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Idea Takeaway: a practical scheme through which key framed animation can be in incorporated into a physically simulated third-person shooter.

pretend that this is PowerPoint.

The Problem Statement

Given:

-
A Physically simulated World

· Articulated Characters with many Degrees of Freedom (DOF)

· Key framed animation
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We Want

· Seamless dynamic interaction between the physical world and animated characters

· [image: image7.jpg]


Minimal CPU overhead

Notes:

· Want a unified framework

· Many algorithms

· Few integrated solutions
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Not Unified

Unified



Diversion


Physics enables interactivity


Physics is cool stuff


This morning, Jason Rubin said that physics may provide better game play.

Agenda

· Lingua franca

· Degrees of Freedom

· Kinematics

· Numerical Integration

· Dynamic Control

· PD control

· Dynamics vs. Kinematics

· Forward Dynamics

· Inverse Dynamics

· Performance

· Hybrid Dynamics

· Partitioned Dynamics

Degrees of Freedom (DOF)

How do we describe the spatial state  of a character?

· At any given time, Violet can be in one of many different configurations in space.

· These multiple configurations can be parameterized and described by her Degrees of Freedom.

· A vector of scalars q, quantify these Degrees of Freedom at a given point in time.

Often referred to as the state vector.

DOF are general and necessarily abstract  (the least common denominator).

Kinematics

The branch of mechanics concerned with motion without reference to force or mass 

Violet’s configuration in space can be described by her degrees of freedom, quantified by a vector, i.e. q

Violet’s velocity in space can be described by the time derivative of her state vector q’
Violet’s acceleration in space can be described by the time derivative of her velocity vector q’’

The relationship between the state vector q and Violet’s configuration in space is her kinematics.

Examples :

A particle has 3 DOF: its position in space.

· The derivative of these DOF (q’) describe its velocity in space

A rigid body has 6 DOF: its position and orientation in space.

· The derivative of these DOF (q’) describe its translational and angular velocity in space

A Bowl of Jello has 1024 DOF


Finite element nodes

A shoulder joint has 3 DOF: the relative rotation between the chest and the triceps.

Violet has 40 DOF

· 6 for her chest in space

· 3x2 for each thigh

· 3x2 for each shoulder

· 1​x4 for each elbow and knee

· 3x4 for each ankle and wrist

· 3 for Neck

· 3 for hips

In various modeling programs “Bones” provide a kinematic map between Degrees of Freedom and spatial geometry.

They modify the DOF by scrolling sliders and dragging stuff

The bones and verts move accordingly

Artists seem to understand this intuitively.

Integration

Integration quantifies the flow of degrees of freedom through time
In games we want to know where everyone is at each frame so that we can draw and do game logic.

DOF describe where everyone is in an abstract sense

Kinematics describes what q that means in a concrete sense 

i.e. where are verts in space

Integration describes where the DOF will be in the future.

We use 

Let

q’ = d/dtq
q’’ = d/dtq’
In games we want to time step from frame to frame.

This amounts to solving:

q’(t1) = q’(t0) + integral(q’’(t))

q(t1) = q(t0) + integral(q’(t))

Unfortunately the integral() function on not fully supported by our current mathematics.

Numerical Integration

Numerical integration approximates this continuum flow with a discrete set of time steps.

i.e. Implicit Euler numerical integration:
Given q’’(t1)

q’(t1) = q’(t0) + q’’(t1)*dt

q(t1) = q(t0) + q’(t1)*dt

Dynamic Control

· Our keyframes tell us where Violet should be at a given point of time
· This data can be mapped to her degrees of freedom and stored as a “desired” state vector qdes

· Given a desired state qdes(t1), ​and Violet’s current state q(t0),q’(t0), we want an acceleration q’’ that will align qt1(t1) with qdes(t1) so that Violet will be in sync with her key frame.

Key frames -> [Control] -> q’’

· Fortunately, this problem has been extensively studied in the field of Robotics since the 70’s.  
· Secretly, all of the top Robotics academics wanted to be developing games.
Proportional Derivative Control

· A PD control scheme emulates the effect of a linear spring and damper acting between the current state and the desired state.

· i.e. imagine violet with a set of elastic bands pulling her to where she should be.


Formally:

q’’ = (qdes-q)*ks + (q’des-q’)*kd

· By applying this accelerations at each time step, you will get closer and closer to your target

· As ks -> infinity, it will be instantaneous

· There are a number of implementation issues associated with PD controllers that I will cover later. As David Baraff puts it, “Engineering”

Kinematic vs Dynamic

Kinematic:

· When an entity is Kinematic, its acceleration is explicitly specified. 

· The entity is not affected by external forces.

· Kinematics is agnostic to the concepts of Inertia and Force

Dynamic:

· When an entity is Dynamic, its acceleration is computed using Newton’s equations of motion.

· Dynamics takes into account Inertia and forces.

· i.e.  F=MA

·  remove the ‘F’ and the ‘M’ and you have Kinematics.

Scheme ver 0.0

At each frame:

· Compute accelerations for Violet using a PD controller

· Run Game Physics

· collision detection, enumerate forces and potentials etc.

· Integrate through time using forward Dynamics

Issues

Violet is Kinematic. She is not affected by the physical world.

· Kinematics limits interactivity

· Anyone that is strictly kinematic cannot be responsive to external inputs such as collisions, explosions and bullets.

· These are effects of dynamics

Diversion

· On various occasions, relentless programmers have employed Rule Based Algorithms and Creative Hacks to bring about this sort of behaviour in the context of a kinematic simulation.

· It is worth mentioning that these solutions are often surprisingly effective.

· But that topic is beyond the scope of this lecture.

Dynamics

The Dynamics equations for an articulated character may be written as:

M(q)q’’ + C(q,q’)q’ = T + Fext(q,q’)

· M(q) is the Inertia Matrix, it varies with q

· i.e. When Violet’s arms are stretched out, she is more difficult to rotate.

· Her moments of inertia are higher.

· The dimension of M(q) for one Violet is 40. 

· If Violet is in contact with her twin sister, the dimension is 80.

C is a matrix of velocity dependant terms such as coriolis and centrifugal acceleration.  

· It is a side effect of differentiating M w.r.t. q’.  

· If we don’t differentiate M w.r.t q’ we can safely ignore it.

Fext are all externals forces such as contacts, collisions, bullets and explosions

T is the controller input torque vector

· The torques required to animate the character.

Due to its large size, M(q) is typically used symbolically or procedurally

i.e. 

· Articulated Rigid Body Method

· Composite Rigid Body Method

· Structurally Recursive Newton Euler Equations 

More on this later

Momentum equations

If we embed the Implicit Euler equations into the dynamics equations we 

Have the following:

M(qt1)*q’t1 - M(qt0)*q’t0 = (Fext(q t1,q t1’)+T)*dt

q’’t1 = (q’t1-q’t0)/dt

· The first term is the prior momentum:  M(qt0)*q’t0
· The second term is the new momentum: M(qt1)*q’t1
· The right hand terms are the forces and torques integrated across the time step:  (Fext(q t1,q t1’)+T)*dt

These are easier to work with

The derivation was described last year

Dynamics is a superset of Kinematics

· Everything that can be done with kinematics can be done with dynamics

· Dynamics may be seen as a lower level API, supplying inputs to the kinematics

Forces -> [Forward Dynamics] -> q’’ 

q,q’,q’’ -> [Kinematics] -> Violet in time and space

The Kinematics equations:

q’t1 = q’t0 + q’’t1*dt

qt1 = qt0 + q’t1*dt

Can be augmented with the Dynamics equations:

M(qt1)*(q’t0+q’’t1*dt) - M(qt0)*q’t0 = (Fext(q t1,q t1’)+T)*dt

To form the framework for a dynamic simulation

· We have lost direct control of q’’

· Instead we have indirect control of q’’ via T (joint actuator torques)

· Just like controlling a real Robot

Inverse Dynamics

Inverse Dynamics provides a mechanism through which one can derive force inputs to realize desired accelerations

i.e. in the equation:

M(qt1)*(q’t0+q’’t1*dt) - M(qt0)*q’t0 = (Fext(q t1,q t1’)+T)*dt

Solve for T given q’’t1
q’’control -> [Inverse Dynamics] -> T
T+Forces -> [Forward Dynamics] -> q’’ 

q,q’,q’’ -> [Kinematics] -> Violet in time and space

The q’’ from the PD controller is plugged into the Inverse Dynamics filter

The output is a vector of torques T
T is mixed with external forces and plugged into the Forward Dynamics Simulation

The output is q,q’,q’’

Kinematics proceeds as normal

· Efficiently solving this for Robots was really important in the ’80s.

· More important than Skate Boards, Cyndi Lauper and the Amiga

· A very efficient algorithm that solves for T in O(n) time on open loop structures is to apply the Structurally Recursive Newton Euler Equations

· More on this later.

Scheme ver 0.1

· At each frame:

· Compute accelerations for Violet using a PD controller

· Compute actuator torques using inverse dynamics

· Run Game Physics

· collision detection, enumerate forces and potentials etc.

· Integrate through time using forward Dynamics


Issues

· Inverse Dynamics computes Torques that counteract external forces

· Violet is not very sensitive to external forces or inertia 

· She is infinitely strong

· Joint Torques can get very high

Joint Strength Limiting

· By clamping the maximum values in the vector T (joint actuator Torques) Violet’s Joint strength can be limited.

· i.e.  

· if( abs(T[I]) > tMax ) 

· T[I] = tMax*sign(T[I]);

· For a good value of tMax, normal animation playback should be unaffected.

· Extraordinary events such as explosions should cause clamping.

· tMax can be reduced as Violet takes damage, 

· i.e. Near death she might have trouble walking.

· When one element of T is clamped, the other values of T are no longer optimal as there is coupling in their effect on dynamics

· Multiple iterations of Inverse Dynamics and Clamping can be performed to remedy this

· A formal LCP solution might be ideal

· Due to the closed loop nature of the PD controller, the error is minimized over time

· In practice it is not a Bad Thing

· I just ignore the problem.

Scheme ver 0.2

· At each frame:

· Compute accelerations for Violet using a PD controller

· Run Game Physics

· collision detection, enumerate forces and potentials etc.

· Compute actuator torques using inverse dynamics

· Limit Torques as appropriate

· Integrate through time using forward Dynamics


Issues

· Performance is not ideal

· Many DOF to solve for

Physics Level of Detail (LOD)

s

· Forward dynamic simulation of High DOF articulated characters with external constraints and forces is expensive.

· Solving the forward dynamics problem can be O(N3) for highly coupled DOF.

· N is the number of dynamic DOF

· For decoupled DOF the cost becomes O(N)

· Kinematic DOF are known prior to Forward Dynamics and need not be solved for

· Two ways to reduce the cost are:

· Treat certain DOF as kinematic

· Hybrid Dynamics

· Decouple the DOF

· Partitioned Dynamics
· These techniques provide some LOD system for physics

· ways to adaptively blend between performance and realism

Hybrid Dynamics

· We can pretend that some actuated DOF are kinematic (aka fully actuated) and eliminate them from the unknowns.

· Their effect can be derived as needed through Inverse Dynamics.

· Combining Inverse Dynamics with forward dynamics in this manner is called Hybrid dynamics.

For example:

· Violet is off in the distance

· 34 of her DOF are kinematic 

· all of her relative joints

· her root 6 DOF are fully dynamic

Recalling the equations of motion:

M(qt1)*(q’t0+q’’t1*dt) - M(qt0)*q’t0 = (Fext(q t1,q t1’)+T)*dt

34 elements of q’’t1 are known, 6 are unknown.  Using a sparse solver (i.e. Conjugate Gradient descent) the time required to solve this is about that of a dense 6x6 matrix.

· Much better than a 40x40 matrix

· As she gets closer, we can transition her legs to Dynamic

· then her hands

· her head, her pony tail, etc.

· In this context every DOF can be either dynamic or kinematic.  

· We can transition back and forth based on

·  the CPU stress load

·  the visual LOD of the character in question

·  the external forces

· etc

· This provides a nice way to adaptively blend between performance and realism.

Scheme ver 0.5

· At each frame:

· Compute accelerations for Violet using a PD controller

· Run Game Physics

· collision detection, enumerate forces and potentials etc.

· Compute actuator torques for dynamic DOF using inverse dynamics

· DOF with reasonable torques become kinematic

· DOF with high torques become Dynamic

· Torque is clamped as appropriate

· Integrate through time using forward Dynamics

Partitioned Dynamics

· We can pretend that the inertial effects of some DOF do not affect other DOF

· This allows us to solve them independently

· Rather than solving one O(N3) problem, we solve multiple O(Mi3) problems

· where Mi is smaller than N and sum(Mi) = N 

· As an example, the dynamic effects of the Inertia of Violet’s left hand will typically have a minimal effect on her body

· We can decouple her into two parts: her left wrist and the rest of her body

· The rest of her body is solved, assuming that her hand is kinematic

· Her wrist dynamics are then solved for, assuming that the rest of her body is kinematic

· From a sparse Matrix standpoint, this is similar to zeroing out off diagonal elements of the a matrix

· i.e.

· [q1] [ M1  eps ] = [f1]

· [q2] [ eps  M2 ] = [f2]

· If ‘eps’ is small we can treat it as:

[q1] [M1    0 ] = [f1]

[q2] [ 0    M2 ] = [f2]

and then

[q1] [ M1] = [f1]

[q2] [ M2 ] = [f2]

The solution to these decoupled equations is clearly more efficient than the former.

Scheme ver 1.0a

· At each frame:

· Compute accelerations for Violet using a PD controller

· Run Game Physics

· collision detection, enumerate forces and potentials etc.

· Compute actuator torques for dynamic DOF using inverse dynamics

· DOF with reasonable torques become kinematic

· DOF with high torques become Dynamic

· Torque is clamped as appropriate

· Decouple DOF as appropriate 

· Integrate through time using forward Dynamics

 More on PD Controllers:

· q’’ will vary continuously over time

· If your controller is not deep within the integration cycle, you can only update q’’ at 60hz

· q’’ = (Qdes – Qt0)* ks + (Q’des – Qt0’)* kd

· If you only update F at 60hz, the controller will be unstable if ks or kd is very large

· Even if your integrator is Unconditionally Stable

· An unstable controller will break any integrator, no matter how accurate

· The idea of computing F at time t and extrapolating the result across t+1/60s is almost identical to single step Euler Integration

· [todo Plot unstable]

· How about a Backwards Euler controller?

· F = (Qdes – Qt1)* ks + (Q’des – Q’t1)* kd

· Assuming that there are no external forces:

· Q’’ = F*(dt*m-1)

· dt is 1/60 seconds

· m is the inertia matrix of the DOF Q 

· i.e. diagonal mass matrix for a particle

· Q’’ = ((Qdes – Qt1)* ks + (Q’des – Qt1’)* kd)*m-1 * dt

· Qt1’ = Qt0’ + Q’’*dt

· Qt1 = Qt0 + (Qt0’ + Q’’*dt )*dt

· Combing we have:

· Q’’ = ((Qdes – (Qt0 + (Q’t0 + Q’’*dt )*dt))* ks + (Q’des – (Qt0’ + Q’’*dt) )* kd)*m-1 * dt

· F = ((Qdes – (Qt0 + (Q’t0 + F*(dt*m-1)*dt )*dt))* ks + (Q’des – (Qt0’ + F*(dt*m-1)*dt) )* kd)

· Rearranging:

· g = 1 / (  1  + kd*dt + ks* sqr(dt) );

· ks​g = ks * g

· kdg = (kd+ks*dt)*g

· F = (Qdes-Qt0)*ks​g  + (Q’des-Q’t0)*kd​g
· Note that if 1 >> ks and 1 >> kd and t is small, g is close to 1, there is no need for the Backwards Euler computation

·  If m << ks and m << kd the g will approach 0.0 and the system will to freeze.

· This controller will be stable for all values of ks, kd.

· It’s really comforting to know that increasing ks will increase the speed of convergence without breaking the system.

· If ksg and kdg are precomputed, the cost is the same as an extrapolating controller

PD Controller Ks and Kd

· Ks and Kd are not always that intuitive

· We typically use frequency, and damping
· The conversion is (approximately):

· ks = sqr(6*frequency)* 0.25f;

· kd = 4.5*frequency*damping;

When damping is 1, the system is critically damped

When damping is > 1 the system is over damped (sluggish)

When damping is < 1 the system is under damped (it will oscillate a little)

· For realistic controllers, Critically damped looks quite pleasing.

· For heavy robots we use a damping of 1.5

· Frequency is the speed of convergence.  If damping is 1, frequency is the 1/time taken to reach ~95% of the target value.

· i.e. a frequency of 6 will bring you very close to your target within 1/6 seconds.

· This is the value that we use for agile robots

· Big hefty robots use lower values such as 4.
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Notes:

For very tight PD controllers it is best to include the velocity term

Otherwise you will have Lag

PD controllers on Quaternions

· The positional error term (QDes-Q0) is re-written “The rotation that will take Q0 to Qdes”, or (QDes*Q0-1) 

· It is then converted to a vector in R3 using the inverse Exponential Map.

· direction is the axis of rotation

· magnitude is total rotation (radians of course)

· The resulting equation is:

· F = ExponentialMap-1(QDes*Q0-1)* ks + (Q’des – Q’t1)* kd

· F is now a 3 dimensional torque

· Q’ is angular velocity

For small rotations we assume that sin(theta) ~ theta, and the ExponentialMap-1(Q) is just Q.u*2

 - We use this approximation for all controller code.

 float si = q.u.length();

 if( si == 0.0f )

 {   

 // no rotation , or 180

return vec3f(0,0,0);

 }

 else

 {

    float theta = fatan2(si, w)* 2.f;

   if( w < 0 ) 

   {

    theta  -= __2_pi_f;

   }

   float scale  = theta/si;

   return vec3f( u[0]*scale,u[1]*scale,u[2]*scale );

 }

More on Inverse Dynamics

Featherstone came up with an elegant recursive technique that everyone seems to like.

M is typically a large sparse Matrix.  

A straight forward computation would take at least O(n^2) time (need to build the O(n^2) elements of matrix M).

Featherstone’s method computes M*Q’’ in O(n) time but does not explicitly create M.

Since we don’t care much for forces and acceleration, we will re-write the problem in terms of discreet changes of momentum and velocity.

We will modify Featherstone’s algorithm to efficiently compute the Joint Actuator Torques

Let ‘Ji’ be the articulated rigid body Momentum of Joint I (a 6d vector).

Let ‘Ti’ be the joint actuator torques at joint I (a Nd vector, where N == joint DOF)

For each Joint, initialize Ji to 0

From leaves to root, each joint:

· adds its Rigid Body Momentum to its Articulated Rigid Body Momentum

· J += Jb

· adds its Articulated Rigid Body Momentum to its parents Articulated Rigid Body Momentum

· Jp += J

· Compute the change in momentum from t0 -> t1 by subtracting the joint’s prior Momentum

· dJ = Jt1 – Jt0
· Computes its joint’s actuator Torque by projecting this delta onto the Joint’s Jacobian

· T = R*dJ

· Adding a momentum from child to parent is simply:

· Jp.linear += Jc.linear;

· Jp.angular += Jc.angular + cross(r,Jc.linear);

· Where r is the vector from parent’s origin to child’s origin

Conclusion

· Physics and Animation can be combined in a hybrid Kinematic/Dynamic game environment.

· The balance between Kinematic and Dynamic depends on the needs of the title.  

Factors to consider are:

· Interactivity

· Game Play

· Performance

· Realism

· Complexity

Physically Simulated World





Articulated Character


(Violet)





Violet seamlessly interacting with physical world





Dynamics





Kinematics





Explosion:


Lots of Force and dynamic goodness
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