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Abstract. The round trip time has been traditionally foumyg using calculation methods, either
analytically by the use of equations or numerichiythe use of Monte Carlo simulation or Markov
chains. This paper explores the use of simulatoextract the value of the round trip time. The
main reasons for the difference between the vafuthe round trip time under calculation and
simulation are the three random effects: the ranis® of passenger destinations (thus making the
value of the round trip time a random variableg tandomness of the passenger arrival (driven by
a Poisson passenger arrival model) and the effdmirching (thus making the value of the interval
a random variable). The value of the round tripetihas been plotted against the system loading
level for the case of a single entrance and incgrraffic only. The system loading level has been
varied from values as low as 0.05 (i.e., 5%) u@nooverloaded system level of 3 (i.e., 300%).
Different conditions have been simulated includiogstant and random passenger arrivals, as well
as queues allowed and queues not allowed conditioviarying these conditions provides an
essential insight into the variation of the roungd time and the reasons for it.

Nomenclature and Acronyms

AR%is the passenger arrival rate expressed as thdrgupopulation in five minutes

CCis the rated car capacity in passengers

FIFO first in first out (of a queue)

A the passenger arrival rate in passengers pergecon

Ass the design passenger arrival rate in passengersepend according to which the system was
originally designed

A, the actual passenger arrival rate in passengegepend to which the system is exposed

L is the number of the elevators in the group

p the system loading (where 1 denotes 100% systadarig)

RTT or Tis the average value of the round trip time in selsoduring the total simulation time and
averaged over a large number of trials

7 the value of the round trip time in seconds (aar@lom variable varying from each round trip to
the next)

WSis the nominal simulation time referred to aswekspace in seconds

1 INTRODUCTION

The round trip time has been, and still is, thadml for designing elevator traffic systems.h#ts
been customary to evaluate the value of the rotpdime using calculation or the Monte Carlo
simulation method.

A previous paper has outlined six methods for diegivthe round trip time [1]. The first five of
these are analytical ([2]-[9]) and numerical ([1[]1], [12] and [23]). Numerical methods have
also been used to calculate the value of the agerayelling time (e.g., using the Monte Carlo
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simulation method to evaluate the value of the ayertravelling time [13]). The sixth presented
method was based on simulation, although few detedre given. This paper outlines a possible
methodology for extracting the round trip time froime simulation data.

Queuing theory has been used in order to try teerstdnd the performance of the elevator traffic
systems under simulation [14]. Classical queulrepty can be used to estimate the value of some
critical parameters such as the average waiting &nd the average queue length.

Section 2 presents a qualitative explanation ferrdasons of the discrepancy between the values of
the round trip time under calculation and simulatioSection 3 provides an overview of the
MATLAB code used to run the simulation. Sectiodidcusses results for a 12 floor building and
shows the variation of the round trip time undecréasing system loading. The results from
section 4 are discussed in section 5. Conclusiomslrawn in section 6.

2 THE CAUSE OF THE DISCREPANCY

In theory, the value of the round trip time foungl dalculation should be identical to the value
found in simulation. However, it is generally aokredged that the value of the round trip time
under simulation is smaller than that resultingrfroalculation. Differences between calculation
and simulation are discussed in [15].

The main reason for this discrepancy is the faat tite number of passengers boarding the elevator
car on average is smaller than that assumed umdrlation. It is in fact the random effects that
arise under simulation that lead to a smaller nunob@assengers boarding the elevator car under
simulation and thus causing a difference betweenwio values of the round trip time.

The combination of the restriction in the car ssbepled with random effects (detailed later in this
section) are the reason why the average numbeassemgers boarding the elevator car is smaller
than that expected under calculation. This is@Rrpd as follows:

1. In cases where the number of passengers waitibgaaod the elevator is larger than the car
capacity CC), only CC passengers can board the elevator car (assumitg tlr loading
is possible). The remaining passengers remainiligoe added to the queue in order to
board a future elevator car under real life simafator discarded under the hypothetioal
gueuingsimulation introduced later in this paper).

2. In cases where the number of passengers waitihganl the elevator is smaller than the car
capacity, the elevator car will collect them andbate (and will not wait for further
passengers to arrive in order to fill the elevatar up). This point is what leads to the
smaller car loading on average, and thus to a teguin the value of the round trip time.

The net effect of these two last points is that dfffiective number of passengers boarding the
elevator car in each round trip is smaller than ¢he capacity €C). There are five sources of
randomness, listed below:

1. The randomness of the passenger destinationsackm und trip the passengers boarding
the elevator car will select different destinationghese random destinations depend on the
relative floor populations. The fact that they a@iéferent in each round trip results in
different values of the round trip time in eaclptriThe consequences of this variability in
the value of the round trip time are that the e@vaar will spend different times away from
the main entrance. When the elevator car retwngidk up passengers from the main
entrance, the number of passenger waiting to biberelevator car will be proportional to
the value of the last round trip time.

2. The randomness of the passenger arrival processiasl been shown that the passenger
arrival process in elevators is a random procebgyeby the number of passengers arriving
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in a specified period of time follows a Poisson hability density function. The
consequences of these random passenger arrivalsadra different number of passengers
will be waiting to board the elevator when it retsito the main entrance (regardless of the
variability in the value of the round trip timeet§).

3. The variability in the value of the interval (caddgy the phenomenon of bunching): Even
if it were possible to prevent the variability imetvalue of the round trip time, the value of
the actual interval could vary. This is due to fifteenomenon of bunching ([16], [17]),
whereby the elevators are not equally spaced iir thevements. Bunching leads to
variability in the actual value of the intervalh& interval is in effect the time during which
the passengers that will board the next elevatoacaumulate. If the interval is longer than
the average value, more passengers will arriviejgfshorter, fewer passengers will arrive.

4. Edge effects: When the workspa®®g of the simulation is relatively short (e.g., 3®Qthe
effect of the first and last journeys can be sigaifit. The elevator car for the last journey
of the simulation would usually be carrying the eaning passengers, the number of which
would be smaller tha®€C. The first journey could also involve a largearthnormal or
smaller than normal number of passengers and endeé distort the overall results.

5. The initial conditions: The initial position ofél. elevator cars can also have a significant
effect on the value of the round trip time.

It is relatively easy to overcome the last two segrof randomness. Edge effects can be overcome
by removing the first and last journey and incregsihe value of the workspace. The initial
conditions are overcome, by carefully locating fguesition of the elevator cars in the round trip
cycle such that they are perfectly spaced.

It is worth noting that the effect of the group troh algorithm is beyond the scope of this paper.
Work has been done in order to amend the formwaéhe round trip time to take the effect of the
elevator group controller into consideration in][&9] and [20].

3 MATERIAL AND METHODOLOGY

In order to extract the value of the round tripdifnrom simulation, a simple MATLAB code was
written that can simulate a group of elevator aamgler incoming traffic conditions and single
entrance. Various software switches can be usadrtolate different conditions in order to better
understand the effect of different conditions, agstions and settings. The software runs the
simulation for the workspace tim&/Q.

It is based on incoming traffic only from a singletrance. The software contains two parts: a
calculation part that carries out the design of elevator traffic system using thé¢ARint Plane
methodology ([21], [22]); and a simulation partttiheceives the parameters of the elevator traffic
system design from the calculation part and camgsthe simulation for a specified period of
workspace V. The simulation produces graphical outputs all ase spreadsheet data for the
following parameters:

Average passenger waiting time.
Average passenger travelling time.
Average passenger queue length.
Average value of the round trip time.
Average car loading.

agrwnE

The following rules are followed in running the adire:

1. The set of passengers are generated at the stae simulation for the whole period of the
workspace (assuming constant passenger arrivédeisson passenger arrivals).
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2. The car capacity is set to exactly the number ggpagers stipulated by the calculation (an
integer value is used). Hence, 100% car loadiradjasvable.

3. When the elevator car returns to the main entraihgacks up as many passengers as are
present, but no more than the maximum number cfgragers.

4. The elevator will not wait for more passengersitoulp with the maximum number of
passengers.

5. Any passengers arriving while the existing passengee boarding are also allowed to
board.

6. Any passengers arriving after the doors start sgpsannot board the elevator and will have
to wait for the next elevator to arrive (thus joigithe queue).

7. No door re-openings are allowed.

8. Any passengers that cannot board the elevator resflain in the lobby in a queue (or
discarded if the switch for no-queuing allowedadsi\ee).

9. If there are no passengers present in the lobby e elevator arrives then the elevator
will not leave and will stay at the lobby with deors open.

10. For the purposes of extracting the round trip tfroen the simulation, the idle time has to be
removed. So if there are no passengers in the Jdhis/time does not count as part of the
round trip time.

11.In order to remove edge effects, the first and lasind trips are excluded from the
calculations of the round trip and the average remal passengers boarding the car. The
software automatically finds the start and end tgoai each round trip (e.g., by looking for
the door-start-of-closing-point in time and usih@s a reference). Once all the round trips
have been identified, the values of the first aast trip are excluded from calculating the
average value.

4 SAMPLE RESULTS

A numerical example is presented in this sectitinllustrates the points introduced earlier insthi
paper. A sample building is used in order to piha value of the round trip time against system
loading. The system loading is varied in increraenft 0.05 starting from the value of 0.05 (i.e.,
5%) loading up to 300%.

System loading is varied by varying the actual gabdi the arrival rate (in passenger per second)
(lact) against the design arrival rate (in passengerss@eond) denoted asqf). Thus a system
loading of 100% is represented by passengers agrati the rate that was anticipated in the original
design; an under-loaded system will experiencequaggss arriving at a rate smaller than the design
arrival rate; and an overloaded system will expeepassengers arriving at a rate larger than the
design arrival rate. This is summarised in Tabiebw.

Table 1: Summary of the three loading conditions.

A
Under-loaded system Aat <Ages OF p=—24<1 (1)
des
—_ —_ Aact —_
100% loaded system Asct = Ages OF P = ==l (2)
des
—_ Aact
Over-loaded system A > Ages O p=—24>1 (3)
des

Effectively, varying the value ofl_is a change in the value of the arrival raiR%

act
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Numerical Example

A building has 12 floors above the main entran@ée total building population is 1000 persons.
The floor by floor population and the floor heighie shown in Table 2.

Table2: Thefloor populationsand thefloor heights of the building.

Floor Floor population (persons) Floor height (m) yp# of floor (Ent, Occ)
120 25 N/A Occupant

11 25 4 Occupant
10" 25 4 Occupant

gh 25 4 Occupant

gh 50 6 Occupant

70 75 6 Occupant

6" 100 6 Occupant

5th 100 6 Occupant

4t 125 6 Occupant

3 125 8 Occupant

2n¢ 150 8 Occupant

1% 175 8 Occupant
Ground N/A 10 Entrance/exit

Other parameters are shown below:

Kinematic parameters.

Rated speed: 3.15 m/s.
Rated acceleration: 1 m/s
Rated jerk: 1 mAs

Passenger data

Passenger transfer into the elevator car: 1.2 s
Passenger transfer out of the elevator car: 1.2’ s

Door timing data

Door opening time: 2's
Door closing time: 3's

The user requirements are:

Arrival rate: 12% of the building population aiirig in five minutes.
Target interval: 30 s

A design for the elevator traffic system for theilting is carried out using the Monte Carlo
simulation method for finding the value of the rdutmip time and HARInt plane for the design
methodology ([21], [22]). The resulting value bketnumber of passengers boarding the car is not
an integer in this design. It is not possible empare this calculation with simulation. It is hu
necessary to round up the number of passengergetmédarest integer, which is equal to 12
passengers in this case. The user requirements toawe revised to suit this such that 12
passengers boarding the car represents a systdmdaz 100%.
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The final design that has been used (which is basedn integer value for the number of
passengers) is listed below:

* Number of elevators in the group (L): 5 elevators

* Number of passengers: 12 passengers (thus thet igssthe car capacity with 100% car
loading allowable).

* Speed: 3.15 m/s.

* Round trip time: 143.381 s

e Actual interval: 28.68 s

* Nominal arrival rate in passengers per secaiid Q.4 passengers/second

» Adjusted arrival rate in passengers per secontb{folg the adjustment of the number of
passengers to an integer numbex): (0.418 passengers/second

The value of the round trip time has been plotigairsst the system loading in Figure 1, for a value
of workspace equal to 300 seconds. The valueeotdhind trip time has been normalised in the
figure by dividing the absolute values by the maximvalue of the round trip time (143.381 s) that
attains this maximum value when 12 passengers hbibarctlevator car (which is the maximum

allowable car capacity).

It is worth noting that the round trip time doeg arceed the nominal calculated value of the round
trip time that is attained when the car is full ewmder high system loading conditions. This can b
seen in thesaturation effect Figure 1 and can be explained as follows. As the systesdihg
increases, more passengers arrive that can be bgkitve available elevators. The passengers who
cannot board the elevators will join a queue. e gystem loading increases, the queue becomes
even longer. The number of passengers who camnl lea&h elevator is limited to the rated capacity
(CC) (assuming that 100% loading is allowed andsids). As the queue becomes excessively
long, each elevator car becomes very likely to Arglfficient number of passengers to board it and
to fill it up as soon as it arrives in the lobbyhus the round trip time attains its maximum pdssib
value expected in the design stage, but no more.

The round trip time has been plotted for a numbedifierent conditions listed below. 1t is
accepted that under these conditions the valukeofdund trip time has become a random variable

(1), and it is in fact the average value of this @ndvariable that is quoted | denoted aRTT or
T.

1. Queuing allowed under constant arrival conditiond Roisson passenger arrival conditions:
Under these conditions, passengers who arrivegdirst-in-first-out queue (FIFO). When
the car is available for boarding, passengers lda¥eueue one at a time and board the car.
Once the car is full, passengers who have not ledareimain in the FIFO queue. As can be
seen from the figure there is little differencevibe¢n the constant arrival process and the
Poisson arrival process. The reason is that qgeuais been allowed, and this effectively
decouples the average number of passengers bodttenglevator car from the arrival
process. It is also worth noting that the valuehef round trip time at a system loading of
100% (i.e.p=1) denoted as point C1, C2 is smaller than theimmam possible value for the
round trip.

2. Queuing not allowed under constant arrival condgio In this case, passengers who are
prevented from boarding the car because it is @yréall are not added to the FIFO queue,
but are discarded (this is an example of the hygiatal conditions that are used in this
paper). This is referred to as the case of “nautgeallowed”. It is acknowledged that this
condition will not take place in real life. It ghown here as it is easy to calculate using
analytical equations or the Monte Carlo simulatimethod, and can provide a lower
analytical bound on the actual value of the roumgttme. It is denoted as point E in the
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Figure 1, where its value is smaller than the valtiehe round trip time under queuing
conditions at a system loading of 100%.

Queuing not allowed under Poisson arrival condgiorin this case, passengers who are
prevented from boarding the car because it is @yréally are discarded. Passengers arrive
under Poisson arrival conditions and this introduaenew source of randomness further
reducing the effective car load and thus the valti¢he round trip time. At a system
loading of 100% ¢=1), the value of the round trip time under theseditions is denoted by
the point F in Figure 1.

Normalised round trip time from simulation

1.2

0.8 -

0.6

0.4

0.2

Max. value of RTT i
(calculated by classical |/ " =~ ] . . . -
. Poisson arrival process, queuing allowed :
equation) |
—Poisson arrival process, queuing not allowed '
—~Constant arrival process, queuing allowed
i P A ________________________________________ —Constantarrival process, no queuing allowed 4
100% system loading
0 0.5 1 1.5 2 2.5 3
System loading (%)

Figurel: Thenormalised value of theround trip time against system loading under different

conditions (the value of the wor kspace is 300 seconds).

The effect of the value of the workspace has beeestigated and the results are shown in Figure
2. The round trip time under simulation conditidres been plotted against system loading for
three values of workspace: 300 s, 600 s and 90Khs. passenger arrival model has been assumed
to follow a Poisson process. From the figure tiloiving two conclusions can be drawn:

1. Under the condition of queuing allowed the valu¢hef workspace has virtually no effect.
2. Under the condition of “no queuing allowed” the nease in the value of the workspace

forces the values of the round trip time to sedtin to the lower bound. The explanation
for this is that the larger the workspace, the m@edom edge effects and transient
behaviour are diminished and become less pronounced
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1.2

0.8

0.4

0.2

Normalised round trip time from simulation (ratioto maximum
value)
(=]
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' ' ' ' ' '

queuingéllcwed
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queuing not allowed .
' 300 sWS, queuing not allowed

_____________________________________________________

600 sWS, queuing allowed

——600 s WS, queuing not allowed

—-900 s WS, queuing allowed

100% system loading

—————————————————————————————————————————

—=-900 5 WS, queuing not allowed

————————

The normalised values of the Round Trip Time against System Loading
for Different Value of the Workspace under Poisson Arrival Conditions

0 0.5 1

1.5 2 2.5 3
System Loading (%)

Figure2: Thenormalised values of theround trip time against system loading for different

wor kspaces.

5 DISCUSSION

As seen in the last section and in Figure 1 theievadf the round trip is different between
calculation and simulation at a system loading@¥% (@=1). There are a number of factors that
affect this final value of the round trip time. i$t possible to think of the value of the roung tri
time as starting from the value found in calculatemd then being transformed by a number of

effects into the final value under simulation, akofvs:

1. The round trip time value under calculation is lbh®m the value of the number of

passengers boarding the elevator car in eachridpvece versa (point B in Figure 1). Itis
worth noting that this value is based on a numbassumptions:
a. The value of the round trip time is a constantr@her than a random variable.
b. The passenger arrival process is constant, withimatant inter-arrival time.
c. The value of the round trip time is constant an@sdoot vary as the passenger
destinations vary.
d. There is no bunching.
e. With the ideal conditions above, no queues willredevelop and hence queuing in
effect is irrelevant.
When the random effects of bunching and the ran@ssiof the passenger destinations are
taken into consideration and no queuing is alloviled value of the round trip time drops to
the value shown on point E in Figure 1. In thisesgpassengers who are unable to board the
full elevator cars are discarded. Bunching is eduby the random destinations of
passengers, as these lead to variations in thewvalthe round trip times of the different
elevators.
When the random effects of the passenger arrivadgss (Poisson process) are added, this
leads to further randomness in the value of theadonip time, which in turn leads to a
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reduction in the number of passengers boardingldneator car in each trip, and thus to a
reduction in the value of the round trip time (simoas point F in Figure 1). As in the
previous point, the value of the round trip timeaigandom variable and no queuing is
allowed.

4. Finally, once the effect of queuing is added, thkie of the round trip time rises back to a
value shown as point C1/C2 in Figure 1 which is #lceual value of the round trip time
expected under simulation. This value is still Bemathan that given by the initial
calculation shown as point B in Figure 1.

This discussion has elucidated how the differefécts under simulation gradually change the
value the round trip time from that found in caltidn to that achieved under simulation at a
system loading of 100%%1).

6 CONCLUSIONS

There has long been an acceptance among vertiaakportation system designers that a
discrepancy exists between the value of the rouwipdtime evaluated by calculation and that

extracted from simulation. The main reason fos tiscrepancy is the lower average value of the
number of passengers boarding the elevator caach &ip in simulation compared to the value

assumed in calculation.

It suggested that the reason for this lower valuth® number of passengers than expected is the
combination of the restricted car size and the oameffects. There are five random effects: the
randomness of the passenger destinations (thatdeaariable values of the round trip times); the
randomness of the passenger arrival process (adstonllow a Poisson probability density
function for the number of passengers arriving ipeaiod of time); the variability of the value of
the interval caused by the bunching phenomenonedge effects (at the start and the end of the
simulation); and the assumed initial conditionsareling the phases of the elevators in the group.
In addition, the presence of a FIFO queue of thiziag passengers and those who are unable to
board full elevator cars has a very strong effecthe final value of the round trip time (as it can
potentially lead to a plentiful supply of passersgier the lobby and completely decouple the value
of the round trip time from the passenger arrivakpss).

Hypothetical scenarios have been run in simulaf@g., no-queuing allowed scenario). While it is
acknowledged that such scenarios will not take eplec real life, they are very insightful in
presenting a qualitative explanation and aidinguhderstanding of the underlying mechanics of
the elevator traffic system during simulation.

The value of the round trip time has been plottgdirasst system loading under simulation for
different conditions. The effect of queuing is lgsad by plotting the value of the round trip when
gueuing is allowed for passengers unable to bodwndl elevator, and when queuing is not allowed
(where passenger unable to board a full elevaterdsscarded). A comparison is also made
between constant arrival conditions (where theriatdval time between successive passengers is
constant) and random arrival conditions (whereititer-arrival time between successive passenger
arrivals is random) following a Poisson arrival ggss. The values of the round trip time extracted
from simulation at a system loading of 100% arentbto be smaller than the maximum value of
the round trip time evaluated by calculation assiga full car. It is also shown that the value of
the round trip time under constant arrival condis@nd no queuing allowed is larger than the value
of the round trip time under Poisson arrival coiotié and assuming that no queuing is allowed.

Finally, the effect of the workspace has been ingated. It is shown that under queuing allowed
conditions, the workspace length has no effect len value of the round trip time. Under no
gueuing conditions, the increase in the value efwlorkspace allows the value of the round trip
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time to settle to its steady state value, due ®f#tt that edge effects and transient effects are
diminished by the longer workspace.

The results shown above are insightful in undeditanthe random nature of simulation and can
have practical effects in the process of designiagical transportation system and sizing its
components.
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