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ABSTRACT

This paper presents a graphical methodology ofalidng the optimality of an elevator design
solution. It introduces a new plane called the H#ARlane, each point on which represents a
solution to the elevator design problem.

By visually inspecting the plane and examining ifgersection of various curves on the
plane, the designer can understand how far theeaffgolution is from the optimal solution and also
whether the offered design is wasteful.

The HARInt plane comprises the quality of servi@gresented by the actual interval and
the quantity of service, represented by the hagdtapacity. These are compared with the
client/site requirements in terms of the targetnwl and the arrival rate. A number of curves can
then be plotted on the plane based on the possilmieber of elevators and the car loading in
passengers.

In drawing the curves on the plane, the roundtiniye has to be known. The round trip time
can either be calculated analytically or by the o$eMonte Carlo simulation. However, the
calculation of the round trip time is only part thfe design methodology. This paper does not
discuss the round trip time calculation methodolagyhis has been addressed in detail elsewhere.
The optimality of the design is assessed by a degy by step methodology that uses the user
requirements to select an optimal design.
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1 INTRODUCTION

The round trip time is the time needed by the dtavio complete a full journey in the building,
taking passengers from the main entrance(s) andedely them to their destinations and then
expressing back to the main entrance, under up (@eadkming) traffic conditions.

This paper presents a step-by-step automated thddnoelevator design under specific
arrival conditions, assuming that a method existschlculating the round trip time. It uses a
combination of rules and graphical methods to arat an optimal solution. A graphical tool,
called the HARInt plane, is presented as a meaust@alise the solution.

The fact that the methodology is fully automatedesait very attractive for implementation
as a software package. It has also been used dohitg elevator traffic analysis to final year
undergraduate mechatronics engineering students.

Full details on the use of the method in optimising number of elevators as well as the
speed and capacity can be found in [1].
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2. THE PROBLEM WITH CONVENTIONAL DESIGN METHODS

It will be assumed that the designer starts withkhowledge of the following parameters that are
given either by the architect or the building owrmer that can be inferred from the type of
occupancy (e.g., office, residential...etc.). Theg@esent theser requirements.

a) The total building populatiort). If this is not given directly, it can be calcidd from either
net floor area of the gross floor area.

b) The expected arrival ratAR%. This is the percentage of the building populaaoriving in
the building during the busiest five minutes. Th&éue depends on the type of building
occupancy.

c) The target intervahti,.

A sufficient design meets the following two condlits:
HC% > AR% (1)
int,, <int,, (2)
...where:
AR% is the arrival rate expressed as a percentagedfuiding population in five minutes
HC% is the handling capacity expressed as a perceofage building population in five minutes
intir.is the target interval in seconds
inty:.is the actual interval in seconds
A design that meets equations (1) and (2) is armable design, but might not be an
optimum design (i.e., it could be a wasteful dekighhe optimum design is one that meets the two
equations shown below (3) and (4).

HC% = AR% 3)
Nt =int, (4)

In practice however, it is nearly impossible todfim design that meets both of equations (3) and (4)
above. This is due the fact that the number of gathe groupl., cannot be a fraction (it has to be
a whole number). Hence, in practice, an optimuhatg&m will satisfy the two equations (5) and (6)
shown below:

HC% = AR% (5)
int,, <int, (6)

This section illustrates the main problem with toaventional design method. It relies on the user
picking a suitable speed, and a suitable car capaci§C. The user then assumes that the cars will
fill up to the 80% of the car capacity.

The round trip time is then calculated based an gblected speed and the selected car
capacity. This provides a value for the round tiipe, 7. Dividing the round trip time by the
target interval and rounding up the answer provttlesequired number elevators.

The user has now two values that represent thetatig and quantitative performance of
the systems: The handling capacity and the astlake of the interval, respectively. Comparing
these values to the desired values, results indossible cases, discussed in detail below.



Quantitative Qualitative Design Criterion

Design Criterion int,, >int,, int,, <int,
Casel
Unacceptable design. Canngt Casell

be addressed by reducing the Unacceptable design. Might ble
HC% < AR% car loading. The designer wi|l addressed by increasing the cpr
have to increase the number pf loading and using a larger ca

elevators and repeat the capacity if needed.
analysis.
CaselV
Caselll Acceptable design, but might npt

Unacceptable design. But i be an optimum one. There may
might be addressed by be further scope in reducing the
reducing the car loading. number of elevators, reducin
the rated speed or both.

HC% > AR%

Specifically, there are two problems with this noeth

1. In the three cases where the design is unaccepthbldesigner does not have a clear set of
rules of how to move to an acceptable design (dsetkin Case IV). It is a mixture of
judgement, experience and trial and error.

2. Even where the user manages to get to an acceptesign by arriving at Case 1V, he/she
cannot be sure that he/she has an optimum solu&spite the fact that the design meets
both qualitative and quantitative criteria. Theidaer will have to do further trial and error
iterations to check that the design is optimum.(dwgther reduce the number of elevators,
L and then repeat the calculation of the roundtiniyg). The main reason for this is that the
designer starts from an arbitrary car size andrassdit fills up to 80% of its capacity rather
than calculating the actual passenger arrival expec

The next section attempts to address the drawbébklws traditional methodology.

3. ANALYSISAND DEVELOPMENT OF THE FORMULAE

The design methodology developed in this sectitowal the designer to arrive directly at a design
that is optimum and in a fixed number of steps withthe need for trial and error searches or
iterations. This section develops the method Aedissociated formulae.

Developing a clearly defined methodology for desigith concrete steps, offers the following
advantages:

1. It allows designers to carry out the design regesllof their level of expertise, through a
clearly defined set of rules.
2. It offers the opportunity to automate the desigocpss in software.

The methodology presented here uses the followileg r
The following parameters should be minimised in an optimal design in the following order of
importance (that reflects the cost of the whole installation):

a) Number of elevators.
b) Elevator speed.
C) Elevator capacity.



So where two solutions have different number of elevators, the one with fewer elevators is
selected; for solutions with the same number of elevators, the one with lower speed is
selected; for solutions with same number of elevators and the same speed, the one with the
smaller car capacity is selected.

Nevertheless, it is accepted that there are siusitivhere the order of priority above is not cdrrec
(e.g., the restricted headroom in the building rhigdstrict the rated elevator speed and force the
designer to use a larger number of elevators irerotd force a lower rated speed). In such
conditions the designer can alter the rule forgherities and select the answers accordingly.

The design process starts by finding the actualbaunof passengers that will board the
elevator in any round trip journey. In effect,sths the number of passengers that will board the
elevator from the main entrance (in the case ahgles entrance arrangement) or the number of
passengers boarding the car from all entrancethéirtase of multiple contiguous entrances). This
depends on three parameters that are all knowheastart of the design process and are usually
provided by the client, the developer or the agthit These are the target intervat,,, , the arrival

rate,AR%, and the total building populatiod, This is shown in equation (7) below.

The number of passengers arriving in the peakrfiveutes can be found by multiplying the
arrival rate by the total population, as shown te(the five minute period has traditionally been
used as the design basis in elevator systems):

P

5min

= AR% (7)

The arrival rate can then be expressed in unipeofons per second by dividing by 300 seconds per
minute as shown in (8) below.
ARY%
1= ( o[l j (8)

300
Thus an initial estimate of the actual number afsgmgers that will arrive in a single interval b&n
found by multiplying the target interval by theiaal rate of passengers as shown (9) below.
Pact i= (I nttar Ijl) (9)
The subscript denotes the fact that is an initial estimate.is Itvorth noting that (9) is used in
reference [4] as a tool to assess the actual mtatpartial car loading, but not as a sizing .tool

There is no need at this stage to consider theagaacity. This can be done later when the
final number of the passengers in the car has demmined.

Having arrived at an estimate for the actual nunabgassengers in the car, the next step is
to find the corresponding round trip time. Usinglassical method of calculating the round trip
time [2] and [3] or using Monte Carlo Simulatiori,[fhe value of the round trip time can be found.
The round trip time is in effect a function of thetual number of passengers if all other parameters
are kept constant (such as the kinematics, nunfid&ars, total building population, door timings,
floor heights). This provides an initial value tbie round trip time as shown in (10).

I = f(Pact) (10)
From the calculated value of the round trip tinle tequired number of elevators can be calculated
as shown in (11):

L= ROUNDUP(_LJ (11)
int,,

It is worth noting that this act of rounding upusavoidable as a whole number of elevators can

only be selected. The resultant number of elesalgris the nearest to the optimum as practically

as possible.



Due to the process of rounding up to find the dctatéue of the interval will be slightly
lower than the target interval, and the actual @atithe handling capacit{C%, will be slightly
higher than the arrival rat&R%.

The actual value of the interval can be found iwydthg the round trip time by the number
of elevators, as shown below in equation (12):

4

int,,, = fl (12)
The actual handling capacity can also be founddyguequation (13) below:
HCO6, = 00 P 13
0 = ——
" U Ont, (13)

This provides an acceptable solution that sati€fi@se IV discussed in the previous section. Ehis i
the optimum number of elevators required to meetdhsign criterion. However, it is not an
optimum design regarding the required speed andagacity. These two variables are discussed
in detail in [1].
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Figure1: Block diagram showing the automated optimal design methodology.

Figure 1 shows an overview of the whole proceséinofing the optimum number of elevators,
speed and capacity.

4, GRAPHICAL REPRESENTATION: THE HARINT PLANE

The methodology described in the last section @arepresented in a graphical format. The aim of
the graphical representation in this case is maathe designer to understand the effect of changes
on the resulting solution, and be able to asseasf&oit is from the optimum solution.

In order to develop the graphical representatioplaae is presented. This plane has two
axes; thex-axis represents the interval in seconds andytheis represents the handing capacity.
Each point on the plane represents a possiblei@ol(riot necessarily an acceptable or correct one).
The point representing the optimum solution, canooated by the intersection of the vertical line
representingnt,, and the horizontal line representiAg%, as shown in Figure 2. The plane is
referred to as the HARInt plane, as it containsHIB8 and theAR% on the y-axis and thiet on
the x-axis (HCARInt abbreviated to HARInt).

Plotting lines of equal (number of elevators) values and plotting linegegfalP (number
of passengers) produces the HARInt plane showimgur& 2. The HARInt plane can be veryeful
in visualising a specific solution and appreciatitige optimality or otherwise of suggested
solutions.
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Figure 2 shows the position of the hypotheticalimpm solution on the HARiInt plane
which is the intersection point of th&R% horizontal line and thent, vertical line. It is
hypothetical because it is not achievable in pcacéis it requires a fractional number of elevators,
L. Applying the rounding up equation (11) and tla@plying the iterations (as shown in reference
[1]) moves the solution to the practical optimumusion (that lies on theAR% line and uses a
whole number of elevatork,
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Figure 2: Hypothetical optimum solution and practical optimum solution on the HARInt
plane.

The use of the HARInt plane shown in Figure 2 hesnbuseful for visualising the solution, but has
not been used to actually find a solution by the asgraphical methods. It might be possible to
find a graphical method of finding a solution fopeoblem by the using the HARInt plane as a
solution chart (e.g., as the Smith chart is usedidto engineering and the Nichols chart is used in
control systems). However, before this can beeadd, a method of normalisation needs to be
introduced in order to make the HARInt plane a ersal tool.

5. CONCLUSIONS

A new methodology has been introduced that provédsst of rules and graphical methods that can
be used to design elevator systems in buildingse Method optimises the number of elevators in
the group of elevators for a building based onuber requirements of arrival rateR%), target
interval (nt;) and the total building populatiod). The methodology then optimizes the speed of
the elevators and then the elevator car capaditye method allows the user to work backwards
from the actual arrival rate in tHmuilding in order to find the optimum number of elevators,
instead of the trial and error method.



The methodology assumes that a method exists fauraiely calculating the round trip
time. Both analytical and Monte Carlo simulatiorethods can be used to calculate these
parameters.

Due the automated and rule based nature of théodetogy, it is very attractive for
implementation in a software tool for the desigrelaivator systems.

The method has also been successfully used imitgathe principles of elevator traffic
analysis to final undergraduate mechatronic engingetudents at the University of Jordan. One
of the main reasons for its success is that staddmtnot possess any past experience in elevator
traffic design and hence rely on the rule base gmaghical methods in reaching an optimal and
convergent design.

It is worth noting the analysis in this methodglobas assumed a constant uniform
passenger arrival process. Further work is cuyrdyging done in understanding the effect of a
random arrival process on the results and the &inalvers.
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