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Abstract. It has been long known that the elevator traffic system can be modelled as a multi-server
queuing system. Each elevator can be represented as a server. The aim of this paper is to analyse
the queue lengths and the average waiting times for elevator traffic systems using queuing theory.

A discrete event simulation queuing theory model for an elevator traffic system was built
using the SimEvents blocks within Simulink. A large number of simulations were carried out on
the SimEvents software to find the average passenger waiting time and the average passenger queue
length for a simulation period length of 900 seconds.

It has been assumed that the passenger arrival process follows a Poisson distribution, and
that the server inter-service time follows an exponential distribution (the average time taken to
‘process’ each passenger). A plot has been made of the average passenger waiting time and average
passenger queue length against the system loading. The system loading is defined as the ratio of the
actual arrival rate to the design arrival rate (4 divided by w).

In order to verify the results from the queuing modelling, the average passenger waiting time
and the average passenger queue length were also extracted from a MATLAB simulation model.
Good agreement has been found between the two methods.

1 INTRODUCTION

Elevator traffic systems provide an ideal arena for the application of queuing theory. An elevator
traffic system is a typical example of a queue-server system, whereby the passengers represent
customers arriving for service, the lobby is a first in first out queue and the elevators represent a
multi-server system. Applying queuing theory to elevator traffic system can be very insightful [2],
and provides the designer with a ‘macroscopic’ view of the operation of the system and the inter-
relationship between different performance parameters such as the queue length, the waiting time in
the queue and the service time.

Queuing theory has been applied to elevators in order to assess the values of the waiting
time and the queue length in the lobby. The most important piece of work that has been carried out
in this area is that done by Alexandris et al. ([1], [4], [5], [6]). The work in [1] derives a set of
equations that model the elevator system under up peak traffic conditions, in order to evaluate four
parameters that are considered representative of the system performance. The four parameters are:
average passenger waiting time in the main terminal (i.e. lobby); the average queue length of
passengers waiting in the lobby; the percentage of busy elevator cars in the group; and the
passengers delay time. In [4] formulae for the highest reversal floor in a round trip (/) and the
average number of stops in a round trip (S) are presented, based on an assumed Poisson arrival
process. The work assumes steady state operation, and thus assumes that the system manifests this
performance continuously, once subjected to the specified level of passenger arrivals. There are
two consequences to this critical assumption:
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1. The elevator traffic system must be designed for an assumed infinitely continuous arrival
rate, and must be able to infinitely sustain such an arrival rate without excessive queues
forming and without excessive passenger waiting times.

2. The equation cannot deal with the case where the system is subjected to a passenger arrival
rate that is sustained for a finite period of time (e.g., 5 minutes, 10 minutes; 15 minutes)
whereby the arrival rate is equal to 100% of the design capacity (i.e., system loading is
100%) or even exceeds the system design capacity for short periods of time.

We, the authors of this paper, will attempt to use queuing theory and openly available software to
explore the ‘macroscopic’ view of the performance of an elevator traffic system under finite
workspaces (e.g., 5 minutes, 10 minutes, and 15 minutes) at system loading rates equal to or
exceeding 100%. The motivation is that most elevator traffic simulation studies that are carried out
today are usually run for finite period of time at system loading conditions of 100%. Moreover, it is
useful in some case to assess the performance of a system when it is overloaded and subjected to
system loading in excess of 100% (e.g., understanding the effect of the increase in a building
population due to change of function; assessing an under-designed elevator traffic system).

As mentioned in [7], queuing theory modelling of elevator traffic systems allows a
macroscopic view of the performance to be formed. It can be used to provide insights into the
operation of the system and to allow general conclusions to be drawn. The elevator system details
are ignored and the whole elevator system is treated as a black box that processes passengers.

Discrete event simulation software, SimEvents, which is part of Simulink/Matlab will be
used in order to evaluate the passenger average waiting time and the average queue length in
elevators. It is used to illustrate the effect of the workspace (i.e., simulation time) under the
combined effect of the following two conditions:

1. Finite workspace (i.e., transient conditions as opposed to steady state conditions).
2. System loading values equal to or more than 100%.

Section 2 introduces the new concept of workspace that becomes indispensable once the assumption
of steady state conditions has been abandoned. Section 3 introduces the equally critical concept of
system loading, which becomes necessary once we assume the possibility of overloading the system
above 100% of its capacity (as the term system utilisation becomes inappropriate). Section 4
introduces the SimEvents model used to run the simulations. Section 5 presents results from
SimEvents and results from the Matlab code. Conclusions are drawn in section 6.

2 THE CONCEPT OF A WORKSPACE

A new term will be introduced in this paper, that of the workspace. A workspace is the period of
time over which a variable is calculated (e.g., the round trip time) or the period of time over which a
simulation is run. In classical design of elevator systems, it is customary to calculate the value of
the round trip time over one round trip. In such cases, it can be assumed that the workspace is one
round trip. In cases where the elevator system is simulated for finite periods of time, then the
simulation will be equivalent to the workspace. It is for example customary to simulate the elevator
system for a period of 5, 10 or 15 minutes (300, 600 or 900 seconds respectively). Passengers are
generated for the duration of the simulation time, but the simulation continues until the last
passenger has been processed (i.e., has arrived at his/her target floor and alighted). In queuing
theory equation are derived that assume steady state conditions are achieved (e.g., Little’s formula),
which is equivalent to setting the workspace (i.e., simulation time) to infinity. As discussed earlier,
work in [1], 4], [5] and [6] make such an assumption and derive steady state probabilities of the
variables of interest. Three cases of workspace values are listed in Table 1 below.
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Table 1: Various values of the workspace.

Case The value of the workspace

Calculation of the round trip time One round trip

The simulation time which is expected to be larger than the

Simulation (transient conditions) round trip time (e.g., 300 s, 600 s, 900 §)

Steady state conditions Infinity

It is unusual in elevator traffic simulation to use long simulation workspaces that lead to steady state
conditions, as this would lead to excessive queue lengths and excessive waiting, unless the system
has been overdesigned in order to cope.

Once the concept of an infinite workspace has been abandoned, it is important to note that
using different workspace values will lead to different results. For example using a workspace of
15 minutes would result in a longer passenger waiting time and a larger value for the average queue
length compared to using a workspace of 5 minutes. [t is thus meaningless to enquire about the
average passenger waiting time or the average queue length without specifying the workspace (i.e.,
the simulation time).

3 SYSTEM LOADING

As discussed earlier, the system loading is an important concept in the design process. By varying
the system loading, the designer can test the system performance. In cases where the design is
using a finite workspace, the system loading can be set to exceed the capacity of the system for
finite periods in time.

The corresponding term usually used in queuing theory is system utilisation. However, by
definition, the system utilisation cannot exceed 100%, as it is meaningless to say that a server is
occupied for more than 100% of the time. For these reasons, when attempting to subject the system
to loading in excess of 100%, it is more appropriate to use the term system loading.

The emphasis on the arrival rate as an input to the system (in order to vary the system
loading) is shown diagrammatically in Figure 1. The system has been designed for a passenger
processing rate of ¢ passengers per second (or ¢ in the case of multiple servers). The system is
subjected to a passenger arrival rate of A passengers per second. Once the system has been
simulated for a period of time equal to the workspace (/S), the performance figures of average
queue length and average waiting time can be extracted. By varying the value of A4 above and
below the value of 1, the system loading car set to value below and above 100%, respectively.
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Figure 1: System loading diagram.
The general equation for system utilisation (or system loading as will be referred to in this paper)
can be calculated as shown below:
_ A i
P e (1)
Where:
A 1s the passenger arrival rate in passengers per second
M 1s each elevator’s passenger processing rate in passengers per second
p 1s the system loading (dimensionless)

c is the number of servers in the system

But the number of servers in this case is equal to the number of elevators:

c=L . (2)
The inter-service time can be related to the elevator parameters as shown below (assuming bulk
servers [3]):

_ T ;
P e 3)

1
y7,
Where
7 1s the round trip time in seconds when it fills up with P,,,, passengers

Pax 1s the maximum number of passengers that can board the elevator car

u 1s the passenger service rate for each elevator in passengers per second
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Substituting (2) and (3) in (1) gives:

AT 4
P LP. e 4)
Noting that:
AT
P=— .. 5
- 5)
Where

P is the average number of passengers boarding the elevator car
Then substituting (5) in (4) gives:

P

PES— (6)

max

...which is only valid for system loading values smaller than or equal to 100%.

This shows that the average car loading will in fact to equal to system loading. The work in [8] was
based on a system loading evaluated as the ratio of the car loading. This was valid as the scope of
the graph did not cover system loadings exceeding 100%. However, in cases where the system
loading exceeds 100% loading, this measure becomes inadequate. It is then better to use the ratio of
the arrival rate divided by effective service rate, shown in equation (7) below.

A

P=m .......... (7)

4 THE USE OF SIMEVENTS

SimEvents is a graphical and modular discrete event simulation tool that is part of Matlab
(specifically it is a toolbox within Simulink). It allows the user to build and simulate discrete event
systems, and extract meaningful data about the performance of the system such as queue lengths,
waiting times and system utilisation.

A simple example of a straightforward queue/server system is shown in Figure 2. It
contains an entity generator (the term entity is the generic term used in SimEvents to represent
customers/jobs/passengers....etc.); a First-In-First-Out queue; a multiple server system; and an
entity sink (entities do not just disappear: they have to be disposed of somewhere).

. N
t;") ouT pr———»IN ouT Pr————>IN ouT Pr——— N 5]
Time-Based FIFO Queue N-Server Entity Sink
Entity Generator (lobby) (elevators) (passengers

(passenger generator) alighting)

Figure 2: Simplified block diagram in SimEvents.

A more detailed model has been built in order to represent an elevator traffic system, operating in
up-peak conditions, as shown in Figure 3. The model is a M/M/c model [10], whereby the arrival
process has an exponentially distributed inter-arrival time, the server has an exponentially
distributed inter-service time and there are ¢ servers (i.e., elevators).
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The model allows the workspace time to be varied whereby passengers will be generated for
the duration of the workspace, and the servers are then allowed to continue processing any
passengers remaining in the system.
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Figure 3: Detailed block diagram used in SimEvents in order to simulate the elevator system.

It is important to remember that nominal simulation time (the workspace) will be usually different
from the actual simulation time. To illustrate such a difference, a queuing system has been
simulated in SimEvents. The simulation time was set to 900 seconds. However, at the 900 second
point, passengers were still present in the queue, as shown in Figure 4. The system continues
processing the passengers until all have been processed through the server (i.e., elevators) and
discharged, which takes place at the point in time of 985.6 s. Although the nominal simulation time
1s 900 seconds, the actual full simulation time is 985.6 s in order to allow the system to clear all the
passengers waiting in the queue.
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Figure 4: Number of passengers in the queue during the simulation.
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5 RESULTS

In order to verify the results obtained from SimEvents, a Matlab code was written that also
generated the average queue length and the average waiting time for passengers.

5.1 Effect of system loading on the AWT and the AQL

In the analysis below, system loading values have been varied from 0.1 to 2 (i.e., 10% to 200%).
As the workspace in this case is finite (i.e., not steady state condition), the queue lengths and
waiting times at system loading values of 100% will not be infinite, but will depend on the
workspace duration. The results from the SimEvents package were compared to the results from
the Matlab code and are shown in Figure 5 extracted from [8]. Good agreement can be seen in
general.
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Figure 5: Comparison of the results from the SimEvents software and the Matlab code.

5.2 The effect of the workspace on the AWT and the AQL

The Matlab code was used in order to understand the effect of the workspace duration on the
average waiting time and average queue length. Workspace values ranging from 300 seconds to
2700 seconds in steps of 300 seconds were used at a system loading of 100% (i.e., p=1). In each
case the average waiting time and the average queue length were recorded. As can be seen in
Figure 6 the added trend-lines show that there is a near linear relationship between the system
loading and the average waiting time and the average queue length, at a system loading of 100%.
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Figure 6: The effect of the workspace on the average waiting time and the average queue
length at 100% system loading (p =1).

6 CONCLUSIONS

The concept of a workspace as used in elevator traffic simulation has been introduced. It is the
length of time over which a variable is calculated or over which a simulation is run. The concept of
a workspace is closely linked to elevator traffic simulation. Traditional queuing theory analysis
assumes steady state conditions when deriving the equations for the average waiting time and the
average queue length. The concept of a workspace however assumes finite running time and thus
transient conditions. Such an assumption allows the designer to subject the elevator traffic system
to system loading values in excess of 100%. This could represent real life conditions such as an
increase in the population of a building, or an under-designed elevator traffic design.

A model in SimEvents has been developed that can be used to provide a macroscopic view
of the operation of an elevator traffic system. It has been used to show the effect of system loading
values in excess of 100% on the average waiting time of passengers and the average queue lengths.
The results have also been compared to results from a Matlab code, and good agreement has been
found.

The effect of the duration of the workspace was also investigated at system loading values of
100%. At 100% loading a conventional queue-server system under steady state conditions would
be overloaded and waiting time and queue length would approach infinity. However, at finite
values of the workspace, finite values of the waiting time and queue length will be attained. It was
shown that there is a near linear relationship between the workspace duration, the average waiting
time and the average queue length.
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