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single ant or bee isn't smart, but their colonies are. The study of
warm intelligence is providing insights that can help humans
manage complex systems, from truck routing to military robots.

wsed to think ants knew what they were doing. The ones marching acrose my kitchen

ounter looked $o confident, | just figured they had a plan, knew whers they were going and

hat needed to be done. How else couwld ante organize highways, build elaborate nests,
stage eple raids, and do all the other things ants do?

urmg ot | s wrong, Ants aren cever lithe engineers, architects, of Wamors after all—at
least not as indriduals. When it comes to deciding whet to do next, most ants don't have a

clug, “If you watch an ant try to accomplish something, you'll be impressed by how inept it
i=," says Daborah M. Gordon, 8 biologist at Stanford University.

How dowe explain, then, the success of Earth's 12,000 or so known ant species? They
ust have learned something n 140 millon YEArS.

Ants arent smant,” Gordon says. "Ant colonies are" A colony can solve problems

nthinkabde for indrvidusl ants, such as finding the shortest path to the best food sounce,
allocating workers 1o different tasks, or defending a territory fram nelghbors, As individuals,
ants might be finy dummies, but as colonies they respond quickly and effectively o their
srvirarment, They do it with something called swarm Intelligence,

ara this intelligence comeas from raises a fundameanial guestion in natura: How do the
simple actions of individuals add up to the complex behavior of a group? How do hundreds
ol honeybees make a crillcal decision about thelr hive I many of them disagres? What
enables a school of herng to coordinate its movements o precisely it can change direction
in & fash, like a single, slivery organism? The collective ablifies of such animals—none of
which grasps the big picture, but each of which contributes to the group’s succese—seem

miraculous even io the biologists who know them best. Yet during the past few decades,
esearchers have come up with infriguing msights.

Cine key to an ant colony, for examgple, is that ne one's in charge, Mo generals command ant
arriors, Mo managers boss ant workers, The guean plays no role except o lay aggs. Even
ith half & millien ants, a colony functions just fine with no management &t all—at least none
hat wa waolld rﬂmgnﬁ!a It relias instead upon countless interactions batwaan individual

ants, each of which is following simple rules of thumb. Scientists describe such a system as
alf- nfgammg

onskder the problem of jolb allocation, In the Arzona desert whera Deborah Gordon studies
ed harvester ants (Pogonomyrmex berbatus), & colony calculates each moming how many
orkers o send out foraging for food. The number can change, depending on conditions
Have foragers recently discovered a bonanza of tasty seeda? More ants may be needed to
haul the bounty homa. Was the nest damaged by a starm last night? Additional
aintenance workers may be held back to make repairs. An ant might be & nest worker one
day, a trash collactor tha naxt Buf how does a colony make such adjustmants if no ona’s in
harge? Gordan has a theory




antannae ta find out if the other belongs 1o the same nest and where it has bean warking.
[Ants that waork outside the nest smell different from those that stay inside, ) Before they
save tha nest each day, foragers normally wait for early morming patrollers to réturn, &s
patrollers enter the nest, they touch antennae briefly with foragers

'hen a forager has contact with & patroller, if's a stimulus for the forager to go owt”
brdon says. "But the farager needs several contacts no moare than len seconds apart
befare it will go out."

o see how this works, Gordon and her collaboratar Michael Sreene of the Unmwersity of
Colarado at Danvar captured patroller ants as they laff a nest one moming. After waiting half
an hour, they simulated the ants’ return by dropping glass beads into the nest entrance at

agular intervals—some coaled with patroller scent, some with maintenance worker scent,
some with no scent. Snly the beads coated with patroller scent stimulated foragers to |eave

he nasl. Their conclusion: Foragers use the rate of thair encountars with patrollers to tell if
it's safe to go out {If you bump into patrollers at the right rate, it's time to go foraging. if not,
batter wait. |t might ba toa windy, or thera might be a hungry lizard waiting out thara ) Cnce
he ants start foraging and bringing back food, other ants join the effort, depending an the
ate at which they encounter returning foragers.

A forages won't come back until it finds something," Gordon says. "The less Tood there is,

the longer it takes the forager to find it and get back The more food there s, the faster it
ames back S0 nobody's deciding whather il's a good day to forage. The collectiva is, bul
o particular ant = *

hat's how swarm intelligence works: simple creatures following simple rules, each one
acting on local information. Mo ant sees the big picture. Mo ant talls any other ant what to
do, Some ant species mey go about this with more sophistication than others, | Tempothoras
albipannis, for example, can raie the quality of a potential nest sibe using multiphe criteria. )
But the botiom line, says lain Couzin, & biclogist at Cwford and Princeton Universities, is that
o leadership s raguired. "Even complex behavior may be coordinated by relativaly simpla
nteractions” he says,

nspired by the elegance of this idea, Marco Dongo, & computer schentist at the Liniversité

Libre in Brussals, used his knowledge of ant behawvior in 1281 to create mathematical

procedures for sohing parbicularty complex human problems, such as routing trucks,
eduling aifines, or guiding military robots

n Houston, for example, 8 company named Amencan Air Liquide has been using an ant-
based strategy 1o manage & complex business problern, The company produces Industrial
and medical gases, mostly nitrogen, cegygen, and hydrogen, &t abowt a8 hundred locafions in

he United States and delivers them [o 6,000 sies, using pipelines, rallcars, and 400 trucks.
Dieregulated power markets in some regions (the price of electricity changes every 15

inutes in parts of Texas) add vel another layer of complexity
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2 Right now in Houstan, thie price 5 $44 a megawall foran indusinial customer” says
harles M. Harper, who oversees the supply system at Air Liquide. "Last night the price
Fimld Moias: Millar ent up to $64, and Mﬂl'lﬂﬂj' wihen the cold front came through, It went up to 210." The
Did You Know? ompany needed away to pull it all fogether.

Phata Gallery

Learn More orking with the Bios Group (now MuTech Solutions), & firm that specialzed in artificial

nledligence, Air Liquide developed a computer model based on algorithms inspired by the

“foraging behavior of Argentine ants (Linepithama humite), a species that deposits chemical
ubstances called pheromanes

WWihian these ants bring food back Lo the nest, thiry lay & pheromane trall thal tells other ants
o go get more food," Harper explains. "The pheromans trail gets reinforced awary time an
geees out and cormes back, kKind of ke winen you wear @ radl in the forest to collect wood
S0 we developed a program that sends cut Billions of softeare ants to find out where the

phercmone trails are sirongest 1of our truck routes,”

hnts had evolved an efficient method to find the besi routes in thelr neghborhioods 'ln"'ll"h:p' nal
follow their example? So Air Ligude combined the ant approach with other artificial
Inlelligence lechniques 1 consder every permutation of plant scheduling, wealher, and
truck routing—millions of possible decisions and outcomes a day. Every night, forecaste of
‘oustomer demand and manufacturing costs ang fed into the model

It takes four hours to run, evan with the biggest computers we have," Harper says. "But at
‘six o'clock every moming we get a solution that says how we're going to manage our day.®

For truck drivers, the new system took some gething used 1o Instead of delwenng gas from
the plant closest to a customar, as they used to do, drivers ware now asked to pick up
shipments from whichever plant was making gas at the lowest delivered price, even if it was

farthes away,



ou 'want me 1o anve a nundred miesy 1o the arvers, [Dwaant INUAYe Ranper says, =
ar the company, the savings have been imprassive. "IU's huge, It's actually huge.™

her companias also have profited by imitating ants. In Haly and Switzerland, feets of
rucks carrying milk and dairy preducts, heating oll, and groceries all use ant-foraging rules
to fid the best routes for delivesias. In England and France, telaphone companies hava
ade calls go through faster on their networks by programming messages to deposit virtual
pharemaonas at swilching stations, just as ants leave signals for other ants to show tham the
trails,

In the U.&., Southwest Airlines has tested an ant-based model to Improve service at Sky

Harbor Intemational Alrport in Phoanix. With about 200 aircraft a day taking off and landing

on two rumways and using gates at three concourses, the company wanted to make sure
hat each plane got in and out as quickly as possible, evan if it arrived eary ar late.

People don't like baing only B00 yards away from a gate and having to sit out thare undil
another aircraft leaves," says Doug Lawson of Southwest. So Lewson created a computer

adel of the airpar, giving each aircrafl the abdlity to remamber how long it ook to get into
and away from each gate. Then he set the model in motion to simulate a day's activity

g planes are like ants searching for the best gate.” he says, Bul rather than leaving
irtual pheroamones akong the way, each aircraft remembers the faster gates and forgets the
slower ones, After many simulations, using real data to vary amrival and depariure fimes,
zach plane learned how to avoid an infolarable wait on the tarmac. Southwest was 5o
pheased with the outcome, it may use a simikar model to study the ticket counter area

EN IT COMES TO SWARM imtelligence, ants aren't the only insects with something

saful to teach us. On a small, breezy sland off the southern coast of Maine, Thomas
Sesley, a biologist at Cornell University, has been kooking into the uncanny ability of
heneybees o make good decisions, With as many as 50,000 workers In & single hive,

ocneybees have evoheed ways to work through indnidual differences of opinion to do what's
best for the colony, If only people could be as effective in boardrooms, church commitiees,
and town mesetings, Seeley says, we could avoid problems making decisions in our ocwn
IS

Diuring the past decade, Seeley, Kirk Visscher of the University of Callformea, Riverside, and

others have been studying colonies of honeybees (Apiz melifera) fo see how they choose 8
&w e, In kate spring, when a hive gets too crowded, a colony nermally splits, and the

queean, some drones, and about half the workers fly a short distance to cluster on a tree

branch. There the bees bivouac while a small percentage of them go searching for new real

pstate. |deally, the site will be a cavity in a trea, well off the ground, with a small entrance

hole facing south, and lots of room inside for brood and honey. Once & colony selects a site,
usually won't move again, so it has to make the right choizce.

o find owt how, Seeley's team applied paint dots and tiny plastic tags to identify all 4, 000
2% in each of several small swarms that they ferried to Appledore stand, home of the
Shoals Marine Laboratory. There, in a series of expanments, they released each swarm o
locate nest bowes they'd placed on one Side of the hall-mile-long (one Kilometer) skand,

vhich has plenty of shrubs but almost no trees or other places for nests.




n one test they put out five nest boxes, four that weren't quite big enough and one that was
just about perfect. Scout bees soon appeared at all frve. When they returned 10 the swarm,
‘each performed a waggle dance urging other scouts fo go have & look. (Thess dances
include a code ghving directions 1o & box's location, | The strength of each dance reflacted
the scouf's enthusiasm for the site. After a while, dozens of scouts were dancing their litle

eel off, some for one site, sem Ter anothes, and @ amall cloud of bees was buzzing arcund
each bod.
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e I : he decisive moment didn't take place in the main cluster of bees, but out at the boxes,
Phaoto Gallery hafa scouts wara building up. As soon as the nrumbar af scouts visible near the antranca
Eimld Motes Miller ito & box reached about 15—a threshold confirmed by other experiments—the bees at that
Did You Know? ho sensed that a quorum had baen reached, and they returned to the swarm with the
B
Learn Mo

It was a race " Seeley says, “Which site was going fo bulld up 15 bees first?

EScoints from thie chosen Box then spread 1Flﬂ:|l.|{:|'| thie swearm, signaling that i was time to
move. Once all the bees had warmed up, they lifted off for their new home, which, to no
ofie's surprise, turned out 1o be the best of the Tve Bodes,

he bees’ nules for decislon-making—3seek a diversity of oplions, encourage @ fres
ompettion among ideas, and use an effective mechanism to nammow choices—so
Impressed Sealay thal he now uses them at Cormell &5 chalrman of his departrmen

' applied whiat Peé eamed from the bees bo run facu iy reetings,” he says To #vald
‘going into a mesting with his mind made wup, hearing only what he wants to hear, and
prEssuring people to contorm, Seakey a5ks his group o weniify all the possibiities, Kick their
tideas around for & whilke, then vote by secret ballot. "i's exactly what the swamm bees do,
‘hich ghees & group fime to bl the best ideas emerge and win, People are usually quite
“amenable to that®

n fact, almost any group that follows the bees’ rules will make itselif smarer, says Jamss



iSurowiecki, author of The Wisdonr of Crowds. “The analogy is really quite powerful The
bees are prédicting which nest site will be best, and humans can do the sama thing, even in
he face of exceptionally complex decisions.” Investors in the stock market, acientisis on a
ssgarch project, even kids at a county fair guessing the number of beans in a jar can ba
smart groups, he says, if thelr members are diverse, independent minded, and use a
achanism such as voling, auctioning, of avaraging to reach a callactive decision

ake bettors at a horse race, Why ara they so0 accurate at predicting the cutcome of a Rce?
A1 the moment the horses leave the starting gate, the odds posted an the par-muiuel board,
which are calculated from all bets put down, almost always predict the race's oulcoma:
Horses with the lowest odds nermally finish first, those with secand lowest odds finish
sacond, and so0 on. The reason, Surcwiecki says, is that pari-mutuel betling is a nearly
perfect machine for tapping into the wisdom of the crowd,

If you ewer go to the track, vou find a really diverse group, experts who spend all day
parusing daily raca forms, paople who know somathing about some kinds of horses, and
others wio are betting at random, like the woman who only likes black horses,” he says
Like eas rying to make a decision, bettors gather all kKinds of information, disagree with
one angther, and distill their collective judgment when they place their bets,

hat's why it's so rare to win on a long shot

HERES & SMALL PARK near the White House in Washington, D.C., where | like to watch
noks of pigeons swirl over the traffic and trees, Sooner or |ater, the birds come 1o rest on

ledges of buildings surrounding the park. Then something disrupts them, and they're off
again In synchronized fight

he birds don't have & leader, Mo pigeon is telling the others what to do, Instead, they're
each paying clese attention to the pigeons next to them, each bird following simple rules as
hey whesl across the sky, These rules add up fo another kind of swarm intelligence—one
hat has less to do with making decisions than with precisely coordinating movemeant

Craig Reynolds, a computer graphice ressarcher, was curious about what these rules might
b, S0 i 1088 he created a deceplively simple steering program called boids, In this
simulation, generic birdlike objects, or boids, were each given three instructions: 1) avoid
crowding nearby boids, 2) My in the average direction of nearby bolds, and 3) stay close 1o

earty boids. The result, when set in motion on 8 computer screen, was a convincing
simukation of lecking, including lifelike and unpredictable movemants

01 fha time, Reynolds was looking for ways 1o depict animals realistically in TV shows and
films. (Batman Returns in 1882 was the first movie to use his approach, porraying a swarm
of bats and an army of penguing. ) Today he works at Sony doing research for games, such
a5 an algorthm that simuletes in real fime as many as 15,000 interactng birds, fish, or

By demonstrating the powar of salf~organizing models to mimic swarm behavior, Raynalds
vas also blazing the trail for robotics engineers, A team of robots that could coordinate its

actions lika a flock of birds could offer significant advantages over a solitary robol Spread

out over a karge area, & group could functicn as a powerful moblle sensor net, gathering




nformation about what's owt there, If the group encountered something unexpected, it could
tadjust and respond quickly, even if the robots in the group weren't vary sophisticated, just
‘8= ants are able to come up with varous options by tnal and emor. If one member of the
Sgroup ware to break down, othars could take its place. And, most imporant, control of tha
“group could be decentralized, not dependent on & leader,

In biology, If you kook &t groups with large numbers, there are very few examples where
wou have a central agent,” says \Vijay Kumar, a professor of mechanical enginearing at the
niversity of Pennsylvania, "Everything |s very distributed: They don't all talk to each other
| They act on local infermation. And they're all anonymous. | don't care who moves the chair,
a5 long &s somebody moves the chair, To go from one mobot to multiple robots, you need al|

hrea of those ideas.”
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= 5 — . Wikhin fhve years Kumar hopes 1o put a networked team of rabotic vehiches in the Nekd, One
Phato Gallery purpose might be as first responders. “Let's say there's a 911 call,® he says. "The fire alarm
Finld Moles: Millar qees off. You don't wanl humans 1o respond, You wanl machines 1o respond, 1o tell you
Did You Know? vhat's happening. Before you send firemen into 8 burmning building, why not send in & group
of robatsT
Learn hors

aking this [dea one step further, Marco Dorgo's group in Brussels is leading @ European
affort to create a "swarmanoid,” a group of cooperating mobots with complementary abilities:

oot-bots” to franspor things on the grownd, "hand-ats” 1o climb walls and manipuiales
objects, and “eye-bots” to fly arownd, providing information to the other wnits.

he mifitary is eager to acquire similar capabiliies. On January 20, 2004, researchers
eleased a swanm of 66 pint-size robots Into an emply office buikding Fart A P. Hill, &
itraining center near Fredenckeburg, Virginia. The mission: Find targets hidden in the

Ipping down the maln hallway, the fost-long (0.3 meter) red robols pleated this way and
that on thewr three wheels, resembling nothing so much as large insects. Eight sonars on
sach unit helped them avord colllgions with walls and other robots. A% they spread out,
“entering cne room after another, each robot searched for objects of interest with a small,
MEb-glyle Camera When one robot encountered another, it used wireless netwark gear to

“exchange information. ("Hey, I've already explored that part of the building. Look
arnesiers else')

f the back of ane room, 8 robot spotted something suspicious: a pink ball in an open closel
(the swarm had been trained to look for anything pink). The robot froze, sending an imaga to
Its hurman supervisor. Soon several more robots arrved to form a permelter around the pink
intruder. Within half an hour, all six of the hidden objects hed been found. The research
team conducting the experirment deckared [he run & success Then lht"‘y started & new best




ha demaonstration was part of the Centibots project, an investigation to see if as many as a

undred robots cowld collaborate on & mission, Ifthey could, teams of robots might

omeaday be sent inta a hostile village to fush out terrorists or locate prisonars, into an

“earthquake-damaged building to find victims; onfo chemical-spill sites o examine hazardous
aste; or along bordars to waltch for intruders. Military agencies such as DARPA (Defensa

havanced Research Projects Agency] have funded a number of rebolics programs using

allaborative Nocks of halicopters and fixed-wing aircraf, schools of torpedo-shaped
ndersiater gliders, and herds of unmanned ground vehicles, But at the time, this was the

argast swarm of nbots ever testad.

en wa started Ceanfibots, wa weara all thinking, this is a crazy idea, it's impossible to doa,”
says Régis Vincent, a researcher at SR1 International in Menlo Park, California. "Now we're

looking to see ifwe can do it with a thousand rolbots.™

M MATURE, OF COURSE, animals travel in even larger numbers, That's because, as
emiers of a big group, whether it's a flock, school, or herd, individuals increase their

hances of detecting predators, finding food, [scating a mate, or fallowing & migration route
or these animals, coordinating their movements with one another can be a matter of life or

death,

It's much harder for a predator o avold being spolted by a thousand fish than if s to avold

being spotted by one," says Danial Grinbaum, a biologist at the University of Washington.

lews that @ predator |$ approaching spreads quickly through a school because fish sense
from their neighbors that something’s geing on.”

an & predator strikes a school of fish, the group is capable of scattering in pattems that
ake (L almost impossible to track any individual, It might explede in a Nash, create a kind of
aving bubble around the predator, or fracture into multiple blobs, before coming back

together and swimming away.

Animals on land do much the same, as Karsten Heuer, a wildife bologist, observed in 2003,
‘hen he and his wife, Leanne Allison, followed the vast Porcupine canbou herd (Rangifer
arandus grantl) for five months. Traveling more than & thousand miles (1,600 kilometers)
fith the animals, they documented the migration from winfer range in Canada's northem
ukon Terdiory to calving grounds In Alaska's Arctic Mational Wildlife Refuge

It's difficull to describe in words, but when the herd was on the move it looked wery much
ike 8 cloud shadow passing over the landscape, or a mass of dominoes toppling over at the
Sarme tirne and changing direction,” Karsten 58ys. "It was as though every animal kKmnew whal
its neighbor was going to do, and the neighbor beside that and beside that Thers was no

anticipation or reaction. No cause and effect. It just was."

Crie day, a& the herd funneled through a gully at the trea line, Karsten and Leanna spotted
a wolf creeping up. The herd responded with & clessic swarm defense.
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Ag soon as the wall got within a certain distance of the caribou, the herd's alerness just

iture Main Heae

. S
Fhato Gallery ckyrocketed " Karsten says. "Mow there was no movement. Every animal just stopped,
Field Motes: Miller icormplataly vigilant and watching ™ A hundred yards (20 meters) closer, and the wolf crossed
another threshold. “The nearest carbou tumed and ran, and that response moved like &
G EIRET A ave thraugh the entire herd wuntil they were all running. Reaction times shifted inlo anothear
ealm. Animals closest to the walf &t the back end of the herd looked like a blanket

Learn Mo
nrayvaling and tattering, which, from the wolf's perspective, must have bean extremely

; confusing.” The wolf chased one carbou after another, kosing ground with each change of
targel In the end, the hard escaped ower the ridge, and the wolf was left panting and

“gulping snow
For each caribou, the stakes couldnt have been higher, yet the herd's evasive maneuvers
displayed not panic bul precision. (Imagine the chaos if a hungry wolf weare releasad inte a
crowd of people j Every canbou knew when it wasa time to run and in which direction to go,
tewven if it didn't know exactly why. No keader was responsibla for coordinating the rest of the

erd. Inatead each animal was following simple rules evalved over thousands of years of

alf attacks.
hat's the wondaful appeal of swarm intelligance. Whethar vwe'ra talking about ants, bees,
phgeons, or canbou, the ingredients of smart group behavior—decentralized control,
responsa to local cues, simpla rules of thumb—add up to a shrewd strategy to cope with

complexity
We don't even know yel what else we can do with this,” says Ero Bonabeal, @ complexity




heaorist and the chief scientist at [cosystem Corporgtion in Cambridge, Massachusetts,

g're not used to soalving decentralized problems in a decentralized way. We can't control
an emergent phenomenon like traffic by putting stop signs and lights everywhere, But the
idea of shaping traffic as a self~organizing system, that's very axciting ™

ocial and political groups have already adopted crude swarm tactics. During mass prolesls
sight years ago in Seattle, anti-globalzation activists used mobile communications devices
to spread news quickly about police movements, wirning an othanwise unruly crowd into a
amart maok” that was able to disperae and re=form like & achoal of fish

he biggest changes may be on the Intemet. Consider the way Soogle uses group smarts
a find what you're leoking for. Whan you typa in a saarch query, Google surveys billions of
eb pages on ifs index servers to identify the most relevant ones, it then ranks them by the
umber of pages that nk o them, counting links as voles {the most popular sites get
veighted wotes, since they're more likely to be rafiable), The pages that receive the most
‘obes are listed first in the search results. In this way, Google says, i "usas the collective
intelligence of the Web to determine & page's importance.™

kipedia, a free collaborative encyclopedia, has also proved to be a big success, with
milkons of artiches in mare than 200 languages about avarything under the sun, each of
vhich can be contributed by anyone or edited by anyone. "It's now possible for huge
umbers of pacpla to think together in Ways we never imagined a few decades ago,” says
homas Malone of MIT's new Center for Collective Intefligence. "No single person knows
gvarything thaf's needed to deal with problams wa face as a society, such as health care or
limate change, but collectively we know far more than we've been able to tap so far”

Such thoughts underling an imporiant truth about collective intelligence: Crowds tend to be
ise anly if individual meamibers act responsibly and make their own decisions. A group
on't be smart if its members imitate one another, slavishly follow fads, or wait for someone
0 tell them what to de. When a group is baing intelligant, whether ifs made up of ants or
attormeys, it relies on its members to do their own part. For those of us who sometimes
ander ifit's really worth recycling that exira botthe o lighten owr impact on the planst, the
botiom line is that our actions matter, even if we don't see how.

hink about & honeybes gs she walks around ingide the hive. i a cold wind hits the hive,
=ha'll shiver to ganarate heat and, in tha process, help to warm the nearby brood. She has
no idea that hundreds of workers in other parts of the hive are doing the same thing at the
sama time to the banef of the next generation

A honeybee never seas the big pickure any more tham you or | do," says Thomas Seeley,
he bee expert "Mone of us knows whal society a5 a whole needs, bul we 0ok around and
eay, oh, they need someone to voluntear at school, or mow the church lawn, or help in a

political campaign.”

j'ﬂl.l'l"l hMIny Tor & role model ina warkd of tﬂr'l'lpiﬂiﬂiﬂ'_n'. e aould do worse than 1o imitate
8 bea.




