowledge of social psychology on the minimum human reaction time, see
e.g. [30-34].

This fact provides further evidence that, at least for the case at hand (escalator with conges-
tion upstream), T can be interpreted as human reaction time. Moreover, the finite value of the
additional time gap is the fundamental reason for a capacity reduction of the escalator. If the
escalator is operated at the most commonly used speed v, = 0.5 ms ", for instance, the capac-
ity reduction amounts up to 27% compared to the (hypothetical) case T' = 0.
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So far, in the simulations we consider a constant model parameter T which possibly may
have an individual value for each simulated agent, but which is definitely independent of the
escalator speed v .. The case that the time gap itself depends on the escalator speed is discussed
in the S1 Appendix.

Conclusions and outlook

The passenger dynamics of a pedestrian facility depends, in general, on properties of the facil-
ity (geometry, clear width, inclination angle, etc.) and on characteristics of the passengers
(size, shape, desired speed, etc.). Typically, properties of the facility are known or can be
assessed relatively easily. Agent characteristics, in contrast, are individual and can in general
only be known approximately. Moreover, the multitude of the latter usually makes it difficult
to identify structural dependences as the quantities are numerous and even interdependent.
In this regard, escalators with standing agents located on it constitute an exception in the
sense that many agents properties have no significant impact on the passenger dynamics of the
facility.

Using the model presented in this paper, we find in Eq (16) that the only agent-related
property that affects the escalator capacity is the parameter T of the underlying collision-free
speed model. In the case at hand, this parameter is related to the entering process of the agents
and quantifies an additional time gap between two entering passengers. Escalators are there-
fore a practical tool to study in particular this quantity. Regarding the T-dependence, two
cases can be distinguished:

(I)The (hypothetical) case T = 0 (no passenger reaction time) results in a linear speed
dependence of the capacity. In the literature, this case is often referred to as ‘theoretical’
capacity. Considering Eq (16), it becomes clear that this case is an unrealistic simplifica-
tion of the prevailing circumstances which therefore does not coincide with empirical
observations.

(IT) In contrast, the case T > 0 (positive passenger reaction time) results in a non-linear speed
dependence of the capacity. The deviation from linearity is particularly evident in the range
of large escalator speeds ves. > 0.5 ms ™ '. The reason is that during each additional time gap,
the escalator is constantly moving on, resulting in larger spatial gaps between the agents
standing on the escalator. Of course, this effect is enhanced with larger v.s.. Even for the
moderate and most commonly used escalator speed Ve, = 0.5 ms ™", a value of T = 0.25s
leads to a capacity reduction of approximately one fourth compared to the hypothetical
case T=0.

The capacity formula developed in this work is surprisingly simple but agrees remark-
ably well with available literature on escalator capacities for T-values in the range T'= (0.15
— 0.30)s. Furthermore, obtained results of the additional time gap are in perfect agreement
with knowledge of social psychology on the human reaction time. This fact serves as an
independent consistency check of both the introduced escalator model and of the applied
setup as a whole. In this way, the deduced capacity formula delivers a solid basis for the
performance analysis of escalators and contributes to the decision-making of operators to
tind the optimal conveyor speed. It should be noted that complex passenger behavior like
walking on escalators as well as other ‘escalator etiquette’ is beyond the scope of this work.
Also regarding the speed-dependence of the time gap, only first considerations have been
conducted in the present contribution, see for instance the S1 Appendix. These aspects
as well as their impact on the escalator capacity should be carefully integrated into future
work.
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