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SUMARRY

This paper describes the use of a Cellular Automata (CA) simulation to model the aggregate behavior of pedestrian flows into a concert auditorium. This paper describes the theoretical CA model by detailing the configurable variables of the cells, cell structure, cell states, cell neighborhoods, the rules governing diffusion and the mathematical and GIS-based constraints that will bound the model.  This paper additionally examines ways which the CA pedestrian model applies to real world situations like a crowd assembling at an AC/DC rock concert.

Specific operations within the model are designed to profile the density of people and their potential for moving through a single access gate and then flooding into a concert auditorium with a focal point of the center stage.  

Resulting information delivered by this model can be used to analyze real world problems with pedestrian traffic flows, for example, the expected bottleneck at the admittance gate.  The results may also be useful to help find alternatives for updated or new venue construction and for minimizing impediments that restrict pedestrian flows.
INTRODUCTION
Other spatial-temporal models, like the spatial interaction model, rely upon mathematical equations to determine flows, rather than the rule-based or behavior sets that govern flows in a CA model.  The decentralized decisions of individual automaton produce observable, collective behaviors and patterns useful for understanding group level phenomena and its progressive manifestation over time.  This type of decentralized operandi can be thought as a bottom-up approach to analyzing macrostate behaviors and patterns (Blue & Alder, 2000). 

Traffic simulation is a complex process because local activities have the ability to generate global or regional behaviors like traffic jams. Using CA for modeling pedestrian flows can show how simple units interact through time to produce different patterns of complexity.  The CA model is self-organizing with a set of interaction rules, and the model effectively presents the “stop and go” phenomena of a system trying to organize itself to maximize flow.  
Noticeable and important characteristics of real pedestrian flows are easily integrated into the CA model.  The CA model uses individual automaton or decision machines that are influenced by outside forces of the neighborhood, and with their inherent rule set to produce another automaton state in the next timeframe.  Because the CA model emphasizes interaction or diffusion among cells it is categorized as a parallel simulation process. This interaction can also cause the automaton to change states in the next time frame (t+1)

This is fundamentally a unidirectional model, whereby all automata are headed to the same destination.  The destination for the automata is the seating area of the concert auditorium and where the regional density of automata will reach its maximum.

The CA model designed for this pedestrian simulation is basically a two-dimensional grid, with approximately one-third of the grid dedicated to auditorium seating or the target of pedestrian flow.  This targeted area has a maximum density value representing the total number of tickets sold for the event.  The other two-thirds of the CA lattice represent lower-density crowds heading through the gate and into a final assembly area.  (See Figure 1)
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Figure 1 – CA Model of a concert auditorium and stage area.  Grid does not necessarily represent the actual model’s resolution.  (See Cell Lattice section for details)
CELL STATES
The CA model incorporates structural characteristics or states that are used to describe different variables of cell automata and which are a key to the interactions between cells.  Each cell maintains a state variable describing the current density value and ranging from 0.0 (empty density) to a 1.0 (complete density).  
Even though a particular cell’s density can range from 0.0 to 1.0, the model uses 4 significant markers or variations of the density measure to govern cell interactions.  
1. Cells with a density == 0.0 are labeled as STATE_EMPTY.
2. Cells with a density > 0.30 and < 0.80 are labeled as BISTABLE.
3. Cells with a density == 1.0 are labeled as STATE_FULL.
An additional and 4th cell state is incorporated to handle many of the physical constraints of the facility, entrance, causeway and stage.  This last state will be labeled as “STATE_NULL” and can be thought as off-limits or a null-density parameter.

The cell state “BISTABLE” is not employed in initial versions of this CA model but has been included for possible refinements in later model versions.

Cell states can change over space and time.  While the simulation is running, each automaton must maintain an acceptable density value at all timeframes and in all spaces.  As automata coalesce inside the auditorium, the cell densities will increase to a maximum of 1.0 or 100% density.

Cells with a “STATE_NULL” will never change their state variable and are permanent throughout the entire simulation run.  These cells are essentially constraints that remain constant throughout time and space.
CELLS
One of the efficiencies of the CA model is its rule-based interaction between cells.  Once facilitated by computer programming, the CA model is relatively easy to alter by modifying the cell variables and limits. When considering the cells, their regular tessellation and inherent rules of interaction with their neighbors, it becomes very dynamic to modify and test alternative considerations regarding microstate assumptions.

Cells maintain a numerical condition variable (State-variable) defined by a density rating of 0.0 to 1.0.  This scale represents the pedestrian density of a cell, ranging from zero people to a maximum of ten people.  Cells maintain this density value as it the simulation evolves throughout time (t, t+1, t+2 …).  When the simulation is initiated, a trickle-in effect populates random cells on the bottom row and which are furthest away from stage.  These initial cells are populated with random state-variables defined from the numerical 0.0 to 1.0 density range.  Once a cell has been activated, the neighborhood assessment and transition rules apply and will govern automata progression.  
The model is expected to show cells with increasing density values the closer the cell is to the destination, in this case the auditorium seating.  “Cells moving in a low density area are likely to turn into a higher density patch, so the network of cells condense in to thick aggregates” (Alber et. al, 2004, p 19).  A bottleneck effect is also expected to occur at the one entrance to the auditorium, and where density values will also approach their maximum.
Cells with a STATE_NULL represent areas that automata density cannot diffuse into.  These void states will remain for the entire run of the simulation.   The remaining cells are available to automata density (flows) and if the cell initiates with a density, it will change through the upcoming timeframes and because of the transition rules of diffusion.

CELLULAR LATTICE
In order to evaluate pedestrian traffic it is necessary to use a 2-dimensional cellular lattice.  This lattice structure is a regular grid tessellation with a 20x20 cell resolution.  Described in the introduction, the CA model lattice will comprise both free and restricted space.  Outside the auditorium is free space, which is populated with incoming densities ranging from zero to the cell maximum of 10 people.  Free space will become more restrictive as higher density levels occupy the cell, in other words, there is less incentive to move into high density cells.  Inside the auditorium is free space confined by the surrounding walls and the center stage.  This confined, yet free space is accomplished by using STATE_NULL cells surrounding the final assembly area.
The one-dimensional resolution of this lattice represents 20 cells wide by 10 people of density, or a maximum of 200 people in any single lattice row.  Therefore a maximum density of 200 people can be released (trickle-in) into the lattice bottom row on any given timeframe (t).  However, the model uses a random variable for populating the starting row and complete density is not likely here.  The two-dimensional resolution of the seating area represents 20 cells wide by 5 cells deep, or the equivalent of 20 columns and 5 rows of 10 people. The resulting seating capacity is therefore equal to 1,000 occupants.
Modeling the gate or entrance to the auditorium is one of those variables that will directly affect flows and therefore deserves more focus.  Based upon a determined resolution for the model lattice, the gate will be one cell wide in its initial construction.  In here lies the flexibility of the CA model, whereby alterations in gate size, location and even the number of gates can be easily tested.  The fact that the CA model can easily incorporate multiple and changing input variables means that it would be relatively easy to model wider entrances or additional entrances (See How Does CA Apply to Reality).
From assumptions about pedestrian incentives (see assumptions), automata density diffusion prioritizes forward movement, focusing on maximum forward progression with some lateral acceptance. 

THE NEIGHBORHOOD

This pedestrian model will use a Moore neighborhood schema to formulate the interaction between cells and their various states. Input for the transition rules is obtained from the neighborhood and also includes the current or active cell (skip if no density in the center).  The simulation is modeling a more-or-less forward moving phenomena, concert spectators, and the neighborhood will use a weighting system to prioritize forward and lateral movements over backing up.  This weighted Moore’s neighborhood takes on a bull-nose shape from the assumption that spectators have more incentive to move towards the stage than to move away from the focal point (See figure 2).   This weighted neighborhood helps to determine and prioritize the potential for diffusion among cells.
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Figure 2 – 
Moore Neighborhood 

with Bull-nosed weighted priority.
Another possible solution to compensate a pedestrian’s incentive to move in a particular direction could be the “Exchange Parameter” proposed by Blue & Alder (2000).  Rather than applying weights to the neighborhood, the model could simply incorporate a linear decay function representing the potential for changing lanes.  The exchange parameter function assumes that people will remain in their lane unless a more attractive route appears.  One problem with this exchange parameter is the continued acceptance of lateral movement even moving away from the modeled gate lane.  Therefore this pedestrian CA model will instead use a door-lane parameter to provide a steering force for diffusion (See Transition Rules).  
While automata flows are essentially unidirectional, flowing towards center stage, it is also assumed that automata may choose to move left or right, thus changing lanes to a lane with less density.  Though feasible, the model does not consider backwards movements of automata as a high priority, but rather a repercussion effect that may be observed with simulation results.
THE TRANSITION RULES
Transition rules are the simple definitions that govern the behavior and interaction between automata or cells.  First, there are several assumptions made regarding the pedestrians in this model.  From studies and models previously done by Helbing and Monar, the following assumptions are applied:
1. A pedestrian prefers to go straight ahead as long as possible, provided the alternative route isn’t more attractive.

2. A pedestrian will change directions as late as possible.

Additionally, changes in densities are not necessarily hierarchal in progression.  Where models simulating real estate development may transition through hierarchal progression, this model assumes that densities can shift in either a positive or negative direction.  This non-hierarchal rule set means that a cell state can go from an empty-state to full-state or from a full-state to back to empty.

I.  Conceptual Automata Rule:
A~(S, T, R)

Under the conceptual automata rule, automata have the ability to change their state-variable, at different timeframes and resulting from input received from the neighbors.  Where A is the automata, S is the State variable, T is the Time-step, and R is the Neighborhood.  This conceptual rule must be expanded to handle the interaction in this CA model.
Legend
CA = active cellular automaton
DCA = destination cell for diffusion
.d = cell density variable for CA or DCA.  Valid ranges 0.0 to 1.0.
STATE_FULL = cell density is full (1.0)
STATE_BISTABLE = cell density is > 0.30 AND < 0.80 (not used)
Legend (cont.)
STATE_EMPTY = cell density is completely empty (0.0)
STATE_NULL = invalid cell density represents physical (GIS) constraints.

II.  Process Cell Rule
If the current cell (CA) has density [CA.d !=STATE_EMPTY], check neighborhood cells for diffusion probabilities.  Order by highest probability and determine if destination cell (DCA) density is less than STATE_FULL and (DCA) density is not STATE_NULL, then perform Update Rule for (t+1).
If CA.d > 0 && (time=t)  

Get_Neighborhood_Probability(  )


If (DCA.d < STATE_FULL) && (DCA.d != STATE_NULL)


Then Update_Rule(t+1)

Else


Analyze next cell CA
III.  Get_Neighborhood_Probability Rule 
This rule helps to rank the probability of diffusion into cells.  The formula is intended to organize probability, but it doesn’t restrict cells that have a STATE_FULL or STATE_NULL value.  Neighboring cells with no available density will just have a lower probability than those with availability.  To determine the probability of density diffusion, the following formula will be used to maximize the probability of interaction and diffusion between cells.

Probability = (WEIGHT – STATE Variable) + [door-lane parameter]
The formula’s simple intentions are to prioritize weights by organizing their STATE-variables. The probability of diffusion is calculated with the weight parameter determined by the bull-nose neighborhood, the STATE-variable as the density figure ranging from 0.0 as empty, to 1.0 at capacity.  Cells which are outside the auditorium will also incorporate a door-lane parameter to provide automata steering directions.

The Door-lane parameter initializes equal to zero if the cell is in the door lane, a negative one if the cell is out of the lane and left, and a positive one if the cell is out of the lane and right. If the door-lane number is negative, the weight for the cell in the upper-right of the neighborhood is temporarily summed by 10.  The resulting weight for this upper corner becomes equal to 17, implying more incentive for diffusion towards the gate than just forward movement (see Figure 3).  The same rule applies to a positive number and to the upper-left corner of the neighborhood.  The door-lane policy expires for cells represented inside of the gate, with the assumption that lateral movement is again permitted, and thus mimicking the audience finding their seats.
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Figure 3 – Modified neighborhood weight helps steer automata towards the gate.  Cells inside the auditorium do not use this modified weighting schema.
To determine the best probability of exchange, we are trying to find the value that maximizes the Get_Neighborhood_Probability Rule.
After the probability for diffusion has been determined and prioritized, the Cell Update Rule will determine if the destination cell has room to accommodate incoming density.
IV.  Cell Update Rule
After analyzing diffusion potential, the destination cell with the highest probability for diffusion is selected (DCA).  The Cell Update algorithm is processed while the destination cell (DCA) still has available capacity in time=t+1.   Density values will move out of the active cell (CA) in increments of 0.1, representing a person by person fashion.  This method will fill the destination cell to capacity and will leave the remaining density in the source cell (CA).  The following rule will facilitate the cell update procedure:


Do While

(DCA.d + 1)  
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  DCA.STATE FULL




Then DCA.d = DCA.d + 1




            CA.d = CA.d – 1


Loop

Other automata flow and steering methods may be required to efficiently represent real world pedestrian traffic but they are not discussed in this paper. 
MATHEMATICAL OR GIS CONSTRAINTS

Outcome Constraint:  Equivalent to the total number of possible outcomes for the simulation and is equal to Xn, where X is number of possible states an automaton can have, and where n is the number of cells (resolution) represented in the lattice.  The CA model has a 10 possible state variables and a resolution of 20x20 cells, yielding 10400 or (1.e+400) possible final solutions for the simulation.  Since the automata in this model are settling into a final position of maximum density (venue seating), it is reasonable to assume that fewer results and ultimately limit the number of possible outcomes to just a few.
Density Constraints:  The auditorium floor is modeled with a precise density value or a mathematical constraint, which comes from the total number of tickets sold for the concert.  The model will run until density has reached a maximum on the auditorium floor.  This stop value is considered to be 100% of the total number of tickets sold for the concert.  The 98% density might be chosen to allow for unforeseen errors or congestion with initial simulations (See Assumptions).
Time Constraint:  Simulation time extent is equivalent to the time it takes to fill the auditorium to capacity (max density).  It may take several thousand iterations for the model to reach this constraint.  There is also a constraint on the time when the simulation is modeled to run.  The auditorium may only be available for certain hours and it may be reconfigured at other times.
Automata Release Constraint:  The activation off new cells will occur until the density of all release cells is equivalent to the total number of tickets sold for the concert.  As the simulation begins, several hundred iterations may be required for the entire ticketed population to be released into the lattice (trickle-in effect).  The entire simulation may require several thousand iterations to complete.
Geographic Constraints: The pedestrian model and its lattice contain hard boundaries like the domain (extent of lattice), entrance gate, building floorplan and potential causeways.   This model will use is a single admissions gate for entrance into the seating area.  This gateway is a primary focal point for all CA traffic and is expected to generate significant delays from the congestion.  These physical or GIS-based constraints will be handled by the automata state variable.  Described in the “States” section of this paper, certain cells representing the off-limit areas, like barrier walls and the concert stage, will take and keep the unchangeable state parameter of NULL or VOID.  This void state can represent a GIS-type buffer or barrier region.
Adding new constraints to the finalized model:
Later versions of the model might also include an increased number of physical constraints for things such as causeway obstacles like trees or corridor restrictions for seating placement, and even additional entrances.
STRENGTHS AND WEAKNESSES
There are several key benefits of using CA models for pedestrian interactions.  The CA model is based upon a clear and understandable set of rules.  The CA model is simple to program with today’s computer languages and the model runs faster when compared to number-crunching mathematical formulas.  CA models also use neighborhoods to localize input variables and interactions which help create a macrostate result (Blue & Alder, 2000).
The CA model also has some weaknesses when profiling pedestrian interaction and flows.  The first problem is that the CA model is a closed system with no outside influences.  A more powerful model might include the ability to introduce outside or additional input phenomena.  The CA model also doesn’t handle vector-based trajectories like a real pedestrian would follow.  Since we are using microstate input and rules to observe macrostate patterns, a more deterministic model that could follow individual vectors, might provide more accurate results.
HOW DOES THE CA MODEL APPLY TO REALITY?

The use of CA for modeling pedestrian flows can show how simple units interact through time to produce different patterns of complexity.  The bottom-up approach to observe macrostate patterns efficiently mimics real world microstate interactions like density flows.  The results may be useful to help find alternatives for renovated or future venue construction, and to help minimize impediments to efficient pedestrian flow.  By modeling the flows, congestion and time it takes to run the simulation, concert presenters may determine that fewer tickets should be sold in order to avoid delays.
When considering traffic phenomena like bottlenecks, the CA model provides some interesting results.  Helbing and Molnar suggest that a broader door doesn’t necessarily increase the efficiency of pedestrian flow.  Rather, two doors are much more efficient than a single door at double-width (1998, p.6).
MODEL ASSUMPTIONS

The following assumptions were made for the CA pedestrian model:

1. It is assumed that congestion may prohibit every automaton from reaching a finalized or maximum density state.  Therefore the simulation will complete when the crowd density reaches 98% of the STATE_FULL seating capacity and (t+10) results in no more changes.
2. For simplification, 1 point of entry or admittance gate is modeled.

3. Individual pedestrians want to move forward rather than waiting or changing lanes.
4. The auditorium floor represents generalized seating, expected to fill to capacity.
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