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Abstract

Hospitals often experience lift congestion as a result of their heavy traffic, complex user types,
and relatively slow-moving lifts (due to concerns over safety). Given the increasing number of current
and new hospital building blocks that consist of many storeys, a visual simulation-based decision
support system (DSS) is recommended. We present the modelling approach and development of a tool
capable of being used for lift performance evaluation/prediction of existing/new hospital designs.
These are also applicable to other general-purpose lift systems. A new data modelling approach, based
on collected empirical traffic data, was developed to estimate the inter-floor passenger traffic. The DSS
is flexible enough to alow the input of any zoning policy. The integrated zoning analysis offered here
has not been found in existing lift simulators. This paper is the first to model a special feature designed
to disable certain lift buttons in order to ensure fair use of the lift service. We carried out field studies
of two existing hospitals, and we projected lift demand for a new hospital under construction.
Performances at al three hospitals with different design structures under different operational control

policies and lift features are given.
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1 Introduction

This study was initiated by the local Hospital Authority of Hong Kong in view of the
need to evaluate lift performances from lift users perspective since most loca hospitals
consist of high-rise buildings and are located in densely-populated areas. One of our goals
was to objectively understand the current lift congestion level in existing hospitals. Our
intention is to create better understanding between hospital managers and lift manufacturers.
The latter group, given their focus on engineering design and their business priorities and
need for confidentiality about the lift design, may not be willing to provide certain "what if"
tools and techniques essentia for hospital planning purposes. The deliverables of our work
include techniques and objective tools that we use to explore alternative policies of lift control
and different zoning policies for continuous improvement of the lift service. In the context of
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a yet-to-be-commissoned new hospital, the hospital planners intended to make forecasts of
passenger traffic and to investigate the alequacy of lifts and future modes of lift operation.
For this purpose, computer ssimulation was used due to its high modelling flexibility. The
performance of different lift control and zoning palicies can be evaluated more easily by
using a smulation model. The model was integrated into a mmputer-based system in order to
form a decision suppat system (DS9 to facilitate decision-makers in performing the "what
if" analysis of lift systems. The development of such a decision suppat tod can be auseful
performance evaluator/predictor of hospital lifts.

According to So (2000), smulation is the best method of obtaining an accurate
prediction d elevator group behaviour under afull range of traffic conditions. Recent studies
foundin the literature indicate atrend d using a lift simulator as an off-line system to assist
in data analysis and decisiornrmaking. Bead (1985) described an interactive network analysis
simulation program, TRAM/NETSY, designed by the UK Department of Hedth specifically
for nucleus hospitals (a standardized building template usually of two stories with a linear
hospital street). It can help users analyse the expected flow among various departments.
Galpin and Rock (1995 developed alift simulation prototype with graphics and user interface
that could be incorporated into lift simulation programs. Red passenger data are necessary for
complete implementation of the simulation model. The lift simulator developed by Hamdi and
Mulvaney (1998) can access rea passenger data gathered from installed lift systems to
establish models of passenger movements inside alift system. However, red data relating to
individual passenger movement (such as waiting time and system time) and the number of
passengers waiting outside the lift were nat available. The genera case of al lifts visiting all
floors was adopted in the simulator by Hamdi and Mulvaney (199). The DSS Elevate,
developed by Peters (1998), is available in the market as a development platform for elevator
control and traffic analysis. A zoning option for high-rise buildings is available where certain
floors srved by the same lift group are only accessible by these lifts. However, alimitationis
that each lift group can only be analysed separately. The impad of different lift groups on
passengers cannot be simulated simultaneously. Passengers with a specific origin-destination
ned first to be sorted into the right lift group. When the zoning pdlicy involves pasengers
changing lift groups on some floors, the pre-processing of passenger traffic has to be done
manually and so will take up alot of time.

To complement the work of previous authors, we propose a new data modelling
approach to estimate inter-floor traffic. Our DSS provides a distinct user-option of an
integrated zoning policy that does not require the pre-processing of passenger data into
relevant lift groups. This new feature is not found in current interactive lift simulators. In
addition, we propase the modelling of another special lift control feature — the disabling of a
certain up/down lift button(s) on a specific floor(s), which has not previously been considered
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in the elevator literature. This will force alift to go in a particular direction to ensure that the
lift serviceis available for al floors, especialy during busy periods.

The remainder of the paper is organized as follows. Sedion 2 reviews the literature
related to the development of our lift model. Section 3describes the proposed demand model,
the forecasting procedure, and our lift model. The interfaces of the different comporents of
the DSSsoftware ae presented in Sedion 4.Section 5 describes the application of the model
to two existing hospitals and a yet-to-be-commisgoned new haospital. Concluding remarks are
givenin Sedion6.

2. Literaturereview

As our work extends across many areas (demand modelli ng, lift scheduling pdlicies, lift
performance analysis, and zoning padlicies), in this sedion, we shall review a selected list of
literature for each areacovered.

2.1 Passenger demand modelling

Butcher and Wilson (pp. 32, 1993 pointed out that "the difficulty in planning lift
installation is not in cdculating its probable performance but in estimating the likely
pasenger demand'. There are various means of estimating lift passenger traffic as described
in Peters et al. (1996). Lift designers may consult design guidelines such as thase found in
Butcher and Wilson (1993. The main focus is on commercial buildings. Passenger arrival
rates to spedfic floors are expressed as percentages of the building's popdation. Traffic
surveys have been published on seleded buil ding types. The busiest traffic in most buil ding
types was found to occur either during up-pesk or down-ped periods. Inter-floor traffic,
which is more significant in haspitals, depends uponbuilding characteristics. Other means of
estimating demand include manual surveys. Yet it is difficult to collect detail s of inter-floor
traffic as this involves pedestrian tracing. Pedestrian tracking is possble with computer
vision, yet accuracy depends on image processing capability, and errors when tracking people
are still unavoidable. Since data allected are always limited and subject to sampling errors,

we propose asmoathing methodto reduceinaccurades.

2.2 Lift scheduling policies

Much effort has been devoted to the design o better lifts or to improving operating
pdlicies. Butcher and Wilson (1993 and Strakosch (1998 described various aspeds of lift
design and general guidelines. Strakosch (1998) considered important factors on the genera
design o haospital lifts. Shearn (1983) derived the optimal stopping strategy for asingle lift by
minimising the total passenger travel time outside the lift. Benmakhlouf and Khator (1993)
determined the best operating strategies for four lifts under different levels of traffic intensity
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by using minimum passenger time measures. The logic of the rea-time lift controller, a
complicated part of lift design, varies among lift manufacturers and is usualy kept
confidential. In our DSS, the information required to simulate the controller was obtained by

interviewing the lift manufacturers.

2.3 Lift performance analysis

Analytical lift traffic models and derived lift performance measures (e.g., round trip
time, number of stops, and number of passengers per trip) are covered comprehensively in
Barney and Santos (1985) and Barney (1986). The predictability of mathematical models in
this context relies on the simplifying assumptions made about the passenger movement.
Factorsin the physical environment are often not considered.

Simulation is frequently used to validate analytical results. Both analytical and
simulation techniques can complement each other. Ladany and Hersh (1979) used simulation
to examine various elevator-operating schemes for a commercial building. Passenger arrivals
were assumed to follow the Poisson process. Siikonen (1993) found close agreement between
theoretical and simulated measures of car interval (the time between arrivals of two
consecutive lifts on a floor) and the load carried, respectively. However, simulation results
showed no direct relationship between passenger waiting times and car interval, which has
often been assumed in analytical models. The former is highly dependent upon traffic patterns
and the call allocation algorithm. Lustig (1986) suggested using both the tools of data logger
and simulation for cross-validation and to improve the lift system design. When determining
the parking floor for a free lift where no mathematical formula and models exist, Tam and
Chan (1996) collected real data and applied simulation modelling. Obviously, simulation
should be used as a better performance evaluator than an optimiser when the complexity of a
system and the number of decision variables increase.

2.4 Zoning policies

Galpin and Rock (pp. 269, 1995) pointed out that "it would be useful to be able to
specify a particular alocation of floors to zones and eval uate the lift performance in terms of
this'. Zoning policies can be classified into static zoning or dynamic zoning. Static zoning
refers to the permanent assignment of a group of lifts to service a number of floors in a
building. Temporary static zoning can be pre-scheduled during certain times of the day. So
and Chan (1997) presented a dynamic zoning model that involves partitioning the floors into
anumber of zones, each consisting of a group of consecutive floors, in order to minimise cost
functions involving variances in the equivalent round trip times among al lifts. An
assumption is that al inter-floor passengers travel to the main terminal (the only common

floor for al zones) to change lift groups. Apart from the main terminal, the zones are non-
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overlapping blocks. Zoning pdlicies employed in pradice ae usualy relatively simple and
involve & most two floors for changing lifts. As mega-high-rise buildings become more
common novadays (Fortune, 1997), the complexity of zoning palicy and the number of floors
used for changing lifts increase. Godwin (1998) described a cae of zoning design for a high-
rise office building in Frankfurt that was based on the building's design rather than on
conventional elevatoring solutions provided by lift manufacturers. It is indeed important to
involve the user in cgpacity planning for lifts as well as in dedsions regarding appropriate
operating modes.

Our work describes a more mmplete model for lift traffic analysis, considering
passnger characteristics, the functional capacities of the building, and lifts engine&ing
design. Aswdll as applying the model to threelocal hospitals, we ae aurrently working on a
similar project for an existing hospital scheduled for redevelopment and expansion.

3. Mode Development

Performance measures, the modelling of passenger traffic, and the forecasting of lift
traffic for a new hospital are described in the first three subsections below. (Forecasting in
particular requires close a-operation with the hospital's management in order to reach
appropriate traffic assumptions about the different haspital functions.) The lift system design
and zoning padlicies are presented in the remaining subsedions.

The hospital lift ssimulator (HLS), intended for different hospitals using different
operating modes, is designed as shown in Figure 1.

[Insert Figure 1: Hospital lift ssimulator (HLS)]

The input parameters of the simulator are as follows:

o Lift data — number of lifts; lift capacity (maximum number of persons assuming a
load of 150lb ead); doar time; doar dwelling time (estimated overhead time incurred
in addition to the door time before alift moves, possbly caused by reopening or
closing of doors due to new arrivals, etc.); start-up acceeration (accderation
undertaken when the lift starts to move from its idle state); maximum accéeration;
start-up time (time taken by lift to reach maximum acceeration from its dart-up
aca eration); maximum speed

e Lift features — call assignment logic (assignment criteria of cdls in the system to
lifts); parking level (floor to park on when no cal is assigned); full load bypass
(bypassexternal calls when the current load exceeds a specified percentage of the lift
cgoacity); up-pesk (assign lift(s) to serve the heavy up-trip traffic on the main floor



when a recently departed lift experiences a load beyond a specified percentage of
capacity limit); longest-wait (bypass external cals to serve afloor with an external
cdl activated for more than a specified time limit); failure rate (the probability of lift
failure); downtime duration (expected duration of lift failure)

e Zoning policy — alocation of lift(s) to serve only particular floars; disabled buttons
(forbid the use of certain updown call buttons on some floors to ensure traffic on
extreme floors can be served)

* Building data— number of floors; floor separation distances

e Loading data— unit load (basic unit of the lift cgpadty: spacerequirement for asingle
person in the lift; other traffic types uch as beds take up multiples of the unit 1oad);
loading/unloading time (time for a person to enter/leave alift); "blind" probability
(likelihood d a lift user activating bath up and down butons for convenience);
origin-destination matrix (floor to floor traffic)

The input parameters are provided either by the lift companies of the existing haospitals or the
hospital management, or are based ondata mlleded in the field studies.

In a hospital environment, common types of lift users include passengers (classified as
staff and visitors), whed chairs, trolleys, and beds manned by staff. As each type has different
space occupancy and loading time, the space utilisation (expressed in the number of unit

loads) and the typicd | oading time of each type are estimated.

3.1 Performance measures
The performance statistics generated by the simulator are clasdfied into three groups:
time, space, and utilisation, as shownin Table 1. They represent a quantitative performance of

passenger experience, system efficiency and effectiveness and level of lift congestion.

Table1
Performance measures
Time Space Utili sation
*  Pasenger waiting time e Number of passengers waiting ¢  Proportion of "busy time"
e Pasenger ridingtime in lobhy of lift
e Pas®nger systemtime e Number of lift users ¢ Number of passengers in
(= passeenger waiting time originating from individual lift
+ passenger riding time) floors

e  Lift response time*

*Lift response time is the time that elapses from when the first passenger adivates the floor button until
the first lift arrives.

One of the interests of haspital management is investigating if there is any difference
between the lift response time available from the data logger and the passenger waiting time
derived from simulation. When traffic is light, the passenger who first activates the lift button
will experience alevel of waiting time equal to that of the lift response time. The pasengers
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that arrive before the lift opens will experience ashorter waiting time. On the other hand,
when traffic is heavy, those passengers arriving late may not be éle to enter the first lift if it
is full. Thus, their waiting time uld be longer than the lift resporse time. Lustig (1986)
compared results from simulation and from data logger for a 29-floor building and found that
they were nealy identical. Whether such olbservations can be generalized to other buildings
and levels of traffic intensity isaquestion that should be investigated.

3.2 Inter-floor traffic model

For most buildings, either up-pedk or down-pek traffic was dominant. Survey results for
amajor high-rise hospita building in Peters et al. (1996) indicated a significant level of inter-
floor traffic. We propose an alternative goproach in modelling inter-floor passenger traffic.

In the literature, Poisson distribution for passenger arrivals (Benmakhlouf and Khator,
1993 Ladany and Hersh, 198; Siikonen, 193; Sweet and Duket, 1976) or uniform
distribution (Barney, 1986 is often assumed. As hospitals have different building structures
and lift user types are more complex, Poisson arrivals should not be naturally assumed bu
empirical data should be used. We arried out field studies for two existing hospitas. The
traffic data were coll ected from the lift lobby as well as from inside the lift. Some data, such
as those relating to the arivals at and departures from a lift lobby on dfferent floors, were
collected in the lift lobby. Inter-floor traffic data cannot be directly obtained from allift lobby,
so olservers inside the lift were assigned to note the floors of origin and destination of lift
users. The in-flow and out-flow data obtained can then be used as weights to derive an
estimate for the inter-floor demand that occurs lessfrequently. The esential data allected are
classified into two grougs:

« in-flow, pi(t), and ou-flow, q(t), of floor i intimeinterval t, expressed in terms of the

number of lift users,

* number of lift users, m;(t), recorded in the lift during time interval t, entering the lift

ontheith floor, and exiting on the jth floor.

Here, t denotes the short time interval within the time block of interest (e.g., the morning
peek period from 8:30 — 9:30 could be divided into six 10-minute intervals). The origin-
destination matrix of the loading data represents inter-floor traffic, m;, expressed in terms of
the number of lift users, during the entire time block between origin i and destination j, for all
floor pairs (i, j). As omeinter-floor traffic may not occur frequently, my is estimated from the
field data { pi(t), oi(t), nj(t)} as described below. The proposed approad is based onestimates
from the in-flow/out-flow traffic data coll ected ondifferent floors. The average level of inter-
floor traffic will then be estimated from the relative ratio of {n;(t)}, weighted by the in-flow
and aut-flow data. In steps 1-3 below, we first estimate the inter-floor traffic, m_ , from all lift

user demand departing from theith floor, { pi(t)}.



Step 1: Estimate the proportion of total demand at floor i, rij(t), departing to the jth floor at
timet.

r(t) = N

5.0 @

Sep 2: Estimate the weighted relative ratio of demand, rIJ , departing from the ith floor to the

jth floor over the entire time block. The weight selected is proportiona to both the in-
flow on the ith floor, pi(t), and the out-flow on the jth floor, g(t). (The sum of the
weights equals one.)

p.(t) g, (t)

I, (t) , 2
ZZlo.(u)q(u) 0 @

where the index u denctes all the short time intervals within the time block of interest.

Sep 3: Estimate the mean demand, m; , departing from the ith floor to the jth floor over the

entire time block.
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In steps 4-6, which are analogous to steps 1-3, we estimate the inter-floor traffic, m; , from all

ij?

demand arriving at the jth floor, { g(t)} .
Step 4: Estimate the proportion o total arrival demand at floor j, s;(t), originating from the ith

floor at timet.

n. (t)
(=217 4
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Sep 5: Egtimate the weighted relative ratio of demand, s_] arriving at the jth floor from the

ith floor over the antire time block. (The weight chosen is the same & that chosen in

Sep 2)
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where the index u denotes all the short time intervals within the time block of interest.

Sep 6: Estimate the mean demand, m] arriving at the jth floor from the ith floor over the

entire time block.
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Sep 7: The origin-destination demand, mj from the ith floor to the jth floor over the entire

time block is estimated by the average of m; and m.

. +m

Oncethe inter-floor demand { m j} is estimated for atime block, the arrival times of lift users

will be uniformly distributed within the simulation period. The total number of arrivals is
fixed and equal to the meen{mij} pro-rated over the simulation period.

3.3 Demand projection model for a new hospital

Hospital traffic is more mplex than traffic in commercial buildings as haospital
buildings comprise various functional departments/wards. Godwin (pp. 254 1993 poainted
out that "frequently the building design drives the 'elevatoring' solution, very rarely is the
reverse true". Finding an existing hospital that is identicd to a new hospital in arder to
evaluate demand projection is amost impasshle since the number of floors, facility layout,
and functional capacities are normally quite different. The traffic forecasts for a new hospital
are based on a functionto-function match with an existing hospital offering a similar set of
services. Depending on hav the service capacity of a function is characterised (e.g., by the
number of beds, the number of examination rooms, or the daily number of places offered), the
corresponding function in a new hospital will have its traffic estimated on a pro-rata basis
from an existing one. In case no existing haospital offersa similar set of services, traffic among
major functions in the new hospital will have to be estimated by experts. For example, the
acdual daily attendance of outpatient clinics and the usual route of their patients can be used to
prescribe the wrrespondng traffic.

Firstly, the traffic flow data (subsection 32) need to be collected from field studies of the
existing hospital. The floor plans (with functional capacity) of both the existing and the new
hospitals, denoted by He and Hy, respedively, should be available from the haospitals
management. The demand projection can basically be classified into four groups asillustrated
below.

(i) For example, functional capacity is charaderised by the number of beds (e.g., medicd
wards or the Intensive Care Unit):
In-out flow Number of beds
Function LocdioninHg  tofunctionat He He Hn
Paaliatric Ward 5" floor [ps(t), Os(t)] 60 52
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Estimated in-out flow to Paadiatric Ward at Hy = [(52/60)-ps(t), (52/60)-0s(t) )]

(ii) For example, functiona capacity is characterised by the number of examination rooms

(e.g., oupatient day clinics or the Occupational Therapy Department):

Number of examination rooms
Daily attendances
Function infunction at He He Hn
Psychiatric Clinic 65 6 4

Estimated in-flow to Psychiatric Clinic & Hy =
(4/6) (65 [{smulation period/ daily working hours) = estimated out-flow

(iii) For example, functional capadty is charaderised by the number of places offered (e.g.,
day treatment centres such as the Day Medicine centre or the Day Geriatric centre):

Actua daily number of Estimated number of acampanying
Function places offered at Hy relatives per patient at Hy
Day Surgery 20 2

Estimated in-flow to Day Surgery at Hy =
20 [{1+2) Qsimulation period / daily working hours) = estimated out-flow

(Note that this estimationis smply prescribed by the hospital's management and daes
not involve traffic data wllected in He.)

(iv) For example, similar functions are often grouped close together:

Functions Locationin Hg In-out flow to functions at Hg
Physiotherapy Department 8t: floor [Ps(t), as(t)]

Speed Therapy Department 9" floor

Dietetics 9" floor }Po (1), 0 (1)]

The same set of threefunctions is grouped on the same floor in Hy. Hence the estimated in-out
flow to these functions at Hy = [ps(t) + po(t), gg(t) + qo(t)].

Categories in (i) and (iv) could be upper bound estimations for the in-out flow if the
corresponding floor in Hy consists of other functions as well. Traffic estimation for other
functions can be similarly derived. Finally, the in-out flow per floor can be obtained by
summing up the flow for individual functions on the same floor. The inter-floor traffic
estimation for Hy isthen based onthe approac described in subsection 3.2.

3.4 Modédlingthelift system

A lift system basically consists of a set of lift cars controlled by a "controller”. The
controller schedules the assgnment and dspatch of the controlled lift cars to serve the
internal and externa requests. Each lift car has a built-in automatic control system to drive
itself into motion uponreceiving the asignment from the wntroller. The daracteristics and
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performance of the lift system depend heavily on the @ntroller's design. Lift manufacturers
are normally unwilling to release details of the actual design o their controllers. The
controller in our simulator reschedules the lift assgnment based on the loading and the
current system states whenever it is adivated at particular points, as illustrated in the overall
view of the HLS algorithm (Figure 2). For the controller to schedule the lifts in the system,
two types of system states are defined in the model:

e Loading request: internal and externa lift cdls

o Lift status: operational mode, cal assignments, current loading, and information

related to lift operation

[Insert Figure 2: Algorithm of the HLS]

The system states are updated from time to time. This process is triggered by the lift
pasengers and the lifts (due to new call arrivals, changes of lift movement, or lift status, etc.).
To make cdl assignments to lifts during pedk periods, those lifts which currently have speciad
assgnments are first identified and excluded. (These are lifts with the spedal lift features of
full load bypass, up-pe&k, or longest-wait (see Section 3 being adivated). For the remaining
lifts in ead lift group, the nearest lift is dispatched to serve calls according to a certain
predetermined order. In the ssimulation, the specid lift fegures can be activated or deadivated
as slected by the user in the input.

The operating procedure of the lift controller is modell ed and expressed below as pseudo
codes:

Operating procedure of the lift controller

Sep 1. Reset all existing assignments to null for rescheduling.

Sep 2: Identify lifts which are aurrently overloaded, loading passengers, in failure mode, or
responding to the up-pes signal. Exempt them from rescheduling (i.e., the following
steps).

Sep 3. For ead lift (not exempted in Step 2) do

Set the internal stop as the neaest internal cdl.
Initialise the internal stop asthe lift's next stop.

next

Sep 4. For ead lift group (i.e., lift(s) serving the same set of floors) do
Find among the accesible floors within its group, the one that has recorded the
longest wait (exceading the threshold) with no current lift assgnment. Assgn the
neaest empty lift (if any).

next
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Sep 5:  If the up-peak signal is triggered, assign the nearest empty lift (if any) to the ground
floor.
Sep 6: For each lift group do
Identify external calls on its extreme floors; i.e., the lowest floor with an up call and
the highest floor with a down call.
Assign an available empty lift (in the group) nearest to both extreme calls.
For each of the other external callsdo
Assign the nearest available lift (in the group) with the same direction as the call
direction.
next

next

Sep 7: For eachlift do
If no internal or external call isreceived, then assign the lift to its parking floor.
else
Set the next stop asthe nearer of itsinternal stop and external stop.
Set the service direction as the call direction.

next

In order to make call assignments or to update system state changes, the information of
every lift in motion needsto be known. The lift movements along the path to some destination
floor (distance, speed, and acceleration along this path) are arrived at simply by using
calculus. The four basic input lift data are start-up acceleration a;, maximum acceleration
Amax, Start-up time to, and maximum speed V. These data were obtained from a lift company
serving an existing hospital. A more complete set of equations describing the profiles of jerk,
acceleration, velocity, and distance with respect to time can be found in Peters (1996).

In the ssimulator, we need a time function to be used in a subroutine in order to find the
nearest lift to dispatch to the specified floor. It is derived from the inverse of the distance-time
function. Given that a lift, starting from rest, is assigned to stop at some destination s; metres
from its origin, the profile of the lift movement depends on whether or not the destination
floor isfar away enough for the system to attain the maximum speed Viax. These situations are
classified as Case 1 (maximum speed would be attained) and Case 2 (maximum speed would
not be attained), respectively. To enable caculation of the time taken to cover distance s
(O=ss<sy) on this path, critical break points, such as the distance covered during the start-up
time (s), the time taken to reach the maximum speed (t.), and the corresponding distance
covered (s;), need first to be determined. Results from these parameters and the time function
t(s) are stated simply as follows. (We refer the reader to Appendix A for the lift profiles and

the proofs of the following results.)
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(When the lift is starting up or decelerating, it does not have sufficient time to stop at the
specified point (of distance s away); hence, the time taken is set to infinity for (0<s<so) and (s

-S<8<sy).)

Case 2 (maximum speed Vi, Would not be attained, or equivalently, 4< 2 &)
0 s=0
0
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3.5 Zoning policy

In a zoning policy, the entire set of floors is divided into a number of "blocks" with a
designated lift group (a set of lifts) serving each block. Each lift group requires a separate
controller for call assignments; thus, liftsin alift group work independently of those in other
lift groups. The purpose of zoning is to increase the lift system handling capacity. The
criterion of dividing floors into blocks and alocating lift groups to blocks is often based on
management policy, as it may be preferable for floors with certain mgjor functions (such as
outpatient clinics and day care services) to be accessible by more lifts. It is the intention of the
Hospital Authority to use the DSS to evaluate various sensible zoning policies (where some
floors may be served by more lifts) at different hospitals. For certain important functions
(such as operating theatres), patients will be transported by patient lifts (located in a separate
lobby and with specific service schedules) due to priority given to these patients and their

hygienic requirements.
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When considering a zoning policy as one of the user-inpus in the DSS one of the
difficulties lies in finding a feasible and appropriate path efficiently for each of all possible
origin-destination pairs. Each of these paths may involve switching on some floors, as certain
floors may be inaccessible by a lift group. When the zoning pdicy changes, this path may
change acordingly. Past studies have not reported on this route-finding feature required for
ead origin-destination pair under general zoning palicies, probably because the zoning
policies adopted are relatively simple.

To determine the dhangeover floor(s) for any origin-destination pair, the shortest path
algorithm (Dijsktra, 1959) is applied on a specidly constructed network based onthe seleded
zoning padicy. We assume that lift users make rational decisions. On reading a cangeover
floor, time measures for a passenger are updated in the simulation, and the next target floor
and lift groupto be used are generated by the algorithm. This procedure repeds itself urtil the
destination floor is reached.

Consider the example of a building with six floors (denoted by floor O,..., floor 5, where
floor O represents the groundfloor) and two lift groups (A and B). The zoning palicy selected
isto assign floors 0, 1,2, and 4 to be served hy lift group A; and floors 0, 1, 3,and 5to be
served by lift group B. The network constructed for this zoning palicy is diownin Figure 3. A
node, say ig, represents that floor i LI{O0,..., 5}, which is accessible by lift group gLI{ A, B}.
An arc between two nodes represents either the rrespording floors, which are directly
conrected under the same lift group (e.g., (1A, 2A)), or the changeover of the lift group ona
common floor (e.g., (1A, 1B)). Thelength | of the arc for node pair (ig, i'g’) in the network is
given hy:

[{traveltimebetweerflooriandi )+S ifi#zi andg=g
I(ig'i.g,) = EN ifi=i'andgzg , 13
%n otherwise
where S represents the time incurred in passenger loading/unloading, and W is the waiting
time for the next arriving lift ona changeover floor. Sis an arbitrary time penalty impaosed for
stopping on a floor served by a lift group. This will model the passenger behaviour of
choasing a lift with as few stopovers as possible. Similarly, Wis an arbitrary time penalty (>
S imposed for changing lift groups. Dijsktra's algorithm can now be gplied to find the
shortest path (indicating changeover floor(s) and lift group(s)) for any origin-destination air.

[Insert Figure 3: The zoning palicy's network for finding the cdhangeover floor(s) and lift
group(s) by Dijsktra's algorithm]
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Disabling certain (up/down) lift buttons on some floors is an alternative control policy
explored by some hospitals, of enabling lifts to serve traffic on floors at either extreme.
Acoording to the experience of hospital staff, once an upward travelling lift becomes fully
loaded with dawvn-trip passengers, the lift will start descending and neglect traffic on the
upper floors. If the "down" button of some lift groups on a mid-level floor is disabled, the lift
system will divert the traffic towards using other lift groups. Hence, the lift group with the
disabled "down" button will have spare capacity when it reaches the upper floors. This lift
control feature has also been observed in some loca residential and multi-purpase buildings
where single-direction lift buttons exist on certain floors. The modelling of this lift control
feature has not been addressed in previous dudies. This additional feature could be
incorporated into the zoning palicy. The (undirected) network in Figure 3 can be modified by
converting it into an asymmetric network and deleting certain arcs of forbidden flow. For
instance, if the "down" button on floor 3 is disabled, then al down-trip passengers on this
floor must go upto floor 5 before they come down. The network is modified as siown in
Figure 4. Node 3B can now only alow an upward flow. The arc lengths would be defined as
they arein equation (13). Dijsktra's algorithm could then be gpli ed as before.

[Insert Figure 4: The zoning palicy's network of disabled "down" button on floor 3]

4. A simulation-based decision support system

Here, we shall describe the different interfaces of the smulation software. The DSSis
divided into two modues, which are each further subdivided into several comporents as
shown in Figure 5:

e Simulation modue: loading generator, lift ssimulator, and report writer

e Userinterfacemodue: input interface ad autput interface

[Insert Figure 5: Simulation software]

The simulation modue functions to simulate the operation d alift system and to capture
operational datain order to produce performance statistics given a set of input parameters (see
Sedion 3). Interfaaes are provided with which the user can input the parameters. Samples of
the input interface ae shown for the loading data (Figures 6 and 7), for the lift data and lift
features (Figure 8), and for the zoning pdlicy (Figure 9). In this sample, the lift system has

five types of users. It consists of six lifts and the lifts are divided into two block zones to
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serve 10 floors (basement B1 to 8/F). The zoning pdlicy is atypical lower/upper floor zoning
with the two zones interchanging at the floor 4 (4/F). A loading generator is written to
generate the passenger arrivalsin aformat aaceptable to the lift simulator.

During the simulation, an animated display is $1own as in Figure 10. The user can adjust
the running speed on screen as desired. Three types of data are logged as indicated in the
flowchart of the HLS algorithm (Figure 2):

e Cortinuous data— These data are logged periodically. They are related to the internal

system states and are dynamicdly changing; e.g., the number of pasengersin alift.

* Chedck-paint data — These data are logged whenever a particular state change occurs.
They can be collected orly during a dhange of date; eg., the system times and
waiting times of alift passenger are logged uponexit from the system.

e Arriva data— These data ae summaries of the system loading and are llected after
the (passenger traffic) loading generation.

Time series data ae cegptured and summarized by the report generator to produce various
types of lift performance statistics (subsection 31). The user can chocse to view a partia or
full report from a set of options. The loading generator and report writer were written in the
C++ programming language, while the cde on the lift smulator was programmed in a
simulation package MedModel (a simulation software developed by ©ProModd Corporation
for health care applications). The programs for the input and ouput interfaces were written in
Borland C++ OWL 5.0 (a C++ programming class developed by ©Borland) to be run on
Windows 95 or above.

[Insert Figure 6: Loading data— parameters]

[Insert Figure 7: Loading data— inter-floor traffic (visitors)]
[Insert Figure 8: Lift data and features]

[Insert Figure 9: Zoning pdicy]

[Insert Figure 10: Animated display of asimulation run]|

5. Casestudies

The application d the DSSto three local hospitals will be described in threesubsedions
in this section, respectively. Two hospitals with heavy lift traffic were selected in order to
study lift operation improvements. They are referred to as hospitals A and B. Using the
projeded demand from one of the existing haspitals (A or B), we investigate the lift
operational policies for ayet-to-be-commissoned new hospital referred to as hospital C.

The first priority of the hospital's management is passenger lifts, as they are for the use
of both public and staff. Patient and cargo lifts are not considered in this gudy. (They usualy
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serve specific functions (e.g., transporting patient meds) and are located in a separate lift
lobhy. These lifts either have specific service schedules or are manned by an internal operator
equipped with a portable phore. If required, one can prescribe these scheduled services in the
loading datafile and examine the performances generated by the DSS)

5.1 Performance evaluation of hospital A

Hospital A consists of an 18floor building (three basement floors, B3-B1; the ground
floor; 1% floor,..., 14" floor, denoted by GIF, 1/F,..., 14/F, respectively) served by four
passenger lifts. Preliminary field studies were aonducted in the morning, early lunchtime, late
lunchtime, and the dternoon on weekdays in order to identify the pea period. We then
focused aur effort in the pedk period, which was the late lunchtime period, in order to collect
more data. This finding is supported by Peters et al. (199) who aso observed that the
waiting time is longer during lunchtime than during a morning up-pe&k period, as the
combination d passengers travelling up and davn the building results in more stops per
roundtrip.

From our data clleded over 18 days at hospital A, it can be seen that significant
extreme floor traffic existed on both upper and lower floors during the late lunch time pegk
period (13:50 — 15:30). A nonzoning policy was adopted by haospitad A in the past. In
response to staff concerns about the long waiting time experienced onthe upper floars, the
hospital's management had disabled the "down" buttons on certain upper floors (10/F-13/F).
A lower/upper floors zoning palicy was under consideration. Two lifts were aranged to serve
the lower floors (B3-9/F) and the upper floors (B3-1/F, 9-14/F), respectively, with common
changeover floors on B3-1/F and 9/F.

Earlier medings with the hospital's management had raised the issue of comparing the
lift service experienced by passengers (waiting times) with the logged resporse times of the

lift system. The following four operational scenarios were propased:

Table2
Proposed scenariosin haspital A for evaluation by the DSS
Scenario  Zoning palicy Spedal lift feaures
1 Non-zoning o full load bypass (90% capadty)

* longest-wait (timelimit: 15min.)
e up-pe (60% cgpadty from G/F)
2 Lower/upper floors zoning (Same & Scenario 1)
o lift1,2:B3-9/F
o ift3,4B3-1F 9-14F
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3 Lower/upper floors zoning o full load bypass (90% capadty)
(no B3 accessfor the upper-floorslift «  |ongest-wait (time limit: 15 min.)
group)

o liftl,2: B3-9/F
o |ift3,4:B2-1/F 9-14/F

4 (Same & Scenario 3) « full load bypass (90% cgpadty)
e longest-wait (timelimit: 15 min.)
e disabled "down" buttonson 7, 8, 11, and 13/F

Eacdh scenario in Table 2 was run for 40 replications. The results are summarised in Table 3.
For model validation, the average lift response time (1:16 min.) for the non-zoning palicy
(Scenario 1) obtained from simulationis close to the logged response time (1:28 min.).

The results shown in Table 3 indicate that implementing the upper/lower floors zoning
policy (Scenarios 2 — 4) leads to a somewhat longer average waiting time than occurs when
implementing the nonzoning palicy (Scenario 1). However, the average lift riding time is
reduced substantially, especidly for higher-floor passengers. Detailed results by floor reved
that zoning with cancellation of the up-pee feaure and removal of B3 from the upper-floors
lift group (Scenario 3) also benefited the higher floors at the expense of the mid-level floors.
Disabling the "down" buttons on certain upper floors (Scenario 4) improves time measures for
up-trip passengers and down-trip passengers on some upper floors. Passenger waiting times
are similar to ar dightly less than the lift response times. This finding implies that the traffic
demand is manageale under all scenarios. Other congestion and utilization measures are
givenin Table 3.
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Based onthe above results, a reassonable, compromised scenario (similar to Scenario 4) is
suggested as follows:. upper/lower floors zoning (with 9/F as a common floor); no B3 access
for the two lifts of the higher-floors groupg no uppeek feaure being activated; and disabling
"down" buttons for only a few high floors (in view of their heavy extreme-floor traffic). This
scenario is preferred to the nonzoning scenario (Scenario 1) as the upper floor passengers
(often the source of complaints) benefit from it and the average waiting time is not much

longer.

5.2 Performance evaluation of hospital B

Hospital B consists of a 12-floor centra block (a basement floor, B; G/F; 1/F — 10/F)
served by four passenger lifts. It is situated next to alight railway station that bringsin regular
pasengers. Preliminary field studies indicated that the pegk period occurred in the late
afternoon (16:30 — 18:30), and that the traffic demand was more than twicethat of hospital A.
After 11 days of data alledion, it was observed that the up-trip traffic from G/F accounted
for 48% of the total traffic loading, while the inter-floor traffic among non-terminal floors
was much less sgnificant than that of hospital A.

After discussion, a performance evaluation d the existing situation (non-zoning pdlicy)
was carried out. The lift control was similar to that of hospital A, and aly one specia lift
feature, afull load bypass, wasin use at the time of the study.

Theresultsshownin Table 4 clealy indicate a higher level of congestion than was found
in hospital A due to the significantly heavier demandin hospital B. Detailed results show that
G/F is the most congested floor with uptrip passengers waiting an average of four minutes.
The average waiting time experienced hy passengers is over 35% longer than the average
(first) lift resporse time. This implies that G/F passengers are often prevented from entering
the first arriving lift. All lifts are busy most of the time with an overall average of about 11
passengersin each lift (athird of the full capadty).

In view of hospital B's heavy demand on lower floors and its middie-size building, the
implementation of zoning may benefit lower floor passengers at the expense of higher floor
pasengers. Nevertheless, we suggested that activating up-peek and longest-wait lift features
could bring some improvement. The hospital's management later adopted this suggestion. In
addition to changing the technical lift features, the management imposed other monitoring
control to regulate passenger traffic: visitors were restricted to passenger lifts, a waiting line
arrangement was adopted to ensure a first-come-first-served queuing disciplineg; and a
signpaost displaying expeded waiting times was put up before the waiting line. The lift
performancewas reported to have improved after such changes were implemented.
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5.3 Performance prediction of hospital C

Hospital C is a yet-to-be-commisgoned new hospital with a 10-floor building (a lower
ground floor, LG; G/F; /F — 8/F) to be served by six passenger lifts. There will be six
escalators running between LG and 1/F to divert some passenger traffic from the lifts.
(Hospitals A and B have no escalator due to either resource or space @nstraints.)

Demand projection for hospital C is based on that of hospital A (see subsection 3.3),
where a more detailed study was carried out. For ease of comparison with hospital A, the
same pedk duration of 100 minutes is simulated. The initial implementation is intended to be
the non-zoning palicy. Alternative zoning palicies and the dfect of traffic diversion to the

escalators are tested for the scenarios given in Table 5.

Table5
Proposed scenariosin haspital C for evaluation by the DSS
Scenario  Zoning padlicy Traffic intensity Spedal lift fedures
la Non-zoning 100% e full load bypass
(from demand (80% capadty)
projedion) e longest-wait (20 sec)
e up-pe (60% load
from G/F =>asdgn 2
lifts)
o faster lift acceeration/
decderation
1b (Same & Scenario 1a) 50% of LG - 1/F (Same & Scenario 1a)
internal traffic
diverted to escdators
1c (Same & Scenario 1a) 100% of LG - 1/F (Same & Scenario 1a)
internal traffic
diverted to escdators
2 Lower/upper floors zoning 100% (Same & Scenario 1a)
e Lifts1-3: LG, G/IF-4/F
e Lifts4-6: LG, G/F, 4/F - 8/F
3 Even/oddfloors zoning 100% (Same & Scenario 1a)

e Lifts1-3: LG, G/F, 1, 3,5, 7/F
e Lifts4-6: LG, GIF, 2,4, 6, 8/F

To summarise the simulation results: the lift performance for hospital C is better than
that for hospitals A and B as more lifts with faster medhanisms will be installed, and as the
building has fewer floors. Pasenger waiting time is close to the lift resporse time (as a result
of the faster lifts). While the average waiting time for each scenario tested islow (lessthan 1
min. in all cases), zoning padicies (Scenarios 2 and 3) have more than dowle the average
amount of waiting time of their nonzoning courterparts (Scenarios 1a — 1c). A mgority of
passenger traffic is found at both the origin and destination among floors G/F — 4/F (3% of
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total traffic). Hence, any zoning pdlicy that assigns fewer lifts to serve the lower floors leads
to an overal deterioration in service The up-peak and longest-wait feaures (with a 20-second
limit) cause the lifts in the upper-floor group (Scenario 2) to move frequently between
extremes, resulting in a poar serviceon upper floors and low utilisation for this lift group.

A reasonable scenario for hospital C could be as follows: increase the time limit of the
longest-wait feature; deectivate ay up-pedk feaure; andif azoning policy isdesired, assign a
majority of lifts to serve LG — 4/F and reset the parking level to upper floors for lifts serving
such floors.

The DSSis currently being applied to ancther hospital undergoing redevelopment and
expansion. It is anticipated that an increase in Hong Kong's popuation will initiate the
construction of more new hospitals or the renovation/expansion d existing haspitals. The
propcsed modelling approach and the DSS with its gedal lift features and general zoning
pdicies are esentia planning tools to be used in close co-operation with a haospital's

management.

5 Conclusions

The successful development and implementation of the DSStool, the HLS, has enabled
the planners to evaluate various operational scenarios propased directly by a haospital's
management. The HLS has led to a better understanding of the relationship between the lift
service experienced from the users' perspective and the data logged by the lift system. Under
condtions of light to moderate traffic (asin haspital A and hospital C), the average passenger
waiting time is close to o dightly less than the lift resporse time. As traffic becmes
excessive (as in hospital B), the former time measure will have alarger mean and variance
than the latter. Thisimplies that the lift performance figures from the data logger cannot fully
describe the passengers experience. An interactive lift simulator allows al parties (the lift
manufadurer, management, and users) to realise such discrepanciesin advance and to design
better palicies. It further assists decisiornrmakers in assessing fundng requests from individual
hospitalsto install additional lifts.

Our work has focused on managing lift resources to provide abetter service to med
traffic demand. However, the qualitative aspect (e.g., the cntrol of demand to ensure
discipline and fairness among passengers, and the provision of information about expected
waiting times) shoud also be mnsidered by management. In the @ase of hospital B, an
improvement initslift servicewas reported | ater.

A further contribution of our work is that it presents a new approach for lift traffic data
collection and the modelling of inter-floor demand. The user-option of an integrated zoning
palicy has not been dffered by any existing interactive lift smulator. It depends on a route-
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finding feature modified from the shortest path algorithm and allows better modelling of
pasenger behaviour in zoning design. As performance measures predicted by traffic
cdculations or given hy the data logger cannot always act as substitutes for passenger
experience, this route-finding feature should be incorporated in lift simulation systems. We
predict that the need for visua interactive lift ssimulators with integrated zoning palicies will
increase with the rising demand for high-rise buildings and dynamic zoning padlicies. Some
contemporary lift tedinology research has involved finding a good o near-optimal zoning
paicy under the detected traffic pattern (So and Chan, 197). Our DSS or the underlying
methoddogy, could be used as a performance evaluator for any zoning pdlicy due to its
flexibility. Passenger charaderistics not considered in existing lift simulators include the
modelling of "blind" users. Regarding the lift features, apart from including the standard
features of full load bypass longest-wait, and uppedk, lift failures and the disabling of certain
lift buttons on specified floors have been modelled.

The basis of traffic demand pojection for a new hospita has been outlined and
implemented. The processinvolves joint effort of the hospital's management with the planner
using the DSS In the forecasting procedure, we can incorporate traffic data from existing
hospitals (offering a similar set of functions) and prescribed traffic data from the new
hospital.

We have described its implementation in two existing hospitals and a yet-to-be-
commissoned new hospital. A similar project is being developed for another hospital
undergoing redevel opment and expansion.

Extensions of our work could include incorporating the special control feature of a
disabled lift button(s) on specified floors as a user-option. This would force the lift on these
floors to go in a certain direction, but will ensure the lift service remains available to all
floors, especially during busy periods. Such a feature already exists in some buildings but is
not mentioned in the arrent literature.

The techniques described in this paper can also be used in other general-purpose lift
simulation systems as the passenger traffic groups and their characteristics will be simpler
than those of the hospital traffic.
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Appendix A

The lift movement is described by the profilein Figure 11. To start off from some origin
towards a degtination of a given distance 4 metres away, the lift undertakes an initia
acceleration ag (start-up acceleration). It is assumed that the acceleration then increases
linearly until it reaches the maximum acceleration a.. a time t, (the start-up time).
Thereafter, this acceleration will remain constant and hence the speed will increase linearly. If
the destination is far away enough (Case 1), the speed will reach a maximum of vy (the
maximum speed), after which the speed will remain constant for some time. Irrespective of
whether the maximum speed Vi IS @tained, at a certain point in time, the lift will decelerate
to zero speed in a symmetric profile in the same way as it starts off from zero speed. (See
Figure 11.)

The following time function is used to find the nearest lift to be dispatched to a specified
floor s metres from the origin. When a lift is starting up or decelerating, it cannot change its
motion. The time taken to cover such ashort distance sis set to infinity so that the lift will not
be chosen.

[Insert Figure 11: Lift profiles (acceleration, speed, and distance)]

Let a(t), v(t), and s(t) denote the acceleration, speed, and distance covered at time t,
respectively. The break points vp and t. (in Figure 11) are obtained by calculus:

Vo = V(to)
to
_Io a(t)dt
o0 - 0 : . . . .
=I; @ +Mtﬂgﬂt (assumption of linear increasein acceleration)
0 0 0

= (amax + ao) |:ﬂO/Z
t, =ty +(time to reach speed v, from v, with acceleration a,)

=t t (Vmax _VO)/amax (Al)
Proof (Case 1: lift reaching maximum speed V.). The time function t(s) is derived by

finding the inverse of the distance function s(t) for different segments of the curve in Figure
11.
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O<t< to:

s(t) = J'; goy a(x)dxgjy

- 0
=J-t yao + (amax aO) X dX[dy
040 '[0 D

= (33, +tl(amax -a,)) EZ/G

0

At break paint to,

S(to) = (Amax + 280) (3 /6
=5 (A2)

Thetime functionfor 0 < s< g isset to infinity asthelift is starting up.

h<t<t;:
t
s(t) = sy +J’tO v(X) dx
t
=% +Ito Vo * @max Eﬂx—to) dx

=2 Mamax/2) —t Mamax —80) [o/2+ (Bmax — 80) e /6 (A3)
At break point t,

S(te) =t¢ Mamax/2) ~tc Lmax ~ 20) o/ 2+ (Bnax ~20) 15 /6
= [(amax —ap)(amax +33p) [ﬂg + 12V|%1ax]/(24amax)
=5, (Ad)
Thetimefunctionfor 5 < s< s.isgiven by theinverse of s(t) for thisinterval:

19 = Harn8) T +{ 723 Ar B A ) B ) $ <555 (A9

t=1t(so):
At time t, the lift will attain the maximum speed vy« for some time before deaslerating.

By symmetry of the distance profile, the distance s; to the destination is obtained by:

Sd = 2S¢ *+ Vinax Mt (sg) — 2tc)
Hence, t(sq) = 2t; +(Sy = 25¢)/Vimax (A6)

te<tst(sy) -t
By symmetry, the lift attains speed vy during thistime interval. Hence,
S(t) = S + Vinax (t — tc)
=> t(s) =tc + (S— <)/ Vimax S$<S<H-& (A7)
t(sy) - te <t <t(sy):
The time taken to cover segment [0, 5] (0 < s< &) isthe same & for segment [s, S (- &

<s<g). Hence
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t(s) =t(sa) —t(sa —9) S-S <S<H-% (A8)

t(s) = S-S <S<s§ (A9)
Proof (Case 2: lift not reaching maximum speed Viy). This proof is identical to the proof for
Case 1, except that the destination (sy metres from the origin) is not far away enowgh for the
maximum speed Vi to be attained (i.e., 54 < 2 &). Hence, the time function for segment s< s
< -5 in (A7) of Case 1 does nat exist here. The point of symmetry occursat s= 0.55. This
replaces the limit point s in (A4) and (A7). Finaly, t(sy), the time taken to reach the
destination, is, by symmetry, twicethat of t(0.5s).

References

Barney, G.C. (1986, "Traffic design’, in: G.C. Barney (ed.), Elevator Techndogy, Ellis Horwood,
Chichester, 3-21.

Barney, G.C., and dos Santos, S.M. (1985, Elevator Traffic Analysis Design andControl, 2" ed., P.

Peregrinus, London.

Bead, P.H. (1986), "Pradices of handling lift traffic in hospitals’, in: G.C. Barney (ed.), Elevator
Techndogy, Ellis Horwood, Chichester, 47-53.

Benmakhlouf, SM., and Khator, S.K. (1993, "Smart lifts: control designand performance evaluation”,
Computers and Industrial Engineeing 25/1-4, 175-178

Butcher, K.J., and Wilson, J. (1993), Transportation Systems in Buildings, The Chartered Institution of

Building Services Enginees, London.

Dijsktra, E.W. (1959), "A note on two problems in connexion with graphs’, Numerische Mathematik 1,
269271

Fortune, JW. (1997), "Mega-high-rise devatoring", Elevator World 4512, 128-135.

Galpin, V.C., and Rock, S.T. (1995), "A lift simulation prototype", Sdtware: Practice and Experience
25/3, 251-270.

Godwin, A.M. (1993, "Unique design for a high rise HQ office building", in: G.C. Barney (ed.),
Elevator Techndogy 5, Proceedings of ELEVCON '93, IAEE Publicdions, Kendal, England, 247-256.

Hamdi, M., and Mulvaney, D. (1998, "Simulation of lift systems and modelling of passenger

movements®, Internationd Journal of Elevator Engineering 2, 1-18.

Ladany, S.P., and Hersh, M. (197), "The design of an efficient elevator operating system”, European
Journal of Operational Research 3/3, 216-221

Lustig, E.A. (1986), "Simulation and data logging", in: G.C. Barney (ed.), Elevator Techndogy, Ellis
Horwood, Chichester, 62-71.

Peters, R.D. (1996), "lded lift kinematics. complete equations for plotting optimum motion", Elevator
World 44/4, 110-113



27
Peters, R.D. (1998), "Simulation for control system design and traffic analysis’, in: G.C. Barney (ed.),
Elevator Techndogy 9, Proceedings of ELEVCON '98, |AEE Publications, Kendal, England, 226-235.

Peters, R.D., Mehta, P., and Haddon, J. (1996), "Lift passenger traffic patterns. applications, current
knowledge, and measurement”, in: G.C. Barney (ed.), Elevator Techndogy 7, Proceedings of
ELEVCON '96, IAEE Publications, Kendal, England, 174-183.

Shearn, D.C.S. (1983), "Optimum limited stop scheduling for a single lift", Journal of the Operationd
Research Saiety 34/1, 45-50.

Siikonen, M.-J. (1993), "Elevator traffic smulation”, Smulation 61/4, 257-267.

So, A.T.P. (2000), "Advanced elevator technologies developed for the 21% century", Internationd
Journal of Elevator Engineaing 3/1, 13-24.

So, A.T.P,, and Chan, W.L. (1997), "Comprehensive dynamic zoning agorithms', Elevator World
45/8, 99-103.

Strakosch, G.R. (1998), The Vertical Transportation Handbook, 3" ed., Wiley, New Y ork.

Sweet, A.L., and Duket, S.D. (1976), "A simulation study of energy consumption by elevators in tal
buildings', Computers andIndustrial Engineeing 1/1, 3-11.

Tam, C.M., and Chan, A.P.C. (1996), "Determining free elevator parking policy using Monte Carlo

simulation”, International Journal of Elevator Engineering 1, 24-34.



28

Lift Data

Lift Features

Zoning
Policy

HLS

Building
Data

Loading
Data

Performance
> ..
Statistics

Figure 1. Hospital lift simulator (HLS)



Output
Interface

"Ar

Update
rival" data

log

A

Generate the report

Generate
passenger arrivals

Yes

Has arrival?

: Clock=0

Counter=1

| , Counter+1

Counter >
Required
replications?

Initialization
(read system
parameters)

CIOCNES

Simulation

4\

eriod 2

Record
system states

Check arrival

)

Controller

Dispatch lift
assignment

Time to dump

system data?

Interface

29

Input

Update
"Continuous"
data log

Lift change
level

Lift reach ) Unload Update "Check

target level passenger Point" data log
Advance
Clock

Yes Load
passenger
No
Parking

Figure 2. Algorithm of the HLS




30

Lift group A Lift groupB
floor 5

floor 4

floor 3

floor 2

floor 1

floor O

Figure 3. The zoning pdlicy's network for finding the changeover floor(s) and lift group(s)
by Dij sktra's algorithm

Liftgroup B

floor 2

floor 1

floor O

Figure 4. The zoning pdicy's network of disabled "down" button on floor 3

Lift Report

. F——>
/ Simulator Writer x
\b Loading
Generator

Output
Interface W

‘ Hospital Lift Simulator (HLS)‘

O Input
—T | Interface

Figure 5. Simulation software



STAFF

VISITOR

TROLLEY

Unit Load

[+ 4

WHEELCHAIR |3_ﬂ
STRETCHER lTﬂ

Blind User Probability

Unloading
Time [sec]

0.5

1T

: Loading Parameters [_ O =] |

Figure 6. Loading data — parameters

From

i System Load - Visitor [ [O]x]
To
GF | 1F | 2F [3F |aF [sF [6F | 7F [aF |

8 7632 1 10 [=]
GIF 504437 (17| 7 5 2|0
oE 4 0 (4034 157 5 1|0

o 48 43 (0 (37167 5 2 |0 1=
e 3 37 (330 (126 4 1 |0
oF 4 413102 2 1|0
&iF 5|5 4|20 1 1 0
oF 33311 0 1 0
F 111|111 00
oF oo |o|0o|0 0 0|0

&

Figure 7. Loading data — inter-floor traffic (visitors)

i Lift Parameters

No. of Lifts ||;|—ﬂ

~COMMON

Door Time

Startup
Acceleration

Max.
Acceleration

Startup
Time

Max.
Velocity

Max.
Capacity
[unit)

4

~ FEATURES
Longest Waiting [
Threshold (sec] [20.00

[ [=] B3

Full Load Bypass
Threshold [%6]

Up Peak

v

0.80  Threshold %4 [0.60

Car No.

i

Failure Rate

Failure Duration [hrs]

0.0128

2.00

Parking Level

Fix Parking Lift

—
P

Disable |Door Time| Startup Ace. | Max. Acc. [Startup Time | Max. Vel. ﬁ"ﬂ"ihr!
H v 0.00 0.00 0.00 0.00 0.00 L]
2| & 0.00 0.00 0.00 0.00 0.00 L]
il & 0.00 0.00 0.00 0.00 0.00 L]
el & 0.00 0.00 0.00 0.00 0.00 L]

Figure 8. Lift data and feaures

Lift Assignments

No. of Groups Ig—il

Lift 2 Lift 3 Lift 4 Lift 5 Lift &
w ¥ B |0 |C
Group 2 I I I v v
Floor Assignments

1F | 2F | 3F | 4F | 5F | 6F | TF | &F
w DB EEEE
Group 2 CH O T M R R R |

Figure 9. Zoning padicy




32

[1if] MedModel - his.mod - [Normal Run] = B
Eile  Simulation Options  Information Window  Interact Help _|& J
A +| [Run 1 of 100 HA:00 HIN:00 Il

Simulation Time (min) 00 Mo.oflits ¢_§ No oflitoroups <1 ho.offloors 1D

Led Lied IR Ln3 07 (7 (37 Led g

=
5

| |

Figure 10. Animated display of asimulation run




Case 1.

(maximum speed Ve Would be attained,

or equivalently, 54=>2 )

Acceleration
A t

amax’

33

Case 2:
(maximum speed Ve Would not be attained,

or equivalently, <2 s)

Acceleration
A

)
%

time

A
Sq

A
Sq
Sq - So

Figure 11.

time

Lift profiles (acceleration, speed, and distance)



