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Simulation of Crowd Behavior and 
Movement: Fundamental Relations and 
Application 

SAAD A. H. ALGADHI AND HANI s. MAHMASSANI 

A model of crowd behavior and movement in the J amarat system , 
which is a critical bottleneck during the Hajj, the Muslims' annual 
pilgrimage Lu Mak.kah, Saudi Arabia, is described. The model 
consists of a set of partial differential equations that are solved 
numerically following a discretization of time and space. Math
ematical relations are defined for three fundamental processes: 
(a) radial movement, (b) lateral movement, and (c) stoning pro
cess . These relations are developed and calibrated using actual 
measurements taken at the site. As a result, a bidirectional speed
concentration model is developed to describe radial movement, 
revealing that the impedance to movement from facility users 
going in the same direction is about twice that from those going 
in the opposite direction. The overall model i~ ap~lied to !he 
evaluation of possible design and control strategies aimed at im
proving the efficiency and throughput of the system. 

The efficient and safe operation of heavily crowded facilities 
used in special circumstances by unfamiliar users is a major 
concern to those responsible for the design and control of 
such public places and events. Crowd disasters in which people 
are seriously injured, sometimes fatally, can occur, and have 
occurred at sports events, religious gatherings, and rock music 
concerts (1). 

A remarkable example of pedestrian overcrowding is that 
of the Hajj, or Muslims' pilgrimage to Makkah, Saudi Arabia. 
The Hajj consists of a set of prescribed rites at specific hours 
and days in assigned locations in and around the city of Mak
kah . Each year, over two million pilgrims converge on Mak
kah to perform this religious duty at the same time , resulting 
in a crowded event of extraordinary magnitude. Every hour, 
there are hundreds of thousands of pilgrims walking between 
the various rites of the Hajj (2) . Bottlenecks can turn into 
disasters, and one of the most difficult of such bottlenecks is 
the relatively small Jamarat system. One of the pillars of the 
Hajj is the throwing of (seven) small pebbles at each of the 
three stone monuments located at a place called Jamarat. In 
performing this ritual, many pilgrims suffer considerable hard
ships because of congestion and overcrowding in the tight 
Jamarat area, because of space and time constraints. For ex
ample , in the 1983 Hajj season, 64 fatalities were reported in 
this area because of overcrowding (3). 

Little scientific work has been directed at the characteri
zation of crowd behavior and movement, leaving considerable 
gaps in the knowledge base and methodological capabilities 
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pertinent to this problem. The limited body of the available 
studies related to this subject can be classified, for conven
ience, into two broad categories: (a) those that deal with 
steady state pedestrian flows under normal conditions, and 
(b) those that address crowding conditions, which correspond 
to the higher end of the concentration spectrum, and generally 
involve multidirectional flow patterns with strong interactions. 

The first class of studies deals primarily with streamlined 
and orderly pedestrian flows encountered on a daily basis in 
high traffic areas such as passageways, stairways, plazas, and 
sidewalks (4-11). It appears that the theory of pedestrian 
traffic flow for orderly movement under normal conditions 
has been sufficiently developed to reflect the actual behavior 
of foot traffic flows in such contexts, and to provide an ad
equate basis for design and control purposes (11). 

The second category addresses the behavior of large crowds 
under nonroutine circumstances, often involving extremes of 
human emotion, such as excitement , fear , religious fervor , 
anger, or exaltation. Movement is therefore far less orderly , 
multidirectional interactions are strong, and dynamic effects 
are of greater importance than in the previous case. Some 
studies have qualitatively discussed the sociopsychological as
pects of crowd behavior, rather than its physical aspects (12 ,13). 
Another group of studies has sought to develop models of 
individual behavior in a crowd, recognizing the constructed 
as well as the behavioral environments (14-21). 

These studies do not, individually or collectively, provide 
a sufficient technical basis for management of crowd move
ments at special events . For example, no speed-concentration 
models exist for crowd movement with multidirectional flow 
patterns with strong interactions. Similarly, limited research 
has been directed at crowd behavior and movement during 
the Hajj (2,22-27). Few studies have attempted to charac
terize pilgrims' behavior in the Jamarat system (3,28-30) . 
One exception is a study by the Hajj Research Center (3) 
that successfully characterized, in qualitative terms, the prob
lems encountered in the Jamarat area. However, no models 
appear to have been developed to characterize pilgrims' be
havior in that context. 

JAMARAT SYSTEM CON.l<'IGlJRATION 

The Jamarat system is composed of three stone monuments 
symbolizing the devil, which are supposed to be stoned (i .e., 
pebbles thrown at each of them) by pilgrims in a given se
quence, starting with the first , Small, second, Middle, and 
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then the third, Big Jamarah, as shown in Figure 1. On the 
first day of stoning, only the Big Jamarah is stoned by pilgrims 
over a period extending from sunrise to sunset. However, on 
each of the other days of stoning all three jamarat are stoned 
in sequence, over a period extending from noon until sunset. 
Each monument (called a Jamarah in the Arabic language) 
is enclosed by a ring of about 16 m in diameter, referred 
hereafter as the Jamarah ring, to collect pebbles. Pilgrims 
squeeze through the crowd to get their pebbles into the ring, 
and, preferably, to hit the monument. At the same time, 
others who have finished stoning squeeze and push their way 
out. On each of the three days of stoning, pilgrims arrive at 
about the same time, creating extremely crowded conditions. 
Peak crowding occurs at the same time every year (3) . To 
meet the demands of the enormous mass of pilgrims, an upper 
level was added to the Jamarat system in 1975, so that there 
are now two levels from which the stoning of the Jamarat can 
be performed (Figure 1). 

THE JAMARAT MODEL: AN OVERVIEW 

Previously, the authors (31) developed a general crowd be
havior and movement model, which consists of a set of si
multaneous partial differential equations describing the prin
cipal processes that govern the dynamics of the system. The 
system of governing differential equations can be solved nu
merically by discretizing in time and space. Such solution 
yields a profile of the system's evolution and allows the com
putation of various performance measures and figures of merit. 
The application of this general model to the J amarat system 
of the Hajj is described here, focusing on the processes taking 
place on the upper level of the Jamarat bridge around an 
individual Jamarah ring. Pilgrims' behavior and movement 
there are characterized by a set of fundamental relations among 
the principal underlying variables. In the following subsec
tions, an overview of the principal elements of the model is 
given. The details of the individual model elements are re
ported elsewhere (31). 

Space Discretization Scheme 

Because Pilgrims' major movements around the Jamarah ring 
are mainly in the radial direction toward and away from the 
ring, the physical space around the ring is divided into a 
number of concentric rings, NRING, each of a width of 1 m. 

(b) 
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Each ring is divided into a number of cells, NCELL, by taking 
equally spaced radials from the center of the Jamarah (stone 
monument) to the outer perimeter of the external ring (i = 
NRING + 1), as shown in Figure 2. Each cell is identified 
by its (i,j) index (i = 2, 3, ... , NRING + l;j = 1, 2, ... , 
NCELL; i = 1 identifies the Jamarah ring itself). The areas 
of cells in the same ring are equal, whereas the cell area 
increases with Ring Index i. 

Facility Users' Classification and Movements 

A fundamental concept in the model is the classification of 
the pilgrims in the Jamarat system into two major classes: 
Class 1 users, who have the intention of performing stoning 
(or Rajm), and Class 2 users, who intend to leave the Jamarah 
after having completed stoning. Accordingly, K(i,j), the total 
concentration of users (in persons/m2 ) in Cell (i,j), is the sum 
of the respective concentrations of the two classes; i.e., 

K(i,j) = K 1(i,j) + K 2(i,j) (1) 

For each class of facility users, two types of movement can 
be identified: in the radial direction (forward and backward), 
and in the circumferential direction (clockwise and counter
clockwise). However, it is assumed that those who have yet 
to perform the Rajm (Class 1) do not go backward and those 
who have completed it (Class 2) no longer move towards the 

Scale: 

FIGURE 2 Space discretization around 
the Jamarah ring. 
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FIGURE 1 The Jamarat system: (a) plan view, (b) section A-A. 
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ring. Correspondingly, the following speeds of movement are 
defined: 

uiF = Speed of Class 1 users, in Cell (i,j), moving to
wards the Jamarah ring (i.e., forward radial di
rection), in meters per hour. 

UtB = Speed of Class 2 users, in Cell (i,j), moving away 
from the Jamarah ring (i.e., hackward radial di
rection), in meters per hour. 

U7JLR = Speed of Class m users (m = 1, 2), in Cell (i,j), 
moving in the clockwise lateral direction, in meters 
per hour. 

U7JLL = Speed of Class m users (m = 1, 2), in Cell (i,j), 
moving in the counterclockwise lateral direction, 
in meters per hour. 

Conservation of Mass Law 

For a given Cell (i,j), the general balance states that the rate 
of change of facility users in the cell equals the net creation 
rate of users there plus the net rate at which users flow into 
the cell across its boundaries. The continuity equations used 
in the numerical discrete time simulation approach, as applied 
to the Jamarat system, take the following difference forms 
(Figure 3): 

For Class 1 users: 

A(i,j) • K 1(i,j)1+t>.r = A(i,j) • K 1(i,j), + [Q1F(i + 1,j) 

- Q1F(i,j) - SW(i,j) 

+ QILR(i,j + 1) _ QILL(i,j) 

+ QILL(i,j-1) - QlLR(i,j)], (2) 

for i = 2, 3, ... , NRING + 1; 

j = 1, 2, ... , NCELL 

For Class 2 users: 

A(i,j) * K 2(i,j)1+A1 = A(i,j) * K 2(i,j), + [Q2B(i- l,j) 

- Q28(i,j) + SW(i,j) 

+ Q2LR(i,j + 1) _ Q2LL(i,j) 

+ Q2LL(i,j-1) _ Q2LR(i,j) ], 

Q IF(I+ 1,J) Q280,J) 

QIFO,JI 

FIGURE 3 Concentration fluxes operating 
simultaneously in Cell (iJ). 

(3) 

where 
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fori = 2,3, ... ,NRING + 1; 

j= 1,2,. .. ,NCELL 

K"'(i,j) = Concentration of Class m users (m = 1, 2) 
in Cell (i,j), in persons/m2. 

A(i,j) ~ area of Cell (i,j), in m2. 
Q1F(i,j) = net flux of Class 1 users, in M, from Cell 

(i,j) in the radial forward direction, in per
sons. 

Q28(i,j) = net flux of Class 2 users, in t:.t, from Cell 
(i,j) in the radial backward direction, in 
persons. 

QmLR(i,j) = net flux of Class m users, in t:.t, from Cell 
(i,j) in the lateral clockwise direction, in 
persons. 

Qmu(i,j) = net flux of Class m users, in /::;.t, from Cell 
(i,j) in the lateral counterclockwise direc
tion, in persons. 

SW(i,j) = number of Class 1 users switching into Class 
2 users, in Cell (i,j) in t:.t, after finishing 
stoning. This quantity acts as a sink term 
for Class 1 and a source term for Class 2 
users. 

Equation 1 indicates that three principal processes are iden
tified as governing crowd behavior and movement at the J a
marat: (a) movement in the radial direction towards the Ja
marah ring by pilgrims seeking to perform stoning (Class 1), 
and away from it by those leaving the system after completing 
the stoning (Class 2); (b) movement in the circumferential 
(lateral) direction around the ring of both classes of pilgrims 
in their effort to escape crowd pressure by moving to a Iess
congested space around the ring; and (c) the mechanism by 
which Class 1 pilgrims switch to the other class after com
pleting stoning. Each of these principal processes is discussed 
hereafter, with the corresponding underlying variables iden
tified, and relations among them established. 

Radial Movement of Pilgrims 

The radial movements of pilgrims at the Jamarah are the 
dominant ones relative to the lateral movements. Their flow 
rates were modeled by the mathematical product of the pre
vailing radial speed and the corresponding concentration. For 
example, the flux Q1F(i + l,j) of Class 1 pilgrims, in a given 
time step t:.t from Cell (i + l ,j) to Cell (i,j), is given by 

QIF(i + l ,j) = {flF(i + l ,j) * K1R(i + 1,j) 

• Ll(i+l,j). /::;.t, 

where 

(4) 

K1 R(i + l,j) = concentration of Class 1 users who are mov
ing radially in cell (i + l,j)(persons/m2), and 

Ll(i+l,j) =length of the interior edge of Cell (i+l,j), 
in meters. 

The average radial speed of a given class of users in Cell 
(i,j) is a function not only of the concentration of users of the 
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same class in the cell, but the concentration of both classes 
of users. The following calibrated relation is a central com
ponent of the Jamarat model : 

LJin = 1,907 * [1 - (Kin + 0.38 * K0 PP)/Kjam] (5) 

where LJin is the average speed, in meters per hour, of users 
of a given class, moving with a stream of pedestrians of the 
same class, with concentration Kin (persons/m2), and against 
another stream of pilgrims from the other class with a cor
responding concentration level K0 PP (persons/m2). The jam 
concentration K;am was estimated to be 5.68 persons/m2 • (In 
the simulation runs, it is assumed that movement continues 
at a shuffling speed of 200 m/hr at jam concentration.) The 
parameters of this relation were estimated using field data, 
in the form of time lapse photographs, which were taken for 
this purpose at the Jamarat system. The details of the obser
vational work are reported elsewhere (31). The calibrated 
relation revealed some interesting features of the process. For 
instance, the impedance, on the speed ' of a given class of 
facility users, caused by people moving in the same direction 
is more than twice that caused by those moving in the opposite 
direction. Another important aspect of this relation is that 
the marginal impedance of each of the two types of concen
trations involved, on the speed of movement, is independent 
of the level of the other stream's concentration. That is, there 
is no interaction term between the two types of concentration 
in the estimated speed-concentration model. 

Lateral Movement of Pilgrims 

By analogy with the treatment of Gazis et al. (32) of interlane 
concentration oscillations in multilane highway traffic, it is 
assumed that the exchange of pedestrians between two neigh
boring cells (in the same ring) is proportional to the difference 
of their respective concentrations, and only when this differ
ence exceeds a certain threshold, that is: 

Q":'L 
•J 

m 

{a(.6.K(i,j))~ if .6.K(i,j) ~ .6.K:;;in' 
0 otherwise 

1, 2 
(6) 

where 

Qjj'L net lateral flux of Class m users (m = 1, 2) in 
.6.t, from Cell (i,j) to the neighboring cell, in 
persons; 

.6.K(i,j) concentration differential between the two cells; 
6.K'::,; 0 Class m (m = 1, 2) concentration differential 

threshold; and 
a, ~ = parameters. 

Analysis of limited relevant data has suggested that the thresh
old level 6.K'::,; 0 is about 1.0 persons/m2 for each class of users, 
and yielded parameter estimates of a = 850 pilgrims/hr and 
~ = 0.005 for purposes of the present illustration of the be
havior of the Jamarat model (31). 

Switching Mechanism (Stoning Process) 

The number SW(i,j) of Class 1 users switching to Class 2 in 
Cell (i,j), in a given 6.t depends on two principal factors: 
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(a) the fraction FR(i,j) of Class 1 users in the cell who perform 
stoning from that cell, and (b) the time TRAJM(i,j) it takes 
an individual to perform Rajm. The relation between SW(i,j), 
FR(i,j), and TRAJM(i,j) can be expressed as follows: 

SW(i,j) = [A(i,j) * K1(i,j) * FR(i,j) * .6.t]/[TRAJM(i,j)] (7) 

The fraction FR(i,j) of Class 1 users switching to Class2 
depends on two main factors: the distance from the rim of 
the Jamarah ring, in meters, and the prevailing pilgrim con
centration level in Cell (i,j), in persons/m2 , that is, 

{

1, if T; :::; 1 
FR(i,j) = 0, if r; > R max or K(i,j) < Krn 

1.005 r;- 0
·793 [K(i,})]2·341

, otherwise 
(8) 

where Rmax is the maximum throwing distance, estimated to 
be 11 m from the perimeter of the Jamarah ring; and KFR is 
the concentration threshold, estimated to be 3 persons/m2 , 

below which no switching takes place (31). Equation 6 indi
cates that the fraction is initially equal to unity at the rim of 
the Jamarah ring, where all Class 1 users have to switch re
gardless of the prevailing concentration level. Beyond the first 
ring, the fraction is expressed as a function that decreases 
with distance from the rim until it equals zero beyond the 
maximum throwing distance from the Jamarah ring, Rmax· 
Furthermore, the fraction switching increases with the pre
vailing concentration beyond a threshold concentration, KFR, 
below which pilgrims would prefer to proceed further to per
form stoning from a closer ring. The values of the parameters 
reported in Equation 7 are based on measurements taken on 
site (31). 

Regarding the other principal factor, TRAJM, the obser
vational evidence did not support the hypothesis that it is a 
function of either the distance from the ring or the prevailing 
concentration level; it was estimated to have an average value 
of 27 sec (12). 

Choice of Solution Time Step and Space 
Discretization Scheme 

Finally, the choice of time step, 6.t, and space discretization 
scheme (cell width in the radial direction, .6.r) , when using 
numerical methods to solve partial differential equations, has 
important implications for the properties of the solution. Of 
course, it is generally desired that both 6.r and .6.t be small 
enough to approximate the assumed underlying smooth func
tion of K(i,j) with respect to r and t. In addition, the ratio 
6.r/6.t should be greater than the mean free speed Um • ., to 
ensure that no pilgrim transfer is possible from one cell to 
another nonadjacent cell in any time step of the numerical 
solution. The step sizes used in the solution of this model are 
6.r = 1 m, and .6.t = 10- 4 hr, for a ratio of 10 km/hr(>> 
Umax). 

MODEL APPLICATION 

In this section, the results of several numerical simulations 
are presented to illustrate the Jamarat system model and its 
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application to the investigation of the system's properties under 
several possible crowd control and management schemes. The 
system throughput is examined first, followed by an investi
gation of the effect of several design and operational strategies 
on system performance . 

Loading Strategies and Throughput Analysis 

The Jamarat system was simulated under different spatial and 
temporal pilgrim loading patterns. Two different spatial load
ing patterns are considered here, as shown in Figure 4. In the 
first pattern, pilgrims approach the Jamarah from all sur
rounding directions; in the second pattern, they load from the 
ring's half side that first faces the pilgrims approaching from 
the main entrance (i .e., from the southeast, Figure 1). For a 
given spatial pattern, a variety of temporal loading patterns 
can be simulated. In the present exploration of maximum 
system throughput, the system was loaded continuously at a 
constant rate (for a given spatial pattern) until a steady state 
was attained . The system's maximum throughput was ob
tained by performing a series of simulations under different 
values of the loading rate and observing the behavior of the 
system. 

Figures Sa and Sb show the maximum throughput as a func
tion of the loading rate when loading from all directions and 
from one side only, respectively . For the first spatial loading 
pattern, and using the parameter values and relations de
scribed earlier, the maximum system throughput achieved is 
about 74,000 pilgrims/hr. Loading at rates higher than the 
optimum caused the system to break down. Similarly, the 
maximum throughput of the system achieved for the case of 
semiuniform loading (from one side only) was found to be 
about 44,000 pilgrims/hr. However, loading at higher rates 

1. Uniform Loading 

+: 
J= 24 

2. Semi-Uniform Loading 

t:. j= 9 

FIGURE 4 Spatial loading patterns of Jamarah ring. 
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FIGURE 5 Maximum throughput of the Jamarah when 
loading uniformly from (a) all directions around the ring, 
and (b) one side only. 

caused the throughput to decline accordingly to lower but 
stable values. 

Overall system behavior in both cases appears reasonable. 
In the first case, the system gets locked up beyond a maximum 
loading rate that it can absorb, because masses of each class 
of users eventually block the others' progress. In the second 
case, one-half of the Jamarah is used for loading whereas the 
other half functions as an evacuation outlet; the decline in 
throughput at rates higher than optimum is caused by the 
higher concentration levels, especially of Class 1 pilgrims, 
which results in more impedance to those who have already 
finished the stoning (Class 2) and are therefore seeking to 
leave the system. 

It is interesting to point out that a field study conducted 
independently at the Jamarat measured the maximum 
throughput of the system at 69 ,000 pilgrims/hr (only at the 
top level of the Jamarat bridge) for a case that approximates 
that of loading from all directions (during the first day of 
stoning when pilgrims are required to stone only the Big Ja
marah, which can be approached from any direction), and at 
43,000 pilgrims/hr for loading only from one-half of the Ja
marah (during the second and third days of stoning) (28). The 
findings are in remarkably close agreement with these mea
surements even though the measurement procedure by the 
Hajj Research Center (28) is not directly comparable to the 
manner in which throughput is calculated in the simulation . 
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An extensive investigation of the dynamic properties of the 
system is reported elsewhere (31) . An illustration of the dy
namic behavior of the system is given here. For this purpose, 
pilgrims are injected from one side only at a constant rate (of 
70,000 pilgrims/hr, well in excess of the optimum level of 
44,000 pilgrims/hr) over a given period (0.3 hr in this case, 
which is sufficient to illustrate concentration build-up) , after 
which the inflow is shut off until the system clears . The model 
yields the values of the concentrations of the two classes of 
users in every cell at every time step, as well as a variety of 
associated summary measures. Figure 6 shows the dynamic 
concentration profile, for each class of facility users, prevail
ing at the rim of the Jamarah ring (i .e. , for Ring i = 2) , after 
the inflow has been shut off. Note that loading was taking 
place from one side only, i.e., for Sectorsj = 9, 10, ... , 24. 
Figure 7 shows the corresponding dynamic concentration pro
file for a selected sector (j = 13). These figures correspond 
to a~ extremely congested situation, because the loading rate 
was well in excess of the system capacity. Class 2 users have 
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FIGURE 6 Concentration profile dynamics, at the rim 
of the Jamarah (Ring i = 2), with 70,000 pilgrims/hr 
loading rate from one side only, with loading shut off at 
time = 0.3 hr, for (a) both classes, (b) Class 1, and (c) 
Class 2 facility users. 
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FIGURE 7 Concentration profile dynamics, at 
Sector j = 13, with 70,000 pilgrims/hr loading 
rate one side only, with loading shut off at time 
= 0.3 hr, for (a) both classes, (b) Class 1, and 
(c) Class 2 facility users. 
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been able to push their way out radially, away from the rim, 
which is dominated by Class 1 users, and into Rings 7 through 
13. 

Design and Control Strategies 

So far , only a constant-rate temporal loading pattern was 
considered to examine the maximum throughput of the sys
tem. Another loading pattern was considered by pulsing pil
grims into the system: the system is loaded continuously for 
a given time , TPULSE, then shut off for an equal time before 
resuming loading again, and so on. Different runs were per
formed using different values of TPULSE ranging from 5 to 
15 min. A similar strategy was successfully used for improving 
vehicular traffic flow in tunnels (33) . However, for the case 
considered here, no improvement in system performance was 
observed, probably because of the fact that the case is not 
dealing with a continuous movement of individual users, be
cause each pilgrim is supposed to completely stop to perform 
stoning. 

In order to attain the maximum throughput of the Jamarat 
system under the current situation, the analysis presented 
earlier suggests that the input rate should be maintained at 
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about the optimum level. However, system stability consid
erations suggest that a safety buffer should be allowed for 
both types of spatial loading patterns considered. The actual 
rate at which pilgrims would be admitted to the system should 
be below the theoretical optimum by the corresponding buffer. 
Furthermore, on the basis of the analysis presented earlier, 
the all-directions spatial loading pattern should have a larger 
buffer than the one-side-only loading pattern because of im
pending system breakdown when the Jamarah is loaded from 
all directions at rates higher than the optimum. 

In practice, pilgrims' flow into the system could be con
trolled by scheduling their arrival times through their official 
guides, who are responsible for providing them with accom
modations, transportation, and logistical support. However, 
this may not work too well in part because of the fact that 
those guides do not have much control over their pilgrims' 
local movement within the Mina area, where the Jamarat is 
located. Therefore, use of some kind of direct control at the 
facility itself may be considered. One possibility would be to 
use flexible physical barriers at the entrances of the Jamarat 
bridge that could funnel the flow of pilgrims into the system 
so as to result in the established loading rate (e .g., using an 
inverted cone-shaped barrier). Extreme caution should be 
taken to avoid the use of fixed hard barriers for this purpose, 
because it might result in a dangerous pedestrian crush; one 
possibility is to use horses to form the boundaries of the 
funneling apparatus , with personnel riding on the horses to 
direct the crowd. 

On the other hand, to improve the maximum throughput 
of the system, one may consider changing the design of the 
physical system or affecting the behavior of the crowd in one 
way or another to improve the efficiency of the system. 

From the design standpoint, one could change the size of 
the Jamarah ring itself. The circumference of a circle increases 
linearly with the radius , so in order to allow more pilgrims to 
simultaneously perform stoning at the Jamarah, one could 
increase the radius of the ring. The simulation model was 
used to explore the maximum throughput of a system when 
the ring has a 12-m radius, instead of the present 8 m. The 
maximum throughput was found to be about 116,000 pilgrims/ 
hr when loading from all directions and 65,000 pilgrims/hr 
when loading from one side only. Thus, one way to increase 
the service rate of the system is to increase the size of the 
Jamarah ring itself. However, before considering the imple
mentation of such a strategy, the effect of enlarging the size 
of the ring on the surrounding physical geometry, and move
ment within it, should be carefully evaluated. In addition, the 
height of the stoning monument should be increased accord
ingly to keep functioning as an orientation mark for the crowd . 

Another possible physical design strategy is to cha.nge the 
shape of the Jamarah ring into an elliptical one. Using an 
ellipse instead of a circle with the same area would provide 
a larger circumference, thereby allowing more pilgrims to 
si!llultaneously perform stoning. For each spatial loading pat
tern, two simulation runs were performed using an ellipse 
with major and minor radii of 1.33 and 0.75 times the radius 
of the circular ring with equivalent area, respectively. Tt was 
found that the throughput would only improve slightly (3 to 
5 percent) at the expense of increasing the prevailing average 
concentration level. However, such shape is expected to en
courage more lateral movement of pilgrims and thus more 
uniform distribution of pilgrims around the ring, provided that 
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the major axis of the ellipse is aligned along the centerline of 
the Jamarat bridge. One could also enlarge the stone mon
ument, located at the center of the elliptical ring, to provide 
a wider target at the long sides of the ellipse, therefore en
couraging further lateral spread of the pilgrims. These two 
strategies, which involve changes to the physical system, would 
only be applicable if they are in accordance with the religious 
rules governing the stoning process . It is the understanding 
of the authors that such changes are permissible, but opinions 
of the appropriate religious scholars should be ohtained be
fore implementing such strategies. 

Even if the current physical layout of the system is kept 
unchanged , pilgrims approaching the Jamarah could be en
couraged to perform stoning sooner than is currently done 
(i.e., having a larger fraction of Class 1 users switch from a 
given dislarn;e from the ring) . This can be reflected in the 
model by a different value of the parameter 'Yin the relation: 
FR[r;, K(i,j)J = 1.005 (r;)~[K(i,j)J2 ·341 (Equation 8). In the 
current model, 'Y = -0.793, but using values of -0.5, -0.3, 
and - 0.1 instead yield maximum throughputs of 87 ,000, 98 ,000, 
and 110,000 pilgrims/hr, respectively, when loading from all 
directions; and 51,000, 59,000, and 65,000 pilgrims/hr, re
spectively, for the one-side only loading pattern. In practice, 
this could be implemented through educating pilgrims to stone 
sooner, and possibly encouraging them to do so on the spot 
through a public address system. Also, one could elevate the 
position of the throwers hy slightly inclining the surface to
wards the Jamarah ring. One might also consider encouraging 
pilgrims to stone faster (i.e., lower TRAJM). Theoretically, 
such strategy could result in a dramatic increase in the system 
throughput. However, it would be extremely difficult to im
plement in practice because pilgrims who have made it through 
the crowd all the way to their stoning position would like to 
spend enough time to perform stoning successfully. This re
luctance could be further appreciated when one realizes that 
the stoning time (average of 27 sec) is already small when 
compared to the time it takes a pilgrim to push through the 
crowd, which was observed to range from 4 to 10 min. 

Finally, it was shown earlier that in the extreme case the 
throughput increased from 44,000 to 74,000 pilgrims/hr when 
the distribution of pilgrims changed from being semiuniform 
to being uniform around the Jamarah ring. This process sug
gests that encouraging more lateral movement of pilgrims 
would result in better overall system performance. Several 
simulation runs were performed by varying each of the pa
rameters of the lateral movement relation (Equation 4) . In 
these runs, values of 1,700, 1.0, and 0.1 persons/m2 for the 
parameters a, (3, and AK~;"' respectively, were used instead 
of the previously reported values of 850, 0.005, and 1.0 per
sons/m2 , respectively . The change in the values of each of 
these three parameters resulted in higher system throughput, 
lower average concentration on the side where loading is tak
ing place, and higher concentration on the other side of the 
ring. In addition, these changes resulted in better use of the 
space around the Jamarah and faster evacuation of the system 
after the input flow of pilgrims was shut off. In praclice, lhis 
could be implemented through providing the pilgrims with 
real-time video information (e .g., through a giant elevated 
high-resolution screen indicating the concentration profiles 
around the ring) regarding the availability of vacant or less
congested positions at the other side of the Jamarah where 
no loading is taking place. 
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CONCLUSION 

The model presented provides a useful framework for the 
simulation of crowd behavior and movement, and for the 
analysis of design features and control schemes for the effec
tive management and operation of the Jamarat system. The 
need for such a modeling capability and for the development 
and application of sound scientific principles for crowd man
agement problems was recently heightened by the tragic events 
in which over 1,400 people perished in the latest pilgrimage 
season in July 1990 (34). 

The model consists of three fundamental processes: radial 
movement, lateral movement, and stoning process charac
terization (switching mechanism). Mathematical representa
tions were developed for each of these processes, and the 
parameters of the principal relations were calibrated using 
actual observations. However, these observations were some
what limited, and may not have covered a sufficiently wide 
spectrum of conditions that might be encountered in the sys
tem. These limitations affect the three processes of interest 
to varying degrees. For instance, there is little confidence at 
the present time in the parameter values of the lateral move
ment model. More extensive data collection is necessary for 
a more definitive model of lateral movement, especially be
cause the limited data available seemed to suggest the exis
tence of possible directionality reflecting users' preferred move
ment directions. On the other hand, the ·speed-concentration 
model developed here for bidirectional crowd movement may 
be robust. In particular, the conclusion that the impedance 
of facility users going in their own direction is about twice 
that of those going in the opposite direction appears to be 
rather. well supported by the available data. In addition, it 
corresponds to the authors' own experience in other heavily 
crowded conditions. Nevertheless, it is not clear that such a 
conclusion can be extrapolated to all situations regardless of 
the relative mix of the two user classes. Relations and param
eter values for the third process, namely the stoning process, 
are also based on a sufficient number and range of observa
tions to justify a reasonable degree of confidence in the re
sults. 

While motivated and presented for the Jamarat system, the 
modeling approach developed here is general and should es
sentially be applicable to a variety of heavy crowding situa
tions. Of course, the application of any particular situation 
would require customization in terms of defining a spatial 
discretization scheme and identifying the principal classes of 
facility users. Of the relations developed for the Jamarat sys
tem, the bidirectional speed-concentration model is likely to 
be the most directly applicable in other situations, though 
some adjustment in parameter values would likely be nec
essary to reflect different cultural norms. It is hoped that 
additional effort will be directed at crowd phenomena in a 
variety of settings in order to build a body of scientific knowl
edge and engineering procedures to enhance the quality of 
the human experience in such settings and improve the safety 
and efficiency of the associated operations. 
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