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Fig. 1. Our Monolith solver enables efficient and robust two-way simultaneous rigid-rigid and rigid-fluid coupling. (Left) Two hollow glass spheres containing
inviscid liquid roll around within a basin as the liquid slides and splashes. (Middle) A boat carrying multiple loads is perturbed by ocean waves. (Right) When
the glass spheres instead contain viscous liquid, the no-slip boundary condition, viscosity, and friction together bring the spheres more quickly to rest.

We propose Monolith, a monolithic pressure-viscosity-contact solver for
more accurately, robustly, and efficiently simulating non-trivial two-way
interactions of rigid bodies with inviscid, viscous, or non-Newtonian liquids.
Our solver simultaneously handles incompressibility and (optionally) im-
plicit viscosity integration for liquids, contact resolution for rigid bodies,
and mutual interactions between liquids and rigid bodies by carefully for-
mulating these as a single unified minimization problem. This monolithic
approach reduces or eliminates an array of problematic artifacts, including
liquid volume loss, solid interpenetrations, simulation instabilities, artificial
"melting" of viscous liquid, and incorrect slip at liquid-solid interfaces. In
the absence of solid-solid friction, our minimization problem is a Quadratic
Program (QP) with a symmetric positive definite (SPD) matrix and can be
treated with a single Linear Complementarity Problem (LCP) solve. When
friction is present, we decouple the unified minimization problem into two
subproblems so that it can be effectively handled via staggered projections
with alternating LCP solves. We also propose a complementary approach for
non-Newtonian fluids which can be seamlessly integrated and addressed dur-
ing the staggered projections. We demonstrate the critical importance of a
contact-aware, unified treatment of fluid-solid coupling and the effectiveness
of our proposed Monolith solver in a wide range of practical scenarios.

CCS Concepts: « Computing methodologies — Physically-based sim-
ulation; Monolithic coupling.

Additional Key Words and Phrases: Fluid simulation, monolithic coupling,
viscosity

Authors’ addresses: Tetsuya Takahashi, Adobe, University of Maryland at College Park,
University of North Carolina at Chapel Hill, ttakahas@adobe.com; Christopher Batty,
University of Waterloo, christopher.batty@uwaterloo.ca.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

© 2020 Association for Computing Machinery.

0730-0301/2020/12-ART182 $15.00

https://doi.org/10.1145/3414685.3417798

ACM Reference Format:

Tetsuya Takahashi and Christopher Batty. 2020. Monolith: A Monolithic
Pressure-Viscosity-Contact Solver for Strong Two-Way Rigid-Rigid Rigid-
Fluid Coupling. ACM Trans. Graph. 39, 6, Article 182 (December 2020),
19 pages. https://doi.org/10.1145/3414685.3417798

1 INTRODUCTION

From water pouring into a cup, to honey being stirred with a spoon,
to ships cruising in the ocean, diverse interactions between liquids
and solid objects are pervasive in everyday life. At the same time, if
we consider the cup being placed on a table, the spoon colliding with
the sides of the honey jar, or the cargo load being carried by the ship,
it is clear that the solid objects in these scenarios also interact with
each other through surface contacts, which are similarly ubiquitous
in our world. For various applications, including computer anima-
tion, virtual reality, mechanical engineering, and medical training,
simulating these fundamental phenomena is essential.

In the fluid animation literature, various grid-based two-way
coupling methods have been proposed to simulate the interactions
between fluids and rigid objects, e.g., [Batty et al. 2007; Guendelman
et al. 2005; Klingner et al. 2006; Robinson-Mosher et al. 2011, 2008].
While these approaches form a unified system to determine the
correct exchange of forces between fluids and individual dynamic
solids, they typically ignore the interactions between solid objects
(i.e., these are treated in a separate calculation). As such, for example,
when simulating a ship carrying a load of cargo, the ship is not
aware of its cargo when resolving the two-way ocean-ship coupling.
Thus, the ocean pushes up on the ship without considering the
cargo’s presence or weight, which can lead to spurious penetrations
between the ship and its cargo, and hence severe stability issues.
Similarly, when one addresses the contact between solid objects, the
existence of fluids is seldom considered, i.e., the cargo is unaware
of the ocean, and so weighs down on the ship without considering
the water that supports both. Consequently, the computed contact
impulses will push the ship downwards into the ocean with no
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