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UniPhy: Learning a Unified Constitutive Model for Inverse Physics Simulation

Supplementary Material

1. Implementation Details

Teacher Forcing: The baseline, NCLaw [4] uses a teacher-
forcing scheme that restarts the predicted simulation from
ground truth state periodically. The ground truth state in-
cludes the position x, velocity v, affine velocity C, and de-
formation gradient F. This period starts from 25 steps and
is increased to 200 by a cosine annealing scheduler. This
introduces the privileged information of position, velocity,
affine velocity, and deformation gradient from the simula-
tor during inference. Since the privileged information and
access to the simulator may not be available during infer-
ence, we evaluate our method with the baseline NCLaw on
the setting of without teacher-forcing and report the results
in Table 1 and Table 2 of the main paper and show the visu-
alizations in the webpage attached in the supplementary.

2. Algorithm

We detail our training and inference algorithm in Algo-
rithm | and Algorithm 2 respectively where i is the trajec-
tory index, p represents the particle index and ¢ represents
the time.

3. Analytical Constitutive Laws

In this section, we discuss the constitutive model and the
deformation gradient projection/mapping function for the
materials that are used to simulate the trajectories used in
training.

In Material Point Method (MPM), each particle has a
deformation gradient F' which is projected on to the yield
surface using a return mapping G. This projected deforma-
tion gradient is then used by the constitutive law to compute
the internal forces experienced by the particle given as the
Cauchy stress S.

Elastic: As there is no plasticity in elastic materials, the de-
formation gradient projection is an identity function defined
as:

G(F)=F 6]

We use the neo-Hookean elasticity model for elastic ma-
terials. The Cauchy stress for the elastic material is calcu-
lated as:

JS(F) = u(FF ") + (Alog(J) — u)I )

where p and A are the Lamé parameters of the Young’s
modulus and Poisson ratio. The Young’s modulus defines
the stiffness of the material and Poisson ratio defines the

ability of the object to preserve its volume under deforma-
tion.
For elastic materials, we have a range of [350.0,
2595196.0] for i and a range of [500.0, 2580120.0] for A.
Newtonian: The stress for the newtonian fluid is com-
puted as:

2
K= ght A 3)

1
s

where Vv is the affine velocity of the particle C, i repre-
sents the velocity change opposition and  is volume preser-
vation ability.

For newtonian materials, we have a range of [50.0, 1e3]
for p and a range of [30.0, Se5] for A.

Plasticine: For plasticine materials, we use the von-
Mises plastic return mapping for deformation gradient. The
SVD of F can be defined as F' = UXV where € = log(X)
is the Hencky strain. The von Mises yield condition is de-
fined as:

JS(F) = kI(J )+ %u (Vv+vvl) @

Ay TY
&y = ||éll— == )
1= el

where € is the normalized Hencky strain, 7y is the yield
stress determining the plastic flow and the stress required
for causing permanent deformation/yielding behavior. In
the above yielding condition, if v > 0, then the defor-
mation gradient breaks the yield constraint and is projected
back into the elastic region via the following mapping:

G(F) = {F oy <0

U exp (e — chﬁ) VT y>0

To calculate stress, we use the St.Venant-Kirchhoff
(StVK) constitutive model.

JS(F) = U(2ue + ATr(e))U" (6)
For plasticine materials, we have a range of [le4, 1e6]
for u, a range of [1e4, 3e6] for A and a range of [5e3, le4]
for Ty.
Sand: To simulate sand particles, we use the Drucker-
Prager [3] yield criteria as follows:

(3\ 4 2u) tr(e) >0,
2p

)

tr(e) >0, or dy=|é€|rt+a
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Algorithm 1 UniPhy: Training

1: Input: Dataset of trajectories D = {F,F,,,;, C,S}
2: Output: ¢, 0, z
3: for iteration =1,2,...,Ndo

4 Batch of n samples, B = (F"*, Fg;foj’i, SPt CPt 2)
s ot SYP sy

6: A= g¢(Ff’t, U, VT, z)

7. FPP=FPP LA

s F=F .,

0: Frrax = maz(F[:,0,0], le — 6)

10: F S\:]D Uproj Eproj ‘/pTOj

11: R =Uy 0V,

12: 81 = fo(2,FTF,det(F),log(det(F)), Fraz, l0g(Fraz), CP*, ;)
13 8P =1(8;+87)

e (LB BL )+ £GP ST + =)
15: Optimize ¢, 0, z

16: end for

Algorithm 2 UniPhy: Inference using Differentiable Material Point Method (MPM)

1: Input: x, z, fy, 94
2: Output: 2
3: for epoch = 1,2,...Ndo

4: for iteration = 1,2,...,tdo

5: Transfer mass and momentum of particles to grid nodes

6: FPitl = ([ + At x CPt) x FP!

7 Frott SYD gy

8: A = gg(FPHL U, VT 2;)

. p,t+1 41
9: F,..; =FF + A
t+1 SVD

10: Fooi = UprojZproj Vproj

11: Ryroj = Uproj V5o,
12: Sy = fo(2,FTF, det(F), log(det(F)), Fraz, 10g(Frmaz ), CP*, 2:)
13: Srt=1(8,+8T)
14: Update momentum and velocity of grid node
15: Transfer momentum and velocity from grid node to particle
16: Advect particles X!+ = x? + Atvit!
17: end for
18: 2 =min L (T, )
19: Optimize 2
20: end for

2sin O . .
where a = \/g oM and @ is the friction angle

3—sin O

determining the slope of the sand pile. Then, we use the uv'’ tr(e) >0
deformation gradient projection function as follows: G(F)={F 6y < 0&tr(e) <0

Uexp (e — 57ﬁ> VT §y>0&tr(e) <0
(®)

For sand materials, we have a range of [2400.0, 9e6] for
1, a range of [2400.0, 9e6] for A and a range of [0.01, 0.4]
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for Gfric .

Non-newtonian: To model non-newtonian materi-
als [1], we use the viscoplastic model [2, 5] and von-Mises
criteria to define the elastic region. Having the viscoplastic
model prevents the deformation from being directly mapped
back onto the yield surface. Non-newtonian materials have
yield stress as well. We define the deformation gradient re-
turn mapping as follows:

=t (s?) ©)
s = 2ué (10)
!
§=|lsl- (11)
+ 2[:7&

For non-newtonian materials, we have a range of [le3,
2e6] for 1, a range of [1e3, 2e6] for A, a range of [1e3, 2e6]
for 7y and a range of [0.1, 100.0] for 7.
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