
Team 243Determining the People Capaity of a StrutureTeam 243May 7, 19991 Introdution and Restatement of the ProblemMany publi failities have signs posted in large publi rooms, suh as lobbiesand onferene halls, that speify the maximumnumber of people that the spaemay be oupied by. Presumably, this number is based on the speed with whihpeople ould be evauated from the struture in an emergeny. Elevators andother failities, suh gymnasiums and swimming pools, also have \maximumapaities" posted, whih are based on similar riteria.In deiding what number to put on suh a sign, one must onsider twoimportant fators. The most obvious is that of safety: what must the maximumapaity of a struture be in order to minimize the time that it takes everyoupant of the building to exit without sustaining injury? Another importantissue is that of omfort: how many people an be �t in a room, during a giveninterval, before the room beomes overheated or the arbon dioxide level in theroom rises signi�antly above normal?Our analysis onsiders eah of the above two issues, whih we will all the\emergeny problem" and the \omfort problem," for di�erent strutures andspaes.We will present two models as possible solutions to the emergeny problem,both of whih gives a method for determining the minimum time T it takesN people to exit a spei�ed struture. Conversely, we will use these methodsto determine the maximum number of people N who an exit a struture in agiven period of time T . For the omfort problem, we will give estimates of themaximum number N people that an omfortably oupy a given spae for aperiod of time T .To avoid ambiguity, we will use the following de�nitions:� A \struture" is an assortment of interonneted spaes, eah of whihleads to at least one other spae or an exit.� An \emergeny" is a situation that poses suÆient potential or atualharm to the well being of the group within a struture to require itsomplete evauation. Page 1 of 19



Team 243� The assumption of \orderly movement" states that no personal injuries orother aidents our that a�et the minimum time T taken to evauateN people from a given struture.� A \pani" is a situation in whih the assumption of orderly movementdoes not hold.� A room is \omfortable" if the quality of its air is aeptable and itstemperature falls within a spei�ed range.2 Further ConsiderationsOne diÆulty in developing a model for the emergeny problem is deiding howdi�erent types of emergenies a�et the rate at whih people an exit a givenstruture. A bomb threat and a �re are both pressing reasons to evauate abuilding, for instane, but the imminent danger that smoke inhalation poses tothe oupants of a struture is greater than the knowledge that, �ve hours later,a bombmay or may not explode in their viinity. Likewise, a bomb threat alledin �ve minutes before detonation ould ause a pani that, in an overrowdedroom, might leave many people injured in the rush to exit whether or not thethreat is real. The dynamis of the exiting proesses for eah of these situations,naturally, will present distintly di�erent modeling situations.In addressing the emergeny problem, we �rst onsider the ase where theassumption of orderly movement holds, and then extend our analysis to whatmight happen in a pani, where aidents and personal injuries our that slowthe rate of movement within the struture and inrease the minimumevauationtime for a group of N people.3 Assumptions and HypothesesThe following assumptions were made in takling the emergeny problem:� The people in our models are a uniform, average adult weight of between100 and 300 lbs, and are of approximately the same size.� There are no \seurity guards" or similar individuals responsible for reg-ulating the evauation of the strutures in our models. That is, everyindividual has the desire to exit the struture as quikly as possible, andemploys the same proess for deiding the best route by whih to do so.� The eilings in our rooms are assumed to be of normal height and theuppermost oors of our strutures are not loated extremely distant fromground level (i.e. they are not rawl spaes and they are not loated atthe top of skysrapers).� The time it takes for a person to move from one room to another is negli-gible ompared to the time it takes to evauate all people out of a room.Page 2 of 19



Team 243� The room is situated in a modern building in a town or ity. In otherwords, we do not expet our results to be appliable to submarines, spaestations, or other unusual strutures.4 Personal Spae ConstraintsThe simplest onstraint on the apaity of any room is spae. Eah personrequires about one square meter (9 square feet) to stand and be able to movearound omfortably. So if a room is designed for standing or sitting in an uprighthair, an upper bound on the room's apaity is given by dividing its area lessany area oupied by furniture by one square meter.Speial ases, suh as a rok onert or elevator, in whih people are willingto stand loser together an be aomodated by dividing by a smaller amountof personal spae, say, 0.75 or 0.5 of a square meter.5 Evauation ModelsEvauation models answer these questions:� Given a room full of people, how long will it take for them to exit?� What is the risk that someone will be injured during the evauation? (Bybeing trampled, left in the building, et.)� In an emergeny, how long do people have to get out of the room?To answer these questions, we developed several models of the evauation ofa room based on di�erent assumptions about how people move through doors,and what kinds of emergenies are likely to fore an evauation.5.1 The Constant Rate ModelThe onstant rate model for room evauation is based on the following assump-tions:� A door will let people through at a onstant ow rate, for example, oneperson per seond.� The time it takes for a person to get in line at a door is assumed to benegligible ompared to the time it takes to evauate the room.� To simplify the model, we assume that doors do not beome bloked duringthe evauation.� People are rowded around eah door. Until the room is almost empty,there are enough people standing lose to the door to use it to its fullapaity. When someone exits, the rowd pushes forward to �ll up thegap. Page 3 of 19



Team 243� People selet a door based on what they an see in the room aroundthem and attempt to minimize the time it will take them to exit. Morespei�ally, they tend to go either to the nearest door, or to the doorwhih will allow them to exit the fastest.First, we analyze a room ontaining only people, and add furniture later. Sim-ilarly, we initially ignore the possibility of a pani to simplify the problem.5.1.1 Single Room with One DoorSuppose we have a single room with one door. In this ase, everyone will tryto exit through that door. There will always be enough people at the door touse it to its apaity. Thus, if the door allows people through at a rate of r andthere are n people in the room, it will taket = nr (1)time for the room to empty.5.1.2 Single Room with Multiple DoorsIf the room has multiple doors, eah person will initially adopt a strategy ofgoing toward the nearest door. If it beomes lear that one rowd is movingfaster than the others, people at the end of slow lines will move to the end ofthe fast line. In this way, all the doors will be rowded until the room is empty.Suppose there are k doors with ow rates r1; : : : ; rk and n1; : : : ; nk people exitthrough the doors, respetively. If the line at one door looks like it will �nishbefore the others, people will move from the end of their line to the end of thefaster line. Thus, all the lines �nish at the same time, yieldingt = n1r1 = n2r2 = � � � = nkrk : (2)If we let n be the sum of the ni, we haven = tr1 + tr2 + : : :+ trk:De�ning r to be the total number of people divided by the total time of evau-ation and substituting yieldsr = nt = r1 + r2 + : : :+ rk: (3)This equation states that a room with many doors leading out is equivalent toa room with a single larger door whose ow rate is the sum of the rates of allthe smaller doors. Page 4 of 19



Team 2435.1.3 Subroom and Corridor DeompositionUntil now, we have been dealing with an empty room. Now we onsider furnitureand other obstales.First, imagine a dining room with a large number of tables and hairs. SeeFigure 1. In this ase, the furniture restrits people to ertain paths as theytry to exit, but the assumptions of the open room model still hold. People angenerally move in whatever diretion they want, there is always a rowd at eahdoor, and eah door is able to ow at maximum apaity. It is the ombinedow rate of all the doors that determines the evauation time, as in Equation3.
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Figure 1: A dining room, view from above.Alternatively, obstales an divide a room into smaller rooms and orridors,whih requires a signi�antly di�erent model. For example, onsider a smallleture hall with rows of seats, a table, and several doors. See Figure 2. Ifpeople had to leave, they would most likely walk between the hairs rathernthan leap over them. So, the single room is broken up by the furniture intosmaller \subrooms" and \orridors," as shown in Figure 3. This situation isdi�erent from the dining hall beause the furniture more severly restrits thediretions people an move in. A person in the hall must �rst exit a row ofseats, then go down one of the outside aisles. If one end of one of the aisleswere bloked, it would take longer for the last person on that aisle to exit theroom. In the dining hall, a bloked passageway is less ritial beause there areso many other passages.One a room has been broken up into subrooms and orridors, it is useful tothink of them eah as being separate rooms with doors onneting them, andthe evauation problem beomes one of evauating a whole omplex, not justone room. The leture hall beomes the diagram in Figure 4. The diagraman be simpli�ed somewhat by ombining doors that lead to the same plae asin Equation 3. In this ase, simple inspetion shows that one again the exitPage 5 of 19
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Team 243doors an operate at maximum apaity the whole time, so the time it takes toevauate the room is determined entirely by their ombined ow rate.
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Figure 4: Same hall, shemati diagram of subrooms. Cirles represent sub-rooms, lines represent passage from one subroom to the next, and ground sym-bols represent doors leading to the outside. Eah subroom is marked with howmany people are in it, and eah onnetion is marked with how many people perseond an ow through it. Ground symbols indiate exits that lead ompletelyout of the omplex.For a more omplex example, onsider the afeteria oor plan shown inFigure 5.1 Most of the rooms are onneted by open arhes that funtion asdoors with large ow rates. It redues to the shemati diagram shown in Figure6. Here it is not so lear that the ow rate of the four exit doors determinesthe evauation time although some simulations desribed in the appendix and amethod of analysis desribed in Setion 5.1.4 show that this is in fat the ase.If we had a large room onneted to a lobby by a single, small door, and a largedoor onneting the lobby to the outside, the evauation time would be moredependent on the ow of people into the lobby. In other words, sometimes asmall interior door is a bottle nek, and sometimes it is not. For a ompliatednetwork like the afeteria, whether or not there is an interior bottlenek is notimmediately apparent.5.1.4 Maximum Flow ModelThe evauation problem for a omplex of rooms an be solved if we think aboutit di�erently by ignoring the atual number of people in the rooms. Supposepeople are onstantly owing out of the omplex, and are oming into existene1This is based on an atual building on ampus.Page 7 of 19
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Team 243on the inside at the same rate. Think of them falling out of the eiling as fast aspeople exit. The rooms will all have a onstant number of people in them sinethey are replaed at the same rate they leave. This problem is one of �ndingthe ow rate of people through a omplex.There is an algorithm for �nding the maximumow through a graph, alledthe Ford-Fulkerson algorithm. Although triky to implement, it is simple inonept. Suppose we have a direted graph and eah onnetion has a knownmaxiumum apaity, in this ase, people per seond that an pass through arowded door. One of the nodes is designated the \soure" (people falling fromthe eiling) and another is designated the \sink" (the outside). We assign to eahonnetion an amount indiating the atual ow through it. Suh an assignmentan be improved if there is a path from soure to sink in whih the ow throughevery onnetion an be inreased. An assignment is maximal if there is no suhpath. The Ford-Fulkerson algorithm looks at all possible paths until there areno more improvements to be made.The time for n people to leave the building an be estimated by dividing nby the maximum ow. To use the Ford-Fulkerson algorithm on a room graphto determine this ow, we must add two nodes. First, a soure is onneted toall rooms with lines of in�nite apaity. Seond, a sink node representing theoutside is onneted to all exits from the omplex with onnetion apaitiesequal to those of the exit doors.For a ontinuation of the afeteria example, see Figure 7. This graph ismarked with a maximum ow. It annot be improved beause all the onne-tions leading to the sink are at their maximum. It on�rms that the rate ofevauation is determined by the ow rate of the exit doors, in other words,there are no internal bottleneks. The same tehnique an be applied to anyroom graph.
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Team 2436 Quadrati Rate Model6.1 Motivation for the Quadrati ModelWhile the onstant rate model is useful, the assumption that the rate at whihpeople move through doors in an emergeny is onstant is subjet to srutiny.One idea that has been proposed to improve on this model is the linear ratemodel, whih states that the rate at whih people an exit a room, f(t), isbound by a linear funtion of the number of people in the room. The evauationproblem an be stated, in terms of the linear rate model, as:maximize Z T0 f(s)ds (4)whih is the number of people that an evauate in time Tsubjet to 0 < f(t) < a Z Tt f(s)ds + b; for 0 < t < T (5)In the above onstraint, the integral R Tt f(s)ds = R T0 f(s)ds � R t0 f(s)dsrepresents the total number of people evauated after time T minus the numberof people who have been evauated up to the point of time t; in other words, itdenotes the number of people in the room at time t.The linear model represents the situation where the number of people in theroom has a \foring" e�et on the ow rate through the exits. This is modeledby the onstant a; the greater a is, the greater the foring e�et is. The onstantb represents the normal rate of ow provided that the foring e�et is negligible.Provided people are exiting the room in an eÆient and orderly manner, thelinear model hypothesizes that the maximumow rate out of the room inreasesas the number of people in the room inreases.As the author of the paper suggesting this model aknowledges, the linearapaity funtion model does not represent the fat that for suÆiently largeows, the apaity funtion representing the upper bound of the ow rate shouldderease to zero. (See [3℄.) He stipulates further that, sine this derease oursonly at the upper end of the range of ows, the linear bound model should resultin \no lak of realism."We reasoned, however, that the evauation dynamis of an emergeny allfor an upper bound model that takes large ow values into onsideration{forwhen, other than an emergeny or a pani, would suh large ow values our,and more importantly, when would the question of evauation time be moreruial?6.2 Developing the Quadrati ModelTo this end, we pose a model that assumes the upper bound of the ow rateto be a quadrati funtion of the number of people in the room at time t. ThePage 10 of 19



Team 243evauation problem, using the quadrati model, an be stated as follows:maximize Z T0 f(s)ds (6)subjet to 0 < f(t) < q � r Z Tt f(s)ds � p!2 ; for 0 < t < T (7)In the above equation, the maximum ow rate q ours when the room isoupied by some optimal apaity p people. The motivation for the quadratirests on two assumptions: 1) The upper bound dereases when the number ofpeople in the room is substantially less than p beause the time it takes peopleto walk to and through the exit beomes non-negligible ompared to the totaltime required to evauate all people from the room. 2) Conversely, when thenumber of people in the room notieably exeeds p, the jostling, disomfort, andlimitation of movement that ours redues the ow rate through the exits.The value of the onstant p for a given room depends on its oor spae Ain square feet and a ritial density d, whih is the value in people per squarefoot beyond whih impediment to motion inreases and ow eÆieny dereases.The value of p an be omputed by the equation p = Ad. In our disussion ofthe quadrati model, we assume that d = 0:75. What the exat value of d shouldbe, of ourse, is open to interpretation. We onsider this problem briey in oursuggestions for further study at the end of the paper.The other onstant of importane in the quadrati model is r, whih issomewhat, but not entirely, analogous to the onstant a in the linear model.At this point, it makes sense to rewrite the onstraint of Equation 6 as thefollowing: 0 < f(t) < q � rp2 1� 1p Z Tt f(s)ds!2 ; for 0 < t < T (8)With this formulation, it follows that the onstant a is roughly the sameorder of magnitude as the quantity rp2. We will see shortly that this makessense in the ontext of an example.To solve the evauation problem using the quadrati model, we will assumethat maximum ow ours. The onstraint in Equation 6 thus beomesf(t) = q � r Z T0 f(s)ds � Z t0 f(s)ds � p!2 ; 0 < t < T (9)Di�eretiating both sides twie with respet to t leads to the following di�er-ential equation: f 00(t)f(t) � f 0(t)2 + 2rf(t)3 = 0 (10)Page 11 of 19



Team 243With a little help from MAPLE, and using the initial values f(T ) = q� rp2and f 0(T ) = 0, we get the following solution for the ow rate out of the roomat time t: f(t) =  q � rp2os((t� T )(p�qr + r2p2))! (11)From this result, we an ompute the maximum number of people N whoan exit the room in a time interval T :N (T ) = Z T0 f(t)dt = 0�� tan�Tpr(�q + rp2)� (�q + rp2)pr(�q + rp2) 1A (12)Using the above, we an solve diretly for the the minimum time T it wouldtake N people to exit a struture:T (N ) = �artan��Npr(�q+rp2 )��q+rp2 �pr(�q + rp2) (13)Equations 12 and 13 are the main results of our analysis using the quadratimodel. They allow us to address two of the main questions raised in 5{namely,how long it takes N people to evauate a building and how many people an beevauated from a building in time T .6.3 The Relevane of the Quadrati Model to EmergengyDynamis and \Pani"The above results bring us to an important point. At the beginning of the paper,we made the distintion between a \pani" and the \assumption of orderlyow." In a pani, it is assumed that some people will sustain injury, fall down,or disrupt the ow of the rowd in some related way. The justi�ation we havepresented for the quadrati model, in the ase where the number of people in theroom exeeds the optimal value p, assumes something similar: people pakedtogether at a density greater than the ritial density will slow eah other downin their attempt to evauate a room. Essentially, therefore, we are assumingthat the di�erene between the impediments to ow aused by rowding andthe impediments aused by pani is one of degree. This supposition is reetedin the fat that the quadrati bound for the maximum ow rate as a funtionof the number of people in the room is onave down, whih represents the fatthat every additional person added to a rowd in a given room poses a slightlygreater obstale to eÆient evauation.Page 12 of 19



Team 243To illustrate the preditions of the quadrati model for a normal example,suppose the optimum ow rate q = 6 people per minute, the number of peopleat whih optimum ow ours p = Ad = (1000)(0:75) = 750 people in a roomof size A = 1000 square feet, and T = 6 minutes in whih to evauate asmany people as possible. For purposes of omparison, we will also ompute thenumber of people who an exit in this time predited by the linear rate modelwith b = q = 6 and a = :01. We will take the value of r for the quadrati ratemodel to be a=p2 = :01=(7502) = 1:8� 10�8.Doing so yields N (6) = 540 for the quadrati model and N (6) = 557 for thelinear model. It makes sense that these numbers are not too far apart, sinewe are not dealing with an extreme ase where the number of people evauatedfrom the room greatly exeeds or underuts the ritial value p. More to thepoint, it seems that when p does not deviate signi�antly from Ad, this will beusually be the ase. However, if we set p, for example, to 10�5 and omputethe above example with all other things held onstant, we get N (6) = 501for the quadrati model. By setting p = 10�4, we get N (6) = 195. Thedi�erene in these preditions demonstrates the e�et that inreasing p has onthe maximumnumber of people who an be evauated in a given time preditedby the quadrati model. Rather than foring people out at a higher rate, asthe linear model predits, the quadrati model suggests that a \foring e�et"aused by the e�orts of a paked rowd to evauate a building in a hurry mayatually derease the total number of people evauated by ausing injuries andineÆient ow.6.4 Limitations of the Quadrati Model and Further Con-siderationsLike the linear model, the quadrati model has some important limitations.One is that it is designed to model the evauation of a spae, rather than anentire struture. In our simulation, however, we have managed to apply thequadrati model to a afeteria on our ampus with results that agree with thoseobtained by the onstant rate model. Unfortunately, we did not have the timeto ompare the preditions of the quadrati rate model and the onstant rateor linear model by simulating a \pani" situation in the afeteria. One furtherextension of our projet would be to simulate a variety of pani situations usingthe quadrati rate model, the linear model, and the onstant rate model andompare the results. Ideally, the quadrati rate model should yield evauationtimes for pani situations that are notieably less than those predited by theother two models.Another problem that beame apparent in applying the quadrati model toour afeteria is that when the number of people in the room is signi�antly lessthan the value of p, the simulated people would not go through the exits. Thiswas remedied by using a onstant rate model when the number of people in theroom dropped below 10 and swithing to the quadrati rate model when thenumber of people in the room was above 10.In our model, we estimated the values of p and d. Sine the results given byPage 13 of 19



Team 243our model depend heavily on these two onstants, it is important to �nd ways ofestimating them more aurately. This problem presents a number of di�erentpossibilities for further study that we will mention briey in the onlusion.6.5 How Long is Long Enough?We have models for how long it takes a ertain number of people to evauate aroom or omplex, and if it were given that all the people had to be out by time t,it is a matter of bak-solving and perhaps some trial and error to determine thelargest number n of people that an esape. The diÆult part is determining t.In most ases, t is ompletely unpreditable. For example, someone mightall in a bomb threat and give insuÆient warning (maybe �fteen seonds) formore than a fration of a room to be evauated. Presumably a bomber intendingfor people to esape would give reasonable warning. Otherwise there would beno warning at all, in whih ase there is nothing we an do.In the ase where the air in a room is being polluted with toxins, a fairlygood estimate an be made of t. Given a room of volume V , the amountN of air moleules is given by the gas law PV = NRT , where P is pressure(1 atmosphere), T is the room temperature in Kelvins, and R is the gas onstant.Most toxins of note are lethal in small amounts, so we may assume the pressureis onstant. Denote by r the rate in moles per seond of toxin being reated,and by q the fration of the air whih is toxi. Then:qN = rt or: t = �qVr �� PRT � (14)Under room temperature and one atmosphere, PRT = 41:4 molm3 . Substituting forq the lethal onentration of the toxin yeilds t.For a �re, whih is far more likely for most rooms, we have a \bak-of-the-napkin" alulation for how long the room will �ll up with the toxin CO2.Consider a wood �re. A rough estimation based on amp �res gives that 1 kg ofwood ombusts in 15 min or so into 0.25 kg of CO2, 0.25 kg of water vapor, and0.5 kg of ashes. Dividing by the moleular mass of CO2, we get that ombustionof wood reates about r = 13 mol of CO2 per minute per kilogram of wood, andt omes out to be 600 s per ubi meter of volume divided by the number ofkilograms of fuel. For example, a room 6 m by 12 m by 3 m polluted by thesmoke from 100 kg of burning wood reahes 8% of CO2 in 21 minutes. Thisestimate is very rough and should be improved to take into onsideration theheat and hange of pressure over time. Furthermore, the room will beome veryunomfortable far before it beomes deadly, so 21 minutes is an overestimate t.For referene, a room that size an hold perhaps 100 people, and if there isone door operating at one person per seond, the room an be evauated in lessthan two minutes using the onstant rate model.The example afeteria has a volume of around 15000 ubi meters, and bythe above estimate, it would take 9000 s for it to reah 8% CO2 if a ton of woodwere to burn inside, whih is 2.5 hours. By our estimate it an be evauated in2.5 minutes. Page 14 of 19



Team 2437 Ventillation ModelsThe omfort level of people in a room is another onsideration for the maximumapaity. Aording to our researh, the following atmospheri onditions worthonsidering in determining a legal apaity for a rowded room.� The temperature of the room should be between 65 and 90 degrees Faren-heit. In partiular, the ventillation system should be able to dissipate theheat produed by the bodies of the people inside.� The amount of various toxins in the atmosphere should be kept to harm-less levels. The only one likely to apply to all situations is arbon dioxide(CO2) whih is produed naturally by human respiration. It is reom-mended (in [2℄) that the CO2 level should be below 0.1%. It must be keptbelow 8%, a level whih an be fatal.� If smoking is allowed in a room, additional irulation must be allowedfor.Aording to an air onditioning manual ([2℄), human bodies produe heatat a rate of 60 Watts when asleep to 600 Watts when undergoing strenuousativity. Moderate ativity yields about 100 Watts. The rate at whih a roomdissipates heat depends upon its insulation, what sort of windows it has, andthe power of any air onditioner that ows through it, and must be determinedon a ase by ase basis. Rooms suh as auditoriums whih are used for severalhours at a time should be able to dissipate 100 Watts per person so that thetemperature remains roughly onstant.A ertain amount of fresh air is reommended in [2℄, at least 0.2 liters perseond per person. Fresh air dilutes the CO2 onentration and unpleasantodors. If smoking is allowed in a room, 25 liters per seond per person arereommended.In a tight, enlosed spae, the CO2 produed naturally by human respirationbeomes important. Aording to [1℄, a normal human breath is about 500 s,4.1% of whih is CO2, and the breath takes 4 seonds or so. Thus humansprodue CO2 at a rate of 5� 10�3 mol per seond. Equation 14 in Setion 6.5an be used to estimate the time the room an safely be inhabited with a givenoupany.Consider for example an elevator 3 m by 3 m by 3 m arrying 12 peoplethat beomes stuk and is somehow ompletely air-tight. The people take upabout half its volume. Using Equation 14, it takes about 150 minutes, two andone-half hours, for the CO2 level to reah 8%. Here, the apaity of the elevatormight be limited by the time it takes to get a resue rew in to open it up. Ina ity, suh a resue should not take more than a few minutes. Elevators areusually well-vented anyway, so CO2 build-up will normally not be a signi�antonstraint.The manual [2℄ also states that the fration of oxygen in the air an be al-lowed to derease fairly signi�antly (down to 13%) before it beomes dangerous,so the presene of toxins is the limiting fator.Page 15 of 19



Team 2438 Swimming PoolsIn the ase of an indoor swimming pool, evauation is basially the same as foran open room. People an exit the pool itself on all sides, exept for weakerswimmers who may have to use a ladder. They should be able to ow throughthe exit doors as desribed in Setion 5.In the ase of an outdoor swimming pool, evauation is not muh of a on-sideration. Outdoor pools are evauated mostly to avoid lightning, and there isusually suÆient warning.In both ases, personal spae is the most important safety issue. In thewater, people must move their arms and legs over a greater range of motion tomaneuver than is needed for walking on land. Many swimming strokes limit aswimmer's vision and make ollisions more lilkely. Some swimmers have to wearoats, whih take up additional spae.For swimming pools, we reommend that the area of the pool be divided by3 square meters per person (giving eah swimmer one meter in all diretions tomove) to determine the apaity. A large spae should left open around divingboards and slides, perhaps a irle of 4 meters,9 Capaities for ElevatorsElevators usually have very wide doors and only arry a few people at one.Thus, evauation time is negligible in ase of an emergeny. (The real timeonstraint will be getting the people down the stairs and out of the building,whih is similar to the room problem.) As mentioned in Setion 7, the amountof fresh air available to a small, enlosed plae an plae some limitation on thenumber of people who an stay inside for long periods of time. For elevators,this is only a fator if it gets stuk and resue teams take more than two hoursto ut a hole in the wall.The most important fators would seem to be weight and spae. Elevatorsusually have a weight limit whih is supplied by the manufaturer, and a simpleelbow-room onstraint whih an be alulated by dividing the oor area by0.5 square meters per person.210 Artile for the NewspaperThere are many important onsiderations when determining the maximum o-upany of a room. We all realize the desire to �t as many persons into a roomas possible, but we also must onsider the safety of those oupants. A building�lled past its maximum oupany beomes a modern day Titani, trappingvitims inside its walls.2The ase of an elevator seems fairly straightforward, so we spent most of our time workingon rooms and omplexes. Page 16 of 19



Team 243Our model has been rigorously tested. We onsider both the omfort of theoupants and their ability to leave quikly in an emergeny. Comfort is a fairlystraightforward measure, allowing for personal spae and suÆient ventilation.Building evauation is far more omplex.With building evauation, we had to onsider the possibility of pani alongwith the time it takes to evauate under more strutured onditions. Our modeltakes this into aounts, and provides quite exellent preditions of the timein whih various numbers of oupants ould leave a building. Our model isderived analytially from ommon sense and �rst priniples, but butressed byatual data. The values of predited onstants have been determined by arefulomparison with atual data gathered, ensuring that our model mathes thereal world. The model gives a good math to other previously used methods ofalulating maximum apaity as well.There is always room for disagreement of ourse, as some may feel thatour alulations allow for too little apaity. We stand behind our alulations.Sine our model predits apaities similar to those posted urrently for existingbuildings, it seems reasonable. It would be always possible to inrease theapaity by inreasing the time to evauate, but that is not always aeptable.We predit based on evauation times less than ten minutes, whih we feelis quik enough for most emergenies, and agrees with our alulations andexperiene. It strikes a good balane between getting oupants out quiklyand allowing as many as possible to enjoy the building.11 Conlusion11.1 Strengths and WeaknessesOn the whole, our models are fairly robust, and the quadrati model is a morerealisti modeling tool than the linear bound model, sine it more auratelysimulates pani. Unfortunately, we did not have time to test them on as manyatual strutures as we would have liked. The quadrati model, additionally,yields questionable results for large values of room oupany. Hopefully, themodel ould be modi�ed with more simulations on existing strutures.11.2 ReommendationsThere are a number of di�erent possibilities for further study presented byour models. For the quadrati model, we ould extend an analysis of how todetermine the value of p to a more omprehensive understanding of how the\foring e�et" operates to slow the evauation of a paniked rowd. Also, weould develop tehniques for measuring the value of the ritial density d, suhas observing how many people an evauate a building in di�erent time intervalsT , and using that data to estimate the ritial value at whih maximum owours. Page 17 of 19



Team 243For improving our analysis of the omfort problem, we ould develop waysto better estimate the time a room takes to beome overheated our stu�y.A The Computer Simulation of EvauationTo test the evauation times of omplexes of rooms, we wrote a simulationengine in Python. It represents rooms onneted by doors. Objet orientedprogramming tehniques allow us to use diferent kinds of doors (always open,sometimes bloked, variable ow rate, et.) and di�erent strategies of seletinga path out of the building with the same strutural models. Eah door has aqueue of people standing around, waiting to get through. Eah time step, allthe doors \warp" some number of people into the next room. Then, everyonestanding in line is given the opportunity to move to a di�erent line based on theirpereption of the room. A speial room objet is designated the \outside" andthrows an exeption to halt the simulation when a spei�ed number of peoplehave arrived outside. A lass diagram for the simulation is given in Figure 8.
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Figure 8: Class diagram of the simulation in abbreviated UML. Triangles indi-ate inheritane. Hairline arrows indiate \reates."Referenes[1℄ Hughes, G. M. Comparative Physiology of Vertebrate Respiration. Cam-bridge, MA: Harvard University Press, 1963.Page 18 of 19



Team 243[2℄ Jones, W. P. Air Conditioning Engineering. London: Edward Arnold Pub-lishers, 1973.[3℄ A report prepared for the Center for Fire Researh of the National Engi-neering Laboratory.
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