CMSC 425 Dave Mount

CMSC 425: Lecture 19

Artificial Intelligence for Games: Multiple Agent Motion
Tuesday, Apr 16, 2013

Reading: Today’s material is drawn from a variety of sources. Some of the materiphdicle systems is
drawn from lecture notes by Alex Benton from the University of Cambriglge the classic paper “Particle
Systems: A Technique for Modeling a Class of Fuzzy Obijects,” by W. BvB& ACM Transactions on
Graphics 2, 1983, 91-108. The material on flocking is based in part on C. Wh&eéy, “Flocks, Herds,
and Schools: A Distributed Behavioral Modetomputer Graphics21, 25-34, 1987. The material on
reciprocal velocity obstacles is taken from J. van den Berg, S. Guy;.Min, D. Manocha, “Reciprocal
n-body Collision Avoidance,Proc. Int. Symposium of Robotics Resedi&RR), 2009.

Recap: In the previous lectures, we have discussed techniques for computingptian of a single agent.
Today we will discuss techniques for planning and coordinating the motionuitiple agents. In
particular, we will discuss three aspects of this problem:

Particle systems. Modeling (unintelligent) motion for a collection of objects
Flocking behavior: Where all agents are moving as a unit

Crowd behavior: Where a number of agents, each with their own desired destination, are & mov
without colliding with each other.

Particle Systems. A patrticle systems a technique that uses a large number of small graphical artifacts,
calledparticles to create a large-scale, typically “fuzzy,” visual effect. Examplesppiiaations of
particle systems include many amorphous natural phenomena such asdike, svater, clouds, and
explosions. In these examples particles are born and die dynamically,evatatre also variants of
particle systems where particles are persistent. These are used togstaticc phenomena such as
galaxies or “stringy” phenomena such as hair, grass, and other plants.

A fundamental principle that underlies particle systems is that our brainsdehgster an aggregation
of similar objects into the impression of a single impression. Thus, the many indiwehter drops
that cascade down a flowing fountain are perceived as a flowing sobaater (see Fig. 1).

Fig. 1. A particle system simulating the flow of a liquid.

Note that particle systems do not really belong in this lecture on artificial intetlgyesince their
behavior is based solely on physical laws, and not on any model of intetlligdnavior. Nonetheless,
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we have decided to discuss them here because they do represent arcteonmique for generating
interesting patterns of movement in games and other applications of interemtiymiter graphics.

Particle systems are almost as old as computer games themselves. The hesy 2dimensional
games, such aSpacewarlandAsteroidssimulated explosions through the use of a particle system.
The power of the technique, along the term “particle system,” came aboneinfdahe special effects

in the second Star Trek movie, where a particle system was used to simulaesjpréading across
the surface of a planet (tlgeenesis effelt

How Particle Systems Work: One of the appeals of particle systems is that they are extremely simple to
implement, and they are very flexible. Particles are created, live and mowedayg to simple rules,
and then die. The process that generates new particles is callettittar For each frame that is
rendered, the following sequence of steps is performed:

Emission: New particles are generated and added to the system. There may be multipkessafu
emission (and particles themselves can serve as emitters).

Attributes. Each new particle is assigned its (initial) individual properties that affestthe particle
moves over time and is rendered. These may change over time and includibawvef:

Geometric attributes: initial position and velocity

Graphicsattributes. shape, size, color, transparency

Dynamic attributes: lifetime, influence due to forces such as gravity and friction
Death: Any particles that have exceeded their prescribed lifetime are removedlffisystem.

Movement: Particles are moved and transformed according to their dynamic attributbsasgrav-
ity, wind, and the density of nearby particles.

Rendering: An image of the surviving particles is rendered. Particles are typicallyereddas a
small blob.

In order to create a natural look, the process of emitting particles anddiymasent of their attributes
is handled in the probabilistic manner, where properties such as the locatiorelcity of particles
being determined by a random number generator.

Particle system can be programmed to execute any set of instructionh ateacbut usually the dy-
namic properties of particles are very simple, and do not react in any complener to the presence
of other particles in the system. Because the approach is procedural jitoceporate any computa-
tional model that describes the appearance or dynamics of the objeaxa&maple, the motions and
transformations of particles could be tied to the solution of a system of paiffexieshtial equations.
In this manner, particles can be used to simulate physical fluid phenomdnasuater, smoke, and
clouds.

Updating Particlesin Time: There are two common ways to update particles over time.

Closed-form function: Every particle is represented byparametric functiorof time (and coeffi-
cients that are given by the particle’s initial motion attributes. For examplendhe particle’s
initial position py, its initial velocity vectoryy, and some fixed field force (representing, for
example, the affect of gravity) the position of the particle at tinoan be expressed in closed
form as:

1
p(t) = po+ vot + §gt2.
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(If you have ever taken a course in physics, this formula will be familiar 1@ yénot, don’t

worry how it was derived. It is a simple consequence of Newton’s basis & motion.) On
the positive side, this approach requires no storage of the evolving étidte jparticle, just its
initial state and the elapsed time. On the negative side, this approach is very liamtedoes
not allow particles to respond to each other or their environment.

Discreteintegration: In this type of system, each particle stores in curpntsical state This state
consists of the particle'surrent positionwhich is given by a poing, its current velocity which
is given by a vectop, and itscurrent accelerationwhich is given by a vectad. (Acceleration
should be thought of as the accumulated effect of all the forces actirtbeoparticle. For
example, gravity tends to decrease the vertical component of the velodigiraesistance tends
to decrease the particle’s absolute velocity, without altering its direction.) aiveélen update
the state over a small time intervadly (for example, the elapsed time between two consecutive
frames). By the basic laws of kinematics (which we may discuss later this sejneste

vV = v+a- At and p = p+uv-At

wherep’ andv’ denote the particle’s new position and velocity, respectively. (Deperating
your implementation, you may also need to update the forces acting on the pamticlgpdate
acceleration as well.)

Flocking Behavior: Next, let us consider the motion of a slightly smarter variety, narflebking We
refer to flocking behavior in the generic sense as any motion arising wheoug of agents adopt
a decentralized motion strategy designed to hold the group together. Suavidyeis exemplified
by the motion of groups animals, such as birds, fish, insects, and otherdf/perding animals (see
Fig. 2).

Fig. 2: An example of complex emergent behavior in flocking.

In contrast to full crowd simulation, where each agent may have its owndagen flocking it is
assumed that the agents &i@mogeneoyghat is, they are all applying essentially the same motion
update algorithm. The only thing that distinguishes one agent from the niadiigosition relative
to the other agents in the system. It is quite remarkable that the complex formfdiomsd by
flocking birds or schooling behavior in fish can arise in a system in which egeature is following
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(presumably) a very simple algorithm. The apparently spontaneous tjeneshcomplex behavior
from the simple actions of a large collection of dynamic entities is calledrgent behavioMhile the
techniques that implement flocking behavior do not involve very sophisticatelels of intelligence,
variants of this method can be applied to simple forms of crowd motion in gamésaswccrowd of
people milling around in a large area or pedestrians strolling up and dowewaaid

Boids: One of the earliest models and perhaps the best-known model for flockivayior was given by C.
W. Reynolds from 1986 with his work on “boids.” (The term is an intentionalspédling of “bird.”)
In this system, each agent (boid) determines its motion based on a combination of four simple

rules:

Separation: Each boid wishes to avoid collisions with other nearby boids. To achievedad
boid generates eepulsive potential fieldvhose radius of influence extends to its immediate
neighborhood. Whenever another boid gets too close, the force fierietlal will tend to push

them apart.

Separation Alignment Avoidance Cohesion

...... ,, A A
< ng JZ& b i

Fig. 3: Forces that control flocking behavior.

Alignment: Each boid’s direction of flight is aligned with nearby boids. Thus, locastels of boids
will tend to point in the same direction and hence will tend to fly in the same direction.

Avoidance: Each boid will avoid colliding with fixed obstacles in the scene. At a simplest, lexe
might imagine that each fixed obstacle generates a repulsive potentialseddoid approaches
the object, this repulsive field will tend to cause the boid to deflect its flight, pratls avoiding
a collision. Avoidance can also be applied to predators, which may attaclothe It has been
theorized that the darting behavior of fish in a school away from a dheslevolved through
natural selection, since the sudden chaotic motion of many fish can cah&peedator.)

Cohesion: Effects such as avoidance can cause the flock to break up into smalfeyckab To
simulate the flocks tendency to regroup, there is a force that tends to ddwbeid towards
the center of mass of the flock. (In accurate simulations of flocking motiooidadannot know
exactly where the center of mass is. In general the center of attractionenglbime point that
the boid perceives being the center of the flock.)

Boid Implementation: Next let us consider how to implement such a system. We apply the same discrete
integration approach as we did used for particle systems. In particulaasswgne that each boid is
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associated with a state vectgr, v) consisting of its current positiop and current velocity. (We
assume that the boid is facing in the same direction as it is flying, but, if not,tanascribing the
boid’s angular orientation can also be added to the state.) We think of the alleg as imposing
forces, which together act to set the boid’s acceleration. Given thdezation vecton caused by
the boid forces, we apply the same update rulés; v + a - At andp’ = p + v - At, to obtain the
new positionp’ and new velocity vector'.

How are these forces computed? First observe that, for the sakeaémdff, you do not want the
behavior of each boid to depend on the individual behaviors ofithel boids, since this would be
way to costly, taking)(n?) time for each iteration. Instead, the system maintains the boids stored in
a spatial data structuresuch as a grid or quadtree, which allows each boid to efficiently determine
the boids that are near to it. Rules such as separation, avoidance, aligrandyg based on a small
number of nearest neighbor boids. Cohesion requires knowledge aktiter of the flock, but this
can be computed once at the start of each cyc@(im) time.

Since these are not really natural forces, but rather heuristics thatsad to guiding motion, it is
not essential to determine what the laws of kinetics would do. Rather, abchaturally induces a
directional influence. (For example, the force of avoidance is direstagt rom the anticipated point
of impact while the force for alignment is in the average direction that ndaolus are facing.) Also,
each rule can be associated with a strength whose magnitude dependsgiegitiey or inversely,
on the distance from the point of interest. (For example, avoidancesfareevery strong near the
obstacle but drop off rapidly. In contrast, the cohesive force tendstease slowly as the distance
from the center of flock increases.) Thus, given a unit vegtpointing in the induced direction and
the strengths given as a scalar, we can compute the updated acceleration veater ass - u, where

c is a “fudge factor” that can be adjusted by the user that is used to modelurtheecified physical
quantities such as the boid’s mass.

One issue that arises with this or any dynamical system is how to avoid uasdnlegimeaning unnatural
looking) motion, such as collisions, oscillations, and unrealistically high aeti&las. Here are two
approaches:

Prioritizeand truncate: Assume that there is a fixed maximum magnitude for the acceleration vec-
tor (based on how fast a boid can change its velocity based on whabfsanimal is being
modeled). Sort the rules in priority order. (For example, predator/diesasioidance is typically
very high, flock cohesion is low.) The initial acceleration vector is the zexior (meaning
that the boid will simply maintain its current velocity). As each rule is evaluateahpeite the
associated acceleration vector and add it to the current acceleration Jétte length of the
acceleration vector ever exceeds the maximum allowed acceleration, tipeanstoeturn the
current vector.

Weight and clamp: Assign numeric weights to the various rule-induced accelerations. (Amait-
ance is usually high and cohesion is usually low.) Take the weighted sumsef élceelerations.
If the length of the resulting acceleration vector exceeds the maximum allogeedeeation,
then scale it down

The first method has the virtue that, subject to the constraint on the maximefam@ton, it processes
the most urgent rules first. The second has the virtue that every ruohasinfluence on the final
outcome. Of course, since this is just a heuristic approach, the devé&yppeally decides what sort
of approach yields the most realistic results.
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Crowd Simulation: The last, and most interesting, type of motion simulation is that of crowds otagen
Unlike flocking systems, in which it is assumed that the agents behave hoetagsdy) in a crowd it
is assumed that every agent has its own agenda to pursue (see Fay. &afple, we might imagine
a group of students walking through a crowded campus on their way to #adiciasses. Since such
agents are acting within a social system, however, it is assumed that theyndliltdebehave in a
manner that is consistent with social conventions. (I don’t want youtaaianto me, and so | will act
in a manner to avoid bumping into you as well.)

Fig. 4: Crowd simulation.

Crowd simulation is actually a very broad area of study, ranging from woglkme programming and
computer graphics, artificial intelligence, social psychology, and udsehitecture (e.g., planning
evacuation routes). In order to operate in the context of a computer gartie,a system needs to
be decentralized, where each member of the crowd determines its own aadieah din the perceived
actions of other nearby agents. The problem with applying a simple boid-litdrilpbehavior is that,
whereas flocking rules such as alignment naturally produce systemsvthdtcallisions between
agents, the diverse agendas of agents in crowds naturally brings ihectiydinto collisions with
other agents (as in pedestrians traversing a crosswalk from both.sides)der to produce more
realistic motion, the agents should anticipate where nearby agents are manththen plan their
future motion accordingly.

In order to plan such motions, we will next introduce the handy conceatwelocity obstacles and
reciprocal velocity obstacles.

Velocity Obstacles: Suppose that an agents moving in a crowded environment where many other agents
are also moving. We assume thatan perceive the motions of nearby agents and generate rough
estimates on their velocities. Agemtis also interested in traveling to some destination, and (based
on our path finding algorithm) we assume thatas apreferred velocityv;, which it would assume
if there were no other agents to consider.

For the sake of simplicity, we will model agents as circular disks translating ipldree. Consider
two such agentsy andb, of radii r, andr, and currently positioned at poingg andp,, respectively
(see Fig. 5(a)). If we assume that agennoves at velocity,, then at timet it will have moved a
distance of - v, from its initial position, implying that it will be located ai, + ¢ - v,. We will refer
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to this asp,(t).

b B(py — pa,Ta + 1)
/r.b y ‘‘‘‘‘‘‘‘‘‘‘‘ ) ‘‘‘‘‘‘‘‘‘‘‘‘
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Fig. 5: Velocity obstacle fot: induced byb (assuming is stationary).

For now, let's assume that objefetis not moving, that isp,(t) = p, for all t. Let’s consider the
guestion of how to select a velocity farthat avoids hittingh any time in the future. Two disks
intersect if the distance between their centers ever falls below the sumirofatié More formally,
let ||| denote the Euclidean length of a vectar Then||p,(t) — py(t)| is the distance between
pq andp, at timet (that is, the length of the vector fromto a). Thus, the two agents collide if
|lpa(t) — ()| < 7o + 1. By substituting in the definitions @f, (¢) andp(¢), we find that a velocity
v, Will result in a collision some time in the future if there exists a 0, such that

[(Pa + 1t va) = poll < 7o+ 7o (1)

We would like to express the velocitieg that satisfy the above criterion as lying within a certain
“forbidden region” of space. To do this, defid&(p, ) to be the open Euclidean ball of radius
centered at point. That is

B(p,r) = {q:llg—pl <r}.
We can rewrite Eq. (1) as
[t va — (P — Pa)ll < Ta+ 70,

which is equivalent to saying that- v,’s distance from the point, — p, is less than, + r, or
equivalently, the (parametrized) vectorv, lies within a ball of radius-, + r; centered at the point
Py — Pa. Thus, we can rewrite Eq. (1) as

t-vg € B(Pb —Pa;Ta +Tb)’

As t varies from0 to +oo, the vectort - v, travels along a ray that starts at the origin and travels in
the direction ofv,. Therefore, the set of forbidden velocities are those that lie within a ttaatas
centered at the origin and encloses the Bdlb, — po, 74 + 75)-

We define thevelocity obstaclef a induced byb, denoted VQ), to be the set of velocities ef that
will result in a collision with the stationary obje&t

VOup = {v:3t>0,t-v € B(py — pa,7a +7p)}-
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(See Fig. 5(b).)

One problem with the velocity object is that it considers time going all the way toitinfi In a
dynamic setting, we cannot predict the motion of objects very far into thegfut®, it makes sense
to truncate the velocity obstacle so that it only involves a limited time window. Givitmevalue
7 > 0, what the set of velocities that will result in agentolliding with agent at any timef, where

0 < t < 7 is thetruncated velocity obstacle

Voz|b = {U cdt e [077}7 t-ve€ B(pb_payra+rb)}-

This is a subset of the (unbounded) velocity obstacle that eliminates vety \&taities (since
collisions farther in the future result whenis moving more slowly). The truncated velocity ob-
stacle is a truncated cone, where the truncation occurs at the bound#rg @f/7)-scaled ball
B((py —pa)/7, (ra +15)/7) (S€€ Fig. 5(c)). Observe that there is an obvious symmetry here. Moving
a with velocity v will result in a collision with (the stationary)if and only if movingb with velocity

—uv will result in an intersection with (the stationary) Therefore, we have

Collision-Avoiding Velocities: Next, let us consider how the velocity obstacle changégsfmoving. If
we assume thdtis moving with velocityv,, then a velocityy, will generate a collision precisely if
the differences in their velocities, — v, generates a collision under the assumptioniligstationary,
that is,v, — vy € VO - Equivalently,u, will generate a collision it if v, lies in the offset velocity
obstacle ch‘b + vy, (see Fig. 6(a)).

Fig. 6: Velocity obstacles where (a) objdcts moving at velocityv, and (b) object is moving at any
velocity in the sel/,.

We can further generalize this. We usually do not know another objecist @elocity, but we can
often put bounds on it. Suppose that rather than knowgxact velocity, we know thdtis moving
at some velocity, that is selected from a regidn, of possible velocities. (For examplg, might be
square or circular region in space, based on the uncertainty in its motion &sjima
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Let us consider the velocities afthat might result in a collision, assuming thaj is chosen from
V4. To define this set, we first define tMinkowski sunof two sets of vectorsy andY” to be the set
consisting of the pairwise sums of vectors frdfmandY’, that is,

XeY = {r+y:xeXandyeY}.

Then, clearlya might collide withb if a’s velocity is chosen from ng @ V,. Therefore, if we want
to avoid collisions withh altogether, them should select a velocity from outside this region. More
formally, we define the set afollision-avoiding velocitiesor a given thanb selects a velocity from
W is

CALp(Vs) = {v:v ¢ VOp, & Vp}
(see Fig. 6(b).)
Just to recap, if: selects its velocity vector from anywhere outside%@a V, (that is, anywhere
inside CAglb(Vb)), then no matter what velocityselects fronl}, a is guaranteed not to collide with
b within the time interval0, 7|.

This now provides us with a strategy for selecting the velocities of the ageots system:

e Compute velocity boundg, for all nearby agents
e Compute the intersection of all collision-avoiding velocities for these objecsigh

CA] = CAL,(Vh)
b

Any velocity chosen from this set is guaranteed to avoid collisions fromurgwtime 7.
e Select the vector from CAthat is closest ta’s ideal velocityv.

In practice, we need to take some care in the implementation of this last step.thérstwill be
upper limits on fast an object can move or change directions. So, we mdgeriate to select any
velocity we like. Subject to whatever practical limitations we have on what thegwelocity can
be, we select the closest one that lies withinCAf there is no such vector, then we must consider
the possibility that we cannot avoid a collision. If so, we can select a vé@boverlaps the smallest
number of velocity obstacles.

Issues: While this might seem to be the end of the story with respect to velocity obstéuize, are still
issues that arise. One of these issues was hinted at in the last pardgreabes where there are lots
of agents and the velocity estimates are poor, the collision-avoiding areaereyity. There are a
number of strategies that one might consider for selecting a good alternativ

There is a more significant problem with this approach, however, whisbesaeven if we consider
only two agents. The problem is that agents that are moving towards eagtcathengage in a very
unnatural looking oscillating motion. The situation is illustrated in Fig. 7. Two g&re moving to
each other. They see that they are on a collision course, and so thefidive their ideal velocities.
Let's imagine the best-case scenario, where they have successfollyeatheir impending collision
(whew!) as a result of this diversion (see Fig. 7(b)). Now, eacmiagees that the other agent has
diverted from its trajectory and reasons, “Great! The other guy hearedeoff, and | have won the
game of chicken. So, now | can resume on my original velocity” (see F®).78o0, both agents
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Collision We're safe... Collision
ahead! Both divert Resume course ahead! Both divert

| & )

() (b) (c) (d) (e)

Fig. 7: Oscillation that can result from standard velocity-obstacle motiomjrign

return to their original velocity, and they are now right back on a collisiars® (see Fig. 7(d)) and
so again they divert (see Fig. 7(e)). Clearly, this vicious cycle of aiggmg motion will repeat until
they manage to make it around one another.

Although even humans sometimes engage in this sort of brief oscillation wheingheach other
head-on, this sort of repeated oscillation is very unnatural, and is due fadhthat both agents are
acting without consideration for what the other agent might reasonabl&h#oquestion then is how
to fix this?

Reciprocal Velocity Obstacles: The intuition behind fixing the oscillation issue is to share responsibility.
We assume that whenever a collision is possible between two agents, both pgeeive the danger
and (since they are running the same algorithm) they both know how to avoidtheRthan having
each agent assume total responsibility for correcting its velocity, we inasdagach agent to take on
half of the responsibility for avoiding the collision. In other words, each aderirts its path (that
is, alters its velocity) by exactly half the amount needed to avoid the collisioassiimes that the
other agent wilkeciprocate by performing the other half of the diversion. It turns out that thistlyea
reduces the oscillation problem, since two head-on agents will now diréjuough to avoid each
other.

This leads to the concept adciprocal velocity obstacle®Before defining this notion, let us recall the
sets CA,(V4), the collision-avoiding velocities far assuming thati selects its velocity fron¥;,, and
CAg|a(Va), the collision-avoiding velocities fdrassuming that selects its velocity fronv,. We say
that two sets of candidate velociti®s andV;, arereciprocally collision avoidingf

Vo © CAL,(V;) and  V, C CAJ,(Va).

This implies a very harmonious set of candidate velocities, since for angechp< V, andv, € V,,
we can be assured that these two agents will not collide.

Note that there is a complimentary relationship between these two candidatésse#s.increase the
possible velocities iV, we reduce the possible set of velocities thaan use to avoid a collision,
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and vice versa. Of course, we would like be as generous as we caiviby each agent as much
flexibility as possible. We say that two such candidate velocity seteaigrocally maximaif

Va = CAL, (V) and  V, = CAj,(Va).

Note that we face a tradeoff here, since we could makeery large, but at the expense of makivig

very small, and vice versa. There are infinitely many reciprocally maximal iolles/oiding sets. So
what should guide our search for the best combination of candidate Rets#tl that each agent has

its preferred velocityy; andv;. It would seem natural to generate these sets in a manner that gives
each agent the greatest number of options that are close to its prefeloetty. We seek a pair of
candidate velocity sets that asptimalin the sense that they provide each agent the greatest number
of velocities that are close to the agent’s preferred velocity.

There are a number of ways of making this concept more formal. Here is@mesider two pairs
(Va, Vi) and (V,, V}/) of reciprocally maximal collision avoiding sets. For any radiusB (v}, r)
denotes the set of velocities that are within distanoé a’s preferred velocity and3(v;, ) denotes

the set of velocities that are within distancef b's preferred velocity. The quantity arégNB (v}, r))

can be thought of as the “number” (more accurately the measure) oideamdelocities for that

are close (within distance of its preferred velocity. Ideally, we would like both atéan B(v}, 7))

and are@l, N B(v;,)) to be large, so that both agents have access to a large number ofguteferr
directions. One way to guarantee that two numbers are large is to guatiaatdéleir minimum is
large. Also, we would like the paifV,, V;) to be fair to both agents, in the sense that @rga
B(v;,r)) = aredV, N B(v;,r)). This means that they both agents have access to the same “number”
of nearby velocities.

Combining the concepts of fairness and maximality, we say that & Yaai¥},) of reciprocally maxi-
mal collision avoiding sets igptimalif, for all radii » > 0, we have

Fair: aredV, N B(v;,r)) = aredV, N B(v;,r))
Maximal: For any other reciprocal collision avoiding $&f;, V),

min(aredV,NB(v},r)),aredV,NB(vi,7))) > min(aredV,NB(v},r)),aredV,NB(v;,7))).

Now that we have defined this concept, it is only natural to ask whetheawaedmy hope of comput-
ing a pair of sets satisfying such lofty requirements. The remarkable amswyes, and in fact, it is
not that hard to do! The solution is described in a paper by J. van dep BelC. Lin, D. Manocha
(see the readings at the start of these notes). They defimgtiamal reciprocal collision avoiding pair
of candidate velocities, which they denote (@YRCA],,, ORCA/, ), to be a pair of velocity sets that
satisfy the above optimality properties.

They show how to compute these two sets as follows. First, let us assumestpattbrred velocities
of the two agents puts them on a collision course. (This is just for the saltligifation. The
construction works even if this is not the case.) Thatfs- v; € VO,. Clearly, we need to divert
one agent or both to avoid the collision, and we will like this diversion to bereadl sis possible. Let
u denote the vector on the boundary of Mglhat lies closest to; — v; (see Fig. 8(a)). Since \@0

is just a truncated cone, it is not too hard to compute the vectdiThere are basically two cases,
depending on whether the closest boundary point lies on one of théd#at@ on the circular arc at
the base.)
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VOZIb ORCAJ,
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*

Fig. 8: Computing an optimal reciprocal collision avoiding pair of candidakecitéies.

Intuitively, u reflects the amount of relative velocity diversion needed to just barebpesfrom the
collision zone. That is, togethers diversion plush’s diversion (nhegated) must sum 4o We could
split the responsibility however we like to. As we had discussed earliethéosake reciprocity, we
would prefer that each agent diverts by exactly half of the full amouhat 5,a will divert by /2
andb will divert by —u/2. (To see why this works, suppose thgt= v} + /2 andv, = v} — u/2.
The resulting relative velocity is, — v, = v} — v} + u, which is a collision-free velocity.)

In general, there are a number of choices thahdb could make to avoid a collision. Let denote
a vector of unit length that points in the same directioma8Ve would likea to change its velocity
from v to a velocity whose orthogonal projection onto the veetds of length at leasfu/2||. The
set of allowable diversions defines a half-space (that is, the setimtbpgging to one side of a line),
and is given by the following formula:

ORCA;“) = {v: <v— (UZ+%>) ~n20},

(where the denotes the dot product of vectors). This formula defines a halfgpatés orthogonal
to v and lies at distancgu/2| from v} (see Fig. 8(b)). Define ORGH, symmetrically, but using
—5 instead (see Fig. 8(c)). In their paper, van den Berg, Lin, and Manoaim that the resulting
pair of sets(ORCAg“), ORCAgla) define an optimal reciprocally maximal pair of collision avoiding.
In other words, ifa selectsanyvelocity from ORCAgw andb selects any velocity from OR%, and
these two sets are both fair and provide the greatest number of velocitiesah@ose to both and
b's ideal velocities.

This suggests a solution to the problem of planning the motiom lobdies. LetB = {b;,...,b,}
denote the set of bodies other thanCompute the ORCA sets farrelative to all the other agents

in the system. That i§));", ORCA;“)Z,. Since each of these regions is a halfplane, there intersection
defines a convex polygon. Next, find the paifitin this convex polygon that minimizes the distance
tov;. This point defines’s next velocity. By repeating this for every agent in your system, thdtres

is a collection of velocities that are mutually collision free, and are as closesssbie to the ideal
velocities.

There are two shortcomings with this approach. First, if the agents arehe®y to one another, it
may be that the intersection of the collision-free regions is empty. In this s&smay need to find
an alternate strategy for computinig velocity (or simply accept the possibility of an intersection).
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Fig. 9: Computing agent’s velocity.

The other shortcoming is that it requires every agent to know the peeferlocityv;. for each of
the other objects in the system. While the simulator may know this, it is not rededwadssume
that every agent knows this information. A reasonable alternative isnodarestimate of theurrent
velocity, and use that instead. The theory is that most of the time, objects will tend toimthwer

preferred direction.
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