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Abstract. Calculations and simulations in lift traffic desigssume a certain passenger capacity of
a lift, i.e. the maximum number of passengers ifhedn accommodate. Industry standards define
the passenger capacity by dividing the rated Idaal Igt by the average weight of a passenger. An
alternative approach divides the car area by tlkea af a body ellipse, which models the space
requirement of a passenger. Lift safety standasdarae a significantly smaller area per passenger
than the typical body ellipse. This implies thatabased passenger capacity is smaller than load-
based, and, therefore, also the lift group handiagacity becomes smaller. This paper reviews
statistics of human body dimensions from existiitgrature. Body ellipses drawn from the
dimension distributions as well as the typical betlijpse are used to study how many passengers
fit in standard-sized lifts. Traditionally, lift gup service quality has been evaluated by passenger
waiting time and time to destination. This papeygmses a new service quality metric for the area
available to passengers. Body sizes vary from anatcy to the next, in different kinds of
buildings, as well as they evolve over the coursénge. Therefore, the definition of passenger
capacity as well as adequate space for comfortablel needs to be periodically redefined
according to local practices.

1 INTRODUCTION

Lift traffic analysis is based on passenger capawhich is the maximum number of passengers a
lift car can accommodate. Industry standards dgfassenger capacity by dividing the rated load of

a lift by the average passenger weight, whichoisekample, 75 kg in Europe [1], 72.5 kg in the US
[2], and 67 kg in Japan [3]. Thus, a particulaedatoad results in different passenger capacities
depending on the standard. EN 81-1 also definemthenum and maximum available car area for
each rated load to prevent overloading of the The. available car area per passenger decreases as
the rated load increases. For example, the arepgzsenger in a 100 kg (one person) lift is attleas
0.28 nf and at most 0.37 fbut in a 1600 kg (21 persons) lift it is 0.155and 0.170 M[1].

An alternative approach defines passenger capasithe maximum allowed area of a lift divided
by the 0.21 rhoccupancy area of a passenger weighing 75 kgrf#.area of a passenger is taken
as the area of the Fruin body ellipse with widtl® 60m and depth 450 mm, which includes an
additional 20 mm space in width and 120 mm in dg¢p{hHowever, the Fruin body ellipse was
derived for a large 95percentile male with respect to maximum body hiteadid depth [6, 7], but
the 94" percentile weight was in the 1950s about 90 kg$&jce it is highly unlikely that only men

of such size wait for a lift at the same time, alke area-based passenger capacity should be
defined with the average passenger dimensionsrrétae the 98 percentile dimensions. The
surveys reported average weight 73 kg [8] as weeba@dy breadth 530 mm and depth 290 mm [6].
The area of a body ellipse according to these dsmmes and the additional space becomes 0.177
m®. Then, the passenger capacity of a 1600 kg liftobees 20.1 passengers with 0.177 m
occupancy area instead of 16.9 passengers withn.Btcupancy area [9].

The body size distribution of the target populati@ing the lifts depends on the gender as well as
the building type and its geographical locationgbmeral, office buildings are occupied by adults
but hotels and residential buildings by childredulés and elderly people. In the Far East, people
are smaller in size compared to western countiies paper studies how many passengers a lift
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can physically accommodate and proposes a newcsequiality metric for the space available to
the passengers, which overcomes the pitfalls @-besed definition of passenger capacity.

2 HUMAN FACTORSAFFECTING LIFT TRAFFIC DESIGN

Maximum body breadth and depth are commonly calledrance dimensions [7]. Still to date, the
distributions of these dimensions for males origgrfeom a survey conducted by the US Air Force
in the 1950s, according to which the™9Bercentile maximum body breadth and depth were 580
mm and 330 mm, respectively [6]. Thesd'@®rcentile clearance dimensions were the badiseof
Fruin body ellipse, which contains 20 mm additiosphce in width and 120 mm in depth for
clothing and personal space [5]. On the other hRhdasant body ellipse was defined for designing
workspaces and taking into account ergonomics loyngd50 mm both in width and depth to the
95™ percentile clearance dimensions [7]. The areabefruin and the Pheasant body ellipses are
0.212 nf and 0.189 ) respectively. Thus, even though they are basethersame clearance
dimensions of the $5percentile male, their areas differ clearly duelifterent requirements for the
space around the body.

The clearance dimensions have not been measured e original US Air Force survey, but
several surveys report statistics on shoulder binedd, 8] and waist circumferences [8, 10, 11]. In
addition, the Air Force surveys [6, 8] summarizeasweements of relatively young males of an
average age of under 30 years who were fitter thargeneral population [10, 11]. In comparison,
the median (95 percentile) waist circumference was 80.5 cm (€512 in the Air Force survey [8]
while the 1960s' survey of the general populatigported a median 88.3 cm (9percentile 109.0
cm) for males aged 18-79 years, 79.2 cm (99.8 ominales aged 18-24 years, and 85.6 cm (105.7
cm) for males aged 25-34 years [10]. Thus, maleagef between 18 and 24 years in the general
population corresponded closely to the Air Forcespenel at that time. On the other hand,
overweight and obesity have become more and marenom in western countries. In the US, a
recent survey indicates that the median™(@&rcentile) waist circumference among males has
increased to 99.4 cm (128.1 cm) [11], thus 10 conelase in the median and 20 cm increase in the
95" percentile compared to the data of the 1960s.

Table 1. 95" per centile points of body dimensionsin some countries [7]

Country Shoulder breadth [mm] Chest depth [mm] Abdominal depth [mm]
Men Women Men Women Men Women
Brazil 490 N/A 275 N/A 305 N/A
France 515 470 280 295 320 305
Hong Kong 470 435 235 270 270 280
India 440 N/A 205 N/A 235 N/A
Japan 475 395 230 235 255 240
The Netherlands 520 445 330 350 375 360
Poland 475 410 275 285 310 295
Sri Lanka 400 360 205 210 235 220
Sweden 510 425 255 300 290 310
United Kingdom 510 435 285 295 325 305
United States 515 440 290 300 330 310
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Body sizes also vary a lot between geographicalsar€able 1 shows the ®percentile shoulder
breadth, chest depth and abdominal depth in diffeoeuntries [7]. In the western countries,
shoulder breadths of men vary from 510 to 520 mm) far example, abdominal depths have
greater differences, from 290 to 375 mm. On theeotiand, Asians are clearly smaller in size
compared to westerners. As extremes, the areaedidtly ellipsk of Dutch men equals 0.153m

but the area of Sri Lankan workers is only 0.074 Tinese are considerably smaller than the areas
of the Fruin and the Pheasant body ellipses.

The maximum number of passengers that actually pdoka lift depends not only on body sizes
but also on human behaviour. People prefer to kedigtance from one another within the personal
space around them [12]. The desire for personalesffmobably) explains the observation that lifts
are not packed more than 63-76% of the load-baasskepger capacity [13]. For example, if a 1600
kg (21 persons, 3.56 4nlift is loaded within this range, the number afspengers inside the lift
ranges from 13 to 16 passengers and the area peenmer from 0.223 to 0.274%niThis
corresponds to comfortable loading, where passerdgenot cross the touch-zone of others and the
available area per passenger equals 0.Z78mn

Also passengers' motivations affect their deciswwhsther to board a lift or not. According to an
old experiment, test persons comprising only worpaoked in a lift as tightly as 0.139*mer
person, and a mixed group of men and women achi@v&¥ nf per person [5]. If the passengers
know each other or they are leaving an office bogdn the evening, lifts have been observed to
carry so many passengers that the available ademes to 0.14 fper person [10]. A tight social
group (a family, a couple) prefers to keep togetbiher the group does not board if the available
space is not sufficient for all members, or the lmaember to board pushes in even if the lift is
already crowded. At football stadiums in the UKtreme crowd densities have been observed
during the ingress to the stadium (0.125pw@r person) and during overcrowding eventuallgiteg

to a disaster (0.1 fiper person) [14]. Thus, even an uncomfortably bpekonal space is tolerated
for a while if there is a good reason behind it.

3 FITTING BODY ELLIPSESINALIFT CAR

The problem of finding the maximum number of pagees that a lift can accommodate is
modelled as a 2-dimensional packing problem whiamsao determine the maximum number of
body ellipses that can be packed within a rectafidie Ellipse Packing ProblerfiPP) is solved

by applying an iterative algorithm, where, in eaigration, firstthe Ellipse Feasibility Problem
(EFP) checks whether all the ellipses fit within thetesgle and do not cross their boundaries, then
the number of ellipses is increased by one anaéxé iteration is carried out. If a feasible sabuti

is not found in the current iteration, the algamtiterminates and the optimal solution to the EPP is
the last feasible set of ellipses.

The EFP is formulated as a nonlinear programmimdplpm where its optimal value equals zero if
it exists. LetE denote the set of ellipses avtthe set of walls of the lift car. DefiteEQ(g, f) to be
the overlapping area of ellipsesandf, andWEQ(e, w) to be the overlapping area of ellipsand
wall w. With this notation, the EFP can be written a®fes:

MinY e EEQe f)+Y ¢ .oy WEOE W) (1)

These body ellipses are calculated from tH2 @& centile shoulder breadth (bideltoid) and tiigdaone
of chest and abdominal depth without any additiepalce around.
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The problem involves three decision variables facheellipse: one for rotation, which determines
the angle between the ellipse major axis and x-axid two for translation, which determine the x-
and y-coordinate of the ellipse centre point. Ssesive quadratic programming is applied to solve
the problem. The overlapping areas are calculayatidomethod presented in [15].

The numerical experiments consider general-purfifiseof ISO 4190-1 [16], whose rated loads
(RLD), widths @) and depthsl) are given in Table 2. The table also showsRassenger Capacity
(PO), the internalCar Area(CA), theCar Load Factor(CLF), and theArea Per PassengdAPP),
which are derived as follows by assuming that sserager weighs 75 kg on average and denoting
the number of passengers By

PC =RL/75, (2)

CA=BxD, 3)

CLF = P/PCx100%, (4)

App=_ A ()
CLFxPC

Table 2. Car dimensions, passenger capacities, car areas calculated from the 1 SO 4190-1
dimensions and the average ar eas per passenger with 100% car load factor

RL [kg] B [mm] D [mm] PC [N] CA [m?] APP [m?]
1SO 4190-1 | 1SO 4190-1 | 1SO 4190-1 | EN81-1 | 1SO 4190-1
800 1350 1400 10 1.89 0.189
1000 1600 1400 13 2.24 0.172
1275 2000 1400 17 2.8 0.165
1600 2100 1600 21 3.36 0.160
1800 2350 1600 24 3.76 0.157
2000 2350 1700 26 3.995 0.154

First, the largest body ellipse dimensions thditfgtin a 2000 kg lift are sought for a fixed niner

of identical passengers. The number of passeng®egied so that the corresponding car load factor
varies from 50 to 100% in 10% steps. The aspetd odtthe ellipses is set to 1.82, which is the
average ratio of the maximum body breadth to thgimam body depth for the"s 53", and 9%'
percentile points for men [7]. Table 3 presentsdimeensions of the largest ellipses found for each
car load factor and their areas. The area utibzapiercentage gives the total area of all thesskp
divided by the car area, the maximum utilizatiombesqual to 84.6%. Since the 2000 kg lift has
the smallest area per passenger, these resultsteabwail lifts of Table 2 can be fully loaded with
identical passengers if their body ellipses occatpyost 0.130 f

Next, the maximum number of passengers that fithiea lifts of Table 2 is determined by
considering several compositions of passenger grough different body sizes. The dimensions of
each passenger group are given in Table 4. Thep@ssenger group consists of identical males
with the Fruin body ellipse. The second passenganpgymodels identical females and is obtained
from the 95" percentile point of the clearance dimensions [ithwan additional 15 mm width and
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125 mm depth (to obtain good round values). Thetlas passenger groups represent males and
females with body ellipse sizes drawn randomly. Widths of these ellipses follow the normal
distributions of the male and female maximum boaldths with the averages of 530 mm and 420
mm, respectively [7]. The aspect ratios betweenbibay width and depth are 1.82 for males and
1.53 for females. The width and depth are alsoeg®ed by 20 mm to allow some space for
clothing, which is twice the recommended 10 mm extion for indoor clothing but half of the
recommended 40 mm correction for heavy outdoorhoigt [7]. This assumption models the
situation where passengers are under pressureckingathe lift and smaller-than-usual personal
space can be tolerated.

Table 3. Thelargest possible ellipse sizesfor given car load factorsin a 2000 kg lift

CLF[%)] | Passengers | EllipseWidth | Ellipse Depth | Ellipsearea | Area utilization
[N] [mm] [mm] [m?] [%]
50 13 776 426.4 0.266 84.6
60 15 714 392.3 0.220 82.6
70 18 655 359.9 0.185 83.3
80 20 619 340.1 0.165 82.6
90 23 580 318.7 0.145 83.5
100 26 549 301.6 0.130 84.6

Table 4. Axislengths and average area of body ellipsesfor each passenger group

Passenger group | Ellipse Width [mm] | Ellipse Depth [mm] | Ellipse Area[m?]
Male-95 600 450 0.212
Female-95 500 450 0.177
Male-Gaussian ~N(530, 30) + 20 Width / 1.82 + 20 0.130
Female-Gaussian ~N(420, 40) + 20 Width / 1.53 + 20 0.099

Four scenarios combine the above passenger groiffiesently. In Male-95 and Female-95
scenarios, all passengers are identical pércentile males and females from the correspgndin
passenger groups. Thixed-95scenario consists of passengers from the MalerlSF@male-95
groups so that there is an equal number of malgé$eamales. In thdlixed-Gaussiarscenario, male
and female passengers are randomly selected frenre$pective normal distributions with a
passenger having an equal probability of being mmafemale. The scenarios are solved for the lifts
specified in Table 2. The Mixed-Gaussian scenasicsalved ten times with redrawn random
samples for the ellipse widths and average valueseported instead of individual runs. Figure 1
shows the distributions for the male and femalg@®# widths and individual random samples
drawn for a 2000 kg lift.

Figure 2 shows the maximum number of passengetdithan the lifts in the different scenarios.
From the figure one can observe that the maximumbaun of passengers that can be loaded
follows a linear trend with dependency on the rdtetl and the body ellipse size. The lifts can
accommodate full load only in the Mixed-Gaussiagnstio, i.e. when the ellipse widths are drawn
randomly from the normal distributions and passengee males or females with equal probability.
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Figure 2. Maximum number of passengersthat fit in thelifts

Table 5 gives the maximum car load factors fordtenarios. In the Male-95 scenario, the car load
factor is as low as 57.1% for the 1600 kg liftidtalso worthwhile noticing that the maximum
number of passengers in this scenario is alwaysbhotess than the area-based passenger capacity
[4, 9] although the body ellipses have the sama.drke difference occurs because the car area is
not fully utilized. In the Mixed-Gaussian scenaraars can be fully loaded. Table 6 presents the
average available areas per passenger. The scenarisisting of 98 percentile males and females
have the average area per passenger in the rarggemddrtable densities. However, the available
areas with the Mixed-Gaussian passengers are wkivb0.2 ni per passenger but still clearly
above the average body ellipse sizes 0.136frmen and 0.099 frof women.
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Figure 3: Solutionswith different body ellipse scenarios for the 2000 kg lift. Top left: 15 Male-
95 elipses; top right: 18 Female-95 ellipses; bottom left: 8 Male-95 ellipses and 8 Female-95
ellipses; bottom right: 14 Male-Gaussian ellipses and 12 Female-Gaussian ellipses.

Table5: Car load factors based on the maximum number of passengers

Scenario Car Load Factor [%]
800kg | 1000kg | 1275kg | 1600 kg | 1800 kg | 2000 kg
Male-95 70.0 61.5 58.8 57.1 58.3 57.7
Female-95 90.0 76.9 76.5 71.4 70.8 73.1
Mixed-95 80.0 69.2 70.6 66.7 62.5 61.5
Mixed-Gaussian | 100.0 100.0 100.0 100.0 100.d 100.0

Table 6: Available area per passenger based on the maximum number of passengers

Scenario Area per passenger [m?]
800kg | 1000kg | 1275kg | 1600kg | 1800kg | 2000 kg
Male-95 0.270 0.280 0.280 0.280 0.269 0.266
Female-95 0.270 0.249 0.233 0.240 0.235 0.22p
Mixed-95 0.270 0.249 0.255 0.258 0.251 0.250
Mixed-Gaussian 0.189 0.172 0.165 0.160 0.157 0.154

4 LEVEL OF SERVICEINA LIFT CAR

Traditionally, the lift group handling capacity éefined with 80% average car load of the load-
based passenger capacity, which implicitly assuthas sometimes the lifts are occupied up to
100% of their capacity. As shown, 100% loadinghggically possible when considering a realistic
distribution of human body dimensions and mixtufen@n and women. Thus, the assumption of
100% loading in theoretical calculations and sirhates remains valid.
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In practice, only up to 76% loading has been olekrjd3], which is (probably) caused by
passengers' desire for personal space. The tmaalitiway of conducting lift traffic design
calculations and simulations does not take int@actthe area occupied by a passenger but that is
easily overcome by considering area per passesgenaw design metric.

The value of area per passenger is calculated uke@verage car load factor as in Eq. 5, which
defines the number of passengers for the up-peaktiegs and is readily available as a simulation
statistic [17]. Then, the area per passenger ispapgd with the Fruin Level of Service (LOS)
ranges for queuing areas, of which LOS E is givearaexample for lift occupancy [5]. As shown
in Table 7, the lower limit of LOS E occupancy (0r per passenger) corresponds to 80% (or
greater) car load factor for rated loads up to &§0For 1800 kg or 2000 kg lifts, 77-78% car load
factor result in area per passenger within LOS \Eelolimit. Thus, the usual way of defining
maximum handling capacity with the average car Itzador 80% is in line with LOS E. On the
other hand, occupancy of 0.3 per passenger on the upper limit of LOS E occlith var load
factors between 55% and 60%, which can be consldesea good target value for comfortable
travel.

Table7. Area per passenger, LOSwith increasing car load factor and LOSranges[5]. APP
calculated using load-based passenger capacity (Eq. 2) and car areasasin Table 2.

CLF[%] Area per passenger [m?] and LOS LOS | APP[m?
800kg | 1000kg | 1275kg | 1600kg | 1800kg | 2000kg

10 A =2 |

20 0.945 | 0.862 0.824 0.800 0.783 0.768 B 0.9-1.2
40 0473 | 0.431 0.412 0.400 0.392 0.384 c 0.7-0.9
60 0.315 | 0.287 0.275 0.267 0.261 0.256 D 0.3-0.7
80 0.236 | 0.215 0.206 0.200 0.196 0.192 E 0.2-0.3
100 0.189 | 0.172 0.165 0.160 0.157 0.154 F <0.2

The use of LOS does not change the traditional wfagonducting lift traffic calculations and
simulations. Thus, the definition of the passencgpacity remains load-based according to the
applicable local standard. LOS involves only thécdation of the area per passenger and its
classification as an extra work using car loaddaeand car area. However, the area per passenger is
a rather abstract concept, but it could be visedliby schematic drawings [5] or by 3D
visualization of traffic simulation [18].

5 DISCUSSION

The load-based passenger capacity accompaniedththrea per passenger as a service quality
metric has many advantages over the area-basedityagarstly, new lift traffic designs with the
area-based passenger capacity are not in line twéhold ones conducted with the load-based
passenger capacity since area-based passengentycapa8-90% of load-based passenger capacity
[4]. Also the lift group handling capacity decresdy the same ratio just because of the definition
of passenger capacity changes. When keeping tiéidral load-based passenger capacity intact,
new designs can be compared directly to old oneke\ile area per passenger brings additional
information about the suitability of the design.
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Since passenger capacity is the determinant ofr#fec design calculations, the assumed body
ellipse area affects directly the results of thalgsis. Therefore, the occupancy area should
represent an average user of the target buildipg, tyeographical area, and culture. The definition
of area-based passenger capacity is based on¢bhpasy area 0.21 per passenger weighing 75
kg [4, 9], which is the area of the Fruin body ke [5]. However, the Fruin body ellipse was
derived for 98 percentile male dimensions, which correspondsbtu90 kg man and is not in
line with the previous assumption. In addition, twely ellipse contains 0.06°nadditional space
around the body. Thus, the area-based passengatityapides the assumptions behind it without
proper documentation, which is not the case foldhd-based passenger capacity. In addition, area
per passenger does not depend on the choice @ge/passenger occupancy area, and, therefore, it
is independent of culture, geographical area, anldibg type.

Since lift traffic calculations and simulations abased on mathematical theories, complex
relationships, and many technical parameters, #tienale and effect of area-based passenger
capacity remains hidden from and incomprehensiblthé decision maker. Then, the designer is
responsible for the validity of the design assuongiand the decision maker is (probably) neither
able to challenge them nor provide insights oftrget occupants. If the lift traffic analysis slsow
the area per passenger as well as the LOS cladgific the decision maker and the designer may
enter the debate whether the proposed solutionleguamte for the building under consideration.
Thus, the decision maker is able to make an infdroecision based on his/her assessment on all
aspects of the lift passenger service.

The standards allow some variation in car dimerssiarhich results in different internal car areas
and therefore area-based passenger capacitieslditioa, the lift manufacturers may have their
own dimensions within the limits of the standard$ws, the designer cannot know the true
dimensions of the car before the lift supplierhesen for the project, and therefore, the calauhati
with area-based passenger capacity are not neitgssarect. Furthermore, the car area available
to the passengers may be further reduced from tdredard due to car shape, hand rails, and
decoration, the effect of which may or may not hewn to the designer during the building design
phase. Thus, even a small change in the availabl@rea may change the area-based passenger
capacity and, therefore, also invalidate the cotetl@nalysis. The use of load-based passenger
capacity and area per passenger does not comptielyate the effect of non-unique car areas.
However, the change in car area does not requieeran of the whole analysis, only re-evaluation
of area per passenger is needed. Since the rang@SE is quite wide, a small change in the car
area does not necessarily imply a notable chantieeiarea per passenger.

6 CONCLUSION

This article studied human body sizes and how ttmyld be taken into account in lift traffic
design. The motivation for this study arises frdma two definitions of passenger capacity, which is
the maximum number of passengers a lift car caoragdate. Current lift safety standards define
the passenger capacity by dividing lift rated Idgdthe average passenger weight, which is in
Europe 75 kg. In an alternative approach, the masimallowed car area is divided by the 0.24 m
body ellipse area of a passenger weighing 75 kgth@$e two definitions, the area-based gives
much smaller passenger capacity than the load-badech creates unnecessary confusion among
the practitioners.

When studying the maximum loading of lifts, it wlmind that the standard-sized lifts can be
loaded up to 100% of the load-based passenger ibapull load was achieved when lifts with
different rated loads were packed with body elljppgsrawn randomly from body dimension
distributions of men and women. This shows thattflaimum car occupancy in lift traffic design
should be 100% of the load-based passenger capahitg, the real-world observation that a lift is
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not loaded up to 100% must be the consequencemamibehaviour and preferences. Therefore,
the available space for passengers should noehtett as a matter of capacity.

Since personal space in a lift is an important diagh comfortable travelling, it should be
considered explicitly in lift traffic design. Theekel of Service concept developed by Fruin can be
applied to lifts since the design calculations andulations have readily available the average
number of passengers in the lift. Then, it is dassio calculate the average area per passenger and
classify it according to the existing Level of Seev definitions for queuing areas. Fruin
recommended lifts to be the only application of LE&Swith 0.2-0.3 A area per passenger.
Coincidental or not, 80% average car load, which been used for a long time to define the
maximum handling capacity of a lift group, corres@s to the LOS E for lifts up to 1600 kg rated
load. Therefore, the use of 80% car load factdifiriraffic design seems to be a valid approach.
The consideration of exact area per passengersoffevay of defining target car load factor for
large lifts of 1800 kg or greater, or a requiremimta more spacious solution than provided with
80% car load factor.

The advantage of using LOS and area per passengethe area-based passenger capacity is based
on its independence of building type, geographarala, culture, and differences in body sizes.
Therefore, lift traffic design should be carriedt au the traditional way by using the load-based
passenger capacity to determine service quantilyaa@a per passenger as an additional selection
criterion for service quality. This provides a gitdforward way to settle the conflict between the
load- and area-based passenger capacities andhedpture traffic designs in line with the old
ones.
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