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Abstract. A previous paper introduced the concept of the HARInt plane, which is a tool to visualise
the optimality of an elevator design. This paper extends the concept of the HARint plane to the
HARint space where the complete set of user requirements is used to implement a compliant
elevator traffic design.

In the HARInt space, the full set of user requirements are considered: the passenger arrival
rate (AR%), the target interval (inty,), the average travelling time (ATT) and the average waiting
time (AWT).

The HARInt space provides an automated methodology in the form a set of clear steps that
will allow the designer to convert these four user requirements into an elevator traffic design.

As with the HARint plane method, the target interval is used in combination with the
expected arrival rate (AR%) and the building population, U, in order to find an initial assessment the
number of passengers expected to board the elevator. The target average travelling time is then
used to select a suitable elevator speed. This is then used to calculate the round trip time and then
select the optimum number of elevators. An iteration is then carried out to find the actual number
of passengers, and hence the elevator capacity. A check is then carried out to ensure that the
average waiting time has been met, and if it has not been achieved, then a further iteration is carried
out.

While the HARInt plane provides the optimum number of elevator cars to achieve the two
user requirements, the HARint space provides the optimum number of elevator as well as the
optimum rated speed to meet the four user requirements of arrival rate, target interval, average
waiting time and average travelling time.

An obvious consequence of the introduction of the average travelling time as a user
requirement is that the speed becomes an outcome of the HARint space. The method also triggers a
zoning recommendation in cases where the average travelling time cannot be met by varying the
speed within reasonable limits.

INTRODUCTION

The HARInt plane [1] is a methodology that offers the elevator system designer a design
methodology to arrive at an elevator design that meets the user requirements of arrival rate (AR%)
and target interval (inty,). In addition, it offers the designer a graphical method to visualise the
optimality of a design. Following the full set of steps allows the designer to arrive at an elevator
design specifying the number of elevators and their car capacity (assuming a preset elevator rated
speed).



The HARInt plane methodology however is restricted to one rated speed. By covering a
number of different speeds at the same time, the HARint space can show at the same time the
optimal solution comprising the number of elevators, their rated speed and the car capacity, thus
meeting four user requirements.

As with the HARint plane methodology, the HARint space methodology is applicable to
incoming traffic conditions.

THE HARINT SPACE METHODOLOGY

The HARInt Space, like the HARInt plane, uses two axes to represent the two most important user
requirements: the target interval (inty,) and the arrival rate (AR%). The actual interval is
represented on the x-axis and the handling capacity (HC%) is represented on the y-axis,
corresponding to the two user requirements, respectively. The HARint plane is restricted to one
rated speed. The HARint space on the other hand can represent a number of speeds at the same
time.

Figure 1 shows an example of the plot of the HARInt space. It can be noticed that there are
two types of lines on the HARInt space: P lines (curved lines shown in black) and L lines (nearly
straight lines plotted in colours, green, red and blue). P stands for the number of passengers
boarding the car in one round trip. L stands for the number of elevators in the group. These lines
intersect at nearly right angles. The P lines pass through all the solutions that have the same
number of P passengers. The L lines pass through all the solutions that have the same number of
elevators in the group.

However, as different rated speeds are plotted, the P lines do not change with the change of
speed, but there are as many L lines for each speed. The L lines have been shown in different
colours, where each colour represents a different speed (as shown by the legend).

As with the HARInt plane, the optimal solution should meet the two conditions shown in
equations (1) and (2) below, with the smallest number of elevators and the lowest rated speed
possible (in that order). But in addition it aims to meet the extra two requirements of the target
average travelling time and target average waiting time, show in equations (3) and (4) below.

HC% > AR% (1)
int,, <int,, (2)
ATT,, < ATT,,, 3)
AWT,, < AWT,,, (@)

The P curves and L lines shown in Figure 1 are based on the following numerical example:

Building parameters:

U= 1200 persons (building population)

N= 10 floors (number of floors above main entrance)
di= 4.5 m (floor height)

User requirements

AR%=12% (arrival rate as a percentage of the building population in 5 minutes)
int= 30 s (the target interval)

ATTr = 60 s (the target average travelling time)
AWT,r = 10 s (the target average waiting time)
Kinematics

v=1.6 ms™, 2.5 m's?, 4.0 ms™ (rated speed)

a= 1 m-s™ (rated acceleration)

j= 1 m-s™ (rated jerk)




Door timing

tw=25S

tac=35

Passenger transfer times
tpi:tpo =12s

An expanded view of the area of interest of the HARint space for this example is shown in Figure 2.
It shows three L lines of interest and three P lines of interest. The three L lines are for 4, 5 and 6
elevators in the group. The three P lines are for 10.8, 14.4 and 18.0 passengers in the car. Notes
that each L line comprises three coloured lines for the three speeds.

Figure 3 adds the average travelling time to the expanded view that was shown in Figure 2.
Each P lines shows the value of the average travelling time corresponding to each speed. For
example, the P line with P= 18.0 passengers, corresponds to an average travelling time of 74.4 s,
73.2 s and 73.2 s for the rated speeds of 1.6 m/s, 2.5 m/s and 4.0 m/s respectively. The round trip
time can be evaluated using different methods and tools [2, 3, 4, 5, 6, 7]. The average travelling
time can either be calculated using a formula for the simple cases [8] or using Monte Carlo
simulation for the more complicated cases [9].

Figure 4 shows how the HARint space works in practice. If the P line P=14.4 passengers is
used, it leads to a solution shown on point A where the number of elevators in the group is 5, and
the rated speed is 2.5 m/s. However, the average travelling time is not met (actual average
travelling time is more that the 60 s target). The solution that meets all four user requirements is
shown at point B where the actual travelling time is less than 57.5 s and the average waiting time is
3.8 s. This is achieved by using 6 elevators in the group and a speed of 2.5 m/s.
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Figure 1: General overview of the HARInt space for the example used.
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Figure 2: Enlarged view of the same HARint space for the example used.
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Figure 3: A view that shows that the constant P lines are also constant ATT lines.
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Figure 4: Two solutions A and B, one that meets the ATT requirement and one that does not.



CONCLUSIONS

The HARInt space has been presented as a methodology that uses four user requirements
in order to develop a compliant elevator traffic design. It relies on graphical methods to
visualise the final solution.

The four user requirements are: the passenger arrival rate (AR%), the target
interval (intw,), the target average travelling time (ATT,) and the target average waiting
time (AWT ).

A comparison is shown below in table format between the HARint plane method
and the HARint space method. The HARint space offers the advantage that it provides the
optimum rated speed and meets all the four user requirements instead of just two
requirements as is the case in the HARint plane.

Category The HARInt Plane The HARInt Space
e Arrival rate (AR%) e Arrival rate (AR%)
e Target interval (int) e Target interval (intr)
. e Target average travelling time
User requirements (ATTor)
e Target average waiting time
(AWTtar)
e Number of elevatorsin | Number of elevators in the group
Optimal outputs the group (L) (L)
e The rated elevator speed (V)
Byproduct output | e Car capacity (CC) e Car capacity (CC)

e Requirement for zoning based on
target average travelling time.

Triggers
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