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Abstract

Particle-level simulations were performed to investigate the rheological properties of

magnetorheological suspensions containing a mixture of magnetizable and nonmag-

netizable spheres. We demonstrate that nonmagnetizable spheres cause the yield

stress to increase in monolayers and three-dimensional simulations, as is observed in

three-dimensional experiments. We examine the role of nonmagnetizable spheres in

the suspension structure for monolayer and three-dimensional suspensions. Structure

measures examined included the fluctuations in volume fraction, the pair distribu-

tion functions, and the eigenvalue ratio of the mass moment tensor. Nonmagnetiz-

able spheres cause structural changes to monolayers that differ from those in three-

dimensional suspensions. However, all structural changes are small, especially when

compared to the structural changes observed in bidsiperse suspensions. Therefore,

the small structure changes caused by the addition of nonmagnetizable particles do

not appear to cause the increase in yield stress.

Large amplitude oscillatory shear reveals that nonmagnetizable spheres increase

the suspension stiffness; the transition to nonlinear rheological properties remains

unaffected suggesting that the nonmagnetizable spheres do not alter the stability of

the clusters of magnetizable spheres. Snapshots reveal that nonmagnetizable spheres
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participate in stress transfer via repulsive-force clusters in a mechanism similar to

jamming. The partial stresses, number of repulsive-force clusters, and transient rhe-

ological behavior further support that nonmagnetizable spheres directly enhance the

stress via repulsive-force clusters. The repulsive-force clusters contain both mag-

netizable and nonmagnetizable spheres, which likely explains the observation that

nonmagnetizable spheres enhance the field-induced stress, even though they are not

magnetizable.
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Chapter 1

Introduction

Magnetorheological (MR) fluids are suspensions of magnetizable particles in a non-

magnetizable, viscous, continuous phase. Applying a magnetic field with a flux den-

sity on the order of 1 Tesla causes the stress at low deformation rates to increase by

orders of magnitude. The field-induced stress increase is both fast and reversible. The

magnetic field induces magnetostatic particle interactions which cause the particles

to aggregate, changing the suspension from a fluid-like state to a solid-like state, with

a magnetic field-dependent yield stress [Ginder (1996); Jolly et al. (1998)]. This dra-

matic field-induced change in rheological properties is often called the MR effect. The

tunable rheological properties make MR suspensions useful in numerous applications,

including semiactive shock absorbers, clutches, actuators, servo valves, and precision

polishing fluids [Jolly et al. (1998); Carlson and J.L. Sproston (2000); Klingenberg

(2001)].

It is desirable to obtain the largest possible difference in rheological properties

when the magnetic field is on (the “on-state”) and when the magnetic field is off (the
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“off-state”). A large difference between off-state and on-state rheological properties

allows for a large range of dynamic control, smaller devices and fluid volumes, and

therefore reduced costs. Ulicny et al. (2010) showed experimentally that the field-

induced yield stress of concentrated MR suspensions can be increased significantly

by adding nonmagnetizable particles to the suspension. The yield stress of an MR

suspension (at magnetic saturation) with an iron particle volume fraction of 0.30

was increased by 50% by adding glass beads at volume fraction of 0.15. Further-

more, it is possible to increase the field-induced yield stress by replacing a fraction of

the magnetizable particles with an equivalent volume of nonmagnetizable particles.

Similar magnitudes of yield stress enhancement were observed for a variety of differ-

ent types of nonmagnetizable particles [Klingenberg and J.C. Ulicny (2011)]. This

phenomenon has also been observed in simulations of MR suspensions composed of

mixtures of magnetizable and nonmagnetizable spheres [Ulicny et al. (2010); Klin-

genberg and J.C. Ulicny (2011)]. An understanding of the mechanisms that produce

this phenomenon is still lacking.

Previous authors have shown that altering the microstructure of an MR suspen-

sion can lead to an enhancement in the yield stress of an MR suspension [Ulicny

et al. (2005b); Kittipoomwong et al. (2008) ]. In Chapter 3, we examine the role

that nonmagnetizable spheres play in altering the structure of MR suspensions. One

microstructural change that leads to a stress increase is the transient stress increase,

which is attributed to the formation of lamellae, or sheet-like structures, in the plane

of shear. Lamellae formation is a microstructural change that is exclusive to three-

dimensional suspensions. When a sufficiently large magnetic or electric field is applied

to a sheared MR or electrorheological (ER) suspension, respectively, the shear stress
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first increases rapidly, and then continues to increase much more slowly [Vieira et al.

(2000); Ulicny et al. (2005b)]. The slow transient increase in stress is caused by

the formation of lamellar structures [Henley and F.E. Filisko (1999); Tang, X. et al.

(2000); Volkova et al. (1999); Vieira et al. (2000); Ulicny et al. (2005b)]. Lamellae

formation with transient stress increases has also been observed in particle-level sim-

ulations of flowing MR and ER suspensions [Martin (2000); Kittipoomwong (2007)].

We show in Figs. 3.2-3.4 that nonmagnetizable spheres cause the yield stress to in-

crease in monolayer suspensions, contrary to previous studies [Ulicny et al. (2010)].

Since the enhancement occurs in both monolayer and three-dimensional systems, the

mechanism for enhancement cannot be attributed to formation of lamellar structures.

Also in Chapter 3, we explore if nonmagnetizable spheres cause the MR suspen-

sions to become more chain-like. Foister (1997) observed that MR suspensions with

bimodal particle size distribution possessed a larger field-induced stress than that

of monomodal suspensions at the same volume fraction. Similar experimental re-

sults were reported by Weiss et al. (2000) and Ulicny et al. (2004). Particle-level

simulations of MR suspensions by Kittipoomwong et al. (2005) also produced larger

field-induced stresses for bidisperse suspensions than those obtained for monodisperse

suspensions at the same volume fraction. Kittipoomwong et al. (2005) probed the

structure of the suspensions to determine the mechanisms by which smaller parti-

cles cause the bidisperse suspensions to have a larger yield stress than monodisperse

suspensions. They measured the microstructure by examining fluctuations in the vol-

ume fraction, snapshots, the pair distribution function, and the eigenvalue ratio of

the mass moment tensor. Kittipoomwong et al. (2005) showed that bidisperse sus-

pensions formed more chain-like structures; monodisperse suspensions formed more
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globular structures. The increase in number of chain-like structures of bidisperse

suspensions causes the larger field induced yield stress. We employed these same

measures to determine whether nonmagnetizable are altering the microstructure of

the suspension, shown in Figs. 3.5-3.17. Nonmagnetizable spheres affect the struc-

ture of monolayers and three-dimensional suspensions in different ways. However,

all structural changes caused by nonmagnetizable spheres are small, especially when

compared to the changes observed in bidisperse suspensions.

In Chapter 3, we show that nonmagnetizable spheres cause only minor changes to

the suspension structure. In Chapter 4, we examine the effect of short-range repulsive

forces in determining the stress in the suspension. We begin Chapter 4 by examin-

ing dynamical measurements of both monolayer and three-dimensional suspensions.

Dynamic measurements are common tools for probing the mechanisms of rheological

behavior for complex fluids. We use large amplitude oscillatory shear (LAOS) to

investigate the mechanisms which cause the yield stress increase for MR fluids that

contain nonmagnetizable particles. In Figs. 4.1 - 4.4, we show that nonmagnetiz-

able spheres increase the plateau modulus but do not alter the onset of nonlinearity.

This indicates that nonmagnetizable spheres increase the stiffness of the field induced

structures but do not alter the stability.

To explore the increased suspension stiffness, we create snapshots that visualize

the spheres and the different attractive and repulsive pair-forces in Figs. 4.5-4.7. We

show that the nonmagnetizable spheres produce stresses by participating in repulsive-

force chains. These force chains are roughly aligned with the compression axis of the

simple shear flow, and contain nonmagnetizable as well as magnetizable spheres. The

ability of the nonmagnetizable spheres to transmit stress through purely repulsive
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forces is similar to that found in jammed, hard-sphere suspensions [Cates et al. (1998),

Farr et al. (1997)]. We illustrate the repulsive force chain formation with snapshots

of sheared suspensions, characterize the resulting contribution to the shear stress by

examining particle stresses and repulsive force statistics in Figs.4.8-4.19, and draw

an analogy to previously reported jamming phenomena by considering the stress vs

strain behavior in Figs. 4.20-4.21.

Chapter 5 explores the advantages of using parallel computing to simulate MR flu-

ids. In 2007, the graphics card manufacturer NVIDIA began enabling their graphics

cards the capability to perform scientific calculations. NVIDIA developed a program-

ming language, based off C, known as Compute Unified Device Architecture (CUDA).

Assuming a working knowledge of C, learning the CUDA syntax is straightforward.

However, the challenge behind developing CUDA programs is learning how to develop

algorithms that run in parallel instead of serial. The purpose of Chapter 5 is to help

future students develop a basic understanding of the thought process behind parallel

algorithm development.

In Section 5.2, two basic algorithms are described in both serial and parallel: a

vector addition and dot product. In Section 5.3, the thought process behind the

development of the particle-level simulations in CUDA is explored. The majority of

the data generated for this document was done so using parallel algorithms in CUDA.

A direct result of running simulations in CUDA is that the systems studied were both

bigger and faster than previous studies [Ulicny et al. (2010)]. In Fig. 5.12, the speedup

is presented as a function of number of spheres in the simulation. Figure 5.12 shows

that the speedup over the serial simulations increases as more spheres are added to

the suspension. In Fig. 5.13, the stress is plotted as a function of monolayer area.
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Figure (5.13) shows that system size can have an effect on the physical properties of

the suspension; therefore, bigger systems should be considered. Section 5.4 considers

how hydrodynamic interactions might be introduced to the particle-level simulations

presented in Section 5.3.

In Chapter 6, a brief overview of hydrodynamic interactions is presented. Exper-

imental work has shown that coating magnetizable spheres with a nonmagnetizable

coating can lower the viscosity of MR fluids when no field is applied [Ulicny et al.

(2005a)] When MR fluids are not under the influence of a magnetic field, or the field

is low, the fluid is dominated by van der Waals and hydrodynamic interactions. The

purpose of Chapter 6 is to serve as a starting point for future students who simulate

MR fluids by including hydrodynamic interactions.

Chapter 7 discusses potential avenues of future work in this field. At present,

computational limitations have prevented a deeper understanding of MR fluids in the

low-field regime. However, with the increased power of parallel computing available

from graphics cards, a parallel algorithm which solves for the motion of MR fluids

when the magnetic field is low can be implemented.
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Chapter 2

Background

2.1 What are Magnetorheological Fluids?

Magnetorheological (MR) fluids consist of magnetizable particles suspended in a vis-

cous continuous phase. Applying a magnetic field causes an MR fluid to undergo

rheological changes. The ability to alter fluid properties in real time allows for a

broad range of new and exciting devices that offer several advantages over their con-

ventional counterparts. For example, General Motors has developed a shock absorber

which uses an MR fluid to allow the driver and passengers to adjust the ride of the car

[Corbett and Visnic (2000); Carlson and J.L. Sproston (2000); Klingenberg (2001)].

Another application currently being explored is an artificial leg which uses an MR

fluid to better emulate the motion of the human knee. The MR knee offers amputees

the ability to regain a range of motion not possible with conventional prosthetics

[Flowers (1973); Grimes et al. (1977); James et al. (1990); Carlson and J.L. Sproston

(2000); Herr and Wilkenfeld (2003); Johansson et al. (2005)]. Other devices include
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MR fluid-based fan clutches which can help reduce fuel consumption [Rabinow (1948);

Sakai (1988); Ginder (1996); Klingenberg (2001)]. By better understanding these flu-

ids, it is possible to improve upon the devices currently in existence as well as creating

devices not yet in existence.

In most cases, the magnetizable particles are made of a ferromagnetic mate-

rial, although other magnetic materials do exist. The suspending fluid is usually

a hydrocarbon-based liquid. When a magnetic field is applied, the fluid experiences a

rapid increase in the apparent viscosity. Also, when the magnetic field is applied, the

fluid develops a yield stress [Ginder (1996); Jolly et al. (1998); Ulicny et al. (2005b);

Kittipoomwong et al. (2005)]. By controlling the magnetic field it is possible to

control the rheological properties of the suspension.

There has been much research devoted to the case when the magnetic field is

applied. One observation is that of a critical magnetic field. When the magnetic

field is set to a value below the critical magnetic field, the suspension undergoes a

rapid initial increase in apparent viscosity, but after the initial rapid increase, the

viscosity remains at a constant value. However, when the magnetic field is above

the critical magnetic field strength, after the initial jump in apparent viscosity, the

suspension continues to undergo a slow, transient increase in the apparent viscosity

[Ulicny et al. (2005b); Kittipoomwong et al. (2008)]. One possible source for this

increase in apparent viscosity is due to the presence of colloidal forces and formation

of lamellae [Ulicny et al. (2005b); Kittipoomwong et al. (2008)].

For commercial applications, it is desirable to obtain a large field-induced change

in stresses [Klingenberg (2001)]. Another way of quantifying the change between the

on-state and off-state stresses is by defining a turn-up ratio. The turn-up ratio is
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the ratio of the shear stress at any particular given magnetic flux density divided by

the shear stress when the magnetic flux density is zero (the off-state) [Ulicny et al.

(2005a)]. There are two ways to increase the turn-up ratio: increase the on-state

yield stress or decrease the off-state apparent viscosity. Using a higher concentration

of magnetizable particles is one method for maximizing the on-state shear stress,

but it also leads to an increase in price because of the high cost of the carbonyl

iron used in most formulations [Lemaire et al. (1995); Klingenberg (2001); Genc and

Phulé (2002); Kittipoomwong et al. (2005)]. Furthermore, adding more particles will

also lead to an increase in apparent viscosity, which can be problematic in some

applications [Klingenberg (2001); Kittipoomwong et al. (2005)]. Therefore, the turn-

up ratio decreases as the concentration of magnetic particles suspended in the fluid

is increased. The on-state yield stress and the off-state apparent viscosity are thus

coupled [Ulicny et al. (2005a)].

2.2 Increasing Yield Stress by Addition of Non-

magnetizable Particles

One way to increase the high field yield stress is by adding nonmagnetizable spheres

to the suspension [Ulicny et al. (2010)]. Experiments have shown that adding non-

magnetizable spheres to an MR fluid increases the high-field yield stress [Ulicny et al.

(2010), Ulicny et al. (2013)]. Figure 2.1 is a plot of yield stress as a function of

iron concentration for several experiments performed by Ulicny et al. (2010). Open

circles represent suspensions containing bimodally distributed iron spheres. Open

squares represent suspensions containing a mixture of glass spheres and bimodally
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Figure 2.1: Yield stress at magnetic saturation as a function of iron concentration. Open circles represent bimodally
distributed suspensions containing only iron spheres. Open squares represent a mixture of glass and bimodally

distributed iron particles such that the total volume fraction is φT = φM + φN = 0.45 [Ulicny et al. (2010)].

distributed iron spheres such that φT = φM + φN = 0.45. For an iron concentra-

tion of 30%, adding a 15% concentration of glass creates a suspension with a ≈ 50%

increase in yield stress.

Figure 2.2 shows data from eight different experiments [Ulicny et al. (2013)]. In

each experiment, the volume fraction of magnetizable particles is fixed at φM = 0.30.

The volume fraction of nonmagnetizable particles is fixed at φN = 0.15. A different

nonmagnetizable sphere is considered in each of the eight experiments. Figure 2.2

reveals a ≈ 50% increase in yield stress for all nonmagnetizable particles considered.

Therefore, the enhancement is independent of nonmagnetizable particle type.

The experimental results in Figs. 2.1 and 2.2 can be replicated via simulations,

shown in Fig. 2.3 [Ulicny et al. (2010)]. In Fig. 2.3, yield stress is plotted as a

function of magnetizable sphere volume fraction for three-dimensional suspensions.
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Figure 2.2: Yield stress at magnetic saturation for eight different experiments. In each experiment, a different
nonmagnetizable particle was mixed with iron particle. φM = 0.30 and φN = 0.15 [Ulicny et al. (2013)].

Red squares represent a suspension containing only magnetizable spheres. Green

circles represent a suspension containing a mixture of monodisperse magnetizable

and nonmagnetizable spheres such that φT = φM + φN = 0.45. For the interval

0.25 ≤ φM ≤ 0.40, nonmagnetizable spheres cause the suspensions of mixtures to

have a larger yield stress than the suspensions containing only magnetizable spheres.

By using simulations, systems and situations which cannot be explored through ex-

periment can be pursued and understood. In Chapters 3 and 4, we will explore the

underlying mechanism behind the yield stress enhancement due to nonmagnetizable

particles. We will show that the nonmagnetizable particles induce a jamming-like

phenomenon which causes the yield stress to increase.
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Figure 2.3: Yield stress at magnetic saturation as a function of magnetizable sphere concentration. Open circles
represent monodisperse suspensions containing only magnetizable spheres. Open squares represent a mixture of glass
and bimodally distributed iron particles such that the total volume fraction is φT = φM + φN = 0.45 [Ulicny et al.

(2010)].

2.3 Decrease of Off-State Viscosity with Coated

Particles

Another proposed method for increasing the turn-up ratio is adding stearate and thio-

phosphates to the suspension [Ulicny et al. (2005a)]. These treatments become active

on the surface of each particle [Klingenberg et al. (2010)]. By changing the surface

chemistry of each particle, it appears that there is a drag reduction on the particles in

the off-state while leaving the on-state properties unchanged. Figure 2.4 is a plot of

stress as a function of shear rate for two types of suspensions. Open circles represent

a suspension in which magnetizable particles have not been coated with stearate and

thiophosphate. Open squares represent a suspension in which magnetizable particles

have been coated with stearate and thiophosphate. The suspension that is untreated
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Figure 2.4: Shear stress vs. strain rate for particles treated with the stearate and thiophosphate coating and those
without the coating in the off-state [Klingenberg et al. (2010)].

has a much higher shear stress than the suspension that has been treated with the

stearate and thiophosphate compound. The coatings cause the interparticle distances

to be larger, thereby decreasing the van der Waals attractions. The surface treatment

described here has a similar effect on the rheological properties that has been observed

by other surface treatments [Fang and H.J. Choi (2008); Aktary et al. (2001); Cho,

M.S., S.T. Lim, I.B. Jang, H.J. Choi, M.S. Jhon (2004); Choi et al. (2005)]. This

drag reduction leads to improved durability for the fluid. The surface coatings might

also reduce the oxidation of the particles [Ulicny et al. (2005a); Ulicny et al. (2007)].

In order to help better understand these micro-scale phenomena, it is important

to be able simulate the fluids on the micro-scale. To simulate on the micro scale,

it is important to know which forces act on each particle as it moves through the

fluid. In the high-field limit, only magnetostatic forces, short-range repulsive forces,
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and Stokes’ drag are considered to act on the sphere as it moves through the fluid.

Stokes’ drag is given by Fdrag = 6πµa, where µ is the viscosity of the surrounding fluid,

and a is the radius of the particle. In the high-field limit, the magnetostatic forces

are considered to be much larger than the hydrodynamic interactions. Therefore, the

free-draining limit can be used for these simulations. However, in the low-field limit,

the magnetostatic forces do not dominate, and the hydrodynamic interactions must

be included for an accurate simulation. To better understand what is happening on

the macroscopic level in the low-field limit, it is important to understand what is

happening in the regime where hydrodynamic interactions become important.

Ball and J.R. Melrose (1997) give a simulation technique for including hydrody-

namic interactions in concentrated suspensions. Based on the Stokesian Dynamics

(SD) techniques developed by Brady and G. Bossis (1988), Ball and J.R. Melrose

(1997) note that in concentrated suspensions, the near-field lubrications interactions

dominate the equations of motion. Therefore, far-field hydrodynamic interactions

can be neglected. While this provides an important simplification to the traditional

SD, the simulations are still very slow. Solving for the motion of the spheres re-

quires solving a system of equations 6N×6N [Ball and J.R. Melrose (1997)]. Parallel

computing offers a potential solution to improving the computational cost of these

simulations. More work is needed in this area to better understand MR fluids in the

low-field regime.
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Chapter 3

Effect of Nonmagnetizable Spheres

on the Structure of

Magnetorheological Fluids

3.1 Introduction

Magnetorheological (MR) fluids are suspensions of magnetizable particles in a non-

magnetizable, viscous, continuous phase. Applying a magnetic field with a flux den-

sity on the order of 1 Tesla causes the stress at low deformation rates to increase by

orders of magnitude. The field-induced stress increase is both fast and reversible. The

magnetic field induces magnetostatic particle interactions which cause the particles

to aggregate, changing the suspension from a fluid-like state to a solid-like state, with

a magnetic field-dependent yield stress [Ginder (1996); Jolly et al. (1998)]. This dra-

matic field-induced change in rheological properties is often called the MR effect. The
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tunable rheological properties make MR suspensions useful in numerous applications,

including semiactive shock absorbers, clutches, actuators, servo valves, and precision

polishing fluids [Jolly et al. (1998); Carlson and J.L. Sproston (2000); Klingenberg

(2001)].

It is desirable to obtain the largest possible difference in rheological properties

when the magnetic field is on (the “on-state”) and when the magnetic field is off (the

“off-state”). A large difference between off-state and on-state rheological properties

allows for a large range of dynamic control, smaller devices and fluid volumes, and

therefore reduced costs. Ulicny et al. (2010) showed experimentally that the field-

induced yield stress of concentrated MR suspensions can be increased significantly

by adding nonmagnetizable particles to the suspension. The yield stress of an MR

suspension (at magnetic saturation) with an iron particle volume fraction of 0.30

was increased by 50% by adding glass beads at volume fraction of 0.15. Further-

more, it is possible to increase the field-induced yield stress by replacing a fraction of

the magnetizable particles with an equivalent volume of nonmagnetizable particles.

Similar magnitudes of yield stress enhancement were observed for a variety of differ-

ent types of nonmagnetizable particles [Klingenberg and J.C. Ulicny (2011)]. This

phenomenon has also been observed in simulations of MR suspensions composed of

mixtures of magnetizable and nonmagnetizable spheres [Ulicny et al. (2010); Klin-

genberg and J.C. Ulicny (2011)]. An understanding of the mechanisms that produce

this phenomenon is still lacking.

Unexpected increases in the field-induced stress of MR suspensions have been

reported in experiments and simulations for other situations, which have been at-

tributed to significant changes in the suspension microstructure. One such situation
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is the transient stress increase attributed to the formation of lamellae, or sheet-like

structures, in the plane of shear. When a sufficiently large magnetic or electric field

is applied to a sheared MR or electrorheological (ER) suspension, respectively, the

shear stress first increases rapidly, and then continues to increase much more slowly

[Vieira et al. (2000); Ulicny et al. (2005b)]. The slow transient increase in stress is

caused by the formation of lamellar structures [Henley and F.E. Filisko (1999); Tang,

X. et al. (2000); Volkova et al. (1999); Vieira et al. (2000); Ulicny et al. (2005b)].

Lamellae formation with transient stress increases has also been observed in particle-

level simulations of flowing MR and ER suspensions [Martin (2000); Kittipoomwong

et al. (2008)].

Another unexpected field-induced stress increase was observed by Foister (1997),

who reported experiments in which an MR suspension with bimodal particle size

distribution possessed a larger field-induced stress than that of a monomodal sus-

pension at the same volume fraction. Similar experimental results were reported by

Weiss et al. (2000) and Ulicny et al. (2004). Particle-level simulations of MR suspen-

sions by Kittipoomwong et al. (2005) also produced larger field-induced stresses for

bidisperse suspensions than those obtained for monodisperse suspensions at the same

volume fraction. Kittipoomwong et al. (2005) probed the structure of the suspensions

to determine the mechanisms by which smaller particles cause the bidisperse suspen-

sions to have a larger yield stress than monodisperse suspensions. They examined the

volume fraction fluctuations, defined as 〈φ2〉 − 〈φ〉2, where φ is the volume fraction,

to assess the degree of heterogeneity of the different suspensions. The monodisperse

suspensions exhibited the largest volume fraction fluctuations which means that the

bidisperse suspensions were more homogeneous. Snapshots revealed that monodis-



3.1. Introduction 18

perse suspensions tended to contain fewer, more globular clusters, whereas the bidis-

perse suspensions contained a greater number of more chain-like clusters. The larger

number of clusters have less space between them, and thus smaller concentration fluc-

tuations. The presence of more chain-like structures were quantified by calculating

the pair distribution function as well as the components of the average mass moment

tensor of clusters—both measures revealed a more anisotropic (i.e., more chain-like)

structure for the bidisperse suspensions. It is thus apparent that more numerous

chain-like structures produce larger stresses than fewer globular clusters [Klingenberg

et al. (1991a); Kraynik et al. (1991); Gulley and R.T. Tao (1993); Anderson, R.A.

(1994)].

In this article, we examine structure measures similar to those employed by Kit-

tipoomwong et al. (2005) to determine if the dramatic rheological changes caused by

the presence of nonmagnetizable spheres can be associated with significant changes in

the microstructure, such as those described above. The model and simulation method

are presented in the following section. Following the simulation method, new yield

stress data are presented for simulations of both three-dimensional and monolayer

suspensions. The measures of microstructure examined reveal that nonmagnetizable

spheres only cause minor changes to the microstructure. This contrasts with the

dramatic changes in microstructure presented by Kittipoomwong et al. (2005) for

bidisperse suspensions. This suggests that the mechanisms by which nonmagnetiz-

able spheres significantly influence the rheology of MR suspensions do not require a

correspondingly significant change in the microstructure.
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3.2 Model

Magnetorheological suspensions are treated as collections of magnetizable and non-

magnetizable spheres (monodisperse, diameter σ, magnetizable spheres with satura-

tion magnetization Ms) immersed in a nonmagnetizable, Newtonian, incompressible,

continuous phase (relative permeability µ = 1, viscosity ηc), and subjected to a uni-

form magnetic field H0 = H0ez [Klingenberg et al. (1991a); Kittipoomwong et al.

(2005)].

The motion of the spheres can be described by Newton’s equation of motion.

Neglecting the inertia of sphere i gives

Fi ({rj}) = 0 (3.1)

where Fi ({rj}) is the net force on sphere i. The net force has three contributions:

the magnetostatic force, the short-range repulsive force, and the hydrodynamic force.

The magnetostatic force on sphere i caused by sphere j is given by the point-dipole

expression

Fmag.
ij = F0

(
σ

rij

)4 [(
3 cos2 θij − 1

)
er + sin 2θijeθ

]
, (3.2)

where rij is the distance between sphere i and sphere j, and θij is the angle between

the line-of-centers and the applied magnetic field. The magnitude of the force, F0, is

given by

F0 =


3π
16µ0β

2H2
0σ

2 linear magnetization
π
48µ0σ

2M2
s saturated magnetization

, (3.3)

where β = (µp−µc)/(µp+2µc), µp is the relative permeability of the particle material,
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µc is the relative permeability of the continuous phase, and µ0 is the permeability of

free space. To mimic a hard-sphere interaction between spheres i and j, a short-range

repulsive force on sphere i caused by sphere j is given by

F rep.
ij = −F0 exp [κ (σ − rij) /σ] er, (3.4)

where κ characterizes the range of the repulsive force; κ = 100 for the results pre-

sented here. The spheres also experience a force due to hydrodynamic drag. Following

the work of Klingenberg et al. (1991a) and Kittipoomwong et al. (2005), the hydro-

dynamic drag is treated as Stokes’ drag

F hyd.
i = −3πηcσ

[
dri
dt
−U∞ (ri)

]
, (3.5)

where U∞(ri) is the ambient fluid velocity evaluated at the particle center.

Equation 3.1 can be nondimensionalized using the following length, force, and

time scales:

Ls = σ, Fs = π

48µ0σ
2M 2

s , ts = 144ηc
µ0M 2

s

. (3.6)

These scales allow Eq. 3.1 to be written

dr∗i
dt∗

=
N∑
j 6=i
F ∗,rep.
ij + F ∗,wall

i +
N∑
j 6=i
F ∗,mag.
ij +U ∗,∞, (3.7)

where the asterisks denote dimensionless quantities.

The shear stress in the suspension is calculated by

τ ∗xz = − 1
V ∗

N∑
i=1

z∗i F
∗
x,i (3.8)
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where F ∗x,i is the x component of the total nonhydrodynamic force acting on sphere

i.

3.3 Simulation Method

Magnetorheological suspensions were generated by randomly placing N neutrally

buoyant spheres in a volume of size L∗x×L∗y×L∗z. The spheres were bounded by solid

surfaces at z∗ = ±L∗z/2 and by periodic boundaries at x∗ = ±L∗x/2 and y∗ = ±L∗y/2.

The total volume fraction of spheres φT is

φT = φM + φN (3.9)

where φM is the volume fraction of magnetizable spheres, and φN is the volume frac-

tion of nonmagnetizable spheres. Ten different initial configurations were created for

each composition studied. The spheres in each configuration were randomly assigned

as either magnetizable or nonmagnetizable (subject to the constraint of the specified

values of φM and φN). Monolayer simulations were generated by placing N spheres

in a cell L∗x × L∗z (y∗ = 0 for all spheres). The total area fraction of spheres is given

by φAT = φAM + φAN , where φAM and φAN are the area fractions of the magnetizable and

nonmagnetizable spheres, respectively.

Spheres within 0.05σ of a bounding surface were considered stuck and assumed the

lateral velocity of the surface; particles sticking to solid surfaces has been observed

experimentally [Klingenberg and C.F. Zukoski (1990)]. Since the motion of each

sphere in the z direction is still governed by Eq. 3.7, stuck spheres can be removed

from the surface, and thus eventually move independently of the solid surface.
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The suspensions were sheared by moving the surface located z∗ = +L∗z/2 in the

positive x direction. The ambient velocity is thus U ∗,∞(r) = γ̇∗(z∗ + L∗z/2)ez, where

γ̇ is the dimensionless shear rate. Sphere trajectories were determined by numerically

integrating Eq. 3.7. Suspensions were sheared to a strain of γ∗ = 5.0 at a strain

rate of γ̇∗ = 10−3. The positions of the spheres were saved every strain interval of

0.05. The dynamic yield stress was calculated using the “relaxation” method. Saved

configurations were allowed to relax (with γ̇∗ = 0) to equilibrium. The average stress

that is calculated with Eq. 3.8 using the relaxed configurations is equated with the

dynamic yield stress. The dynamic yield stress is averaged over both configurations

and strain interval 1 ≤ γ ≤ 5. The dynamic yield stress calculated using this method

is equivalent to that obtained from simulations at successively smaller shear rates

followed by extrapolation to zero shear rate [Klingenberg et al. (1991a)].

The simulation cell size for three-dimensional simulations was L∗x = 10, L∗y =

5, L∗z = 5. For the largest volume fraction studied, φT = 0.45, the cell contained

215 spheres. The simulation cell size of the monolayer suspensions (y∗i = 0) was

L∗x = 30, L∗z = 10. For the largest area fraction studied, φAT = 0.75, the system

contained 287 spheres.

3.4 Results and Discussion

3.4.1 Three-Dimensional Simulations

The dimensionless yield stress for three-dimensional simulations is plotted as a func-

tion of φN for various φM in Fig. 3.1. For φM < 0.20, the nonmagnetizable spheres

have no effect on the yield stress for the range of φN investigated. However, for values
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Figure 3.1: Dimensionless yield stress as a function of nonmagnetizable sphere volume fraction for three-dimensional
simulations for various magnetizable sphere volume fractions.

of φM ≥ 0.20, the yield stress increases as φN is increased. Figure 3.1 illustrates that

the yield stress can also be increased by replacing some magnetizable spheres with

nonmagnetizable spheres.

3.4.2 Monolayer Simulations

Ulicny et al. (2010) reported simulation results for mixtures of magnetizable and

nonmagnetizable spheres confined to monolayers. For a total area fraction of φAT =

0.63, the yield stress was independent of composition for the range of compositions

investigated (0.50 ≤ φAM ≤ 0.63). Their simulations were performed with relatively

small systems: L∗x = 15, L∗z = 5, and a total of only 60 spheres.

In contrast, we find that for larger monolayer systems (L∗x = 30, L∗z = 10), the

presence of nonmagnetizable spheres produces larger yield stresses, as illustrated in

Figs. 3.2 and 3.3, where the dimensionless yield stress is plotted as a function of φAM .
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Figure 3.2: Dimensionless yield stress as a function of magnetizable sphere area fraction for monolayers with and
without nonmagnetizable spheres. For monolayers with nonmagnetizable spheres, the total area fraction is fixed at

φA
T = 0.48.

In Fig. 3.2, the open squares represent results for monolayers containing only mag-

netizable spheres, and the open circles represent results for mixtures of magnetizable

and nonmagnetizable spheres with a total area fraction fixed at φAT = 0.48. Figure 3.3

shows similar results, but for mixtures with a total area fraction fixed at φAT = 0.75.

The results in Figs. 3.2 and 3.3 illustrate that the yield stress in monolayer

systems is larger for mixtures of magnetizable and nonmagnetizable spheres than it is

for systems containing only magnetizable spheres at the same value of φAM (≥ 0.10).

In Fig. 3.4, the yield stress is plotted as a function of φAN for various values of φAM .

Figures 3.2–3.4 also illustrate that the yield stress can be increased by replacing some

magnetizable spheres with nonmagnetizable spheres.

The fact that Ulicny et al. (2010) reported no yield stress enhancement caused by

adding nonmagnetizable spheres to monolayers, while we do observe an enhancement,

can only be attributed to the sizes of the systems simulated (the same model is used
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Figure 3.3: Dimensionless yield stress versus magnetizable sphere area fraction for multiple monolayer suspensions
for monolayers with and without nonmagnetizable spheres. For monolayers with nonmagnetizable spheres, the total

area fraction is fixed at φA
T = 0.75.

in both studies)—apparently, the enhancement disappears when the system size is

too small. A mechanistic explanation of this phenomenon is currently lacking.

It is now apparent that enhancement of the yield stress caused by nonmagnetizable

spheres can be achieved in both three-dimensional and monolayer systems. This

implies that the underlying mechanism cannot be a phenomenon only available in

three-dimensional systems. Therefore, the mechanism of enhancement cannot be

related to the formation of lamellar structures.

3.4.3 Microstructure Changes

Kittipoomwong et al. (2005) observed that the enhancement of the yield stress ob-

tained for mixtures of large and small magnetizable spheres was associated with sig-

nificant changes in the microstructure. Here we examine the same structural measures
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Figure 3.4: Dimensionless yield stress versus the volume fraction of nonmagnetizable spheres for multiple monolayer
suspensions.

and the changes produced by the addition of nonmagnetizable spheres.

The fluctuation in the volume fraction of magnetizable spheres,

σ2
M ≡

〈
φ2
M

〉
− 〈φM〉2 , (3.10)

characterizes the degree of heterogeneity in the spatial distribution of magnetizable

spheres. To evaluate 〈φ2
M〉 and 〈φM〉, the simulation cell was divided into cubes, each

of side length LB (for the results presented here, LB = 2.5). The volume fraction of

magnetizable spheres in each cube was calculated by determining the total volume of

magnetizable spheres and dividing by the cube volume, L3
B. The averages 〈φ2

M〉 and

〈φM〉 were equated with the averages of φ2
M and φM over all cubes. In monolayers,

fluctuations in area fraction were considered. The fluctuations σ2
M were averaged over

initial configurations and the strain interval 1 ≤ γ ≤ 5.
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Figure 3.5: Fluctuation in volume fraction of magnetizable spheres as a function of the nonmagnetizable sphere
volume fraction for three dimensional systems.

For a well-dispersed system, φM should be the same in all cubes, which gives

〈φ2
M〉 = 〈φM〉2 and σ2

M = 0. For a heterogeneous suspension, φM will vary from one

cube to another, which gives σ2
M > 0.

The fluctuation in the volume fraction of magnetizable spheres is plotted as a

function of φN for various φM in Fig. 3.5. For most values of φM , σ2
M increases as φN

is increased. While the increase in σ2
M suggests that the distribution of magnetizable

spheres becomes more heterogeneous when nonmagnetizable spheres are added to

the suspension, the magnitude of the fluctuation is only 10−3. This indicates that

the nonmagnetizable spheres have insignificant impact on the homogeneity of three-

dimensional systems.

The fluctuation in area fraction of magnetizable spheres in monolayers is plotted

as a function of φAN in Fig. 3.6 for different values of φAM . For φAN = 0, σ2
M decreases

slightly as φAM is increased. As φAN is increased, σ2
M also decreases. The suspension is
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Figure 3.6: Fluctuation in area fraction of magnetizable spheres as a function of the nonmagnetizable sphere area
fraction for monolayer systems.

most heterogeneous when nonmagnetizable spheres are absent in the suspension.

For both three-dimensional and monolayer systems, the fluctuation in the concen-

tration of magnetizable spheres is small. Furthermore, although both types of sus-

pensions exhibit an increase in yield stress when nonmagnetizable spheres are added,

the impact on the concentration fluctuation is opposite—nonmagnetizable spheres

increase σ2
M for the three-dimensional systems, and decrease σ2

M for the monolayer

systems. We therefore conclude that the mechanism of yield stress enhancement is

not associated with altering the degree of heterogeneity of the distribution of magne-

tizable spheres.

Kittipoomwong et al. (2005) discovered that the smaller spheres in bidisperse

systems induce the larger spheres to form more chain-like, anisotropic structures

than those formed in monodisperse suspensions. Changes in the degree of anisotropy

caused by adding the small spheres were evident in snapshots of the simulations, in
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Figure 3.7: (a) Snapshot of a simulation with φA
M = 0.40 and φA

N = 0.00. Green circles represent magnetizable
particles. (b) Snapshot of a simulation with φA

M = 0.40 and φA
N = 0.35 with the nonmagnetizable particles omitted

for clarity.

the pair distribution function, and in the mass moment tensor.

Snapshots of monolayers containing magnetizable and nonmagnetizable spheres

are shown in Fig. 3.7. Figure 3.7a depicts a monolayer containing only magnetizable

spheres with area fraction φAM = 0.40. Figure 3.7b shows a monolayer mixture with

area fractions φAM = 0.40, φAN = 0.35; the nonmagnetizable spheres have been omitted

for clarity. The snapshots show that both systems are anisotropic and very similar.

These and other snapshots suggest that the degree of anisotropy is not significantly

altered by the addition of the nonmagnetizable spheres.

Next we consider the pair distribution functions. For a mixture of magnetizable

and nonmagnetizable spheres, different distribution functions can be defined. For

example, gMM (r) is the pair distribution function of magnetizable spheres given a

magnetizable sphere at the origin.

Pair distribution functions gMM (r) in the velocity-velocity gradient (xz) plane are

presented in Fig. 3.8 for three-dimensional suspensions with and without nonmagne-

tizable spheres. Figure 3.8(a) shows gMM (r) for a suspension of only magnetizable

spheres with φM = 0.30. Figure 3.8(b) shows gMM (r) for a mixture with φM = 0.30
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Figure 3.8: (a) The pair distribution function gMM (r) for volume fractions φM = 0.30 and φN = 0.00. (b) The
pair distribution function gMM (r) for volume fractions φM = 0.30 and φN = 0.15
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and φN = 0.15. The two plots are quite similar, indicating that the presence of non-

magnetizable spheres does not qualitatively alter the microstructure of the magneti-

zable component. This is in stark contrast to the results reported by Kittipoomwong

et al. (2005), where the pair distribution of large spheres was qualitatively altered by

the addition of small spheres. In that case, the structure became more anisotropic,

with new peaks and long-range structure appearing along the z axis.

The differences between Figs. 3.8(a) and (b) are illustrated in Fig. 3.9 where

∆g (r) ≡ gMM(r; φM = 0.30, φN = 0.15) −gMM (r;φM = 0.30, φN = 0) in the xz

plane is presented. This difference illustrates a negligible change in the pair probabil-

ity density near (x∗, z∗) = (0,±1), suggesting that the nonmagnetizable spheres do

not cause an increase in the chain-like character of the microstructure. The decrease

in probability density near the points (x∗, z∗) = (±0.52,±0.75) and (0,±1.73) indi-

cate a decrease in the population of triangular lattice structures (aligned with the

flow direction). The magnitude of the decrease in g at the peaks is roughly 20% of

the magnitude when only magnetizable spheres are present.

Pair distribution functions for monolayer systems are presented in Figs. 3.10–

3.13. Figure 3.10(a) shows gMM (r) for a monolayer suspension of only magnetizable

spheres with φAM = 0.30. Figure 3.10(b) shows gMM (r) for a mixture with φAM = 0.30

and φAN = 0.18. The two plots are similar, and indicate that the microstructure of

magnetizable spheres is very chain-like, with high probability densities near (x∗, z∗)

= (0,±1) and (0,±2). The addition of the nonmagnetizable spheres enhances these

probability densities, and decreases the probability density at all positions away from

the z axis.

The difference ∆g (r)≡ gMM
(
r;φAM = 0.30, φAN = 0.18

)
− gMM

(
r;φAM = 0.30, φAN = 0

)
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Figure 3.9: The pair distribution function difference gMM (r;φM = 0.30, φN = 0.15) − gMM (r;φM = 0.30, φN =
0.00).
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Figure 3.10: (a) The pair distribution function gMM (r) for area fractions φA
M = 0.30 and φA

N = 0.00 . (b) The
pair distribution function gMM (r) for area fractions φA

M = 0.30; φA
N = 0.18

.
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Figure 3.11: The pair distribution function difference gMM (r;φM = 0.30, φN = 0.15)− gMM (r;φM = 0.30, φN =
0.00).

in the xz plane is presented in Fig. 3.11. This difference, like that demonstrated in

Fig. 3.9, illustrates a negligible change in the pair probability density near (x∗, z∗)

= (0,±1), suggesting that the nonmagnetizable spheres do not cause the an increase

in the chain-like character of the microstructure in monolayers. Unlike the three-

dimensional simulation, a decrease in probability density near the points (x∗, z∗) =

(±0.52,±0.75) and (0,±1.73) is absent.

Pair distribution functions for more concentrated monolayer systems are presented

in Fig. 3.12. Figure 3.12(a) shows gMM (r) for a monolayer suspension of only mag-
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netizable spheres with φAM = 0.40. Figure 3.12(b) shows gMM (r) for a mixture with

φAM = 0.40 and φAN = 0.35. The difference ∆g (r) ≡ gMM
(
r;φAM = 0.40, φAN = 0.35

)
−

gMM
(
r;φAM = 0.40, φAN = 0

)
in the xz plane is presented in Fig. 3.13. For φAM = 0.40

and φAN = 0 (Fig. 3.12(a)), the microstructure exhibits chain-like character, with

peaks near (x∗, z∗) = (0,±1) and (0,±2), as well as triangular lattice character,

with peaks near (x∗, z∗) = (±0.52,±0.75), (±1, 0), and (0,±1.73). Addition of the

nonmagnetizable spheres increases the peak intensities near (x∗, z∗) = (0,±1) and

decreases the peak in the triangular lattice positions (Fig. 3.12(b) and 3.13).

For both three-dimensional and monolayer suspensions, it is apparent that the

addition of nonmagnetizable spheres consistently reduces the triangular lattice char-

acter of the microstructure of the magnetizable sphere component. The chain-like

character is not enhanced in the three-dimensional systems, but it is in the monolayer

systems—and all systems do exhibit an increase in yield stress upon addition of the

nonmagnetizable spheres. Thus, in contrast to the results reported by Kittipoom-

wong et al. (2005) for bidisperse suspensions, the yield stress enhancement is not

associated with an increase in the anisotropic, chain-like character of the microstruc-

ture. The enhancement does appear to be associated with a decrease in crystallinity,

and thus an increase in the amorphous character. The mechanisms by which a more

amorphous microstructure may produce a larger yield stress is not clear.

The anisotropy of the suspensions can also be quantified via the mass moment

tensors of clusters within the suspension. To calculate the mass moment tensor,

clusters of spheres were first identified. Two spheres were considered to be in direct

contact, and thus in the same cluster, if their center-to-center separation was less than

1.05. The algorithm described by Sevick et al. (1988) was used to identify all spheres
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Figure 3.12: (a) The pair distribution function gMM (r) for area fractions φA
M = 0.40. (b) The pair distribution

function gMM (r) for area fractions φA
M = 0.40 and φA

N = 0.35.
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Figure 3.13: The difference gMM (r;φA
M = 0.40, φA

N = 0.35)− gMM (r;φA
M = 0.40, φA

N = 0.00).
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within the same cluster. Two types of clusters were identified: those containing

only magnetizable spheres, and those containing magnetizable and nonmagnetizable

spheres. After identifying the clusters, the mass moment tensor for the kth cluster,

which is composed of nk, spheres is defined by

Ik =

nk∑
i=1

mi

(
x∗i − x∗,kc

) (
x∗i − x∗,kc

)
nk∑
i=1

mi

. (3.11)

Here, x∗i is the dimensionless location of the ith sphere in cluster k, x∗,kc = m−1
k

∑nk
i=1 mix

∗
i

is the dimensionless center-of-mass of cluster k, and mi = πρσ3
i /6 is the mass of the

ith sphere with density ρ, treated here as a constant.

The anisotropy of a cluster can be quantified by the eigenvalues of the mass

moment tensor. In order of decreasing magnitude, these eigenvalues can be labeled

as Ik1 , Ik2 , and Ik3 (for monolayers, only Ik1 and Ik2 are needed). The ratio of the

eigenvalues is given by

Ikratio = Ik1√(
Ik2
)2

+
(
Ik3
)2
, (3.12)

for three dimensional systems, and Ikratio = Ik1 /I
k
2 for monolayer systems. For a chain

of perfectly aligned spheres, Iratio →∞.

In order to avoid a single chain of aligned spheres with Iratio � 1 skewing the

results, the average of the inverse of the eigenvalue ratios was calculated,

〈
I−1

ratio

〉
= 1
NC

NC∑
i=1

(
I−1

ratio

)
, (3.13)

where NC is the total number of clusters in the suspension. These values were aver-
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aged over both initial configurations and strain interval 1 ≤ γ ≤ 5. The eigenvalue

ratios were calculated for clusters containing both sphere types and clusters contain-

ing only magnetizable spheres.

The mass moment tensor eigenvalue ratio of three-dimensional suspensions is plot-

ted as a function of φN for various φM in Fig. 3.14. Figure 3.14(a) shows
〈
I−1

ratio

〉−1
for

clusters of magnetizable and nonmagnetizable spheres. Figure 3.14(b) shows
〈
I−1

ratio

〉−1

for clusters of only magnetizable spheres.

In both Fig. 3.14(a) and (b),
〈
I−1

ratio

〉−1
decreases as φM is increased. This indi-

cates that more concentrated suspensions are less anisotropic. As φN is increased,〈
I−1

ratio

〉−1
decreases, even when the nonmagnetizable spheres are excluded from clus-

ters. Kittipoomwong et al. (2005) found that for bidisperse systems,
〈
I−1

ratio

〉−1
was

orders of magnitude larger than
〈
I−1

ratio

〉−1
for monodisperse systems, which indicated

that bidisperse suspensions are more anisotropic than monodisperse suspensions. In

contrast, here we find that increasing φN causes
〈
I−1

ratio

〉−1
to decrease, creating a less

anisotropic suspension.

Figure 3.15 shows
〈
I−1

ratio

〉−1
as a function of φM for three-dimensional suspen-

sions. Open squares represent suspensions containing only magnetizable spheres.

Open circles and triangles represent suspensions containing both types of spheres with

φT = 0.45. For the circles, nonmagnetizable spheres were included in the clusters;

for the triangles, nonmagnetizable spheres were excluded from the clusters. At low

φM ,
〈
I−1

ratio

〉−1
is smaller for suspensions that contain both types of spheres than for

suspensions containing only magnetizable spheres, regardless of whether nonmagneti-

zable spheres are included or excluded from the clusters. As φM is increased,
〈
I−1

ratio

〉−1

decreases for all data sets, which indicates that adding magnetizable spheres causes
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Figure 3.14: The mass moment tensor eigenvalue ratio as a function of φN for several different values of φM . (a)
Nonmagnetizable particles are included in the clusters. (b) Nonmagnetizable are excluded from the clusters.
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Figure 3.15:
〈
I−1

ratio
〉−1

as a function of φM for suspensions containing only magnetizable spheres (squares), and for
mixtures with φT = 0.45. For the circles, the nonmagnetizable spheres were included in the clusters; for the triangles,

nonmagnetizable spheres were excluded.

the suspension to be less anisotropic.

Figure 3.16 shows
〈
I−1

ratio

〉−1
as a function of φAN for various φAM for monolayer

suspensions. In Fig. 3.16(a), both magnetizable and nonmagnetizable spheres were

included in the clusters. In Fig. 3.16(b), the nonmagnetizable spheres were excluded

from the clusters.

In Fig.3.16(a), for φAN = 0,
〈
I−1

ratio

〉−1
decreases as φAM is increased. As φAN is in-

creased, all values of the eigenvalue ratio remain in the range 5 ≤
〈
I−1

ratio

〉−1
≤ 10.

This indicates that adding nonmagnetizable spheres does not cause the suspension

to become more anisotropic. However, when the nonmagnetizable spheres are ex-

cluded from the clusters (in Fig. 3.16(b)) the eigenvalue ratio is independent of φAN .

As φAM is decreased, the eigenvalue ratio increases, indicating that more chain-like

structures appear at lower concentrations of magnetizable spheres. We also note that
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Figure 3.16: The mass moment tensor eigenvalue ratio as a function of φN for several different values φA
M (a)

Nonmagnetizable particles are included in the clusters. (b) Nonmagnetizable are excluded from the clusters.
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Figure 3.17:
〈
I−1

ratio
〉−1

as a function of φA
M for suspensions containing only magnetizable spheres (squares), and for

mixtures with φA
T = 0.75. For the circles, the nonmagnetizable spheres were included in the clusters; for the triangles,

nonmagnetizable spheres were excluded.

the dependence of
〈
I−1

ratio

〉−1
on φAM is much weaker than that reported for bidisperse

suspensions [Kittipoomwong et al. (2005)].

The mass moment tensor eigenvalue ratio for monolayer simulations is plotted as

a function of φAM in Fig. 3.17. Open squares represent suspensions containing only

magnetizable spheres. Open circles represent suspensions containing both types of

spheres with φAT = 0.75; nonmagnetizable spheres are included in the clusters. Open

triangles represent the same suspensions as the open circles, but nonmagnetizable

spheres are excluded from the clusters. At low φAM ,
〈
I−1

ratio

〉−1
is smaller for mixtures

than for suspensions of only magnetizable spheres, regardless of whether or not non-

magnetizable spheres are included in the clusters. For suspensions containing only

magnetizable spheres,
〈
I−1

ratio

〉−1
decreases as φAM is increased. When the nonmagne-

tizable spheres are included in the clusters,
〈
I−1

ratio

〉−1
remains constant. The data in
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Fig. 3.17 suggests that suspensions forms fewer chain-like clusters of spheres when

nonmagnetizable particles are added, as well as when φAM is increased.

3.5 Conclusions

We have employed a particle-level simulation technique to probe the effect of non-

magnetizable spheres on MR suspensions that contain a mixture of magnetizable and

nonmagnetizable spheres. Monolayer simulations exhibit an increase in yield stress

when nonmagnetizable spheres are added, which is consistent with experimental re-

sults for three-dimensional systems, and in contrast to previously reported results for

monolayers [Ulicny et al. (2010)]. We characterized the microstructure of the suspen-

sions by several measures, including volume fraction fluctuations, pair distribution

functions, and eigenvalues of the second-order mass moment tensor. We find that

nonmagnetizable spheres cause different microstructure changes in monolayer and

three-dimensional suspensions. In addition, the microstructure changes are much

smaller than those reported for bidisperse suspensions [Kittipoomwong et al. (2005)].

Therefore, microstructure changes caused by the addition of nonmagnetizable spheres

do not appear to directly cause the yield stress enhancement.
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Chapter 4

Effect of Nonmagnetizable Spheres

on the Forces of

Magnetorheological Fluids

4.1 Introduction

Magnetorheological (MR) fluids are suspensions of magnetizable particles in a non-

magnetizable, viscous, continuous phase. Application of a magnetic field with a flux

density on the order of 1 Tesla causes the stress at low deformation rates to increase

by orders of magnitude. The field-induced stress increase is both fast and reversible.

The magnetic field induces magnetostatic particle interactions which cause the parti-

cles to aggregate, changing the suspension from a fluid-like state to a solid-like state,

with a magnetic field-dependent yield stress [Ginder (1996); Jolly et al. (1998)]. This

dramatic field-induced change in rheological properties is often called the MR ef-
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fect. The tunable rheological properties make MR suspensions useful in numerous

applications, including semiactive shock absorbers, clutches, actuators, servo valves,

and precision polishing fluids [Jolly et al. (1998); Carlson and J.L. Sproston (2000);

Klingenberg (2001)].

It is desirable to obtain the largest possible difference in rheological properties

when the magnetic field is on (the “on-state”) and when the magnetic field is off (the

“off-state”). A large difference between off-state and on-state rheological properties

allows for a large range of dynamic control, smaller devices and fluid volumes, and

therefore reduced costs. Ulicny et al. (2010) showed experimentally that the field-

induced yield stress of concentrated MR suspensions can be increased significantly

by adding nonmagnetizable particles to the suspension. The yield stress of an MR

suspension (at magnetic saturation) with an iron particle volume fraction of 0.30

was increased by 50% by adding glass beads at a volume fraction of 0.15. Further-

more, it is possible to increase the field-induced yield stress by replacing a fraction of

the magnetizable particles with an equivalent volume of nonmagnetizable particles.

Similar magnitudes of yield stress enhancement were observed for a variety of differ-

ent types of nonmagnetizable particles [Klingenberg and J.C. Ulicny (2011)]. This

phenomenon has also been observed in simulations of MR suspensions composed of

mixtures of magnetizable and nonmagnetizable spheres [Ulicny et al. (2010); Klin-

genberg and J.C. Ulicny (2011)]. An understanding of the mechanisms that produce

this phenomenon is still lacking.

In Chapter 3 it was shown that, unlike other systems in which shear stresses in-

creased, the increase in shear stress resulting from the addition of nonmagnetizable

particles is not associated with a significant change in the microstructure. Further-
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more, subtle changes in measures of the microstructure differ qualitatively in mono-

layer and 3D systems. These observations suggest that the increase in stress observed

by adding nonmagnetizable particles is not caused by a change in microstructure.

Dynamic measurements are common tools for probing the mechanisms of rheolog-

ical behavior for complex fluids. We use large amplitude oscillatory shear (LAOS) to

investigate the mechanisms that cause the yield stress increase for MR fluids that con-

tain nonmagnetizable particles. Suspensions were sheared in the limit of zero shear

rate using a relaxation method Klingenberg et al. (1991b). Configurations saved dur-

ing shear were subjected to LAOS strain sweeps. The presence of nonmagnetizable

spheres causes the shear modulus in the linear regime to increase, without signifi-

cantly altering the critical strain that marks the transition to nonlinear deformation.

This suggests that the nonmagnetizable spheres enhance stress transfer by increasing

the stiffness of the field-induced structures, as opposed to stabilizing the structures.

We show that the nonmagnetizable spheres produce stresses by participating in

repulsive force chains. These force chains are roughly aligned with the compression

axis of the simple shear flow, and contain nonmagnetizable as well as magnetizable

spheres. The ability of the nonmagnetizable spheres to transmit stress through purely

repulsive forces is similar to that found in jammed, hard-sphere suspensions [Farr

et al. (1997); Cates et al. (1998)]. We illustrate the repulsive force chain formation

with snapshots of sheared suspensions, draw analogy to previously reported jamming

phenomena by considering the stress versus strain behavior, and characterize the

resulting contribution to the shear stress by examining particle stresses and repulsive

force statistics.



4.2. Model 48

4.2 Model

Magnetorheological suspensions are treated as collections of magnetizable and non-

magnetizable spheres (monodisperse, diameter σ, magnetizable spheres with satura-

tion magnetization Ms) immersed in a nonmagnetizable, Newtonian, incompressible,

continuous phase (relative permeability µ = 1, viscosity ηc), and subjected to a uni-

form magnetic field H0 = H0ez [Klingenberg et al. (1991a); Kittipoomwong et al.

(2005)].

The motion of the spheres can be described by Newton’s equation of motion. By

neglecting the inertia of sphere i, the equation of motion for sphere i can be written

Fi ({rj}) = 0 (4.1)

where Fi ({rj}) is the net force on sphere i. The net force has three contributions:

the magnetostatic force, the short-range repulsive force, and the hydrodynamic force.

The magnetostatic force on sphere i caused by sphere j is given by the point-dipole

expression

Fmag.
ij = F0

(
σ

rij

)4 [(
3 cos2 θij − 1

)
er + sin 2θijeθ

]
, (4.2)

where rij is the distance between sphere i and sphere j, and θij is the angle between

the line-of-centers and the applied magnetic field. The magnitude of the force, F0, is

given by

F0 =


3π
16µ0β

2H2
0σ

2 linear magnetization
π
48µ0σ

2M2
s saturated magnetization

, (4.3)

where β = (µp−µc)/(µp+2µc), µp is the relative permeability of the particle material,
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µc is the relative permeability of the continuous phase, and µ0 is the permeability of

free space. To mimic a hard-sphere interaction between spheres i and j, a short-range

repulsive force on sphere i caused by sphere j is given by

F rep
ij = −F0 exp [κ (σ − rij) /σ] er, (4.4)

where κ characterizes the range of the repulsive force (κ = 100 in this study). The

spheres also experience a force due to hydrodynamic drag. Following the work of

Klingenberg et al. (1991a) and Kittipoomwong et al. (2005), the hydrodynamic drag

is treated as Stokes’ drag

F hyd
i = −3πηcσ

[
dri
dt
−U∞ (ri, t)

]
, (4.5)

where U∞(ri, t) is the ambient fluid velocity evaluated at the particle center.

Equation 4.1 can be nondimensionalized using the following length, force, and

time scales:

Ls = σ, Fs = π

48µ0σ
2M 2

s , ts = 144ηc
µ0M 2

s

. (4.6)

These scales allow Eqn. 4.1 to be written

dr∗i
dt∗

=
N∑
j 6=i
F ∗,rep
ij + F ∗,wall

i +
N∑
j 6=i
F ∗,mag
ij +U ∗,∞ (ri, t) , (4.7)

where the asterisks denote dimensionless quantities.

The shear stress in the suspension is

τ ∗xz = − 1
V ∗

N∑
i=1

z∗i F
∗
x,i (4.8)
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where F ∗x,i is the x component of the total nonhydrodynamic force acting on sphere

i.

4.3 Simulation Methods

Magnetorheological suspensions were generated by randomly placing N neutrally

buoyant spheres in a volume of size L∗x×L∗y×L∗z. The spheres were bounded by solid

surfaces at z∗ = ±L∗z/2 and by periodic boundaries at x∗ = ±L∗x/2 and y∗ = ±L∗y/2.

Interparticle forces are evaluated within a cutoff radius of r∗ = 2.5.

The total volume fraction of spheres φT is

φT = φM + φN (4.9)

where φM is the volume fraction of magnetizable spheres, and φN is the volume frac-

tion of nonmagnetizable spheres. Ten different initial configurations were created for

each composition studied. The spheres in each configuration were randomly assigned

as either magnetizable or nonmagnetizable (subject to the constraint of the specified

values of φM and φN). Monolayer simulations were generated by placing N spheres

in a cell L∗x × L∗z (y∗ = 0 for all spheres). The total area fraction of spheres is given

by φAT = φAM + φAN , where φAM and φAN are the area fractions of the magnetizable and

nonmagnetizable spheres, respectively.

Spheres within 0.05σ of a bounding surface were considered stuck and assumed the

lateral velocity of the surface; particles sticking to solid surfaces has been observed

experimentally [Klingenberg and C.F. Zukoski (1990)]. Since the motion of each

sphere in the z direction is still governed by Eq. 4.7, stuck spheres can be removed
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from the surface, and thus eventually move independently of the solid surface.

The suspensions were sheared by moving the surface located z∗ = +L∗z/2 in the

positive x direction. The ambient velocity is thus U ∗,∞(r) = γ̇∗(z∗ + L∗z/2)ez, where

γ̇ is the dimensionless shear rate. Sphere trajectories were determined by numerically

integrating Eq. 3.7. Suspensions were sheared to a strain of γ∗ = 5.0 at a strain

rate of γ̇∗ = 10−3. The positions of the spheres were saved every strain interval of

0.05. The dynamic yield stress was calculated using the “relaxation” method. Saved

configurations were allowed to relax (with γ̇∗ = 0) to equilibrium. The average stress

that is calculated with Eq. 3.8 using the relaxed configurations is equated with the

dynamic yield stress. The dynamic yield stress is averaged over both configurations

and strain interval 1 ≤ γ ≤ 5. The dynamic yield stress calculated using this method

is equivalent to that obtained from simulations at successively smaller shear rates

followed by extrapolation to zero shear rate [Klingenberg et al. (1991a)].

The relaxed configurations were sheared by oscillating the surface located z∗ =

+L∗z/2 in the x direction. The ambient velocity is thus

U∞(r, t) = ω∗γ0 (z∗i + L∗z/2) cos(ω∗t∗)ex (4.10)

where ω∗ is the dimensionless oscillation frequency (ω∗ = 0.01 in this study), γ0 is the

oscillation amplitude, and t∗ is the dimensionless time. The equations of motion were

then solved by the simulation method outlined by Klingenberg et al. (1989). Suspen-

sions were oscillated for eight periods. The viscoelastic properties were calculated by

Fourier transforming the last five periods of τ ∗xz(t∗). Storage moduli were averaged

over initial configurations and the strain interval 1 ≤ γ ≤ 5.
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The simulation cell size for three-dimensional simulations was L∗x = 10, L∗y =

5, L∗z = 5. For the largest volume fraction studied, φT = 0.45, the cell contained

215 spheres. The simulation cell size of the monolayer suspensions (y∗i = 0) was

L∗x = 30, L∗z = 10. For the largest area fraction studied, φAT = 0.75, the system

contained 287 spheres.

4.4 Discussion

In Fig. 4.1, G′∗1 is plotted as a function of γ0 for LAOS simulations of monolayer

suspensions. Open squares represent results for mixtures of magnetizable and non-

magnetizable spheres with area fractions φAM = 0.45 and φAN = 0.30. Open circles

represent results for suspensions of only magnetizable spheres with area fractions

φAM = 0.45 (φAN = 0). At low strain amplitudes, the storage modulus for mixtures

is larger than that for suspensions in which φAN = 0. The larger plateau modulus

for mixtures indicates that nonmagnetizable spheres participate in stress transfer via

repulsive forces.

Figure 4.1 illustrates that both types of suspensions transition from linear to

nonlinear viscoelastic behavior at similar strain amplitudes. To further examine the

transition to nonlinear deformation, we calculated the ratio of the magnitude of the

third harmonic, |τ̃3|, to first harmonic, |τ̃1|. Figure 4.2 shows |τ̃3| / |τ̃1| as a function of

γ0 for monolayers with and without nonmagnetizable spheres. Open squares represent

suspensions with φAM = 0.45 and φAN = 0.30. Open circles represent suspensions

with φAM = 0.45 and φAN = 0. The dependence of |τ̃ ∗3 | / |τ̃ ∗1 | on strain amplitude is

nearly identical for the two systems, with the ratio increasing with increasing strain
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Figure 4.1: Storage modulus as a function of strain amplitude for monolayer suspensions. Open squares represent
suspensions with φA

M = 0.45 and φA
N = 0.30. Open circles represent suspensions with φA

M = 0.45 and φA
N = 0.

amplitude. Thus the onset of nonlinear deformation is unaffected by the presence of

nonmagnetizable spheres.

The storage modulus and onset of nonlinear deformation were also determined

for three-dimensional suspensions. Figure 4.3 presents G′1 as a function of γ0 for

three-dimensional suspensions with different compositions. Open squares represent

suspensions with φM = 0.30 and φN = 0.15. Open circles represent suspensions of

volume fraction φM = 0.30 and φN = 0. Just as for the monolayers in Fig.4.1, the

plateau modulus of the mixture is larger than the plateau modulus for the suspension

containing only magnetizable spheres.

The ratio |τ̃ ∗3 | / |τ̃ ∗1 | is plotted as a function of γ0 for three-dimensional suspensions

in Fig. 4.4. Open squares represent suspensions with φM = 0.30 and φN = 0.15.

Open circles represent suspensions with φM = 0.30 and φN = 0. Just as observed for

monolayers, the dependence of |τ̃ ∗3 | / |τ̃ ∗1 | on strain amplitude is nearly identical for
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Figure 4.2: |τ̃3| / |τ̃1| as a function of γ0 for monolayer suspensions. Open squares represent suspensions with
φA

M = 0.45 and φA
N = 0.30. Open circles represent suspensions with φA

M = 0.45 and φA
N = 0.

Figure 4.3: Storage modulus as a function of strain amplitude for three-dimensional suspensions. Open squares
represent suspensions with φM = 0.30 and φN = 0.15. Open circles represent suspensions with φM = 0.30 and

φN = 0.
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Figure 4.4: |τ̃3| / |τ̃1| as a function of γ0 for three-dimensional suspensions. Open squares represent suspensions with
φA

M = 0.30 and φA
N = 0.15. Open circles represent suspensions with φM = 0.30 and φN = 0.

the two systems, with the ratio increasing with increasing strain amplitude. Thus the

onset of nonlinear deformation in three-dimensional suspensions is unaffected by the

presence of nonmagnetizable spheres.

Parthasarathy and D.J. Klingenberg (1995a,b) showed that the onset of nonlinear

deformation in electrorheological fluids at low frequencies (such as that employed in

the present study) is caused by the slight rearrangement of unstable structures. In

shear flow (continuous or oscillatory), structures are sheared into unstable configura-

tions, which then rearrange, producing nonlinear stress-strain behavior. Investigation

of model structures illustrated that the critical strain marking the transition to non-

linear behavior can vary significantly from one structure to another.

The model employed by Parthasarathy and D.J. Klingenberg (1995a,b) is the

electrostatic analog of the magnetostatic model employed here, and thus their results

apply. Their observations, along with the similarity of two data sets in Figs. 4.2 and



4.4. Discussion 56

4.4, suggest that the presence of nonmagnetizable spheres does not alter the stability

of the structures. As a result, the data presented in Figs. 4.1 and 4.3 suggest that the

nonmagnetizable spheres act to increase the suspension stress by directly increasing

the suspension stiffness, as opposed to increasing the stability of the structures (i.e., as

opposed to allowing the structures to be sheared to a larger strain before rearranging).

To understand how the nonmagnetizable spheres directly increase the suspension

stiffness and shear stress, consider the snapshots of simulated monolayers in Figs.

4.5–4.7. The magnetizable spheres are represented by the green circles, and the

nonmagnetizable spheres are represented by the red circles. Also shown in these

figures are lines connecting spheres (within the cut-off radius) that represent the

sign and magnitude of the net pair interaction force acting along the line-of-centers,

F ∗,net
ij · r∗ij, where F ∗,net

ij = F ∗,mag.
ij + F ∗,rep.

ij . If F ∗,net
ij · r∗ij > 0, the net force is

attractive and the line connecting the spheres is yellow; if F ∗,net
ij · r∗ij < 0, the net

force is repulsive and the line connecting the spheres is black. The line thickness

represents the magnitude of the interaction force, with thicker lines representing larger

magnitude forces. Because the repulsive force magnitudes can be much larger than

the attractive force magnitudes, the dimensionless line thickness is prescribed by the

monotonic, but nonlinear function (1/2) tanh(|F ∗,net
ij |/4).

Snapshots of sheared monolayers with φAM fixed at 0.45 and various values of φAN

(0 ≤ φAN ≤ 0.30) are presented in Fig.4.5. For φAN = 0 (Fig.4.5(a)), the magnetizable

spheres form column-like structures, as expected. Single-sphere-width clusters tend

to be strained and tilted in the flow direction, with shear forces transmitted between

the shearing surfaces via attractive magnetostatic forces; this behavior is illustrated

in Fig. 4.5(a) by the yellow lines connecting the spheres within the strained, single-
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sphere width clusters. Also apparent in Fig.4.5(a) are black lines that connect some

spheres within the larger clusters, which indicates that repulsive forces also play a

role in stress transfer.

As the concentration of nonmagnetizable spheres is increased (Figs. 4.5(b)–(f)),

the number of black lines—and thus the prominence of repulsive forces—increases.

Of most importance are the repulsive forces that act along the compression axis of

the shear flow, which contribute to the stress resisting the deformation. The gray

circles in Figs. 4.5(b)–(f) illustrate clusters of spheres in which the repulsive forces

act along the compression axis throughout the cluster. Some of these “repulsive-force

clusters” percolate (extend from one shearing surface to the other), particularly at

larger values of φAN .

The shear-induced formation of repulsive-force clusters is similar to the force

chains in jammed, hard-sphere systems that form along the compression axis of the

shear flow [Farr et al. (1997); Cates et al. (1998)]. In the present case, in most

if not all of the repulsive-force clusters, the force chains include both magnetizable

and nonmagnetizable spheres. In addition, the magnetizable spheres that partici-

pate in the black repulsive-force chains often simultaneously participate in the yellow

attractive-force chains. This likely explains the observation (experimental and simula-

tion) that the nonmagnetizable spheres enhance the field-induced stress, even though

these spheres are not magnetizable—the nonmagnetizable spheres act within a field-

induced structure of magnetizable spheres, and thus both structures disappear when

the field is removed.

Repulsive-force clusters can also appear in sheared monolayers of only magne-

tizable spheres at sufficiently large concentration, as illustrated in Fig. 4.6. At low
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Figure 4.5: Snapshots of sheared monolayer suspensions with φA
M = 0.45 and various values of φA

N (a) φA
N = 0.00;

(b) φA
N = 0.08; (c) φA

N = 0.15; (d) φA
N = 0.22; (e) φA

N = 0.25; (f) φA
N = 0.30.
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concentrations (Figs. 4.6(a) and (b)), percolating single-sphere width chains transmit

stress via attractive forces. As the concentration is increased, repulsive forces become

more prominent. At the highest concentrations (Figs. 4.6(e) and (f)), the repulsive

forces can act within anisometric clusters oriented along the compression axis of the

shear flow.

Snapshots of a monolayer mixture of magnetizable and nonmagnetizable spheres

(φAM = 0.45, φAN = 0.15) at different strains are presented in Fig. 4.7 along with

a plot of the shear stress as a function of shear strain. The shear stresses that

correspond to the snapshots are represented by labeled points along the curve; the

chosen snapshots correspond to local shear stress maxima. For all snapshots shown,

repulsive-force clusters are apparent (illustrated with gray circles), and each contains

at least one percolating cluster roughly oriented along the compression axis. Again,

these clusters contain both magnetizable and nonmagnetizable spheres.

To quantify the contribution of the nonmagnetizable spheres to the shear stress,

we employ partial stresses [Ahn and D.J. Klingenberg (1994)]. Equation 4.8 for the

dimensionless shear stress can be separated into two summations, one over each type

of sphere,

τ ∗xz = − 1
V ∗

NM∑
i=1

z∗i F
∗
x,i −

1
V ∗

NN∑
i=1

z∗i F
∗
x,i (4.11)

= τ ∗,Mxz + τ ∗,Nxz (4.12)

where NM and NN are the number of magnetizable and nonmagnetizable spheres, re-

spectively. The first summation above is the partial stress of the magnetizable spheres,

and the second summation is the partial stress of the nonmagnetizable spheres. Note
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Figure 4.6: Shapshots of sheared monolayer suspensions with φA
N = 0.00 and various values of φA

M (a) φA
M = 0.10;

(b) φA
M = 0.25; (c) φA

M = 0.40; (d) φA
M = 0.50; (e) φA

M = 0.60; (f) φA
M = 0.75.
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Figure 4.7: Sequence of snapshots for a monolayer suspension at various shear strains (φA
M = 0.45 and φA

N = 0.15).
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that τ ∗,Nxz can only consist of contributions from nonmagnetizable spheres interacting

via short-range repulsive forces with either magnetizable or nonmagnetizable spheres,

whereas τ ∗,Mxz consists of contributions from magnetizable spheres interacting through

short-range repulsive forces with either type of sphere, as well as via magnetostatic in-

teractions with other magnetizable spheres. For all results presented here, the stresses

from relaxed configurations will be presented (i.e., the partial stresses are the respec-

tive contributions to the yield stress), averaged over initial configurations and the

strain interval 1 ≤ γ ≤ 5.

The partial stresses are plotted along with the total stresses in Figs. 4.8-4.10

for monolayer and three-dimensional simulations. In Fig. 4.8, the partial and total

yield stresses are plotted as a function of φAN for φAM = 0.45; these are the same

conditions employed in Fig. 4.5. Open squares represent the total shear stress,

open circles represent τ ∗,Mxz , and open triangles represent τ ∗,Nxz . For all φAN > 0, the

partial stress τ ∗,Nxz is positive, indicating that the nonmagnetizable spheres directly

contribute to the stress. The partial stress τ ∗,Mxz also increases as φAN is increased,

indicating that the nonmagnetizable spheres also indirectly contribute to the stress

in monolayer systems. The fact that both τ ∗,Nxz and τ ∗,Mxz increase as φAN is increased

is not surprising because, as illustrated in Fig. 4.5, both types of spheres participate

in the repulsive-force clusters.

In Fig. 4.9, the partial and total stresses for three-dimensional systems are plotted

as a function of φN for φM = 0.30. In this case, τ ∗,Mxz is not as strongly affected by the

addition of nonmagnetizable spheres as in the case of monolayer systems, but τ ∗,Nxz is

still greater than 0, and increases monotonically with φN .

In Fig. 4.10, the partial and total stresses for three-dimensional systems are
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Figure 4.8: Total yield and partial stresses as a function of φA
N for φA

M = 0.45. Open squares represent the total
yield stress. Open circles represent the partial stress associated with magnetizable spheres. Open triangles represent

the partial stress associated with nonmagnetizable spheres.

plotted as a function of φM for φT fixed at 0.45. As before, τ ∗,Nxz > 0. The total

stress and τ ∗,Mxz pass through a maximum at φM ≈ 0.40, whereas τ ∗,Nxz passes through

a maximum at φM ≈ 0.30. These results also suggest that nonmagnetizable spheres

directly increase the stress (via τ ∗,Nxz ), as well as indirectly affect the stress (by altering

τ ∗,Mxz ).

Partial stresses may also be defined in terms of the types of forces as opposed to the

types of spheres. The nonhydrodynamic force on each sphere consists of magnetostatic

(Eq. 4.2) and short-range repulsive (Eq. 4.4) forces. The summation for the stress

(Eq. 4.8) can thus be separated into summations over each type of force,

τ ∗xz = − 1
V ∗

N∑
i=1

z∗i F
∗,mag.
x,i − 1

V ∗

N∑
i=1

z∗i F
∗,rep.
x,i (4.13)

= τ ∗,mag.
xz + τ ∗,rep.

xz (4.14)
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Figure 4.9: Total yield and partial stresses as a function of φN for φM = 0.30. Open squares represent the total
yield stress. Open circles represent the partial stress associated with magnetizable spheres. Open triangles represent

the partial stress associated with nonmagnetizable spheres.

Figure 4.10: Total yield and partial stresses as a function of φM for a fixed φT = 0.45. Open squares represent
the total yield stress. Open circles represent the partial stress associated with magnetizable spheres. Open triangles

represent the partial stress associated with nonmagnetizable spheres.
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where F ∗,mag.
x,i is the sum of all the pair magnetostatic forces acting on sphere i, F ∗,rep.

x,i

is the sum of all the pair short-range repulsive forces acting on sphere i, τ ∗,mag.
xz is the

partial stress caused by magnetostatic forces, and τ ∗,rep.
xz is the partial stress caused by

short-range repulsive forces. Note that only magnetizable spheres can contribute di-

rectly to τ ∗,mag.
xz , whereas both magnetizable and nonmagnetizable spheres can directly

contribute to τ ∗,rep.
xz .

The partial stresses τ ∗,mag.
xz and τ ∗,rep.

xz are plotted along with the total stress as

a function of φAN in Fig. 4.11 for monolayer simulations with φAM = 0.40. The

magnetostatic force contribution τ ∗,mag.
xz increases monotonically with φAN , but τ ∗,rep.

xz <

0, and decreases monotonically with φAN . Because τ ∗,rep.
xz is equal to τ ∗,Nxz (> 0) plus

the repulsive force contribution from the magnetizable spheres, this implies that the

repulsive force contribution from the magnetizable spheres is negative for monolayers

for these compositions. Thus, although the magnetizable spheres participate in the

repulsive force clusters, it is their magnetostatic contribution to the stress that is

enhanced, while their repulsive force contribution detracts from the total stress.

The partial stresses τ ∗,mag.
xz and τ ∗,rep.

xz are plotted along with the total stress as a

function of φAM in Fig. 4.12 for monolayer simulations with φAN = 0.00. For φAM ≥

0.50, the total stress is nearly constant, while τ ∗,mag.
xz decreases and τ ∗,rep.

xz increases

with increasing φAM (decreasing φAN). Comparison of these results with those in Fig.

4.11 reveals that nonmagnetizable spheres cause τ ∗,rep.
xz to decrease, which in turn

increases τ ∗,mag.
xz , further supporting the notion that nonmagnetizable spheres enhance

the magnetostatic contribution.

The partial stresses τ ∗,mag.
xz and τ ∗,rep.

xz are plotted along with the total stress as a

function of φN for three-dimensional simulations with φM = 0.30 in Fig. 4.13. In
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Figure 4.11: Total yield and partial stresses as a function of φA
N for φA

M = 0.45. Open squares represent the total
yield stress. Open circles represent the partial stress associated with magnetostatic forces. Open triangles represent

the partial stress associated with repulsive forces.

Figure 4.12: Total yield and partial stresses as a function of φA
M for φA

N = 0. Open squares represent the total
yield stress. Open circles represent the partial stress associated with magnetostatic forces. Open triangles represent

the partial stress associated with repulsive forces.
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Figure 4.13: Total yield and partial stresses as a function of φN for φM = 0.30. Open squares represent the total
yield stress. Open circles represent the partial stress associated with magnetostatic forces. Open triangles represent

the partial stress associated with repulsive forces.

contrast to the monolayer systems, τ ∗,rep.
xz > 0, but still decreases as φN is increased.

However, since τ ∗,Nxz > 0 and increases with φN (Fig. 4.9), the contribution to the total

stress from the repulsive forces on magnetizable spheres is still negative and decreases

with increasing φN . So, as with the monolayer systems, addition of nonmagnetizable

spheres enhances the magnetostatic force contribution to τ ∗,Mxz .

The repulsive-force clusters can be identified by modifying the cluster detection

algorithm devised by Sevick et al. (1988). Specifically, we define two spheres to be

directly connected within a repulsive-force cluster if F ∗,net
ij ·r∗ij < 0 and

∣∣∣F ∗,net
ij

∣∣∣ > 1.5,

which corresponds to sphere pairs that overlap to a center-to-center separation of

r∗ij < 0.99; all the spheres within the same cluster can then be determined as described

by Sevick et al. (1988). The number of repulsive-force clusters for a given composition

were calculated for each relaxed configuration, and then averaged over the strain

interval 1 ≤ γ ≤ 5, and over the 10 different initial configurations.
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Figure 4.14: Average number of repulsive-force clusters as a function of magnetizable sphere area fraction. Open
circles represent suspensions containing only magnetizable spheres. Open squares represent suspensions containing a

mixture of spheres with the total area fraction fixed at φA
T = 0.75.

The average number of repulsive-force clusters, 〈NR〉, is plotted as a function

of φAM in Fig. 4.14 for monolayer simulations of only magnetizable spheres, and

for monolayer simulations of mixtures of magnetizable and nonmagnetizable spheres

with φAT = 0.75. For a given value of φAM , the system with nonmagnetizable spheres

contains more repulsive-force clusters than the system containing only magnetizable

spheres. The number of clusters passes through a maximum at large φAM , presumably

because the magnetostatic forces cause the magnetizable spheres to form larger, less

fibrous clusters at large φAM [Klingenberg et al. (1991b)].

The average number of repulsive-force clusters is plotted as a function of φAN for

various values of φAM in Fig. 4.15 for monolayer simulations. For fixed φAM , the number

of clusters increases monotonically with φAN . This again is consistent with the snap-

shots in Fig. 4.5, where the number of repulsive-force clusters appears to increase
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Figure 4.15: Average number of repulsive-force clusters as a function of nonmagnetizable sphere area fraction for
various magnetizable sphere area fractions.

with φAN . In contrast with the results in Fig. 4.14, the number of clusters does not

pass through a maximum when plotted as a function of φAN (for the range of φAN con-

sidered). The φAN -dependence of the yield stress follows the same monotonic behavior,

consistent with the notion of the shear stress being increased through repulsive-force

clusters similar to that in jammed, hard-sphere suspensions as shown in Fig. 3.1 of

Chapter 3.

Results for three-dimensional simulations are qualitatively similar to those for

the monolayer systems. The average number of repulsive-force clusters is plotted

as a function of φM in Fig. 4.16 for three-dimensional simulations suspensions of

only magnetizable spheres, and for simulations of mixtures of magnetizable and non-

magnetizable spheres with φT = 0.45. The mixtures contain more repulsive-force

clusters than suspensions of only magnetizable spheres, which is consistent with the
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Figure 4.16: Average number of repulsive-force clusters as a function of magnetizable sphere area fraction. Open
circles represent suspensions containing only magnetizable spheres. Open squares represent suspensions containing a

mixture of spheres with the total volume fraction fixed at φA
T = 0.45.

notion that nonmagnetizable enhance the stress through repulsive-force clusters in

three-dimensional systems as well.

In Fig. 4.17, the average number of repulsive-force clusters is plotted as a function

of φN for various values for φM for three-dimensional systems. For small φM , the

number of repulsive-force clusters is insensitive to φN . The number increases with

φN for large φM (& 0.20), for sufficiently large φN . The shapes of the curves in Fig.

4.17 are strikingly similar to those for the stress as a function of φN [Fig. 3.1 in

Chapter 3] providing further evidence of the role of repulsive-force clusters in the

stress enhancement.

Cluster size distributions are illustrated in Figs. 4.18 and 4.19. Figure 4.18 is a plot

of number of clusters that contain N spheres (magnetizable plus nonmagnetizable) as

a function ofN for monolayers with fixed magnetizable sphere area fraction φAM = 0.45
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Figure 4.17: Average number of repulsive-force clusters as a function of nonmagnetizable sphere volume fraction
for various magnetizable sphere volume fractions.

and various values of φAN . For most suspensions, larger φAN translates to a larger

number of clusters for all cluster sizes, with greater changes for larger values of N .

Figure 4.19 is a plot of number of clusters that contain N spheres (magnetizable

plus nonmagnetizable) as a function of N for three-dimensional suspensions with

volume fraction φM = 0.30 and various values of φN . Similar to the results presented

in Fig. 4.18, larger φN leads to more repulsive clusters regardless of the cluster

size. Both Fig. 4.18 and 4.19 further indicate that adding nonmagnetizable spheres

increases the number of repulsive clusters, with greater changes for larger values of

N .

The transient rheological behavior of MR suspensions composed of mixtures of

magnetizable and nonmagnetizable spheres also shows behavior consistent with jammed

systems. Hard-sphere dispersions that jam exhibit a strain-dependent shear stress
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Figure 4.18: Number of repulsive-force clusters that contain N spheres as a function of N for φA
M = 0.45 and

various values of φA
N .

Figure 4.19: Number of repulsive-force clusters that contain N spheres as a function of N for φM = 0.3 and various
values of φN .
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that increases as the system approaches the jammed state, which occurs at a nonzero,

finite shear strain less than 1 [Farr et al. (1997)]. The jammed state occurs because

of the shear-induced formation of large particle clusters.

Figure 4.20 contains plots of the shear stress as a function of shear strain for

monolayer systems with various values of φAM and φAN . These stresses were determined

from the relaxed configurations, and thus Fig. 4.20 represents quasistatic results at

effectively zero shear rate. Each data point represents the stress at a specific strain,

averaged over 10 different initial conditions. For φAN = 0, the stress increases gradually

to a steady-state value by a shear strain of roughly 1 (some systems appear to first

exhibit a slight stress overshoot). The increase in shear stress with shear strain for

suspensions of only magnetizable spheres has been attributed to the deformation of

field-induced structures [Klingenberg et al. (1991a)]. As φAN is increased, the strain-

dependent shear stress behaves similarly, exhibiting a transient increase to a steady-

state value for shear strains of roughly 1. The steady-state stresses increase with φAN ,

exhibiting the well-established stress enhancement by the addition of nonmagnetizable

spheres. This behavior is similar to that exhibited by jammed, hard-sphere dispersions

in that the stress is shear-induced (it is not apparent at γ = 0), and occurs over a

finite strain of order 1. In this sense, the systems with only magnetizable spheres

(φAN = 0) also exhibit behavior consistent with jammed systems; however neither MR

system exhibits divergent stresses. That the stress in mixtures should increase at least

as slowly as the systems with only magnetizable spheres is perhaps expected, because

the field-induced structures must deform before any field-induced stresses appear, and

the enhancement caused by the nonmagnetizable spheres is a field-induced stress.

Similar behavior is observed for three-dimensional systems, as illustrated in Fig.
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Figure 4.20: Stress as a function of strain for various values of φA
N and φA

M for monolayer suspensions.
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4.21 where the quasistatic shear stress is plotted as a function of shear strain for

various values of φM and φN . The enhancements in stress caused by the nonmagne-

tizable spheres is smaller for these three-dimensional systems than those depicted in

Fig. 4.20. The stresses also appear to reach steady-state at somewhat smaller strains

than those observed for monolayer system, but nonetheless the behavior is similar to

that observed in jammed, hard-sphere dispersions.

4.5 Conclusion

This study was an attempt to understand the mechanism(s) by which nonmagnetiz-

able spheres enhance the field-induced shear stress in MR suspensions. Previous work

[Chapter 3] illustrated that the nonmagnetizable spheres do not produce a significant

change in the microstructure of the magnetizable spheres, and in fact, produce small

but different changes in the structure of monolayer and three-dimensional systems.

Large amplitude oscillatory shear simulations show that the nonmagnetizable

spheres increase the suspension stiffness, but do not significantly alter the transition

to nonlinear rheological behavior. These results suggest that the nonmagnetizable

spheres directly participate in the stress transfer, as opposed to altering the stability

of clusters of magnetizable spheres.

Snapshots of sheared monolayers reveal that the nonmagnetizable spheres par-

ticipate in repulsive-force clusters with force chains roughly oriented along the com-

pression axis of the shear flow. This behavior is similar to that observed in jammed,

hard-sphere dispersions, where the shear induced repulsive-force chains orient along

the compression axis. Examination of partial stresses, repulsive-force cluster num-
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Figure 4.21: Stress as a function of strain for various values of φN and φM for three-dimensional suspensions.
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bers, and transient rheological behavior all support the notion that nonmagnetizable

spheres directly enhance the stress via repulsive-force clusters. The repulsive-force

clusters contain both magnetizable and nonmagnetizable spheres, which likely ex-

plains the observation that the nonmagnetizable spheres enhance the field-induced

stress, even though they are not magnetizable. The participation of the magnetizable

in these clusters also tends to increase the magnetostatic contribution of magnetic

sphere contribution to the total stress.
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Chapter 5

Overview of Parallel Computing in

CUDA

5.1 Introduction

Prior to 2011, all magnetorheological (MR) suspensions simulated by the Klingenberg

group were performed using sequential algorithms written in FORTRAN. Beginning

in 2011, we developed algorithms in parallel which could simulate MR suspensions.

We developed parallel algorithms to simulate MR suspensions using the Compute Uni-

fied Device Architecture (CUDA) platform developed by graphics card manufacturer

NVIDIA. In 2007, NVIDIA began enabling their graphics cards to perform scientific

computing. To make parallel computing more accessible, NVIDIA developed the pro-

gramming language CUDA to be used exclusively on their graphics cards for general

purpose computing. CUDA is a language, based on C, that has extensions which

enable the user to perform scientific calculations on an NVIDIA graphics card. A
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graphics card, also referred to as a graphics processing unit (GPU) uses hundreds of

arithmetic logic units (ALUs) to power a display, making it essentially a processor

with hundreds of cores [Garland et al. (2008)]. Therefore, the graphics card is a

natural choice for performing massively parallel calculations [Taufer et al. (2010)].

Many problems existed in the early versions of CUDA. Codes were not very

portable. All CUDA capable GPUs released prior to compute capability 2.0 were

unable to print to screen. Few libraries existed which could take advantage of the

parallel architecture. Simulations lacked reproducibility [Taufer et al. (2010)]. How-

ever, with the release of GPU compute capability 2.0 in 2011, many of these issues

began to be corrected. For instance, NVIDIA enabled the GPUs to be able to print

to screen, which served to make debugging easier. With the release of CUDA 4.0,

NVIDIA began including the Thrust library, which contains common algorithms op-

timized to run in parallel on NVIDIA GPUs. With each new version of CUDA,

NVIDIA includes more libraries and functionality. As of December 2015, the most

advanced version of CUDA is CUDA 7.5, which includes libraries that perform Fast

Fourier Transforms (FFT) and LU decomposition solvers, among others.

CUDA is easiest to learn when the user has a good understanding of C. From there,

learning the CUDA syntax is relatively straightforward. For instance, to dynamically

allocate a block of memory on the CPU in C, the command malloc() is commonly

used. To dynamically allocate a block of memory on the GPU in CUDA, the command

cudaMalloc() can be used. Allocating memory is only one of many examples in which

NVIDIA mirrors a CUDA command off of a traditional C command.

The main difficulties incurred when developing in CUDA occur when developing

algorithms that can exploit the parallel architecture of the graphics card. Therefore,
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the purpose of this chapter is to assist future students to develop a basic understanding

of parallel computing in CUDA. For a more thorough introduction to CUDA, please

consult Sanders and E. Kandrot (2010) and NVIDIA Corporation (2015).

5.2 CUDA: Simple Algorithms

To be able to use CUDA, the user first needs access to a CUDA capable GPU. A

local GPU is the easiest way to create and debug CUDA codes. Installing the latest

version of CUDA is also very useful because it allows the user to take advantage of

the latest functionality; common algorithms such as a parallel FFTs do not need to

be developed by the user.

In C, a function can be used to enclose a specific computation such that it can be

implemented easily [Kernighan et al. (1988)]. A kernel is the CUDA equivalent to the

function in C. However, there are some key differences between a function in C and

a kernel in CUDA. To understand these differences, Figs. 5.1 and 5.2 show sample

code for two programs for vector addition: one in C and one in CUDA. Figure 5.1

shows two vectors added using a sequential algorithm written in C. Figure 5.2 shows

two vectors added using a parallel algorithm written in CUDA.

The code in Fig. 5.1 shows how a typical vector addition algorithm might look.

The function is declared before the main body of the code. Inside the main function,

arrays a, b, and c are first declared as pointers. A block of memory associated with

each pointer is then allocated using the command malloc(); these blocks of memory

are used to store the elements of the arrays a, b, and c. Each element of arrays a and

b is assigned a value before calling the function vector_add(). In vector_add(),
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each element of array c[i] is assigned the value of the sum of a[i] and b[i]. Each

array is then deallocated using the command free().

The vector addition algorithm in C is very straight forward and, for small values

of n, is very fast. However, this algorithm scales as O(n), so as n gets large, the

algorithm will slow down. For simple algorithms in which vector_add() is only

executed once, O(n) scaling is of only minor concern. However, if vector_add()

is repeated multiple of times, as is often the case in a simulation, smaller scaling

becomes imperative to reduce simulation time.

Taking advantage of the architecture of the graphics card allows vector addition to

be reduced from O(n) to O(1). Vector addition is a highly parallelizable operation.

Each element in an array is independent of all other elements in the same array

(i.e. a[1] does not depend on the value a[n]). As a result, vector addition can be

performed in CUDA in a single step, shown in Fig. 5.2. The CUDA code in Fig. 5.2

appears much more complicated than the C code in Fig. 5.1. However, both codes

perform the same vector addition.

Figure 5.3 is a flowchart included to assist in conceptualizing vector addition in

parallel. In Fig. 5.3, each array is represented by a rectangle with four elements.

Each arrow represents a thread accessing an element of the array. Since there are

only 4 elements in each array in the present example, only four threads are needed

to complete the vector addition.

CUDA assigns each thread its own unique identification number. The identifi-

cation number can be used by the developer to instruct the thread which element

of an array to access. The thread is then performing the necessary calculation. For

instance, in Fig. 5.3, the thread with identification number 3 will access the memory
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Figure 5.1: Vector addition performed in C by a serial algorithm.
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Figure 5.2: Vector addition performed in CUDA using a parallel algorithm.
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Figure 5.3: Depiction of vector addition performed in parallel. Each thread access and operates on array elements
according to the thread identification number.

locations associated with a[3] and b[3], add them together, then store the result in

the memory location associated with c[3].

An immediately noticeable difference between the C code in Fig. 5.1 and the

CUDA code in Fig. 5.2 is that the kernel, vector_add_cuda(), is both declared and

written before the main function. Furthermore, the CUDA main function has twice as

many allocated arrays the main function in C. In Fig. 5.2, for each vector of interest,

an array is created both on the host (the CPU), designated by _h, and on the device

(the GPU), designated by _d. Since the arrays a_h, b_h, and c_h reside on the host,

they are declared using malloc() just as the arrays a, b, and c were declared for

the C code in Fig. 5.1. To perform calculations on the device, arrays must also be

allocated in the memory of the graphics card. The command cudaMalloc is used to

allocate vectors a_d, b_d, and c_d. To better understand the syntax of cudaMalloc,

please see Sanders and E. Kandrot (2010) and NVIDIA Corporation (2015).

The arrays allocated on the GPU contain no initial values. The values stored in

each element must either be modified on the graphics card or by copying values from

existing arrays on the host. In Fig. 5.2, the values of a_h and b_h are copied to a_d
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and b_d using the function cudaMemcpy(). In the syntax for cudaMemcpy(), the first

variable is the target location to send the data. The second variable is the current

location of the data to be sent. The third variable is the size of the amount of data

to be sent; in this case, all elements of the vector are to be sent. The final element

of cudaMemcpy() tells the compiler which direction the data is being transferred; in

this case, data is being transferred from the host to the device.

Calling a kernel in CUDA is similar to calling a function in C; however, a kernel

call has key differences. The most noticeable difference is the angle brackets which

surround «<1, n»>. These angle brackets are used to allocate the threads and blocks

necessary to complete the desired calculations. Equation 5.1 illustrates the syntax of

declaring threads and blocks.

«< number of blocks, number of threads per block »> (5.1)

First, the number of blocks needed to perform the desired calculations is specified.

Then the number of threads per block is specified. In Fig. 5.2, n indicates that there

are n threads per block, and the 1 indicates that only one block is allocated. As of

December 2015, the maximum number of blocks available is 65, 535. The maximum

number of threads allowed per block is 1024 [NVIDIA Corporation (2015)]. Since

n = 4 in Fig. 5.2, only one block is necessary.

In C, variables are passed by value to a function via parenthesis, shown in Fig.

5.1. In much the same way, variables are passed by value in CUDA to the kernel

via parenthesis. In kernels, the device can only perform calculations with variables

stored in its memory. As mentioned previously, arrays must either be calculated on
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the device or copied from the host. However, scalars can be passed without performing

a cudaMemcpy to the device. In Fig. 5.2, a_d, b_d, and c_d exist on the card; the

scalar n exists on the host but is passed to the kernel through the parenthesis in

vector_add_cuda().

Once the kernel is called in the main function, the vector addition begins. In Fig.

5.2, the variables threadIdx.x, blockDim.x, and blockIdx.x are all variables which

are native to CUDA; they are not specified by the user. The variable blockIdx.x

indicates which block on the graphics card a particular calculation is to be performed.

The variable threadIdx.x identifies which thread on blockIdx.x will perform the

desired calculation. The largest threadIdx.x available on a block depends on the

number of threads per block declared in the kernel call. In Fig. 5.2, the largest

threadIdx.x is 3, since indexing begins at 0. The variable blockDim.x is also specific

to CUDA and is the number of threads in a block, which is specified in the kernel

call. In Fig. 5.2, blockDim.x = 4. Since only one block is called in Fig. 5.2,

blockIdx.x = 0. Therefore, the variable tid can only be 0, 1, 2, or 3. While not

immediately obvious, tid is declared in case an array contains more elements than

there are threads on a block; this point will be clarified in the following paragraphs.

Also, typing tid is much shorter and faster than continually typing threadIdx.x and

thus less prone to a syntax error.

In the simple vector addition shown in Figs. 5.1 and 5.2, allocating the proper

number of threads is very simple since there are only four elements in each array.

However, the maximum number of threads allowed on a block is 1024 [NVIDIA Cor-

poration (2015)]. Therefore, if an array contains greater than 1024 elements, multiple

blocks will be required. Sanders and E. Kandrot (2010) demonstrate a simple way
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to allocate enough blocks to ensure that the proper number of threads are allocated

to perform the calculations required for the particular code. Sanders and E. Kandrot

(2010) first recognize that if the number of elements in an array is evenly divisible

by the number of threads per block, the correct number of blocks are launched. For

instance, if there are 1024 elements in an array, and 512 threads per block, by integer

math 1024/512 = 2 blocks will be launched. However, if the number of elements is not

evenly divisible by the number of threads per block, too few blocks will be allocated.

If instead the array of interest has 1022 elements, by integer math 1022/512 = 1 block

would be launched even though two blocks are needed. To correct for this problem,

Sanders and E. Kandrot (2010) also add the number of threads per block to the num-

ber of elements before dividing by the number of threads per block. Therefore, for the

example of an array with 1022 elements, adding the number of threads per block to

the number of elements in the array before dividing would give (1022 + 512)/512 = 2

blocks launched.

On each block, thread indexing using the built in variable threadIdx.x begins at

zero. Therefore, three different blocks are launched, and there will be three threads

with threadIdx.x= 0. As a result, simply using threadIdx.x as the index would

cause array element b_d[threadIdx.x] to be accessed by three different threads.

To avoid this problem, Sanders and E. Kandrot (2010) define a unique identification

number for each thread according to which block on which it is located. Sanders and

E. Kandrot (2010) use the equation

tid = threadIdx.x + blockDim.x * blockIdx.x; (5.2)



5.2. CUDA: Simple Algorithms 88

Figure 5.4: Multiplication of elements in serial.

to declare an individual thread identification number for all threads. By using the

method outlined by Sanders and E. Kandrot (2010) for allocating blocks, when the

number of elements in the array is not evenly divisible by the number of threads per

block, more threads will be launched than elements in the array. To prevent a thread

from indexing beyond the length of the array, Sanders and E. Kandrot (2010) include

the if statement if(tid < n){}, shown in Fig. 5.2.

When finishing both C and CUDA codes, releasing arrays from memory helps to

prevent values from the just completed code from corrupting future executables. In

C, memory can be freed using the command free(). Similarly, memory can be freed

in CUDA using cudaFree().

Parallel vector addition is an easy algorithm to conceptually understand. Another

common, but equally important, operation is the dot product. In serial, the dot

product is very simple. A sample of a sequential dot product algorithm is shown in

Fig. 5.4. Here, the product of each a[i] and b[i] is summed over n elements. The

sum, represented as d in Fig. 5.4, is the dot product. Just like vector addition in

serial, this is an O(n) procedure.

The dot product calculation in parallel is less straight forward. Parallel algorithms

are most effective when the maximum number of threads are operating on the data

set [Sanders and E. Kandrot (2010)]. Therefore, multiplying them in parallel then
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summing the dot product in serial is counter-productive. The summation to obtain

the dot product must be performed in parallel. One way to perform a parallel dot

product is to first multiply the individual elements in parallel; a procedure similar to

the vector addition example except multiplication replaces addition. Then, a parallel

sums reduction must be performed in parallel. Reduction is a general term given to

a process that takes an input array and performs computations which results in a

smaller array [Sanders and E. Kandrot (2010)]. The following reduction algorithm

assumes there are 2n elements in the array.

One way to perform an array reduction in parallel is to first launch n/2 threads.

Each thread will then add two array elements together: the value of the array element

associated with the thread identification number and an array value a specified stride

length away. The stride length is divided by two and each thread again adds the

value associated with its array element as well as the array element the new stride

length away. The process is repeated until the stride length equals zero. A flowchart

of this version of a parallel reduction is presented in Fig. 5.5

Figure 5.5 presents a concept of this parallel reduction. The shaded regions repre-

sent array elements that are being accessed on the particular step. As the reduction

progresses, the stride decreases, causing fewer array elements to be added. Finally,

the last two elements are added to provide the dot product stored in the thread zero.

The parallel reduction algorithm written in CUDA is presented in Fig. 5.6.

The computation time of the parallel reduction code presented in Fig. 5.6 scales as

log2(n). The parallel reduction requires fewer iterations than the sequential version.

However, as mentioned, the algorithm presented only works for arrays that contain

2n elements. A parallel reduction for an arbitrary number of elements is beyond
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Figure 5.5: Parallel reduction for dot product.

Figure 5.6: Sample dot product algorithm written in serial.
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the scope of this appendix; however, a description can be found in Sanders and E.

Kandrot (2010).

5.3 CUDA: Particle Level Simulations

Particle level computer simulations can be used to better understand the rheology of

MR suspensions. Magnetorheological suspensions can be modeled as a collection of

magnetizable and nonmagnetizable spheres (monodisperse, diameter σ, magnetizable

spheres with saturation magnetization Ms) immersed in a nonmagnetizable, Newto-

nian, incompressible, continuous phase (relative permeability µ = 1, viscosity ηc),

and subjected to a uniform magnetic field H0 = H0ez [Klingenberg et al. (1991a);

Kittipoomwong et al. (2005)].

The motion of the spheres can be described by Newton’s equation of motion. By

neglecting the inertia of sphere i, the equation of motion for sphere i can be written

Fi ({rj}) = 0 (5.3)

where Fi ({rj}) is the net force on sphere i. The net force has three contributions:

the magnetostatic force, the short-range repulsive force, and the hydrodynamic force.

The magnetostatic force on sphere i caused by sphere j is given by the point-dipole

expression

Fmag
ij = F0

(
σ

rij

)4 [(
3 cos2 θij − 1

)
er + sin 2θijeθ

]
, (5.4)

where rij is the distance between sphere i and sphere j, and θij is the angle between

the line-of-centers and the applied magnetic field. The magnitude of the force, F0, is
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given by

F0 =


3π
16µ0β

2H2
0σ

2 linear magnetization
π
48µ0σ

2M2
s saturated magnetization

, (5.5)

where β = (µp−µc)/(µp+2µc), µp is the relative permeability of the particle material,

µc is the relative permeability of the continuous phase, and µ0 is the permeability of

free space. To mimic a hard-sphere interaction between spheres i and j, a short-range

repulsive force on sphere i caused by sphere j is given by

F rep
ij = −F0 exp [κ (σ − rij) /σ] er, (5.6)

where κ characterizes the range of the repulsive force (κ = 100 in this study). The

spheres also experience a force due to hydrodynamic drag. Following the work of

Klingenberg et al. (1991a) and Kittipoomwong et al. (2005), the hydrodynamic drag

is treated as Stokes’ drag

F hyd
i = −3πηcσ

[
dri
dt
−U∞ (ri, t)

]
, (5.7)

where U∞(ri, t) is the ambient fluid velocity evaluated at the particle center. The

ambient fluid velocity is given by U∞(r) = γ̇(z∗i +L∗z/2)ez where γ̇ is the strain rate.

Equation 5.3 can be nondimensionalized using the following length, force, and

time scales:

Ls = σ, Fs = π

48µ0σ
2M 2

s , ts = 144ηc
µ0M 2

s

. (5.8)
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Figure 5.7: Flowchart of a particle-level simulation performed sequentially

These scales allow Eqn.5.3 to be written

dr∗i
dt∗

=
N∑
j 6=i
F ∗,rep
ij + F ∗,wall

i +
N∑
j 6=i
F ∗,mag
ij + u∗,∞, (5.9)

where the asterisks denote dimensionless quantities.

From Eqs. 5.4, 5.6, and 5.9, the motion of a single particle, i, is dependent on the

position of all other particles j. As a result, Eq. 5.9 must be solved numerically. One

way to determine the interparticle interactions is to implement a sequential algorithm

to calculate the net force on each sphere. A sequential algorithm contains both an

outer loop and an inner loop. The outer loop is used to iterate over each particle

i. The inner loop is then used to calculate the interaction between sphere i and all

other spheres j 6= i. A flowchart of a sequential algorithm is presented in Fig. 5.7.

The algorithm presented in Fig. 5.7 is computationally expensive, O(N2). The

algorithm can be improved by only considering the nearest neighbors of each sphere

by implementing a neighbor list. A neighbor list decreases the computational cost of
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a simulation by allowing the program to iterate only over spheres j which interact,

or have the potential to interact, with sphere i [Allen and D.J. Tildesley (1989)]. A

neighbor list allows the computation time of the simulation to decrease from O(N2) to

O(N2/L3), where L is the dimension of the simulation cell [Allen and D.J. Tildesley

(1989)].

Even with a neighbor list, computation time for a particle level simulation remains

very expensive. However, particle level simulations are highly parallelizable [Taufer

et al. (2010)]. The position of each sphere i is independent of the position of each

sphere j. A parallel algorithm can drastically reduce the computation time of required

of MR simulations. A simple way to parallelize the simulation is to simply launch

N threads and then have each thread iterate over N − 1 spheres to calculate all Fij.

The resulting force calculation would require O(N) steps, an improvement over the

sequential algorithm. Pseudocode for an O(N) CUDA force calculation is shown in

Fig. 5.8.

However, O(N) steps is still computationally expensive. One way to reduce the

number of iterations is to create a neighbor list in parallel. A neighbor list can be

created by following a similar procedure to the collision detection algorithm outlined

by Mazhar et al. (2011). Once the neighbor list is created, calculating the interparticle

forces is straight forward and requires O(1) calculations. A flowchart of the force

calculation from the neighbor list is shown in Fig. 5.9.

In the neighbor list presented in this thesis, the neighbor list consists of two arrays:

a particle array and a neighbor array. The particle array is treated as sphere i;

the neighbor array is treated as sphere j. The particle array repeats the sphere

identification number for the total number of possible interactions a sphere might
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Figure 5.8: Psuedocode for an O(N) CUDA force calculation.

have. For instance, if sphere 0 has four interactions, the first four entries in particle

will be the number 0, as illustrated in Fig. 5.9. The neighbor array contains all the

spheres that each sphere in the particle array interacts. An important feature of

the version of neighbor list used in these simulations is that it does not utilize the

fact that the interaction i − j is the equal and opposite of the interaction j − i; the

interactions are treated separately. Since the length of the particle and neighbor

arrays is not known a priori, the arrays are sized A × N , where A is a factor based

on the maximum number of spheres inside the neighbor list cutoff radius. A future

improvement for these simulations should include reducing the memory requirement

by taking advantage of the fact that interactions i − j are equal and opposite to

j − i. Reducing the memory requirement for simulations will allow for suspensions

with more spheres to be studied.

To calculate the interparticle forces, A×N threads must first be launched. Each
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Figure 5.9: Flowchart of an interparticle force calculation in parallel.

thread then accesses particle[tid] and neighbor[tid] to obtain the interacting

particles for which the respective thread will calculate Fij. Each Fij is stored in an

array that is also A×N in length. The calculation of Fij is depicted in Fig. 5.9.

Calculating each Fij in parallel is straight forward. However, to update the particle

position, the total force acting on each sphere must be calculated. To calculate the

total force on each sphere, a parallel reduction can be performed on each sphere. The

particle array serves as a key to identify which elements of the array containing Fij

are associated with each sphere.

The parallel reduction by key begins with A × N threads launched. However,

after the initial kernel launch, the number of threads accessing the Fij data is then

limited to N threads. Since the particle array contains multiple entries of each

sphere number, only the threads associated with the first entry of a particular sphere

are used when calculating the total force for the respective sphere. Identifying which

thread calculates the total force on each sphere is depicted in Fig. 5.10. In Fig. 5.10,

since sphere 0 ends after the third element of the particle array, thread tid= 0

calculates the total force on sphere 0 and tid= 4 calculates the total force on sphere
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Figure 5.10: An example of a particle array. The partcle array is used as the key for the parallel reduction by
key which calculates the total force.

Figure 5.11: Flowchart of a parallel reduction by key.

1.

Once the first entry of a particular sphere is identified in the particle array, the

thread associated with that entry then sums all Fij associated with that sphere. The

maximum number of spheres that an individual sphere can interact with is determined

by the neighbor list cutoff radius. Therefore, each of the N threads will perform no

more than r3
list/r

3
sphere iterations. Therefore, by creating and using a neighbor list,

we were able to reduce the the scaling of the computations in iterations from O(N)

to O(r3
list/r

3
sphere). A flowchart of the parallel reduction by key to calculate the total

force on each particle is shown in Fig. 5.11. Once the force is totaled for each sphere,

a simple vector addition can be used to update the positions of the spheres.
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Figure 5.12: Speedup as a function of number of spheres. Suspension at fixed φM = 0.15.

The purpose of converting algorithms from sequential to parallel is to reduce

computation time. The speedup of simulations performed in CUDA over serial sim-

ulations performed in C is plotted as a function of number of spheres in Fig. 5.12.

The simulations in Fig. 5.12 were performed in three dimensions and contained an

MR fluid of total volume fraction φT = 0.15. In Fig. 5.12, the parallel simulations

are slower for low numbers of spheres. As the number of spheres in the suspension is

increased, the speedup also increases. The break-even point at which parallel simu-

lations perform at the same rate as sequential simulations is 150 spheres. When the

suspension contains more than 150 spheres, the parallel algorithm is faster, with the

speedup increasing as more particles are included in the simulation.

For simulations containing fewer than 150 spheres, the parallel simulations ac-

tually perform slower. Parallel simulations performed in CUDA require data to be

transferred to the card via the PCI express bus of the motherboard, which is a slow

process. Therefore, parallel simulations work best when large amounts of data are

sent to the card at once. In addition, computing in CUDA is most effective when
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Figure 5.13: Stress as a function of monolayer area for a fixed system aspect ratio L∗
x/L

∗
z = 3. Open squares are

φA
M = 0.45. Open circles are φA

M = 0.45 and φA
N = 0.30. Open triangles are φA

M = 0.75.

as many threads as possible operate on the data at the same time [Sanders and E.

Kandrot (2010)]. Both of these factors contribute to parallel simulations being less

effective than sequential at low sphere numbers.

A byproduct of the observed speedup with CUDA is that systems containing more

spheres can be studied. Previous sequential monolayer systems containing both mag-

netizable and nonmagnetizable spheres contained a maximum of 70 spheres [Ulicny

et al. (2010)]. The monolayer systems presented in previous chapters contained a

maximum of 287 spheres. As a result of the larger system, the yield stress enhance-

ment caused by the addition of nonmagnetizable spheres was observed, unlike in the

work by Ulicny et al. (2010) which did not contain enough spheres. Another inter-

esting result is the effect of system size on the yield stress in the suspension, shown

in Fig. 5.13.

In Fig. 5.13, stress is plotted as a function of monolayer area. For each concen-

tration considered, when the dimensionless area is increased, which in turn increases
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the number of spheres for respective concentration, the stress increases. The largest

system in Fig. 5.13 contains 2500 spheres, more than 35× as many spheres as pre-

vious work [Ulicny et al. (2010)]. Furthermore, since the scaling is independent of

number of spheres, the time of the simulation remains relatively constant. The effect

of system size on the yield stress should be investigated more in the future.

5.4 CUDA: Creating the Resistance Matrix

A common problem in rheology involves understanding the effect of hydrodynamic

interactions on the motion of particles. One method for simulating a suspension that

includes hydrodynamic interactions is outlined by Ball and J.R. Melrose (1997). Their

method is useful for suspensions at high volume fraction, φ, which are dominated by

lubrication terms. At large φ, the lubrication and torque terms can be decoupled.

The equation of motion can then be simplified to,

F NH = Rlub
2B (U −U∞) (5.10)

where F NH is the nonhydrodynamic force between the spheres, Rlub
2B is the two body

resistance matrix which only considers lubrication interactions, U is the sphere ve-

locity, and U∞ is the ambient fluid velocity. Here, F NH is the magnetostatic force.

The two body resistance matrix, Rlub
2B , is given by,

Rlub
2B = R0δ +Rlub(hij)dd (5.11)
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where R0 = 3φηcσ, Rlub(hij) = 3πηcσ(σ/8hij), and d is the unit vector along the line

of centers [Kim and S.J. Karrila (2013)]. For more detail concerning these simplifica-

tions, see Chapter 6.

Equations 5.10 and 5.11 form a 3N × 3N system of equations for sphere motion,

where N is the number of spheres in the suspension. Creating and solving a large

system of equations by a sequential algorithm is computationally intensive. To avoid

large calculations, previous authors only studied suspensions at zero shear, thereby,

neglecting hydrodynamic interactions [Parthasarathy and Klingenberg (1996), Kit-

tipoomwong et al. (2005), Ulicny et al. (2010)]. However, solving large systems of

equations is a highly parallelizable operation. Therefore, the equations of motion

for a suspension can be solved by taking advantage of the computing power of the

graphics card.

With the release of CUDA 7 in 2015, NVIDIA began including the library cusolver.

This library includes algorithms that solve large systems of equations efficiently in

parallel. A direct result of the parallel solvers is that Eq. 5.10 can be solved for the

particle velocities significantly faster and with less effort from the user.

While cusolver makes it easy to solve a system of equations in parallel, the

equations must still be created in parallel to take full advantage of the graphics

card. A diagram of the resistance matrix as a two-dimensional array is given in

Fig. 5.14. The numbers to the left in black represent sphere i. The numbers along

the top in blue represent sphere j. The diagonal submatrices represent the self-

interaction hydrodynamic term. The submatrices that are off the diagonal represent

the hydrodynamic interaction between sphere i and sphere j. The colors of the

submatrices only serve to differentiate between the submatrices. The numbers inside
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Figure 5.14: An example of the indexing for Rlub
2B for three spheres.

the submatrices indicate the cartesian directions: 0 represents the x direction, 1

represents the y direction, and 2 represents the z direction.

In a sequential algorithm, the resistance matrix can be created within the force

calculation loops. However, creating the resistance matrix in CUDA is much less

intuitive. Unlike C, early versions of CUDA did not allow two-dimensional arrays.

Array allocation and construction was simpler by treating the matrix as a long one-

dimensional array. In newer versions of CUDA, such as CUDA 7.5, two-dimensional

array allocation and access is similar to the capabilities of C [NVIDIA Corporation

(2015)]. Therefore, both types of arrays will be considered in Subsections (5.4.1) and

(5.4.2).

5.4.1 Resistance Matrix in a One-Dimensional Array

In Fig. 5.15, the resistance matrix is treated as a large one-dimensional array; only

the numbers within the submatrices have changed. Just as in Fig. 5.14, the numbers
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Figure 5.15: Representation of indexing for a one-dimensional resistance matrix.

along the left side represent sphere i, and the numbers along the top represent sphere

j. Instead of representing the directions 0, 1, or 2 like in Fig. 5.14, the numbers in the

submatrices represent which element in a one-dimensional array would correspond to

each element in Fig. 5.14. For instance, the yz component of the i = 1, j = 2 sphere

interaction would correspond to element 76 in a one-dimensional array.

The first step in determining how to access the elements of the one-dimensional

resistance matrix is to identify which variables should be used to access the array.

The index for sphere i, and the index for sphere j could be considered. The number

of spheres, n, will change the size of the array, and, therefore, it should also be

considered. Since d exists in three dimensions, the algorithm contains two loops which

iterate over the x, y, and z directions to obtain dd. Therefore, the indices associated

with the two directional loops could be useful. The hydrodynamic interactions occur

in three dimensions, so 3 is also useful to separate threads for x, y, and z. Once the

necessary variables are determined, they must be arranged such that all elements of

the resistance array are accessed. Equation 5.12 shows a way to arrange the variables
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such that all elements of the resistance matrix are accessed.

Resistance_matrix[3 * n*(jloop + 3 * j) + iloop + 3 * i] = dd / (8 * h);

(5.12)

In Eq. 5.12, iloop and jloop iterate over the three dimensions occupied by the

center-to-center vector d. To understand this indexing, consider the xz component

of the i = 0, j = 1 interaction in a three sphere system. We want to know the value

of the xz element of the resistance matrix. For the x direction, iloop = 0 and for

the z direction, jloop = 2. Following the indexing formula in Eq. 5.12, the array

index for the xz element of the i = 0, j = 1 sphere interaction is 45. Comparing Figs.

5.14 and 5.15, index 45 does indeed correspond to the xz element of the i = 0, j = 1

interaction. Take note that tid ended up not being needed, a result of using trial

and error to determine the indexing.

5.4.2 Resistance Matrix in a Two-Dimensional Array

In newer versions of CUDA, two-dimensional arrays can be created. One way to access

the elements of a two-dimensional array is to take advantage of two-dimensional block

and thread indexing. From Fig. 5.2, the syntax for the block and thread identification

numbers is blockIdx.x and threadIdx.x. The ending of both the block and thread

identification syntax is .x. The .x signifies that the indexing is in the x direction of

the GPU. While the x direction is the most common direction to index blocks and

threads, the user can also access a y and z direction. In the kernel, the y and z

directions can be accessed by replacing .x with .y or .z, respectively.

Blocks can be launched in two dimensions from the kernel call [Sanders and E.
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Kandrot (2010)]. To launch blocks in two dimensions, the kernel call requires a

variable of type dim3. The variable type dim3 is specific to CUDA; it creates a

three-dimensional variable of integers. The variable dim3 is declared via the syntax,

dim3(n_x, n_y, n_z) (5.13)

where n_x is the number of threads in the x direction on the device, n_y is the number

of threads in the y direction on the device, and n_z is the number of threads in the

z direction on the device. If columns are treated as the x thread direction, and the

rows are treated as the y thread direction, the indexing of the grand resistance matrix

can be expressed,

Resistance_matrix[3*blockIdx.y + ty][3*blockIdx.x + tx]. (5.14)

In the kernel call, n blocks would be launched in both the x and y directions. From

there, three threads could be launched in the x and y directions. This method would

allow all elements of the resistance matrix to be calculated at the same time. There-

fore, the resistance matrix could be formed in one step. With the use of cusolver,

solving the equation of motion for each sphere including hydrodynamic interactions

becomes computationally feasible.

5.5 Conclusion

The purpose of this chapter was to give future students a starting point for developing

parallel algorithms in CUDA. As of December 2015, finding a CUDA capable GPU
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is very easy; any NVIDIA graphics card will work. CUDA can then be installed for

free from the NVIDIA website. Once CUDA is installed, parallel algorithms can be

implemented without too much effort from the user. With each new version of CUDA,

more built in functions and functionality are added by NVIDIA.

Particle-level simulations can be performed by algorithms developed using CUDA.

Simulations performed in parallel increase speedup as particles are added to the sus-

pension. These faster simulations allowed larger systems to be studied. Future stu-

dents should investigate incorporating hydrodynamic interactions into particle-level

simulations. Advances in CUDA by NVIDIA make solving for particle motion with

hydrodynamic interactions approachable.



107

Chapter 6

Overview of Hydrodynamic

Interactions

6.1 Introduction

Magnetorheological (MR) fluids consist of magnetizable particles suspended in a vis-

cous, continuous phase. These suspensions exhibit fast and reversible changes to

the stress in the fluid caused by manipulating a magnetic field. The magnetic field

induces magnetostatic particle interactions which cause the particles to aggregate,

changing the suspension from a fluid-like state to a solid-like state, with a magnetic

field-dependent yield stress [Ginder (1996), Jolly et al. (1998)]. This is known as the

“MR effect". To take full advantage of the MR effect, increasing the dynamic range

of control can be done in two ways: increasing the stress in the fluid at high-fields

and by decreasing the stress in the off-state [Foister (1997), Ulicny et al. (2005b)]. In

the off-state, colloidal forces and hydrodynamic interactions become more significant;
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the field-induced forces are not present in the system. Experiments have shown that

fluids in the off-state regime exhibit a yield stress [Ulicny et al. (2005b)]. For MR

fluids in the off-state, experiments have shown that coating the magnetizable particles

with a nonmagnetizable material can reduce the yield stress [Ulicny et al. (2005a)].

Developing a better understanding of MR fluids in the off-state can lead to designing

fluids with desirable off-state properties as well as high-field properties.

In the low-field regime, colloidal forces and hydrodynamic interactions are on the

same order of magnitude as the magnetic forces. To quantify the relationship between

magnetic field forces and hydrodynamic forces, the dimensionless Mason number can

be defined. The Mason number is given by Klingenberg et al. (2007),

Mnhydro = hydrodynamic forces
magnetic forces = 9

2
ηcγ̇φ

2

µ0µc 〈M〉2
. (6.1)

Ulicny et al. (2005a) experimentally determined stress data for an MR fluid in the

high Mn regime, presented in Chapter 2, Fig. 2.4. Figure 2.4 shows the shear stress

plotted as a function of shear rate for two different systems: one in which the particles

are not coated with a nonmagnetizable material, and one in which the particles are

coated with a nonmagnetizable material. The open circles represent a suspension in

which the magnetizable particles are not coated with a nonmagnetizable material.

The open squares represent a suspension in which the magnetizable particles are

coated with a nonmagnetizable material. The suspension in which the magnetizable

particles are not coated with a nonmagnetizable material exhibits a yield stress of

≈40 Pa. However, the suspension in which the magnetizable particles are coated

with a nonmagnetizable material exhibits a significantly reduced yield stress. The
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curve is much closer to a constant viscosity than the suspension that is not coated.

To better understand the decrease in low-field yield stress and viscosity, simula-

tions must include field forces, van der Waals forces, and hydrodynamic forces. The

following section contains a brief overview of the model used for the MR suspensions

with emphasis on hydrodynamic interactions. From there, a summary of current

simulation techniques is presented.

6.2 Model

Magnetorheological suspensions are treated as a collection of magnetizable and non-

magnetizable spheres (monodisperse, diameter σ, permeability µp, magnetizable spheres

with a saturation magnetization Ms) immersed in a nonmagnetizable, Newtonian,

incompressible, continuous phase (relative permeability µ = 1, viscosity ηc), and sub-

jected to a uniform magnetic field H0 = H0h (h is the unit vector in the direction of

the applied field).

The motion of the spheres is described by Newton’s equation of motion. Neglecting

the acceleration of sphere i gives

Fi ({rj}) = 0. (6.2)

where Fi is the total force acting on sphere i. Four forces can be considered in

these systems: the magnetostatic force, the van der Waals force, the short range

repulsive force, and the hydrodynamic force. Applying a magnetic field enables the

magnetostatic force on sphere i caused by sphere j to be given given by the point
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dipole expression

Fmag
ij = F0

(
σ

rij

)4 [(
3 cos2 θij − 1

)
er + sin 2θijeθ

]
. (6.3)

where the magnitude of the force, F0 is given

F0 =


3π
16µ0β

2H2
0σ

6 linear magnetization
π
48µ0σ

2M2
s saturated magnetization

, (6.4)

where µ0 = 4π × 10−7N/A2, and β = (µp − 1)/(µp + 2). For low magnetic fields, the

magnitude of the force is given for linear magnetization. For high magnetic fields,

magnitude of the force is given for saturation magnetization. Since most applica-

tions require fluids in the high field regime, the magnitude of the force for magnetic

saturation is usually chosen.

The spheres always experience a van der Waals attraction. When the field is close

to saturation, these van der Waals attractions are dwarfed by the field forces, allowing

them to be neglected. However, when the field is low or off, the van der Waals

attractions cannot be neglected. The van der Waals attractions can be expressed

[Israelachvili (2011)]

F vdw =


A
24

σ
h2

ij
er for hij > hmin

A
24

σ
h2

min
er for hij ≤ hmin

(6.5)

where hij is the gap distance between spheres i and j, and A is the Hamaker coefficient,

which is a material property.

Much work has been performed at vanishing shear rates (low Mn) [Klingenberg



6.2. Model 111

et al. (1991a), Kittipoomwong et al. (2005)]. At vanishing shear rates, the hydrody-

namic forces are expected to have little impact on the final structure of the fluid. As

a result, the hydrodynamic force can be expressed using the free-draining approxi-

mation, given by Stokes’ drag F H = −3πµσ (U −U∞), where U is the translational

velocity of the sphere andU∞ is the ambient velocity of the fluid. However, at nonzero

shear rates, the free-draining approximation is not enough to model the physics of the

suspension. The force exerted on the fluid due to sphere motion decays very slowly.

Therefore, at nonzero shear, the motion of one sphere interacts with the motion of

the other spheres via the hydrodynamic forces imparted on the viscous fluid by the

spheres [Russel et al. (1992)].

The interaction of the fluid with the spheres can be described using three quanti-

ties: the hydrodynamic force FH , the torque T , and the stresslet S [Kim and Karrila

(1991)]. These three quantities can be related to the particle motion in two different

ways: the resistance problem and the mobility problem. In the resistance problem,

the motion of the spheres is specified as the boundary condition. Following Kim

and Karrila (1991), the disturbance velocity, vD (x), on the surface of the particle at

position x is given by

vD (x) = U −U∞ + (ω −Ω∞)× x−E∞ · x, (6.6)

where ω is the rotational velocity of the particle, Ω∞ is the ambient rotational velocity

of the fluid, and E∞ is the rate of strain tensor of the fluid. Due to the linearity of

Stokes’ equations, the resistance problem can be expressed as a system of linear
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equations, given by 
FH

TH

E∞

 = −R ·


U −U∞

Ω − Ω∞

S

 (6.7)

where R is the grand resistance matrix.

The generalized mobility formulation involves specifying the hydrodynamic force,

FH , hydrodynamic torque, TH , and rate of strain tensor E∞ as boundary the bound-

ary conditions used to calculate the particles’ translational velocity, angular velocity,

and stresslet Kim and S.J. Karrila (2013). The generalized mobility relation is written


U −U∞

Ω − Ω∞

S

 = −M ·


FH

TH

E∞

 (6.8)

where Ω∞ is the ambient angular velocity andM is the grand mobility matrix. The

resistance matrix is related to the mobility matrix by R = M−1. The complete

expressions for the grand resistance and grand mobility matrices can be found in

Kim and Karrila (1991).

6.3 Simulation Methods

6.3.1 Calculating Hydrodynamic Interactions

To address the computational challenges associated with simulating suspensions,

Brady and Bossis developed the algorithm Stokesian dynamics [Brady and G. Bossis

(1988)]. Stokesian dynamics is a molecular dynamics-like simulation technique which
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leverages both the mobility and resistance formulations to simulate the rheological

behavior of suspensions.

Both the mobility formulation and the resistance formulation have advantages and

disadvantages. The mobility formulation conveniently preserves the far-field hydro-

dynamic interactions. Also, the velocity can be solved without inverting a matrix.

Matrix inversion is computationally expensive, requiring O(N3) steps. However, the

mobility formulation does not preserve the near-field lubrication interactions. The

inability of the mobility formulation to preserve the lubrication forces leads to the

spheres overlapping [Bossis and J.F. Brady (1984)]. Unlike the mobility formulation,

the resistance formulation preserves the lubrications interactions and also accurately

represents the underlying physics of the problem. However, to obtain sphere velocities

in the resistance formulation, Eq. (6.7) must be solved for velocities. This calculation

is computationally expensive.

The far-field is most conveniently expressed in the mobility formulation. The

far-field mobility matrix, denoted M∞, is constructed and then inverted to give an

approximation for the far-field resistance matrix. Since M∞ is sparse, the inversion

can be done efficiently. The resistance formulation is needed to preserve the near-field

lubrication forces. Lubrication forces occur between two closely-spaced bodies, which

allows them to be treated as pairwise additive. The lubrication forces can be repre-

sented by the two-body resistance matrix, R2B. In addition to the lubrication forces,

the two-body resistance matrix also includes far-field two-body interactions which are

already accounted for in (M∞)−1; therefore, the two body far-field interactions must

be subtracted off, and are expressed as R∞2B. The grand resistance matrix can be
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expressed

R = (M∞) +R2B −R∞2B. (6.9)

Equation (6.9) can be used in Eq. (6.7) to give Newton’s equation of motion for

a collection of spheres interacting through hydrodynamic interactions. The sphere

velocities can be found by solving Eq. (6.7) and the sphere positions updated. The

bulk properties of the suspension can then be calculated using an ensemble average

of the sphere positions [Batchelor, G.K. (1970)].

Sierou and Brady implemented an improved version of Stokesian dynamics which

reduced the number of iterations from O(N3) for traditional Stokesian dynamics

to O(N ln(N)). To accomplish the reduction in iterations, the far-field interactions

were calculated using Ewald summations [Sierou and J.F. Brady (2001)]. Ewald

summations reduce the number of iterations by replacing calculations that converge

very slowly with calculations that converge rapidly [Sierou and J.F. Brady (2001),

Frenkel and Smit (1987)]. Despite this improvement, Stokesian dynamics is still very

computationally expensive. Ball and J.R. Melrose (1997) showed that for highly

concentrated suspensions (φT > 0.40), the near-field lubrication forces dominate the

resistance matrix calculation. Therefore, to leading order, only the near-field lubrica-

tion interactions need be included in determining the resistance matrix. Furthermore,

translational and rotational motion become decoupled enabling the resistance matrix

to be expressed

Rlub
2B = R0δ +Rlub(hij)dd (6.10)

where R0 = 3πηcσ, Rlub(hij) = 3πηcσ(σ/8hij), and d is the unit vector along the

line of centers [Kim and Karrila (1991)]. Equation (6.10) can be substituted into Eq.
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(6.7) to give

FH = −Rlub
2B (U −U∞). (6.11)

Since the total force on each particle is zero, the equation of motion can be expressed

FNH = Rlub
2B (U −U∞). (6.12)

where FNH represents the total nonhydrodynamic force.

6.3.2 System Parameters

The MR suspensions consist of N neutrally buoyant spheres in a volume Lx×Ly×Lz.

The spheres are bounded at ±L∗z/2 by a solid surface and periodic boundaries at

±L∗x/2 and ±L∗y/2. The spheres are given random initial positions.

Spheres within 0.05σ of a bounding surface are considered stuck and assume the

lateral velocity of the surface. Spheres have been experimentally observed to stick to

the bounding surface [Klingenberg and C.F. Zukoski (1990)]. Furthermore, since the

motion of each sphere in the z direction is governed by Eq. (6.12), stuck spheres can

be removed from the surface.

Using the initial positions, the nonhydrodynamic force on each sphere and the

resistance matrix can be calculated. This creates a 3N×3N system of equations that

must be solved numerically to obtain velocity.

6.3.3 Numerical Methods

Solving a large system of equations is computationally intensive. Exact procedures,

such as Gauss-Jordan elimination, require O (N3) iterations [Press et al. (1986)].
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Basic iterative procedures, such as Gauss-Seidel, require O (N lnN) iterations [Press

et al. (1986)]. As a result, all numerical schemes limit the size of the system.

The resistance matrix is symmetric positive definite. Furthermore, since the sus-

pensions of interest are at high concentration and lubrications forces dominate the

hydrodynamics, Rlub
2B is sparse. These two features allow for more advanced iterative

schemes to be used such as GMRES or Conjugate Gradients. Convergence of these al-

gorithms is dependent on many factors discussed in more detail elsewhere [Trefethen,

L.N. and D. Bau III (1997)].

Previously, solving large systems of equations has also faced hardware limitations.

More specifically, calculations could only be made sequentially, regardless if they were

independent. Most calculations involving matrix operations are independent and thus

highly parallelizable. The increased availability of multiple core processors enables

some of these matrix manipulations to be performed at the same time. However, to

date, the largest number of cores available for a multiple core processor is eight [Intel

(2015)]. Therefore, a matrix of 3N × 3N is still limited to only eight calculations per

computer clock cycle.

Another innovation in algorithm parallelization is the ability to perform calcu-

lations by leveraging the computing capability of the computer’s graphics card. In

2007, graphics card company NVIDIA developed a new architecture for their graphics

cards which allowed the user to create highly parallelizable algorithms which could

be performed on the graphics card [Sanders and E. Kandrot (2010)]. To go with this

new architecture, NVIDIA developed a coding language known as Compute Unified

Device Architecture (CUDA). CUDA is a language based on C and has extensions en-

abling the graphics card to be used for scientific computing [Sanders and E. Kandrot
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(2010)]. Since CUDA is based on C, it makes it more accessible than other parallel

computing languages (OpenGL, OpenCL, etc...). Furthermore, the high demand for

enhanced video game graphics has driven graphics card companies, like NVIDIA, to

produce more advanced graphics cards that are also more affordable. The upshot is

that more powerful computation is available at a lower cost to scientists [Sanders and

E. Kandrot (2010)].

Since many linear algebra operations are highly parallelizable, NVIDIA has cre-

ated libraries in CUDA that perform many of the standard linear algebra operations.

The algorithms for these linear algebra operations are optimized to leverage the par-

allel capabilities of the graphics card. In addition, with the release of CUDA 7.0 in

the spring of 2015, the library cuSOLVER became available. cuSOLVER contains

parallel algorithms designed to solve large systems of equations in parallel. CUDA

7.0 is the first release of CUDA with built in solvers, so future releases of CUDA will

most likely see inclusion of additional and more advanced solvers.
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Chapter 7

Conclusions and Future Work

The purpose of this study was to understand and describe the mechanism(s) by which

nonmagnetizable spheres enhance the field-induced shear stress in MR suspensions.

We have employed a particle-level simulation technique to probe the effect of non-

magnetizable spheres on MR suspensions that contain a mixture of magnetizable

and nonmagnetizable spheres. Both monolayer and three-dimensional suspensions

exhibit a yield stress enhancement when nonmagnetizable spheres are added to the

suspension. Previously, monolayers were unable to show a yield stress enhancement

for suspensions containing both sphere types [Ulicny et al. (2010)]. We characterized

the microstructure of the suspensions by several measures, including volume fraction

fluctuations, pair distribution functions, and eigenvalues of the second-order mass mo-

ment tensor. Nonmagnetizable spheres cause monolayers to become more anisotropic.

However, in three dimensions, nonmagnetizable spheres make the suspensions less

anisotropic. Even though nonmagnetizable spheres cause different changes to the mi-

crostructure in monolayers and three-dimensional suspensions, the changes are very
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small (Chapter 3). The microstructure changes observed for suspensions containing

magnetizable and nonmagnetzable spheres are much smaller than the microstructure

changes reported for bidisperse suspensions [Kittipoomwong et al. (2005)]. There-

fore, microstructure changes caused by the addition of nonmagnetizable spheres do

not directly cause the yield stress enhancement.

Large amplitude oscillatory shear (LAOS) simulations show that the nonmagneti-

zable spheres increase the suspension stiffness. However, nonmagnetizable spheres do

not alter the transition to nonlinear rheological behavior. These results suggest that

the nonmagnetizable spheres directly participate in the stress transfer. Conversely,

nonmagnetizable spheres do not alter the stability of the magnetizable sphere clusters.

Snapshots of sheared monolayers reveal that the nonmagnetizable spheres par-

ticipate in stress transfer by forming repulsive-force clusters that are oriented along

the compression axis of the shear flow, similar to jamming. In hard-sphere disper-

sions, jamming occurs when shear-induced repulsive-force clusters form along the

compression axis [Cates et al. (1998)]. Examination of partial stresses, the num-

ber of repulsive-force clusters, and transient rheological behavior support that non-

magnetizable spheres directly enhance the stress via repulsive-force clusters. The

repulsive-force clusters contain both magnetizable and nonmagnetizable spheres; this

explains why nonmagnetizable spheres enhance the yield stress even though they are

unaffected by the magnetic field. The participation of the nonmagnetizable spheres

in these repulsive-force clusters also tends to enhance the magnetostatic contribu-

tion of magnetic sphere contribution to the total stress, shown in the partial stresses

calculated by force type.

The majority of the data presented has been for suspensions that are small in size
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(< 300 spheres). Previous studies were limited to even smaller numbers of spheres due

to the computational limitations of the sequential FORTRAN algorithms [Kittipoom-

wong et al. (2005), Kittipoomwong et al. (2008), Ulicny et al. (2010)]. In Chapter

6, we demonstrated that with the parallel simulations in CUDA can perform bigger

simulations in a fraction of the time of the FORTRAN algorithms. Furthermore, in

Fig. 5.13, the stress in the suspension depends on simulation size; larger suspensions

lead to a larger yield stress.

To study larger suspensions, a new algorithm for creating initial configurations

should be developed and implemented. The current method for creating random

initial configurations is similar to Monte Carlo (MC) methods. The MC-like algo-

rithms used to create initial configurations work by first randomly selecting a sphere.

Then, the randomly selected sphere is moved in an arbitrary direction. The arbitrary

move is then either accepted or rejected based on a criteria specified by the user.

When creating initial configurations, the only criteria is that spheres do not overlap.

This algorithm is currently performed sequentially and is difficult to parallelize. Fur-

thermore, for concentrated suspensions, very few moves are accepted because most

arbitrary moves will cause the random sphere to overlap with another sphere. There-

fore, the initial configurations do not become very randomized. Also, suspensions

containing a large number of spheres, this MC-like procedure is very slow. One possi-

ble method for creating initial configurations could involve Molecular Dynamics (MD)

type algorithm. The spheres would interact via a Lennard-Jones potential [Frenkel

and Smit (1987)]. Since the positions of each sphere are independent, just as simula-

tions of MR suspensions, an MD code is highly parallelizable [Taufer et al. (2010)].

Molecular dynamics algorithms do not rely on randomly selecting a single individual
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sphere at a time. Also, due to the repulsive interactions built into the Lennard-Jones

potential, the spheres would move without overlapping; in the MC type of configura-

tion creator, if a move causes the spheres to overlap, the sphere movement would be

rejected and the spheres would not move.

Furthermore, the CUDA algorithms need to be upgraded to improve their memory

usage. The forces in the suspension are symmetrical; the force of sphere i on sphere j

is equal and opposite to the force of sphere j on sphere i. The current algorithm does

not take this symmetry into account (Chapter 5). As a result, twice as much memory

is used than is required for the simulation. For simulations in double precision that

contain / 2500 spheres, the 2 GB memory on the current graphics cards contain

enough memory to perform the simulations. However, bigger simulations require

more memory than is available on all but the highest end NVIDIA cards [NVIDIA

Corporation (2015)]. Therefore, the algorithms should be upgraded to take advantage

of the symmetry.

Another area of interest would be the suspensions at low magnetic fields, men-

tioned in Chapter 2. In Fig. 2.4, suspensions coated with thiophosphate and stearate

have a lower off-state viscosity than suspensions which are not coated [Klingenberg

et al. (2010)]. To consider suspensions in the low-field limit, hydrodynamic interac-

tions must be included. Previous studies only examined the high-field limit [Klin-

genberg et al. (1991a), Parthasarathy (1998), Kittipoomwong et al. (2005)]. In the

high-field limit, the magnetostatic interactions are considered to be much greater

than the hydrodynamic interactions. Therefore, the hydrodynamic interactions can

be excluded when considering the high-field limit [Klingenberg et al. (1991a), Kit-

tipoomwong et al. (2005)]. For more information concerning the simulation methods
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in the high-field limit, see Chapters 3 and 4. One method for including hydrodynamic

interactions is outlined by Sierou and J.F. Brady (2001) and is known as Accelerated

Stokesian Dynamics (ASD). Accelerated Stokesian Dynamics is a method which uses

Fast Fourier Transforms (FFT) to speed up the traditional Stokesian Dynamics (SD)

algorithms originally outlined by Brady and G. Bossis (1988).

However, even though ASD provides a significant speedup over the traditional

SD, for concentrated suspensions, ASD is still slow. One reason for the large com-

putational costs is due to the inclusion of far-field hydrodynamic interactions. Ball

and J.R. Melrose (1997) demonstrated that, in concentrated suspensions, the far-field

hydrodynamic interactions were negligible compared to the near-field lubrication in-

teractions. In Chapter 5, we demonstrated that parallel computing in CUDA can

dramatically speedup simulations. To study suspensions in the low-field limit, the

method developed by Ball and J.R. Melrose (1997) should be employed in parallel.

Preliminary results from sequential code implemented in C are presented in Fig. 7.1.

In Fig. 7.1, apparent viscosity is plotted as a function of the Mason number

divided by the volume fraction, φ. Diamonds represent three-dimensional results

generated using a sequential simulation implemented in C. Squares represent data

from simulations performed by Bonnecaze and J.F. Brady (1992) in two dimensions.

In both systems, the same trend is observed; as Mn/φ is increased, η/η∞ decreases

to a plateau. The numerical similarities are purely coincidence.

Figure 7.1 demonstrates that the Ball and J.R. Melrose (1997) method can produce

qualitatively similar results to SD. However, the systems studied in Fig. 7.1 are very

small (< 100 spheres). Therefore, a parallel algorithm should be used to include
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Figure 7.1: Apparent viscosity plotted as a function of the ratio of Mason number to volume fraction. Diamonds rep-
resents three-dimensional simulated using the algorithm outlined by Ball and J.R. Melrose (1997). Squares represent

data reported by Bonnecaze and J.F. Brady (1992)

hydrodynamic interactions.

The effect of nonmagnetizable spheres in the low-field limit is also unknown and

should be explored. Nonmagnetizable spheres will experience both short-range repul-

sive forces as well as lubrication interactions. Understanding nonmagnetizable sphere

involvement at low magnetic fields could lead to improved MR fluids. Experiments

could then be employed to determine if the simulations are indeed representative of

what happens in the real system.
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Appendix A

Viscoelastic Property Derivation

Viscoelasticity can be represented using a Fourier Series, expressed by,

σ (t) =
∑
n:odd

αncos (nωt) + βnsin (nωt) (A.1)

where αn and βn are constants. The storage modulus, G′1, and the loss modulus,

G′′1, can both be calculated from αn and βn, using a similar procedure found in Deen

(1998). The relationship between the moduli and the Fourier constants is given in

Ewoldt (2013). To calculate αn, first multiply both sides of Eq. A.1 cos (mωt) to

give,

σ (t) cos (mωt) =
∑
n:odd

αn cos (nωt) cos (mωt) + βn sin (nωt) cos (mωt) . (A.2)

Both sides of Eq. A.2 can be integrated over an integer number of periods, Np.

Since sin and cos are orthogonal function,
∫
Np

sin(nωt) cos(mωt) dt = 0 for all m

and n. Also, for m 6= n,
∫
Np

cos(nωt) cos(mωt) dt = 0, which allows Eq. A.2 to be
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simplified to, ∫
Np

σ (t) cos (nωt) dt =
∫
Np

αn cos2 (nωt) dt. (A.3)

Since αn is a constant, it can be pulled outside the integral to give,

αn =
∫
Np
σ (t) cos (nωt) dt∫

Np
αn cos2 (nωt) dt . (A.4)

The other viscoelastic constant, βn, can be calculated by following a similar procedure,

only sin (mωt) is applied instead.

From Ewoldt (2013), the storage and loss moduli can be defined by

G′n = 1
γ0

(αn sin (nδ∗) + βn cos (nδ∗))

G′′n = 1
γ0

(αn cos (nδ∗)− βn sin (nδ∗))
n : odd, (A.5)

where γ0 is the strain amplitude of the simulation and δ∗ is the phase shift. For the

simulations performed, the phase shift was absent, δ∗ = 0 to give

G′n = 1
γ0
βn

G′′n = 1
γ0
αn.

(A.6)
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Appendix B

Mix_Strain.cu

This appendix contains the code Mix_Strain.cu. This code is used to strain the

suspensions. Every n_print configuration is saved. Each configuration is then relaxed

using the code Mix_Relax.cu.
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2
,
ri
,
ri
4
;

do
ub

le
w
h,

it
er
m
,
jt
er
m
,
ijt
er
m
;

do
ub

le
C
,C

2,
r4
,
re
p;

do
ub

le
fx
i,

fy
i,

fz
i;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
//
T
hi
s
pa

rt
of

th
e
co
de

is
ve
ry

si
m
ila

r
to

w
ha

t
is

do
ne

in
th
e

//
fo
rt
ra
n

co
de
s.

T
he

on
ly

di
ffe

re
nc
e

is
th
at

th
er
e
ar
e
no

//
lo
op

s
be

ca
us
e
i
an

d
j
ar
e
ca
lc
ul
at
ed

on
al
∗n

di
ffe

re
nt

th
re
ad

s.
i
=

pa
rt
ic
le
[t
id

];
j
=

ne
ig
hb

or
[t
id
];

it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
i];

jt
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
j];

ijt
er
m

=
it
er
m
∗j
te
rm

;

zm
ag

=
fa
bs
(z
[i
])
;

w
h
=

(L
z/
2.
00
)
−

zm
ag
;

xi
j
=

x[
j]
−

x[
i]
;

yi
j
=

y[
j]
−

y[
i]
;

zi
j
=

z[
j]
−

z[
i]
;

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

if
(x
m
ag

>
(0
.5
∗
Lx

))
xi
j
=

xi
j
∗
(1
−

Lx
/
xm

ag
);

if
(y
m
ag

>
(0
.5
∗
Ly

))
yi
j
=

yi
j
∗
(1
−

Ly
/
ym

ag
);

r2
=

xi
j∗
xi
j
+

yi
j∗
yi
j
+

zi
j∗
zi
j;

if
(r
2
<

rc
∗r
c)

{
r
=

sq
rt
(r
2)
;

C
=

zi
j/
r;

C
2
=

5.
0∗

C
∗C

;
r4

=
r∗
r∗
r∗
r;

//
r4

=
r2
∗r
2;

re
p
=

ex
p(
(1
.0
−

r)
/0
.0
1)
;

fx
[t
id
]
=

((
ijt
er
m
∗
(C

2
−

1.
0)

/
(r
4)
)
−

re
p)
∗
(x

ij
/
r)
;

fy
[t
id
]
=

((
ijt
er
m
∗
(C

2
−

1.
0)

/
(r
4)
)
−

re
p)
∗
(y

ij
/
r)
;

fz
[t
id
]
=

((
ijt
er
m
∗
(C

2
−

3.
0)

/
(r
4)
)
−

re
p)
∗
C
;
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} if
(w

h
<

rc
)

{
zp
p
=

(z
[i
]
/
zm

ag
)
∗
Lz
−

z[
j]
−

z[
i]
;

ri
2

=
zp
p
∗
zp
p
+

xi
j∗

xi
j
+

yi
j
∗

yi
j;

if
(r
i2

<
rc
∗r
c)

{
ri

=
sq
rt
(r
i2
);

C
=

zp
p/

ri
;

C
2
=

5.
0∗

C
∗C

;
ri
4

=
ri
∗r
i∗
ri
∗r
i;

//
ri
4
=

ri
2∗

ri
2;

fx
i
=

(x
ij

/
ri
)
∗
ijt
er
m
∗
(C

2
−

1.
0)

/
ri
4;

fy
i
=

(y
ij

/
ri
)
∗
ijt
er
m
∗
(C

2
−

1.
0)

/
ri
4;

fz
i
=

C
∗
ijt
er
m
∗
(C

2
−

3.
0)

/
ri
4;

//
fx
i
=

(x
ij/

ri
)∗
(C

2
−

1.
0)
/r
i4
;

//
fy
i
=

(y
ij/

ri
)∗
(C

2
−

1.
0)
/r
i4
;

//
fz
i
=

C
∗(
C
2
−

3.
0)
/r
i4
;

fx
[t
id
]
+
=

fx
i;

fy
[t
id
]
+
=

fy
i;

fz
[t
id
]
+
=

fz
i;

}
}

}
}

} //
T
hi
s
to
ta
ls

th
e
no

nh
yd

ro
dy

na
m
ic

fo
rc
e
on

ea
ch

pa
rt
ic
le
.
T
hi
s
is

a
//
re
du

ct
io
n
by

ke
y.

_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

to
ta
l(
do

ub
le
∗z
,d

ou
bl
e
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,

do
ub

le
∗f
xt
ot
,
do

ub
le
∗f
yt
ot

,
do

ub
le
∗f
zt
ot

,
in
t
∗p

ar
ti
cl
e
,
in
t
∗m

ag
_
ke
y,

do
ub

le
Lz

,
do

ub
le

rc
,
in
t
n,

in
t
∗n

ei
gh

bo
r,

in
t
al
)

{
in
t

ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i,
ch
ec
k,

re
dk

ey
;

do
ub

le
su
m
x,

su
m
y,

su
m
z;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
//
"c
he
ck
"

id
en
ti
fie
s

w
hi
ch

pa
rt
ic
le

th
e
th
re
ad

is
co
ns
id
er
in
g

ch
ec
k
=

pa
rt
ic
le
[t
id

];

//
if

ti
d

lo
ok

s
at

pa
rt
ic
le

0
O
R

ti
d
is

no
t
lo
ok

in
g
at

th
e

//
sa
m
e
pa

rt
ic
le

as
th
e
th
re
ad

be
hi
nd

it
.

T
he

re
fo
re
,
on

ly
n

//
th
re
ad

s
ar
e
be

in
g

ut
ili
ze
d

at
on

ce
to

to
ta
l
th
e
fo
rc
e
on

//
ea
ch

pa
rt
ic
le
.

if
(t
id

=
=

0
|c

he
ck

!=
pa

rt
ic
le
[t
id
−

1]
)

{
su
m
x
=

fx
[t
id
];

su
m
y
=

fy
[t
id
];

su
m
z
=

fz
[t
id
];

i
=

ti
d;

//
T
hi
s
m
ak

es
su
re

th
at

th
e
th
re
ad

is
on

ly
co
ns
id
er
in
g
on

e
//

pa
rt
ic
le
.
O
nc
e
it

re
ac
he
s
a

di
ffe

re
nt

pa
rt
ic
le
,
st
op

//
to
ta
lin

g
th
e
fo
rc
e.

w
hi
le
(c
he
ck

=
=

pa
rt
ic
le
[i
+
1]
)

{
su
m
x
+
=

fx
[i+

1]
;

su
m
y
+
=

fy
[i+

1]
;

su
m
z
+
=

fz
[i+

1]
;

i+
+
;

ch
ec
k
=

pa
rt
ic
le
[i
];

} re
dk

ey
=

pa
rt
ic
le
[t
id

];

fx
to
t[
re
dk

ey
]
=

su
m
x;

fy
to
t[
re
dk

ey
]
=

su
m
y;

fz
to
t[
re
dk

ey
]
=

su
m
z;

}
}

}
} //
T
hi
s
ca
lc
ul
at
es

th
e
fo
rc
e
fr
om

th
e
w
al
l
on

th
e
pa

rt
ic
le
.

T
hi
s
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//

is
pr
et
ty

si
m
ila

r
to

th
e
fo
rt
ra
n

co
de

on
ly

th
er
e

is
no

it
er
at
io
n

ov
er

n.
_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

w
al
l(
do

ub
le
∗z
,d

ou
bl
e
Lz

,d
ou

bl
e
∗f
zt
ot
,i
nt

n,
do

ub
le

rc
,
in
t
∗m

ag
_
ke
y,

do
ub

le
∗f
xt
ot
,d

ou
bl
e
∗f
yt
ot
,

do
ub

le
∗t
au

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
w
h,

w
h4

,i
te
rm

,z
m
ag
,t
er
m
1,

te
rm

2,
fz
w
;

if
(t
id

<
n)

{
it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
ti
d]
;

zm
ag

=
fa
bs
(z
[t
id
])
;

w
h
=

(L
z/
2.
00
)
−

zm
ag
;

if
(w

h
<

(0
.5
∗
rc
))

{
w
h4

=
w
h∗

w
h∗

w
h∗

w
h;

te
rm

1
=

it
er
m
∗
(1
.0

/
w
h4

)
/
8.
0;

te
rm

2
=

ex
p(
(0
.5
−

w
h)

/
0.
01
);

fz
w

=
te
rm

1
−

te
rm

2;

fz
to
t[

ti
d
]
+
=

fz
w
∗
(z
[t
id
]
/
zm

ag
);

}
}

} //
T
hi
s
up

da
te
s
th
e
po

si
ti
on

of
ea
ch

pa
rt
ic
le
.
T
hi
s
is

es
se
nt
ia
lly

th
e
sa
m
e
as

//
th
e
fo
rt
ra
n

co
de

on
ly

in
pa

ra
lle
l.

_
_
gl
ob

al
_
_

vo
id

up
da

te
_
po

s(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,d

ou
bl
e
∗f
xt
ot
,

do
ub

le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
do

ub
le

Lx
,d

ou
bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
n,

do
ub

le
gd

,
do

ub
le

dt
,
do

ub
le
∗d

ab
sx
,d

ou
bl
e
∗d

ab
sy
,

do
ub

le
∗d

ab
sz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
xm

ag
,y

m
ag
,z

m
ag
,d

x,
dy

,d
z;

if
(t
id

<
n)

{

zm
ag

=
fa
bs
(z
[t
id
])
;

dz
=

fz
to
t[
ti
d
]
∗
dt

;

if
(z
m
ag

>
=

((
0.
5
∗
Lz

)
−

.5
−

.0
5)
)

{
dy

=
0;

if
(z
[t
id
]
<

0)
dx

=
0;

el
se dx

=
gd
∗
Lz
∗
dt
;

} el
se

{
dx

=
(f
xt
ot
[t
id
]
+

gd
∗
(z
[t
id
]
+

0.
5
∗
Lz

)
)
∗d

t;
dy

=
(f
yt
ot
[t
id

])
∗
dt

;
} x[
ti
d
]
+
=

dx
;

y[
ti
d
]
+
=

dy
;

z[
ti
d
]
+
=

dz
;

da
bs
x[
ti
d
]
+
=

dx
;

da
bs
y[
ti
d
]
+
=

dy
;

da
bs
z[
ti
d
]
+
=

dz
;

xm
ag

=
fa
bs
(x
[t
id
])
;

ym
ag

=
fa
bs
(y
[t
id
])
;

if
(x
m
ag

>
(0
.5
∗
Lx

))
x[
ti
d
]
∗=

(1
−

Lx
/x

m
ag
);

if
(y
m
ag

>
(0
.5
∗
Ly

))
y[
ti
d
]
∗=

(1
−

Ly
/y

m
ag
);

}
} //
C
al
cu
la
te
s
th
e

st
re
ss

in
th
e

flu
id

.
_
_
gl
ob

al
_
_

vo
id

ta
u_

ca
lc
(d
ou

bl
e
∗z
,d

ou
bl
e
∗f
xt
ot
,d

ou
bl
e
∗t
au

,i
nt

n,
do

ub
le

Lz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kI
dx

.x
∗b

lo
ck
D
im

.x
;

in
t

i;

if
(t
id

=
=

0)
{
∗t
au

=
0;

fo
r(

i
=

0;
i
<

n;
i+

+
)
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{

if
((
z[
i]
)
>

((
Lz

/
2.
0)
−

0.
5
−

0.
01
))

{
∗t
au

+
=

fx
to
t[
i]
;

//
∗t
au

+
=

z[
i]∗

(f
xt
ot
[i

])
;

}
}

}
} vo
id

nl
is
t(

do
ub

le
∗,

do
ub

le
∗,

do
ub

le
∗,

in
t
∗,

in
t
∗,

in
t
∗,

do
ub

le
,

in
t,

do
ub

le
,
do

ub
le
,
do

ub
le
,
in
t,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

);

in
t
m
ai
n(
vo

id
)

{
in
t

∗k
ey

=
N
U
LL

,
∗p

ar
ti
cl
e

=
N
U
LL

,∗
ne
ig
hb

or
=

N
U
LL

;
in
t

∗m
ag
_
ke
y
=

N
U
LL

,∗
m
ag
_
ke
yd

=
N
U
LL

,∗
ne
ig
hb

or
_
h
=

N
U
LL

;
in
t

∗p
ar
ti
cl
e_

h
=

N
U
LL

,n
,k

st
ar
t,
ns
te
ps
,

np
ri
nt

,
ls
te
ps

;
in
t

i,
k,

in
de
x;

do
ub

le
∗x

d
=

N
U
LL

,∗
yd

=
N
U
LL

,∗
zd

=
N
U
LL

;
do

ub
le
∗x

=
N
U
LL

,∗
y
=

N
U
LL

,∗
z
=

N
U
LL

;
do

ub
le
∗f
x
=

N
U
LL

,∗
fy

=
N
U
LL

,∗
fz

=
N
U
LL

;
do

ub
le
∗f
xt
ot

=
N
U
LL

,∗
fy
to
t
=

N
U
LL

,∗
fz
to
t
=

N
U
LL

;
do

ub
le
∗f
xp

ar
_
h
=

N
U
LL

,∗
fy
pa

r_
h
=

N
U
LL

,∗
fz
pa

r_
h
=

N
U
LL

;
do

ub
le

Lx
,L

y,
Lz

,
dt

,
rc

,
rc
h,

co
rr
fa
c;

do
ub

le
gd

,
rl
,
sp
he
re
,
rc
2,

rl
2
;

do
ub

le
∗t
au

_
h
=

N
U
LL

,∗
ta
u_

d
=

N
U
LL

;
do

ub
le

ct
im

e_
to
t
=

0
,c

ti
m
e_

av
g,

ti
m
et
ot
;

do
ub

le
om

eg
a,

ga
m
m
a0
,t
im

e,
ga
m
m
a,

g,
dx

w
al
l;

in
t

ti
m
ei
;

in
t

cu
da

_
co
un

t
=

0;
in
t

al
,

fil
e_

se
le
ct

;
flo

at
el
ap

se
dT

im
e;

do
ub

le
∗d

ab
sx
_
h
=

N
U
LL

,∗
da

bs
y_

h
=

N
U
LL

,
∗d

ab
sz
_
h
=

N
U
LL

;
do

ub
le
∗d

ab
sx
_
d
=

N
U
LL

,∗
da

bs
y_

d
=

N
U
LL

,
∗d

ab
sz
_
d
=

N
U
LL

;
F
IL
E
∗p

os
_
in
pu

t,
∗p

ar
_
in
pu

t,
∗p

os
_
ou

tp
ut
,

∗t
im

e_
ou

t,
∗t
au

_
ou

t,
∗d

ab
s_

ou
t;

F
IL
E
∗f
or
ce
_
ou

t;
ch
ar

pa
ra
m
et
er
s[
]
=

"p
ar
am

et
er
s.
tx
t"
;

ch
ar

tt
[8
0]
,
p_

ou
t[
10
0]
,f
_
ou

t[
10
0]
,
p_

in
[1
00
],

d_
ou

t[
10
0]
,t
_
ou

t[
10
0]
;

cl
oc
k_

t
t0
,
t1
;

fil
e_

se
le
ct

=
0;

sp
ri
nt
f(
p_

ou
t,
"p
os
it
io
n_

ou
t%

d.
tx
t"
,fi
le
_
se
le
ct
);

po
s_

ou
tp
ut

=
fo
pe

n(
p_

ou
t,
"w

")
;

sp
ri
nt
f(
p_

in
,"
po

si
ti
on

%
05
d_

m
on

o.
tx
t"
,fi
le
_
se
le
ct
);

po
s_

in
pu

t
=

fo
pe

n(
p_

in
,"
r"
);

sp
ri
nt
f(
d_

ou
t,
"d
ab

s_
ou

t%
d.
tx
t"
,fi
le
_
se
le
ct
);

da
bs
_
ou

t
=

fo
pe

n(
d_

ou
t,
"w

")
;

sp
ri
nt
f(
f_

ou
t,
"f
or
ce
_
pa

ir
_
ou

t%
d.
tx
t"
,fi
le
_
se
le
ct
);

fo
rc
e_

ou
t
=

fo
pe

n(
f_

ou
t,
"w

")
;

sp
ri
nt
f(
t_

ou
t,
"t
au

_
ou

t%
d.
tx
t"
,fi
le
_
se
le
ct
);

ta
u_

ou
t
=

fo
pe

n(
t_

ou
t,
"w

")
;

pa
r_

in
pu

t
=

fo
pe

n(
pa

ra
m
et
er
s,

"r
")
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

Lx
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

Ly
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

Lz
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

n)
;fg

et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ks
ta
rt
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ns
te
ps
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

np
ri
nt
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

dt
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

rc
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

rc
h)
;fg

et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

co
rr
fa
c)
;f
ge
ts
(t
t,
80
,p
ar
_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

gd
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

om
eg
a)
;fg

et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

ga
m
m
a0
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,&

rl
);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ls
te
ps
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

al
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ti
m
ei
);
fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fc
lo
se

(p
ar
_
in
pu

t)
;

rc
2
=

rc
∗r
c;
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rl
2

=
rl
∗r
l;

x
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

y
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

z
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
x_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
y_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
z_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

fx
pa

r_
h

=
(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

fy
pa

r_
h

=
(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

fz
pa

r_
h

=
(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

ne
ig
hb

or
_
h
=

(i
nt

∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(i
nt

))
;

pa
rt
ic
le
_
h
=

(i
nt

∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(i
nt

))
;

ta
u_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ta
u_

d,
si
ze
of
(d
ou

bl
e)
);

∗t
au

_
h
=

0;

m
ag
_
ke
y
=

(i
nt
∗)
m
al
lo
c(
n
∗
si
ze
of
(i
nt
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
xd

,n
∗
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
yd

,n
∗
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
zd
,n
∗
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
x_

d,
n
∗
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
y_

d,
n
∗
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
z_

d,
n
∗
si
ze
of
(d
ou

bl
e)
);

/∗
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

xd
t(
n)
;

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

yd
t(
n)
;

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

zd
t(
n)
;

do
ub

le
∗x

d
=

th
ru
st
::r
aw

_
po

in
te
r_

ca
st
(&

xd
t[
0]
);

do
ub

le
∗y

d
=

th
ru
st
::r
aw

_
po

in
te
r_

ca
st
(&

yd
t[
0]
);

do
ub

le
∗z
d
=

th
ru
st
::r
aw

_
po

in
te
r_

ca
st
(&

zd
t[
0]
);

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fx
to
tt
(n
);

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fy
to
tt
(n
);

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fz
to
tt
(n
);

do
ub

le
∗f
xt
ot

=
th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fx
to
tt
[0
])
;

do
ub

le
∗f
yt
ot

=
th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fy
to
tt
[0
])
;

do
ub

le
∗f
zt
ot

=
th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fz
to
tt
[0
])
;∗
/

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx
to
t

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy
to
t

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz
to
t

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

/∗
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fx
t(
m
∗n

);
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fy
t(
m
∗n

);
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fz
t(
m
∗n

);

do
ub

le
∗f
x
=

th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fx
t[
0]
);

do
ub

le
∗f
y
=

th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fy
t[
0]
);

do
ub

le
∗f
z
=

th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fz
t[
0]
);
∗/

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

//
th
ru
st
::
de
vi
ce

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ke
y

,
n
∗

si
ze
of

(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
pa

rt
ic
le
,a

l
∗
n
∗

si
ze
of

(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ne
ig
hb

or
,a

l∗
n
∗
si
ze
of
(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
m
ag
_
ke
yd

,n
∗

si
ze
of

(i
nt

))
;

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
(k
ey
);

//
po

s_
in
pu

t
=

fo
pe

n(
po

si
ti
on

,"
r"
);

fg
et
s(

tt
,8
0,
po

s_
in
pu

t)
;

fo
r(

i
=

0;
i
<

n;
i+

+
)

{
fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
sp
he
re
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(x
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(y
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(z
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

d"
,&

(m
ag
_
ke
y[
i])
);

da
bs
x_

h[
i]
=

0;
da

bs
y_

h[
i]
=

0;
da

bs
z_

h[
i]
=

0;
fx
pa

r_
h[
i]

=
0;

fy
pa

r_
h[
i]

=
0;

fz
pa

r_
h[
i]

=
0;
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}

fc
lo
se

(p
os
_
in
pu

t)
;

cu
da

M
em

cp
y(
xd

,x
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
yd

,y
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
zd
,z

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
m
ag
_
ke
yd

,m
ag
_
ke
y,

n∗
si
ze
of
(i
nt
),

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
x_

d,
da

bs
x_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
y_

d,
da

bs
y_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
z_

d,
da

bs
y_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,
ke
y_

th
ru
st
);

cu
da

E
ve
nt
_
t
st
ar
tE

ve
nt
,s

to
pE

ve
nt
;

cu
da

E
ve
nt
C
re
at
e(
&
st
ar
tE

ve
nt
);

cu
da

E
ve
nt
C
re
at
e(
&
st
op

E
ve
nt
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

/∗
in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

ca
lc

<
<
<

(B
LO

C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,L

y,
Lz

,
ne

ig
hb

or
,
pa

rt
ic
le
,

m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

to
ta
l<

<
<

(B
LO

C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,L
z,

rc
,
n,

ne
ig
hb

or
,
al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

w
al
l<

<
<

(B
LO

C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;∗
/

//
if
(t
im

ei
=
=

0)

//
{

//
ti
m
e
=

dt
∗t
im

ei
;

//
ga
m
m
a
=

gd
∗
ti
m
e;

//
ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

//
cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,c

ud
aM

em
cp
yD

ev
ic
eT

oH
os
t)
;

//
∗t
au

_
h
=

(−
∗t
au

_
h)
;/
/(
Lx
∗L

y∗
(L

z−
1.
0)
);

//
g

=
∗t
au

_
h;

//
g
=
∗t
au

_
h;
//
ga
m
m
a0
;

//
fp
ri
nt
f(
ta
u_

ou
t,
"%

lf
%
16
.1
2l
f

%
16
.1
2l
f\
n"
,
ti
m
e,

ga
m
m
a,

g)
;

//
}

t0
=

cl
oc
k(
);

fo
r(
k
=

ks
ta
rt
;
k
<

(n
st
ep
s
+

1)
;k

+
+
)

{
ti
m
e
=

dt
∗
(d
ou

bl
e)
k;

//
ti
m
eo
ld

=
dt
∗(
do

ub
le
)(
k−

1)
;

//
ga
m
m
a
=

ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
e)
;

//
ga
m
m
ao
ld

=
ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
eo
ld
);

//
dg

am
m
a
=

ga
m
m
a
−

ga
m
m
ao
ld
;

//
gd

=
dg

am
m
a/
dt
;

//
dx

w
al
l=

dg
am

m
a∗
Lz

;

if
((
k%

ls
te
ps
)
=
=

0)
nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,

Ly
,L

z,
al
,
ke
y_

th
ru
st
);

in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d,
pa

rt
ic
le
,

ne
ig
hb

or
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

dx
w
al
l=

gd
∗
Lz
∗
ti
m
e;

//
if
((
k%

ls
te
ps
)
=
=

0)
//

nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,

//
Ly

,L
z,

al
,
ke
y_

th
ru
st
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;
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cu
da

E
ve
nt
R
ec
or
d(
st
ar
tE

ve
nt
,0

);

fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,
Ly

,L
z,

ne
ig
hb

or
,

pa
rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,
Lz

,
rc
,
n,

ne
ig
hb

or
,
al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

up
da

te
_
po

s<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
to
t,

fy
to
t,

fz
to
t,

Lx
,L

y,
Lz

,
n,

gd
,

dt
,
da

bs
x_

d,
da

bs
y_

d,
da

bs
z_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

//
fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,L

y,
Lz

,
ne
ig
hb

or
,

//
pa

rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

//
fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,
//
Lz

,
rc
,
n,

ne
ig
hb

or
,
al
);

//
fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

cu
da

E
ve
nt
R
ec
or
d(
st
op

E
ve
nt
,0
);

cu
da

E
ve
nt
Sy

nc
hr
on

iz
e(
st
op

E
ve
nt
);

cu
da

E
ve
nt
E
la
ps
ed
T
im

e(
&
el
ap

se
dT

im
e,

st
ar
tE

ve
nt
,s

to
pE

ve
nt
);

ct
im

e_
to
t
+
=

el
ap

se
dT

im
e;

cu
da

_
co
un

t+
+
;

if
(k

%
np

ri
nt

=
=

0)
{

pr
in
tf

("
%
d\

n"
,k

);
fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d
\\
\\

\n
\\
\\

\n
",
k)
;

fp
ri
nt
f(
da

bs
_
ou

t
,
"\
\\
\
\n

%
d
\\
\\

\n
\\
\\

\n
",
k)
;

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"\
\\
\
\n

%
d
\\
\\

\n
\\
\\

\n
",
k)
;

//
ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
x,

xd
,n
∗s
iz
eo
f(
do

ub
le
),

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
y,

yd
,n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
z,

zd
,n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fx
pa

r_
h,

fx
,a

l∗
n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fy
pa

r_
h,

fy
,a

l∗
n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fz
pa

r_
h,

fz
,a

l∗
n
∗

si
ze
of

(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
x_

h,
da

bs
x_

d,
n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
y_

h,
da

bs
y_

d,
n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
z_

h,
da

bs
z_

d,
n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;



136
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
pa

rt
ic
le
_
h,

pa
rt
ic
le
,a

l∗
n
∗

si
ze
of

(i
nt

),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
ne
ig
hb

or
_
h,

ne
ig
hb

or
,a

l∗
n
∗
si
ze
of
(i
nt

),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
gt
ot

=
k∗

gd
∗d

t;
∗t
au

_
h
=

0;

ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,c
ud

aM
em

cp
yD

ev
ic
eT

oH
os
t)
;

∗t
au

_
h
=

(−
∗t
au

_
h)
;/
/
((
Lx
∗L

y)
∗(
Lz
−
1.
0)
);

//
pr
in
tf
("
%
lf\

n"
,
∗t
au

_
h)
;

//
g

=
∗t
au

_
h;

g
=
∗t
au

_
h;
//
ga
m
m
a0
;

ga
m
m
a
=

gd
∗
k
∗
dt
;

fp
ri
nt
f(
ta
u_

ou
t,
"%

lf
&

%
lf
&

%
lf
\\
\\

\n
",
ti
m
e,
ga
m
m
a,
g)
;

fo
r(
in
de
x
=

0;
in
de
x
<

al
∗
n;

in
de
x+

+
)

{
if
(i
nd

ex
<

n)
{

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

d
&
",
in
de
x)
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

lf
&
",
x[
in
de
x]
);

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

lf
&
",
y[
in
de
x]
);

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

lf
&
",
z[
in
de
x]
);

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

d
\\
\\

\n
",
m
ag
_
ke
y[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"%

17
.1
6l
f&

",
da

bs
x_

h[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"%

17
.1
6l
f&

",
da

bs
y_

h[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"%

17
.1
6l
f\

\\
\
\n

",
da

bs
z_

h[
in
de
x]
);

} fp
ri
nt
f(
fo
rc
e_

ou
t,
"%

d
&

",
pa

rt
ic
le
_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,
"%

d
&

",
ne
ig
hb

or
_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,
"%

17
.1
6l
f
&

",
fx
pa

r_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,
"%

17
.1
6l
f
&

",
fy
pa

r_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,
"%

17
.1
6l
f
\\
\\

\n
",

fz
pa

r_
h[
in
de
x]
);

if
(p
ar
ti
cl
e_

h[
in
de
x]

=
=
−
1)

br
ea
k;

}/
/E

nd
of

in
de
x
lo
op

fo
r
pr
in
ti
ng

}/
/E

nd
of

pr
in
t
if

st
at
em

en
t

} t1
=

cl
oc
k(
);

ti
m
et
ot

=
((
do

ub
le
)(
t1
−
t0
)/
(d
ou

bl
e)
C
LO

C
K
S_

P
E
R
_
SE

C
)/
60
;

ti
m
e_

ou
t
=

fo
pe

n(
"t
im

e.
tx
t"
,"
w
")
;

ct
im

e_
av

g
=

ct
im

e_
to
t/
((
do

ub
le
)c
ud

a_
co
un

t)
;

fp
ri
nt
f(
ti
m
e_

ou
t,

"T
ot
al

si
m
ul
at
io
n
ti
m
e
=

%
lf

m
in
ut
es

\n
",

ti
m
et
ot
);

fp
ri
nt
f(
ti
m
e_

ou
t,

"T
he

ti
m
e
ne
ed
ed

to
pe

rf
or
m

th
e
ca
lc
ul
at
io
ns

is
%
lf

m
s\
n"
,c

ti
m
e_

av
g)
;

th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

fc
lo
se

(t
im

e_
ou

t)
;

fc
lo
se

(p
os
_
ou

tp
ut
);

fc
lo
se

(d
ab

s_
ou

t)
;

fc
lo
se

(f
or
ce
_
ou

t)
;

cu
da

Fr
ee

(d
ab

sx
_
d)
;

cu
da

Fr
ee

(d
ab

sy
_
d)
;

cu
da

Fr
ee

(d
ab

sz
_
d)
;

fr
ee

(d
ab

sx
_
h)
;

fr
ee

(d
ab

sy
_
h)
;

fr
ee

(d
ab

sz
_
h)
;

fc
lo
se

(t
au

_
ou

t)
;

cu
da

Fr
ee

(x
d)
;

cu
da

Fr
ee

(y
d)
;

cu
da

Fr
ee

(z
d)
;

cu
da

Fr
ee

(m
ag
_
ke
yd

);
cu
da

Fr
ee

(n
ei
gh

bo
r)
;

cu
da

Fr
ee

(p
ar
ti
cl
e
);

cu
da

Fr
ee

(k
ey
);

cu
da

Fr
ee

(f
x)

;
cu
da

Fr
ee

(f
y)

;
cu
da

Fr
ee

(f
z)
;
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cu
da

Fr
ee

(f
xt
ot

);
cu
da

Fr
ee

(f
yt
ot

);
cu
da

Fr
ee

(f
zt
ot

);
fr
ee

(x
);

fr
ee

(y
);

fr
ee

(z
);

fr
ee

(m
ag
_
ke
y)
;

} vo
id

nl
is
t(

do
ub

le
∗x

d,
do

ub
le
∗y

d,
do

ub
le
∗z
d,

in
t
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,

in
t
∗k

ey
,
do

ub
le

rl
2,

in
t
n,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
al
,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
)

{
ke
yz
er
o<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(k
ey
,
ne
ig
hb

or
,
pa

rt
ic
le
,
n,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

ch
ec
k<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ke
y,

ne
ig
hb

or
,
pa

rt
ic
le
,
rl
2
,
n,

Lx
,L

y,
Lz

);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
(k
ey
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

po
in
te
r_

ca
st
(k
ey
);

th
ru
st
::
in
cl
us
iv
e_

sc
an

(k
ey
_
th
ru
st
,k

ey
_
th
ru
st

+
n,

ke
y_

th
ru
st
);

//
th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

se
tu
p<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ke
y,

pa
rt
ic
le
,
n)

;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

po
pu

la
te
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
n,

rl
2
,
Lx

,L
y,

Lz
,
al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

}
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A sample parameter input file for the code mix_strain.cu would look like:
30.0 Lx
10.0 Ly
10.0 Lz
20 Number of spheres
1 Start
100 Number of steps
1 Print Statements
0.0001 dt
2.5 Cutoff radius
0.125 Hydrodynamic Cutoff Radius
1E-4 h correction factor
0.001 Dimensionless shear
.01 Frequency, omega
0.00001 Strain amplitude, gamma0
2.7 Cutoff radius for neighbor list
100 Number of steps to calculate neighbor list
70 Neighbor list length
0 Initial time
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A sample position input file for the code mix_strain.cu would look like:
Sphere ID X Y Z Mag ID

0 -1 0 -4.5 1
1 -1 0 -3.5 1
2 -1 0 -2.5 1
3 -1 0 -1.5 1
4 -1 0 -0.5 1
5 -1 0 0.5 1
6 -1 0 1.5 1
7 -1 0 2.5 1
8 -1 0 3.5 1
9 -1 0 4.5 1
10 1 0 -4.5 1
11 1 0 -3.5 1
12 1 0 -2.5 1
13 1 0 -1.5 1
14 1 0 -0.5 1
15 1 0 0.5 1
16 1 0 1.5 1
17 1 0 2.5 0
18 1 0 3.5 0
19 1 0 4.5 0

This is an example of the output position file position_out_relaxed0.txt for the

preceding input files.

500000

0 -1.000000 0.000000 -4.497543 1
1 -0.992883 0.000000 -3.495495 1
2 -0.970887 0.000000 -2.493811 1
3 -0.935373 0.000000 -1.492574 1
4 -0.888962 0.000000 -0.492092 1
5 -0.829722 0.000000 0.507747 1
6 -0.757412 0.000000 1.506801 1
7 -0.672542 0.000000 2.504633 1
8 -0.587958 0.000000 3.502146 1
9 -0.500000 0.000000 4.499376 1
10 1.000000 0.000000 -4.509048 1
11 1.139411 0.000000 -3.527136 1
12 1.244195 0.000000 -2.541088 1
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13 1.327551 0.000000 -1.553091 1
14 1.389497 0.000000 -0.563581 1
15 1.433681 0.000000 0.426954 1
16 1.456652 0.000000 1.418793 1
17 1.090460 0.000000 2.410850 0
18 1.522329 0.000000 3.380600 0
19 1.479899 0.000000 4.440285 0

1000000

0 -1.000000 0.000000 -4.493517 1
1 -0.940879 0.000000 -3.489616 1
2 -0.868774 0.000000 -2.486688 1
3 -0.782711 0.000000 -1.484827 1
4 -0.682862 0.000000 -0.484125 1
5 -0.568770 0.000000 0.515271 1
6 -0.439356 0.000000 1.513143 1
7 -0.292544 0.000000 2.508237 1
8 -0.148993 0.000000 3.502886 1
9 0.000000 0.000000 4.496770 1
10 1.000000 0.000000 -4.509141 1
11 1.160114 0.000000 -3.530322 1
12 1.283060 0.000000 -2.546322 1
13 1.383013 0.000000 -1.559821 1
14 1.459514 0.000000 -0.571287 1
15 1.512157 0.000000 0.418778 1
16 1.539779 0.000000 1.410461 1
17 1.396964 0.000000 2.465428 0
18 1.977491 0.000000 3.364490 0
19 1.948857 0.000000 4.432653 0

1500000

0 -1.000000 0.000000 -4.486657 1
1 -0.889789 0.000000 -3.481195 1
2 -0.767936 0.000000 -2.477148 1
3 -0.631116 0.000000 -1.474658 1
4 -0.478754 0.000000 -0.473752 1
5 -0.309211 0.000000 0.525540 1
6 -0.119696 0.000000 1.523417 1
7 0.099896 0.000000 2.514415 1
8 0.302386 0.000000 3.504194 1
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9 0.500000 0.000000 4.494659 1
10 1.000000 0.000000 -4.509365 1
11 1.171383 0.000000 -3.532592 1
12 1.302616 0.000000 -2.549802 1
13 1.407907 0.000000 -1.563989 1
14 1.485550 0.000000 -0.575663 1
15 1.534112 0.000000 0.414524 1
16 1.550244 0.000000 1.406435 1
17 1.755203 0.000000 2.481698 0
18 2.409698 0.000000 3.348657 0
19 2.419851 0.000000 4.425657 0

2000000

0 -1.000000 0.000000 -4.508712 1
1 -1.100209 0.000000 -3.521924 1
2 -1.170745 0.000000 -2.532687 1
3 -1.222197 0.000000 -1.542342 1
4 -1.257551 0.000000 -0.551422 1
5 -1.280571 0.000000 0.439853 1
6 -1.291939 0.000000 1.431924 1
7 1.048538 0.000000 2.500505 1
8 1.024719 0.000000 3.500262 1
9 1.000000 0.000000 4.499998 1
10 1.000000 0.000000 -4.499319 1
11 1.045932 0.000000 -3.499687 1
12 1.074398 0.000000 -2.499593 1
13 1.089145 0.000000 -1.499314 1
14 1.092996 0.000000 -0.499232 1
15 1.087440 0.000000 0.500816 1
16 1.072754 0.000000 1.500757 1
17 2.172676 0.000000 2.471378 0
18 2.833465 0.000000 3.340518 0
19 2.891533 0.000000 4.420849 0

2500000

0 -1.000000 0.000000 -4.508655 1
1 -1.072567 0.000000 -3.519521 1
2 -1.117634 0.000000 -2.528848 1
3 -1.146198 0.000000 -1.537705 1
4 -1.162148 0.000000 -0.546288 1
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5 -1.166677 0.000000 0.445249 1
6 -1.165101 0.000000 1.437393 1
7 1.415889 0.000000 2.498351 1
8 1.457150 0.000000 3.498642 1
9 1.500000 0.000000 4.498872 1
10 1.000000 0.000000 -4.498289 1
11 1.093327 0.000000 -3.500507 1
12 1.167894 0.000000 -2.501450 1
13 1.231605 0.000000 -1.502101 1
14 1.286302 0.000000 -0.502322 1
15 1.332771 0.000000 0.497789 1
16 1.374399 0.000000 1.498068 1
17 2.545140 0.000000 2.469792 0
18 3.250777 0.000000 3.332446 0
19 3.363183 0.000000 4.416009 0

3000000

0 -1.000000 0.000000 -4.508510 1
1 -1.042461 0.000000 -3.517577 1
2 -1.062509 0.000000 -2.526110 1
3 -1.067028 0.000000 -1.534573 1
4 -1.060226 0.000000 -0.543044 1
5 -1.055822 0.000000 0.448498 1
6 -1.053368 0.000000 1.440641 1
7 1.788251 0.000000 2.496687 1
8 1.892190 0.000000 3.496307 1
9 2.000000 0.000000 4.495551 1
10 1.000000 0.000000 -4.495344 1
11 1.140169 0.000000 -3.499058 1
12 1.260850 0.000000 -2.500803 1
13 1.372497 0.000000 -1.501791 1
14 1.476268 0.000000 -0.502153 1
15 1.580264 0.000000 0.497460 1
16 1.684242 0.000000 1.497075 1
17 2.918587 0.000000 2.469632 0
18 3.666817 0.000000 3.327941 0
19 3.834459 0.000000 4.411613 0

3500000

0 -1.000000 0.000000 -4.508497 1
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1 -1.026226 0.000000 -3.517023 1
2 -1.032180 0.000000 -2.525378 1
3 -1.023262 0.000000 -1.533865 1
4 -1.016711 0.000000 -0.542334 1
5 -1.011878 0.000000 0.449206 1
6 -1.009233 0.000000 1.441349 1
7 2.170525 0.000000 2.495312 1
8 2.332443 0.000000 3.493849 1
9 2.500000 0.000000 4.491575 1
10 1.000000 0.000000 -4.491320 1
11 1.190740 0.000000 -3.495295 1
12 1.360790 0.000000 -2.497307 1
13 1.522579 0.000000 -1.498753 1
14 1.684567 0.000000 -0.500239 1
15 1.846529 0.000000 0.498279 1
16 2.008504 0.000000 1.496798 1
17 3.292225 0.000000 2.469616 0
18 4.082778 0.000000 3.325770 0
19 4.305328 0.000000 4.407796 0

4000000

0 -1.000000 0.000000 -4.508473 1
1 -0.996346 0.000000 -3.516779 1
2 -0.990177 0.000000 -2.525246 1
3 -0.984211 0.000000 -1.533712 1
4 -0.978909 0.000000 -0.542174 1
5 -0.974854 0.000000 0.449370 1
6 -0.972567 0.000000 1.441513 1
7 2.612427 0.000000 2.552299 1
8 2.801243 0.000000 3.530052 1
9 3.000000 0.000000 4.505877 1
10 1.000000 0.000000 -4.505153 1
11 1.495689 0.000000 -3.317376 1
12 1.678448 0.000000 -2.338175 1
13 1.863845 0.000000 -1.359847 1
14 2.049844 0.000000 -0.381616 1
15 2.236633 0.000000 0.596482 1
16 2.424192 0.000000 1.574448 1
17 3.675654 0.000000 2.468872 0
18 4.498838 0.000000 3.324875 0
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19 4.775836 0.000000 4.404494 0
4500000

0 -1.000000 0.000000 -4.508465 1
1 -0.989495 0.000000 -3.516812 1
2 -0.980004 0.000000 -2.525304 1
3 -0.971543 0.000000 -1.533786 1
4 -0.964559 0.000000 -0.542258 1
5 -0.959473 0.000000 0.449281 1
6 -0.956696 0.000000 1.441424 1
7 3.292838 0.000000 2.536717 1
8 3.391548 0.000000 3.523372 1
9 3.500000 0.000000 4.509023 1
10 1.000000 0.000000 -4.507717 1
11 2.950799 0.000000 -3.401270 1
12 2.972278 0.000000 -2.409519 1
13 3.010193 0.000000 -1.418832 1
14 3.063295 0.000000 -0.428818 1
15 3.129667 0.000000 0.560426 1
16 3.207149 0.000000 1.548895 1
17 4.330426 0.000000 2.440222 0
18 4.916969 0.000000 3.327439 0
19 5.246073 0.000000 4.401703 0

5000000

0 -1.000000 0.000000 -4.508466 1
1 -0.989495 0.000000 -3.516812 1
2 -0.979998 0.000000 -2.525304 1
3 -0.971533 0.000000 -1.533787 1
4 -0.964545 0.000000 -0.542259 1
5 -0.959457 0.000000 0.449281 1
6 -0.956679 0.000000 1.441423 1
7 3.959333 0.000000 2.526112 1
8 3.978690 0.000000 3.517481 1
9 4.000000 0.000000 4.508802 1
10 1.000000 0.000000 -4.507541 1
11 3.892375 0.000000 -3.423377 1
12 3.896336 0.000000 -2.431239 1
13 3.903772 0.000000 -1.439713 1
14 3.914256 0.000000 -0.448215 1
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15 3.927332 0.000000 0.543255 1
16 3.942545 0.000000 1.534695 1
17 5.002475 0.000000 2.350244 0
18 5.357748 0.000000 3.371630 0
19 5.717441 0.000000 4.402841

The neighbor list function at the end of the code is based off the collision detection

developed by Mazhar et al. (2011)



146

Appendix C

Mix_Relax.cu

This appendix contains the code Mix_Relax.cu. This code is used to relax the posi-

tions saved from Mix_Strain.cu. Every n_print configuration is saved.
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ic
le
[t
id
−

1]
)

{
su
m
x
=

fx
[t
id
];

su
m
y
=

fy
[t
id
];

su
m
z
=

fz
[t
id
];

i
=

ti
d;

w
hi
le
(c
he
ck

=
=

pa
rt
ic
le
[i
+
1]
)

{
su
m
x
+
=

fx
[i+

1]
;

su
m
y
+
=

fy
[i+

1]
;

su
m
z
+
=

fz
[i+

1]
;

i+
+
;

ch
ec
k
=

pa
rt
ic
le
[i
];

} re
dk

ey
=

pa
rt
ic
le
[t
id

];

fx
to
t[
re
dk

ey
]
=

su
m
x;

fy
to
t[
re
dk

ey
]
=

su
m
y;

fz
to
t[
re
dk

ey
]
=

su
m
z;

}
}

}
} _
_
gl
ob

al
_
_

vo
id

fo
rc
e_

w
al
l(
do

ub
le
∗z
,d

ou
bl
e
Lz

,d
ou

bl
e
∗f
zt
ot
,i
nt

n,
do

ub
le

rc
,
in
t
∗m

ag
_
ke
y,

do
ub

le
∗f
xt
ot
,d

ou
bl
e
∗f
yt
ot
,

do
ub

le
∗t
au

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
w
h,

w
h4

,i
te
rm

,z
m
ag
,t
er
m
1,

te
rm

2,
fz
w
;

if
(t
id

<
n)

{

it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
ti
d]
;

zm
ag

=
fa
bs
(z
[t
id
])
;

w
h
=

(L
z/
2.
00
)
−

zm
ag
;

if
(w

h
<

(0
.5
∗
rc
))

{
w
h4

=
w
h∗

w
h∗

w
h∗

w
h;

te
rm

1
=

it
er
m
∗
(1
.0

/
w
h4

)
/
8.
0;

te
rm

2
=

ex
p(
(0
.5
−

w
h)

/
0.
01
);

fz
w

=
te
rm

1
−

te
rm

2;

fz
to
t[

ti
d
]
+
=

fz
w
∗
(z
[t
id
]
/
zm

ag
);

}
}

} _
_
gl
ob

al
_
_

vo
id

up
da

te
_
po

s(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,d

ou
bl
e
∗f
xt
ot
,

do
ub

le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
do

ub
le

Lx
,d

ou
bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
n,

do
ub

le
gd

,
do

ub
le

dt
,
do

ub
le
∗d

ab
sx
,d

ou
bl
e
∗d

ab
sy
,

do
ub

le
∗d

ab
sz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
xm

ag
,y

m
ag
,z

m
ag
,d

x,
dy

,d
z;

if
(t
id

<
n)

{

zm
ag

=
fa
bs
(z
[t
id
])
;

dz
=

fz
to
t[
ti
d
]
∗
dt

;

if
(z
m
ag

>
=

((
0.
5
∗
Lz

)
−

.5
−

.0
5)
)

{
dy

=
0;

if
(z
[t
id
]
<

0)
dx

=
0;

el
se dx

=
gd
∗
Lz
∗
dt
;

} el
se

{
dx

=
(f
xt
ot
[t
id
]
+

gd
∗
(z
[t
id
]
+

0.
5
∗
Lz

)
)
∗d

t;
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dy

=
(f
yt
ot
[t
id

])
∗
dt

;
} x[
ti
d
]
+
=

dx
;

y[
ti
d
]
+
=

dy
;

z[
ti
d
]
+
=

dz
;

da
bs
x[
ti
d
]
+
=

dx
;

da
bs
y[
ti
d
]
+
=

dy
;

da
bs
z[
ti
d
]
+
=

dz
;

xm
ag

=
fa
bs
(x
[t
id
])
;

ym
ag

=
fa
bs
(y
[t
id
])
;

if
(x
m
ag

>
(0
.5
∗
Lx

))
x[
ti
d
]
∗=

(1
−

Lx
/x

m
ag
);

if
(y
m
ag

>
(0
.5
∗
Ly

))
y[
ti
d
]
∗=

(1
−

Ly
/y

m
ag
);

}
} _
_
gl
ob

al
_
_

vo
id

ta
u_

ca
lc
(d
ou

bl
e
∗z
,d

ou
bl
e
∗f
xt
ot
,d

ou
bl
e
∗t
au

,i
nt

n,
do

ub
le

Lz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kI
dx

.x
∗b

lo
ck
D
im

.x
;

in
t

i;

if
(t
id

=
=

0)
{
∗t
au

=
0;

fo
r(

i
=

0;
i
<

n;
i+

+
)

{
if
((
z[
i]
)
>

((
Lz

/
2.
0)
−

0.
5
−

0.
01
))

{
∗t
au

+
=

fx
to
t[
i]
;

//
∗t
au

+
=

z[
i]∗

(f
xt
ot
[i

])
;

}
}

}
} vo
id

nl
is
t(

do
ub

le
∗,

do
ub

le
∗,

do
ub

le
∗,

in
t
∗,

in
t
∗,

in
t
∗,

do
ub

le
,
in
t,

do
ub

le
,
do

ub
le
,
do

ub
le
,
in
t,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

);

in
t
m
ai
n(
vo

id
)

{
in
t

∗k
ey

=
N
U
LL

,
∗p

ar
ti
cl
e

=
N
U
LL

,∗
ne
ig
hb

or
=

N
U
LL

;
in
t

∗m
ag
_
ke
y
=

N
U
LL

,∗
m
ag
_
ke
yd

=
N
U
LL

;
in
t

∗p
ar
ti
cl
e_

h
=

N
U
LL

,∗
ne
ig
hb

or
_
h
=

N
U
LL

;
in
t

n
,

ks
ta
rt

,
ns
te
ps

,
np

ri
nt

;
in
t

ls
te
ps

,
i,

k,
in
de
x,

n_
tp
t,

td
x;

do
ub

le
∗x

d
=

N
U
LL

,∗
yd

=
N
U
LL

,∗
zd

=
N
U
LL

;
do

ub
le
∗x

=
N
U
LL

,∗
y

=
N
U
LL

,∗
z

=
N
U
LL

;
do

ub
le
∗f
x

=
N
U
LL

,∗
fy

=
N
U
LL

,∗
fz

=
N
U
LL

;
do

ub
le
∗f
xp

ar
_
h
=

N
U
LL

,∗
fy
pa

r_
h
=

N
U
LL

,∗
fz
pa

r_
h
=

N
U
LL

;
do

ub
le
∗f
xt
ot

=
N
U
LL

,∗
fy
to
t

=
N
U
LL

,∗
fz
to
t

=
N
U
LL

;
do

ub
le

Lx
,

Ly
,L

z,
dt

,
rc
,
rc
h,

co
rr
fa
c,

gd
,
rl
,
sp
he
re
,
rc
2,

rl
2
;

do
ub

le
∗t
au

_
h

=
N
U
LL

,∗
ta
u_

d
=

N
U
LL

;
do

ub
le

ct
im

e_
to
t
=

0
,c

ti
m
e_

av
g

,
ti
m
et
ot
;

do
ub

le
om

eg
a

,
ga
m
m
a0

,
ti
m
e

,
ga
m
m
a,

g;
in
t

fil
e_

se
le
ct

;
in
t

ti
m
ei
;

in
t

cu
da

_
co
un

t
=

0;
in
t

al
;

flo
at

el
ap

se
dT

im
e;

do
ub

le
∗d

ab
sx
_
h
=

N
U
LL

,∗
da

bs
y_

h
=

N
U
LL

,∗
da

bs
z_

h
=

N
U
LL

;
do

ub
le
∗d

ab
sx
_
d
=

N
U
LL

,∗
da

bs
y_

d
=

N
U
LL

,∗
da

bs
z_

d
=

N
U
LL

;
ch
ar

pa
ra
m
et
er
s[
]
=

"p
ar
am

et
er
s.
tx
t"
;

//
ch
ar

po
si
ti
on

[]
=

"p
os
it
io
n_

ou
t0
.x
yz
";

ch
ar

tt
[8
0]
,
p_

ou
t[
10
0]
,f
_
ou

t[
10
0]
,
p_

in
[1
00
],

d_
ou

t[
10
0]
,t
_
ou

t[
10
0]
;

F
IL
E
∗p

os
_
in
pu

t
,
∗p

ar
_
in
pu

t,
∗p

os
_
ou

tp
ut
,∗

ti
m
e_

ou
t,
∗t
au

_
ou

t;
F
IL
E
∗d

ab
s_

ou
t,
∗f
or
ce
_
ou

t;
cl
oc
k_

t
t0
,
t1
;

fil
e_

se
le
ct

=
12
;

sp
ri
nt
f(
p_

ou
t,
"p
os
it
io
n_

ou
t_

re
la
xe
d%

d.
tx
t"

,fi
le
_
se
le
ct
);

po
s_

ou
tp
ut

=
fo
pe

n(
p_

ou
t,
"w

")
;

sp
ri
nt
f(
p_

in
,"

po
si
ti
on

_
ou

t%
d.
tx
t"

,
fil
e_

se
le
ct

);
po

s_
in
pu

t
=

fo
pe

n(
p_

in
,"
r"
);

sp
ri
nt
f(
d_

ou
t,
"d
ab

s_
ou

t_
re
la
xe
d%

d.
tx
t"

,
fil
e_

se
le
ct

);
da

bs
_
ou

t
=

fo
pe

n(
d_

ou
t,
"w

")
;

sp
ri
nt
f(
t_

ou
t,

"t
au

_
ou

t_
re
la
xe
d%

d.
tx
t"

,
fil
e_

se
le
ct

);
ta
u_

ou
t
=

fo
pe

n(
t_

ou
t,
"w

")
;

sp
ri
nt
f(
f_

ou
t,

"f
or
ce
_
pa

ir
_
ou

t_
re
la
xe
d%

d.
tx
t"
,fi

le
_
se
le
ct
);
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fo
rc
e_

ou
t
=

fo
pe

n(
f_

ou
t,
"w

")
;

pa
r_

in
pu

t
=

fo
pe

n(
pa

ra
m
et
er
s,

"r
")
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Lx

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Ly

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Lz

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

n)
;

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ks
ta
rt
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ns
te
ps
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

np
ri
nt
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

n_
tp
t)
;

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
dt
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rc
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rc
h)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
co
rr
fa
c)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
gd

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
om

eg
a)
;

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
ga
m
m
a0
);

fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rl
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ls
te
ps
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

al
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ti
m
ei
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fc
lo
se

(p
ar
_
in
pu

t)
;

rc
2
=

rc
∗r
c;

rl
2

=
rl
∗r
l;

x
=

(d
ou

bl
e
∗)
m
al
lo
c(

n
∗

si
ze
of

(d
ou

bl
e)
);

y
=

(d
ou

bl
e
∗)
m
al
lo
c(

n
∗

si
ze
of

(d
ou

bl
e)
);

z
=

(d
ou

bl
e
∗)
m
al
lo
c(

n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
x_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(

n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
y_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(

n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
z_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(

n
∗

si
ze
of

(d
ou

bl
e)
);

fx
pa

r_
h

=
(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

fy
pa

r_
h

=
(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

fz
pa

r_
h

=
(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

pa
rt
ic
le
_
h
=

(i
nt

∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(i
nt

))
;

ne
ig
hb

or
_
h
=

(i
nt

∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(i
nt

))
;

ta
u_

h
=

(d
ou

bl
e∗
)m

al
lo
c(
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ta
u_

d,
si
ze
of
(d
ou

bl
e)
);

∗t
au

_
h
=

0;

//
ne
ig
hb

or
h
=

(i
nt
∗)
m
al
lo
c(
al
∗n
∗s
iz
eo
f(
in
t)
);

//
pa

rt
ic
le
h

=
(i
nt
∗)
m
al
lo
c(
al
∗n
∗s
iz
eo
f(
in
t)

);

m
ag
_
ke
y
=

(i
nt
∗)
m
al
lo
c(
n∗

si
ze
of
(i
nt
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
xd

,n
∗s
iz
eo
f(
do

ub
le
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
yd

,n
∗s
iz
eo
f(
do

ub
le
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
zd
,n
∗s
iz
eo
f(
do

ub
le
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
x_

d,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
y_

d,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
z_

d,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx
to
t,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy
to
t,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz
to
t,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx
,a

l∗
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy
,a

l∗
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz
,a

l∗
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ke
y,

n∗
si
ze
of
(i
nt
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
pa

rt
ic
le
,a

l∗
n∗

si
ze
of
(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ne
ig
hb

or
,a

l∗
n∗

si
ze
of
(i
nt
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
m
ag
_
ke
yd

,n
∗s
iz
eo
f(
in
t)
);

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

fo
r(
td
x
=

0;
td
x
<

n_
tp
t;

td
x+

+
)

{

fg
et
s(

tt
,8
0,
po

s_
in
pu

t)
;

fo
r(

i
=

0;
i<

n;
i+

+
)

{
fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
sp
he
re
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(x
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(y
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(z
[i
])
);
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fs
ca
nf
(p

os
_
in
pu

t,
"%

d"
,&

(m
ag
_
ke
y[
i])
);

da
bs
x_

h[
i]
=

0;
da

bs
y_

h[
i]
=

0;
da

bs
z_

h[
i]
=

0;

}
//

fc
lo
se
(p

os
_
in
pu

t)
;

cu
da

M
em

cp
y(
xd

,x
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
yd

,y
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
zd
,z

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
m
ag
_
ke
yd

,m
ag
_
ke
y,

n∗
si
ze
of
(i
nt
),

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
x_

d,
da

bs
x_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
y_

d,
da

bs
y_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
z_

d,
da

bs
y_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,
ke
y_

th
ru
st
);

cu
da

E
ve
nt
_
t
st
ar
tE

ve
nt
,s

to
pE

ve
nt
;

cu
da

E
ve
nt
C
re
at
e(
&
st
ar
tE

ve
nt
);

cu
da

E
ve
nt
C
re
at
e(
&
st
op

E
ve
nt
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

/∗
in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

ca
lc

<
<
<

(B
LO

C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,L

y,
Lz

,
ne
ig
hb

or
,
pa

rt
ic
le
,

m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

to
ta
l<

<
<

(B
LO

C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,L
z,

rc
,
n,

ne
ig
hb

or
,
al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

w
al
l<

<
<

(B
LO

C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;∗
/

//
if
(t
im

ei
=
=

0)
//
{

//
ti
m
e
=

dt
∗t
im

ei
;

//
ga
m
m
a
=

gd
∗
ti
m
e;

//
ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

//
cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,c
ud

aM
em

cp
yD

ev
ic
eT

oH
os
t)
;

//
∗t
au

_
h
=

(−
∗t
au

_
h)
;/
/(
Lx
∗L

y∗
(L

z−
1.
0)
);

//
g

=
∗t
au

_
h;

//
g
=
∗t
au

_
h;
//
ga
m
m
a0
;

//
fp
ri
nt
f(
ta
u_

ou
t,
"%

lf
%
16
.1
2l
f%

16
.1
2l
f\
n"
,t
im

e,
ga
m
m
a,

g)
;

//
}

t0
=

cl
oc
k(
);

fo
r(
k
=

ks
ta
rt
;
k
<

(n
st
ep
s
+

1)
;k

+
+
)

{
ti
m
e
=

dt
∗
(d
ou

bl
e)
k;

//
ti
m
eo
ld

=
dt
∗(
do

ub
le
)(
k−

1)
;

//
ga
m
m
a
=

ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
e)
;

//
ga
m
m
ao
ld

=
ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
eo
ld
);

//
dg

am
m
a
=

ga
m
m
a
−

ga
m
m
ao
ld
;

//
gd

=
dg

am
m
a/
dt
;

//
dx

w
al
l=

dg
am

m
a∗
Lz

;

if
((
k%

ls
te
ps
)
=
=

0)
nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,
ke
y_

th
ru
st
);

in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,f
z,
n,
fx
to
t,
fy
to
t,

fz
to
t,

al
,t
au

_
d,
pa

rt
ic
le
,n
ei
gh

bo
r)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
dx

w
al
l=

gd
∗
Lz
∗
ti
m
e;

//
if
((
k%

ls
te
ps
)
=
=

0)
//

nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,

//
ke
y_

th
ru
st
);
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cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

E
ve
nt
R
ec
or
d(
st
ar
tE

ve
nt
,0

);

fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,
Ly

,L
z,

ne
ig
hb

or
,
pa

rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,L
z,

rc
,n

,n
ei
gh

bo
r,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,

fy
to
t,

ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

up
da

te
_
po

s<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
to
t,

fy
to
t,

fz
to
t,

Lx
,

Ly
,L

z,
n,

gd
,
dt

,
da

bs
x_

d,
da

bs
y_

d,
da

bs
z_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

/∗ in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,
Ly

,L
z,

ne
ig
hb

or
,

pa
rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,
Lz

,
rc
,
n,

ne
ig
hb

or
,
al
);

fo
rc
e_

w
al
l<

<
<

(B
LO

C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

∗/

cu
da

E
ve
nt
R
ec
or
d(
st
op

E
ve
nt
,0
);

cu
da

E
ve
nt
Sy

nc
hr
on

iz
e(
st
op

E
ve
nt
);

cu
da

E
ve
nt
E
la
ps
ed
T
im

e(
&
el
ap

se
dT

im
e,

st
ar
tE

ve
nt
,s

to
pE

ve
nt
);

ct
im

e_
to
t
+
=

el
ap

se
dT

im
e;

cu
da

_
co
un

t+
+
;

if
(k

%
np

ri
nt

=
=

0)
{

pr
in
tf
("
%
d

%
d\

n"
,k

,t
dx

);
fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d\

n\
n"
,k

);
fp
ri
nt
f(
da

bs
_
ou

t
,
"\
n%

d
\n

\n
",
k)
;

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"\
n
%
d
\n

\n
",
k)
;

//
ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
x,
xd

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
y,
yd

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
z,
zd
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
x_

h,
da

bs
x_

d,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
y_

h,
da

bs
y_

d,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
z_

h,
da

bs
z_

d,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fx
pa

r_
h,
fx
,a
l∗
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;
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cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fy
pa

r_
h,
fy
,a
l∗
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fz
pa

r_
h,
fz
,a
l∗
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
pa

rt
ic
le
_
h,
pa

rt
ic
le
,a
l∗
n∗

si
ze
of
(i
nt
),

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
ne
ig
hb

or
_
h,

ne
ig
hb

or
,a
l∗
n∗

si
ze
of
(i
nt
),

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
gt
ot

=
k∗

gd
∗d

t;
∗t
au

_
h
=

0;

ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

∗t
au

_
h
=

(−
∗t
au

_
h)
;/
/
((
Lx
∗L

y)
∗(
Lz
−
1.
0)
);

g
=
∗t
au

_
h;
//
ga
m
m
a0
;

ga
m
m
a
=

gd
∗
k
∗
dt
;

fp
ri
nt
f(
ta
u_

ou
t,
"%

lf
%

16
.1
2l
f

%
16
.1
2l
f\
n"
,
ti
m
e,

ga
m
m
a,

g)
;

fo
r(
in
de
x
=

0;
in
de
x
<

(a
l∗
n)
;
in
de
x+

+
)

{
if
(i
nd

ex
<

n)
{

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

d"
,i
nd

ex
);

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

lf"
,
x[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

lf"
,
y[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

lf"
,
z[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"
%

d
\n

",
m
ag
_
ke
y[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"%

17
.1
6l
f"

,
da

bs
x_

h[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"%

17
.1
6l
f"

,
da

bs
y_

h[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"%

17
.1
6l
f\

n"
,
da

bs
z_

h[
in
de
x]
);

}

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"%

d"
,
pa

rt
ic
le
_
h[
in
de
x
])
;

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"%

d"
,
ne
ig
hb

or
_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"%

17
.1
6l
f"
,
fx
pa

r_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"%

17
.1
6l
f"
,
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pa

r_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t
,
"%

17
.1
6l
f\
n"
,
fz
pa

r_
h[
in
de
x]
);

if
(p
ar
ti
cl
e_

h[
in
de
x]

=
=
−
1)

br
ea
k;

}
//
E
nd

of
in
de
x
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r
pr
in
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ra
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s
}
//
E
nd
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at
em

en
t
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} fg
et
s(

tt
,8
0,
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;
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;

} t1
=

cl
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k(
);
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le
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C
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)/
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;
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m
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=
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e.
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;
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=
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;
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=

%
lf

m
in
ut
es

\n
",
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fp
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m
s\
n"
,c

ti
m
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;
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;

//
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_
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lo
se

(t
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_
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t
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ee
(x
d
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ee
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ee
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cu
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_
h
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ee
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_
h

);
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ee
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_
h
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ee

(x
);

fr
ee

(y
);
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ee

(z
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fr
ee

(m
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_
ke
y

);
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ee

(n
ei
gh
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h
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fr
ee
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e_
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id
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t(
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d,
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t
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t
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t
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rl
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t
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e
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e
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,
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t
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::
de
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ce
_
pt
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in
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y_
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ru
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)

{

ke
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<
<
(B

LO
C
K
_
SI
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+
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∗n

)/
B
LO

C
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_
SI
ZE

,B
LO

C
K
_
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ZE

>
>
>

(k
ey
,
ne
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,
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,
n,

al
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cu
da

T
hr
ea
dS
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ze
()
;

ch
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k<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
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_
SI
ZE

,B
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ZE

>
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d,
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,
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;
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ru
st
(k
ey
);

//
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//
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A sample parameter file for mix_relax.cu is given in Table C.1. The position input

is simply the file position_out0.txt from the code mix_strain.cu. Even though the

system given is a monolayer, Ly = 10 so that the spheres do not interact with mirror

images in the y direction.

30.0 Lx
10.0 Ly
10.0 Lz
20 Number of spheres
1 Start
5000000 Number of steps
5000000 Print Statements
100 Number of Time Points
0.0001 dt
2.5 Cutoff radius
0.125 Hydrodynamic Cutoff Radius
1E-4 h correction factor
0.0000 Dimensionless shear
.01 Frequency, omega
0.00001 Strain amplitude, gamma0
2.7 Cutoff radius for neighbor list
100 Number of steps to calculate neighbor list
70 Neighbor list length
0 Initial time

Table C.1: File parameters.txt for the code mix_relax.cu

The position output file, position_out_relaxed0.txt, for mix_relax.cu is given in

Table C.2.
Table C.2: File position_out_relaxed0.txt for the code mix_relax.cu

5000000

0 -1.000000 0.000000 -4.497730 1
1 -0.995068 0.000000 -3.495829 1
2 -0.974937 0.000000 -2.494263 1
3 -0.941111 0.000000 -1.493125 1
4 -0.894182 0.000000 -0.492522 1



158

5 -0.834284 0.000000 0.507425 1
6 -0.761061 0.000000 1.506569 1
7 -0.674946 0.000000 2.504444 1
8 -0.589151 0.000000 3.501990 1
9 -0.500000 0.000000 4.499250 1
10 1.000000 0.000000 -4.508943 1
11 1.135324 0.000000 -3.526375 1
12 1.237025 0.000000 -2.539913 1
13 1.317985 0.000000 -1.551620 1
14 1.378678 0.000000 -0.561931 1
15 1.419593 0.000000 0.428747 1
16 1.440610 0.000000 1.420639 1
17 0.978175 0.000000 2.417377 0
18 1.599448 0.000000 3.322618 0
19 1.466186 0.000000 4.408345 0
5000000

0 -1.000000 0.000000 -4.493486 1
1 -0.942081 0.000000 -3.489505 1
2 -0.870916 0.000000 -2.486493 1
3 -0.785525 0.000000 -1.484551 1
4 -0.686022 0.000000 -0.483784 1
5 -0.571897 0.000000 0.515650 1
6 -0.442032 0.000000 1.513520 1
7 -0.294037 0.000000 2.508487 1
8 -0.149717 0.000000 3.503023 1
9 0.000000 0.000000 4.496795 1
10 1.000000 0.000000 -4.509144 1
11 1.153968 0.000000 -3.529391 1
12 1.271557 0.000000 -2.544774 1
13 1.366701 0.000000 -1.557825 1
14 1.439180 0.000000 -0.569006 1
15 1.488822 0.000000 0.421207 1
16 1.514721 0.000000 1.412937 1
17 1.320978 0.000000 2.493480 0
18 2.045512 0.000000 3.318398 0
19 1.941178 0.000000 4.407846 0
5000000

0 -1.000000 0.000000 -4.486698 1
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1 -0.892962 0.000000 -3.481054 1
2 -0.773751 0.000000 -2.476793 1
3 -0.638943 0.000000 -1.474079 1
4 -0.487730 0.000000 -0.472960 1
5 -0.318199 0.000000 0.526526 1
6 -0.127255 0.000000 1.524695 1
7 0.098000 0.000000 2.515144 1
8 0.301854 0.000000 3.504501 1
9 0.500000 0.000000 4.494756 1
10 1.000000 0.000000 -4.509368 1
11 1.156332 0.000000 -3.530196 1
12 1.274395 0.000000 -2.545827 1
13 1.367834 0.000000 -1.558884 1
14 1.435516 0.000000 -0.569865 1
15 1.476492 0.000000 0.420649 1
16 1.487809 0.000000 1.412630 1
17 1.731220 0.000000 2.480517 0
18 2.443608 0.000000 3.313232 0
19 2.419528 0.000000 4.407313 0
5000000

0 -1.000000 0.000000 -4.508727 1
1 -1.106341 0.000000 -3.522564 1
2 -1.182179 0.000000 -2.533713 1
3 -1.238281 0.000000 -1.543620 1
4 -1.277815 0.000000 -0.552849 1
5 -1.303921 0.000000 0.438354 1
6 -1.317014 0.000000 1.430406 1
7 1.046665 0.000000 2.500532 1
8 1.023798 0.000000 3.500287 1
9 1.000000 0.000000 4.500021 1
10 1.000000 0.000000 -4.499302 1
11 1.044475 0.000000 -3.499601 1
12 1.071772 0.000000 -2.499474 1
13 1.085915 0.000000 -1.499218 1
14 1.089496 0.000000 -0.499162 1
15 1.084068 0.000000 0.500862 1
16 1.069923 0.000000 1.500786 1
17 2.158555 0.000000 2.447872 0
18 2.849065 0.000000 3.308027 0
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19 2.894211 0.000000 4.404733 0
5000000

0 -1.000000 0.000000 -4.508652 1
1 -1.074744 0.000000 -3.519670 1
2 -1.121519 0.000000 -2.529069 1
3 -1.151350 0.000000 -1.537959 1
4 -1.168015 0.000000 -0.546550 1
5 -1.172496 0.000000 0.444989 1
6 -1.172215 0.000000 1.437135 1
7 1.412643 0.000000 2.498505 1
8 1.455488 0.000000 3.498728 1
9 1.500000 0.000000 4.498884 1
10 1.000000 0.000000 -4.498300 1
11 1.091572 0.000000 -3.500394 1
12 1.164661 0.000000 -2.501261 1
13 1.227165 0.000000 -1.501862 1
14 1.280993 0.000000 -0.502058 1
15 1.326942 0.000000 0.498059 1
16 1.369732 0.000000 1.498284 1
17 2.539271 0.000000 2.461389 0
18 3.254235 0.000000 3.306840 0
19 3.366718 0.000000 4.401837 0
5000000

0 -1.000000 0.000000 -4.508515 1
1 -1.050577 0.000000 -3.517948 1
2 -1.077977 0.000000 -2.526649 1
3 -1.089372 0.000000 -1.535165 1
4 -1.088657 0.000000 -0.543614 1
5 -1.088702 0.000000 0.447938 1
6 -1.088699 0.000000 1.440085 1
7 1.787975 0.000000 2.496721 1
8 1.892099 0.000000 3.496321 1
9 2.000000 0.000000 4.495553 1
10 1.000000 0.000000 -4.495325 1
11 1.139439 0.000000 -3.498953 1
12 1.259679 0.000000 -2.500665 1
13 1.371212 0.000000 -1.501651 1
14 1.475213 0.000000 -0.502038 1
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15 1.579471 0.000000 0.497548 1
16 1.683721 0.000000 1.497135 1
17 2.918676 0.000000 2.468562 0
18 3.664386 0.000000 3.307632 0
19 3.837813 0.000000 4.398828 0
5000000

0 -1.000000 0.000000 -4.508502 1
1 -1.035614 0.000000 -3.517312 1
2 -1.050095 0.000000 -2.525754 1
3 -1.049187 0.000000 -1.534203 1
4 -1.049244 0.000000 -0.542651 1
5 -1.049240 0.000000 0.448901 1
6 -1.049241 0.000000 1.441047 1
7 2.170538 0.000000 2.495339 1
8 2.332503 0.000000 3.493860 1
9 2.500000 0.000000 4.491582 1
10 1.000000 0.000000 -4.491271 1
11 1.190245 0.000000 -3.495170 1
12 1.360088 0.000000 -2.497171 1
13 1.521991 0.000000 -1.498633 1
14 1.684132 0.000000 -0.500141 1
15 1.846265 0.000000 0.498353 1
16 2.008399 0.000000 1.496846 1
17 3.294427 0.000000 2.469512 0
18 4.080027 0.000000 3.312381 0
19 4.308128 0.000000 4.396403 0
5000000

0 -1.000000 0.000000 -4.508470 1
1 -1.000320 0.000000 -3.516766 1
2 -1.000300 0.000000 -2.525214 1
3 -1.000301 0.000000 -1.533663 1
4 -1.000301 0.000000 -0.542112 1
5 -1.000301 0.000000 0.449440 1
6 -1.000301 0.000000 1.441586 1
7 2.618648 0.000000 2.551489 1
8 2.804570 0.000000 3.529641 1
9 3.000000 0.000000 4.505974 1
10 1.000000 0.000000 -4.505218 1
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11 1.502430 0.000000 -3.317697 1
12 1.686799 0.000000 -2.338854 1
13 1.873250 0.000000 -1.360800 1
14 2.059591 0.000000 -0.382726 1
15 2.245937 0.000000 0.595347 1
16 2.432282 0.000000 1.573420 1
17 3.723429 0.000000 2.465083 0
18 4.497049 0.000000 3.317852 0
19 4.777669 0.000000 4.393429 0
5000000

0 -1.000000 0.000000 -4.508469 1
1 -1.000255 0.000000 -3.516765 1
2 -1.000239 0.000000 -2.525214 1
3 -1.000240 0.000000 -1.533662 1
4 -1.000240 0.000000 -0.542111 1
5 -1.000240 0.000000 0.449441 1
6 -1.000240 0.000000 1.441587 1
7 3.499976 0.000000 2.525707 1
8 3.499988 0.000000 3.517259 1
9 3.500000 0.000000 4.508799 1
10 1.000000 0.000000 -4.507538 1
11 3.499976 0.000000 -3.424196 1
12 3.499976 0.000000 -2.432050 1
13 3.499976 0.000000 -1.440498 1
14 3.499976 0.000000 -0.448947 1
15 3.499976 0.000000 0.542605 1
16 3.499976 0.000000 1.534156 1
17 4.584993 0.000000 2.315758 0
18 4.938369 0.000000 3.358168 0
19 5.263080 0.000000 4.405308 0
5000000

0 -1.000000 0.000000 -4.508469 1
1 -1.000255 0.000000 -3.516765 1
2 -1.000239 0.000000 -2.525214 1
3 -1.000240 0.000000 -1.533662 1
4 -1.000240 0.000000 -0.542111 1
5 -1.000240 0.000000 0.449441 1
6 -1.000240 0.000000 1.441587 1
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7 3.999980 0.000000 2.525707 1
8 3.999990 0.000000 3.517259 1
9 4.000000 0.000000 4.508799 1
10 1.000000 0.000000 -4.507538 1
11 3.999980 0.000000 -3.424196 1
12 3.999980 0.000000 -2.432050 1
13 3.999980 0.000000 -1.440498 1
14 3.999980 0.000000 -0.448947 1
15 3.999980 0.000000 0.542605 1
16 3.999980 0.000000 1.534156 1
17 5.083646 0.000000 2.299502 0
18 5.354356 0.000000 3.369432 0
19 5.730386 0.000000 4.402375 0
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Appendix D

Mix_LAOS.cu

This appendix contains the code Mix_LAOS.cu. This code is used to strain the

suspensions. Every n_print configuration is saved.
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di
vi
du

al
th
re
ad

s
al
l

//
ha

ve
th
e
sa
m
e
va
lu
e
of

ke
y[
i]
.

O
th
er
w
is
e,

ea
ch

ti
d

w
ou

ld
//
ac
ce
ss

an
d
sa
ve

a
di
ffe

re
nt

va
lu
e
of

ke
y[
i]
.

at
om

ic
A
dd

(
&
(k
ey
[i]
),

1)
;

//
pa

rt
ic
le
[i
]
=

ti
d;

}
}

}
}

} //
T
hi
s
oc
cu
rs

af
te
r
an

in
cl
us
iv
e

pa
ra
lle
l
re
du

ct
io
n
sc
an

by
th
e
th
ru
st

lib
ra
ry

.
//
T
he

in
cl
us
iv
e
re
du

ct
io
n
sc
an

ch
an

ge
s
th
e
ke
y
ve
ct
or

su
ch

th
at

it
id
en
ti
fie
s

//
w
hi
ch

in
di
ce
s
be

lo
ng

to
w
hi
ch

sp
he
re
.

T
ha

t
is
,
if

sp
he
re

0
ha

s
10

//
in
te
ra
ct
io
ns

,
th
e
ke
y
ar
ra
y

w
ill

lo
ok

lik
e

ke
y
=

[0
,
10
,

...
].

Fo
r

//
m
or
e
in
fo
rm

at
io
n
on

th
e
in
cl
us
iv
e
sc
an

,
se
e
th
e
th
ru
st

lit
er
at
ur
e
.

//
T
hi
s
cr
ea
te
s
th
e
"p

ar
ti
cl
e"

lis
t

pa
rt

of
th
e
ne
ig
hb

or
lis
t
.

It
do

es
no

t
//
ta
ke

ad
va
nt
ag
e
of

th
e
fa
ct

th
at

ri
j
=
−
rj
i.

T
he
re
fo
re
,
if

th
re
ad

0
in
te
ra
ct
s

//
w
it
h
10

sp
he
re
s,

th
er
e

w
ill

be
te
n

en
tr
ie
s

fo
r
th
re
ad

0.
_
_
gl
ob

al
_
_

vo
id

se
tu
p(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,i
nt
∗k

ey
,

in
t
∗p

ar
ti
cl
e
,
in
t
n)

{
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in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i,
be

g,
en
d;

if
(t
id

<
n)

{
//

ti
d

re
pr
es
en
ts

th
e
sp
he
re

nu
m
be

r
he
re

//
th
er
ef
or
e,

th
e
la
st

en
tr
y

fo
r
sp
he
re

ti
d

//
w
ill

be
ke
y[
ti
d−

1]
,
ho

w
ev
er
,s

in
ce

th
e
lo
op

is
//

i
<

en
d
an

d
no

t
i<

=
en
d,

ke
y[
ti
d]

is
tr
ea
te
d

as
//
th
e
la
st

en
tr
y
of

th
e
sp
he
re
.

C
on

ti
nu

in
g
w
it
h
th
e
ab

ov
e
ex
am

pl
e,

//
th
e
la
st

en
tr
y
of

sp
he
re

0
w
ill

oc
cu
r
at

pa
rt
ic
le

[9
].

T
he

pa
rt
ic
le

ve
ct
or

//
w
ill

th
en

lo
ok

lik
e
:

//
pa

rt
ic
le
[0
,
0,

0,
0,

0,
0,

0,
0,

0,
0,

1,
...
.]

en
d
=

ke
y[
ti
d
];

if
(t
id

=
=

0)
be

g
=

0;
el
se be

g
=

ke
y[
ti
d
−

1]
;

fo
r(

i
=

be
g;

i
<

en
d;

i+
+
)

pa
rt
ic
le
[i
]
=

ti
d;

}
} //
T
hi
s
po

pu
la
te
s
th
e
ne
ig
hb

or
lis
t
w
it
h
th
e
sp
he
re
s
as
so
ci
at
ed

w
it
h
th
e

pa
rt
ic
le
s

//
in

th
e
ve
ct
or

"p
ar
ti
cl
e
".

_
_
gl
ob

al
_
_

vo
id

po
pu

la
te
(d
ou

bl
e
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,i
nt
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e,

in
t
n,

do
ub

le
rl
2,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

st
ar
t,

tp
ar
t,

js
ph

er
,
tc
ou

nt
;

do
ub

le
xi
j,

yi
j,

zi
j,

r2
,
xm

ag
,y

m
ag
;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
tc
ou

nt
=

0;
//
T
hi
s
id
en
ti
fie
s

th
e

fir
st

sp
he
re

in
ea
ch

se
gm

en
t
of

sp
he
re
s.

//
Fo

r
ex
am

pl
e,

if
sp
he
re

0
ha

s
10

sp
he
re
s,

th
e
bl
oc
k
of

0s
//

w
ill

st
ar
t
at

0
an

d
en
d
at

9.
T
hr
ea
ds

1−
9
do

no
t
pa

ss
//
th
ro
ug

h
th
e
if

st
at
em

en
t
si
nc
e

pa
rt
ic
le
[t
id
]
=
=

//
pa

rt
ic
le
[t
id
−

1]
.

H
ow

ev
er
,t
id

=
10

w
ill

pa
ss

th
ro
ug

h

//
be

ca
us
e
it

is
th
e

fir
st

en
tr
y
of

sp
he
re

1.
if
((
pa

rt
ic
le
[t
id
]
!=

pa
rt
ic
le
[t
id
−

1]
|
ti
d

=
=

0)
)

{
st
ar
t
=

pa
rt
ic
le
[t
id

];
tp
ar
t
=

st
ar
t;

//
T
hi
s
w
ill

cy
cl
e
th
ro
ug

h
al
l
th
e
sp
he
re
s
un

ti
l
th
e
to
ta
l
nu

m
be

r
//
of

ne
ig
hb

or
s
fo
r
ea
ch

sp
he
re

in
th
e

pa
rt
ic
le

ve
ct
or

//
ar
e
fo
un

d.
fo
r(
js
ph

er
=

0;
js
ph

er
<

n;
js
ph

er
+
+
)

{

xi
j
=

x[
js
ph

er
]
−

x[
tp
ar
t]
;

yi
j
=

y[
js
ph

er
]
−

y[
tp
ar
t]
;

zi
j
=

z[
js
ph

er
]
−

z[
tp
ar
t]
;

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

//
zm

ag
=

fa
bs
(z
ij)
;

if
(x
m
ag

>
.5
∗L

x)
xi
j
=

xi
j∗
(1
−

Lx
/x

m
ag
);

if
(y
m
ag

>
.5
∗L

y)
yi
j
=

yi
j∗
(1
−

Ly
/y

m
ag
);

r2
=

xi
j∗
xi
j
+

yi
j∗
yi
j
+

zi
j∗
zi
j;

if
(r
2
<

rl
2)

{
if
(t
pa

rt
!=

js
ph

er
)

{
ne
ig
hb

or
[t
id

+
tc
ou

nt
]=

js
ph

er
;

tc
ou

nt
+
+
;

tp
ar
t
=

pa
rt
ic
le
[t
id

+
tc
ou

nt
];

//
If

th
e
th
e
ne
xt

el
em

en
t
in

th
e

pa
rt
ic
le

ar
ra
y

is
//
no

t
eq
ua

l
to

th
e

pa
rt
ic
le
[t
id

],
th
en

yo
u
ha

ve
//
fo
un

d
al
l
th
e
ne
ig
hb

or
s
of

pa
rt
ic
le
[t
id
]

if
(t
pa

rt
!=

st
ar
t)

br
ea
k;

}
}

}
}

}
}
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} //

In
it
ia
liz
es

al
l
th
e
fo
rc
es

to
ze
ro
.

_
_
gl
ob

al
_
_

vo
id

in
it
_
fo
rc
e(
do

ub
le
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,

in
t
n,

do
ub

le
∗f
xt
ot

,
do

ub
le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
in
t
al
,
do

ub
le
∗t
au

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

if
(t
id
<
n)

{
fx
to
t[
ti
d
]
=

0;
fy
to
t[
ti
d
]
=

0;
fz
to
t[

ti
d
]
=

0;

ta
u
[0
]
=

0;
} if
(t
id

<
al
∗n

)
{

fx
[t
id
]
=

0;
fy
[t
id
]
=

0;
fz
[t
id
]
=

0;
}

} //
C
al
cu
la
te
s
th
e

in
te
rp
ar
ti
cl
e

fo
rc
es

in
pa

ra
lle
l.

_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

ca
lc
(d
ou

bl
e
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,d

ou
bl
e
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,

in
t
n,

do
ub

le
rc
2,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t

∗n
ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,
in
t
∗m

ag
_
ke
y,

do
ub

le
rc
,d

ou
bl
e
∗f
xt
ot
,d

ou
bl
e
∗f
yt
ot
,

do
ub

le
∗f
zt
ot

,
in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i,
j;

do
ub

le
xi
j,

yi
j,

zi
j,

xm
ag
,y

m
ag
,z

m
ag
,r

2,
r,

zp
p,

ri
2
,
ri
,
ri
4
;

do
ub

le
w
h,

it
er
m
,
jt
er
m
,
ijt
er
m
;

do
ub

le
C
,C

2,
r4
,
re
p;

do
ub

le
fx
i,

fy
i,

fz
i;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
//
Si
nc
e
th
is

al
go
ri
th
m

do
es

no
t
ta
ke

in
to

ac
co
un

t
ri
j
=
−
rj
i,

th
is

is

//
ju
st

a
st
ra
ig
ht

ca
lc
ul
at
io
n
.

i
=

pa
rt
ic
le
[t
id

];
j
=

ne
ig
hb

or
[t
id
];

it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
i];

jt
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
j];

ijt
er
m

=
it
er
m
∗j
te
rm

;

zm
ag

=
fa
bs
(z
[i
])
;

w
h
=

(L
z/
2.
00
)
−

zm
ag
;

xi
j
=

x[
j]
−

x[
i]
;

yi
j
=

y[
j]
−

y[
i]
;

zi
j
=

z[
j]
−

z[
i]
;

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

if
(x
m
ag

>
(0
.5
∗L

x)
)

xi
j
=

xi
j∗
(1
−

Lx
/x

m
ag
);

if
(y
m
ag

>
(0
.5
∗L

y)
)

yi
j
=

yi
j∗
(1
−

Ly
/y

m
ag
);

r2
=

xi
j∗
xi
j
+

yi
j∗
yi
j
+

zi
j∗
zi
j;

if
(r
2
<

rc
2)

{ //
it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
i];

//
jt
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
j];

//
ijt
er
m

=
it
er
m
∗j
te
rm

;

r
=

sq
rt
(r
2)
;

C
=

zi
j/
r;

C
2
=

5.
0∗

C
∗C

;
r4

=
r∗
r∗
r∗
r;

re
p
=

ex
p(
(1
.0
−

r)
/0
.0
1)
;

fx
[t
id
]
=

((
ijt
er
m
∗(
C
2
−

1.
0)
/(
r4
))
−

re
p)
∗(
xi
j/
r)
;

fy
[t
id
]
=

((
ijt
er
m
∗(
C
2
−

1.
0)
/(
r4
))
−

re
p)
∗(
yi
j/
r)
;

fz
[t
id
]
=

((
ijt
er
m
∗(
C
2
−

3.
0)
/(
r4
))
−

re
p)
∗C

;
} if
(w

h
<

rc
)
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{

zp
p
=

(z
[i
]/
zm

ag
)∗
Lz
−

z[
j]
−

z[
i]
;

ri
2

=
zp
p∗

zp
p
+

xi
j∗
xi
j+

yi
j∗
yi
j;

if
(r
i2

<
rc
2)

{
ri

=
sq
rt
(r
i2
);

C
=

zp
p/

ri
;

C
2
=

5.
0∗

C
∗C

;
ri
4

=
ri
∗r
i∗
ri
∗r
i;

fx
i
=

(x
ij/

ri
)∗
ijt
er
m
∗(
C
2
−

1.
0)
/r
i4
;

fy
i
=

(y
ij/

ri
)∗
ijt
er
m
∗(
C
2
−

1.
0)
/r
i4
;

fz
i
=

C
∗i
jt
er
m
∗(
C
2
−

3.
0)
/r
i4
;

//
fx
i
=

(x
ij/

ri
)∗
(C

2
−

1.
0)
/r
i4
;

//
fy
i
=

(y
ij/

ri
)∗
(C

2
−

1.
0)
/r
i4
;

//
fz
i
=

C
∗(
C
2
−

3.
0)
/r
i4
;

fx
[t
id
]
+
=

fx
i;

fy
[t
id
]
+
=

fy
i;

fz
[t
id
]
+
=

fz
i;

}
}

}
}

} _
_
gl
ob

al
_
_

vo
id

fo
rc
e_

to
ta
l(
do

ub
le
∗z
,d

ou
bl
e
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,

do
ub

le
∗f
xt
ot
,
do

ub
le
∗f
yt
ot

,
do

ub
le
∗f
zt
ot

,
in
t
∗p

ar
ti
cl
e
,
in
t
∗m

ag
_
ke
y,

do
ub

le
Lz

,
do

ub
le

rc
,
in
t
n,

in
t
∗n

ei
gh

bo
r,

in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i
,
ch
ec
k,

re
dk

ey
;

do
ub

le
su
m
x,

su
m
y
,s

um
z
;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
ch
ec
k
=

pa
rt
ic
le
[t
id

];

if
(t
id

=
=

0
|c

he
ck

!=
pa

rt
ic
le
[t
id
−

1]
)

{
su
m
x
=

fx
[t
id
];

su
m
y
=

fy
[t
id
];

su
m
z
=

fz
[t
id
];

i
=

ti
d;

w
hi
le
(c
he
ck

=
=

pa
rt
ic
le
[i
+
1]
)

{
su
m
x
+
=

fx
[i+

1]
;

su
m
y
+
=

fy
[i+

1]
;

su
m
z
+
=

fz
[i+

1]
;

i+
+
;

ch
ec
k
=

pa
rt
ic
le
[i
];

} re
dk

ey
=

pa
rt
ic
le
[t
id

];

fx
to
t[
re
dk

ey
]
=

su
m
x;

fy
to
t[
re
dk

ey
]
=

su
m
y;

fz
to
t[
re
dk

ey
]
=

su
m
z;

}
}

}

} _
_
gl
ob

al
_
_

vo
id

fo
rc
e_

w
al
l(
do

ub
le
∗z
,d

ou
bl
e
Lz

,d
ou

bl
e
∗f
zt
ot
,i
nt

n,
do

ub
le

rc
,
in
t
∗m

ag
_
ke
y,

do
ub

le
∗f
xt
ot
,d

ou
bl
e
∗f
yt
ot
,

do
ub

le
∗t
au

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
w
h,

w
h4

,i
te
rm

,z
m
ag
,t
er
m
1,

te
rm

2,
fz
w
;

if
(t
id

<
n)

{
it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
ti
d]
;

zm
ag

=
fa
bs
(z
[t
id
])
;

w
h
=

(L
z/
2.
00
)
−

zm
ag
;

//
if
((
z[
ti
d
]
+

0.
5)

>
(0
.5
∗L

z
−

0.
05
))

//
{

//
fx

=
(fl

oa
t)
fx
to
t[
ti
d
];
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//

at
om

ic
A
dd

(
&
(t
au

[0
])
,−

fx
);

//
pr
in
tf
("
he
llo

\n
")
;

// //
} if
(w

h
<

(.
5∗

rc
))

{
w
h4

=
w
h∗

w
h∗

w
h∗

w
h;

te
rm

1
=

it
er
m
∗(
1.
0/
w
h4

)/
8.
0;

te
rm

2
=

ex
p(
(0
.5
−
w
h)
/0
.0
1)
;

fz
w

=
te
rm

1
−

te
rm

2;
fz
to
t[

ti
d
]
+
=

fz
w
∗(
z[
ti
d]
/z
m
ag
);

}
}

} _
_
gl
ob

al
_
_

vo
id

up
da

te
_
po

s(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,

do
ub

le
∗f
xt
ot
,
do

ub
le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
do

ub
le

Lx
,d

ou
bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
n,

do
ub

le
gd

,
do

ub
le

dt
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
xm

ag
,y

m
ag
,z

m
ag
,d

x,
dy

,d
z;

if
(t
id

<
n)

{
//
xm

ag
=

fa
bs
(x
[t
id
])
;

//
ym

ag
=

fa
bs
(y
[t
id
])
;

zm
ag

=
fa
bs
(z
[t
id
])
;

dz
=

fz
to
t[
ti
d
]∗
dt

;

if
(z
m
ag

>
=

(0
.5
∗L

z
−

.5
−

.0
5)
)

{
dy

=
0;

if
(z
[t
id
]
<

0)
dx

=
0;

el
se dx

=
gd
∗L

z∗
dt
;

}

el
se

{
dx

=
(f
xt
ot
[t
id
]
+

gd
∗(
z[
ti
d]

+
0.
5∗
Lz

))
∗d

t;
dy

=
(f
yt
ot
[t
id
])
∗d

t;
} x[
ti
d
]
+
=

dx
;

y[
ti
d
]
+
=

dy
;

z[
ti
d
]
+
=

dz
;

xm
ag

=
fa
bs
(x
[t
id
])
;

ym
ag

=
fa
bs
(y
[t
id
])
;

if
(x
m
ag

>
.5
∗L

x)
x[
ti
d
]
∗=

(1
−

Lx
/x

m
ag
);

if
(y
m
ag

>
.5
∗L

y)
y[
ti
d
]
∗=

(1
−

Ly
/y

m
ag
);

}
} _
_
gl
ob

al
_
_

vo
id

ta
u_

ca
lc
(d
ou

bl
e
∗z
,d

ou
bl
e
∗f
xt
ot
,d

ou
bl
e
∗t
au

,i
nt

n,
do

ub
le

Lz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kI
dx

.x
∗b

lo
ck
D
im

.x
;

in
t

i;

if
(t
id

=
=

0)
{
∗t
au

=
0;

fo
r(

i
=

0;
i<

n;
i+

+
)

{
//

if
((
z[
i]

+
0.
5)

>
(0
.5
∗L

z
−

0.
05
))

∗t
au

+
=

z[
i]∗

(f
xt
ot

[i
])
;

}
}

} vo
id

nl
is
t(

do
ub

le
∗,

do
ub

le
∗,

do
ub

le
∗,

in
t
∗,

in
t
∗,

in
t
∗,

do
ub

le
,
in
t,

do
ub

le
,
do

ub
le
,
do

ub
le
,
in
t,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

);

in
t
m
ai
n(
vo

id
)
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{

in
t

∗k
ey

=
N
U
LL

,∗
pa

rt
ic
le

=
N
U
LL

,∗
ne
ig
hb

or
=

N
U
LL

;
in
t

∗m
ag
_
ke
y
=

N
U
LL

,i
nt
∗m

ag
_
ke
yd

=
N
U
LL

;
in
t

n,
ks
ta
rt
,
ns
te
ps

,
np

ri
nt

;
in
t

ls
te
ps

,
i,

k,
in
de
x
,

lll
,
al
,
nu

m
_
po

s
;

in
t

fil
e_

se
le
ct

;
do

ub
le

Lx
,L

y,
Lz

,
dt

;
do

ub
le

rc
,
rc
h,

co
rr
fa
c,

gd
,
rl

,
sp
he
re
,
rc
2

,
rl
2
;

do
ub

le
om

eg
a,

ga
m
m
a0
,t
im

e,
ti
m
eo
ld

;
do

ub
le

ga
m
m
a

,
ga
m
m
ao
ld
,d

ga
m
m
a
,g

;
do

ub
le
∗x

d
=

N
U
LL

,∗
yd

=
N
U
LL

,∗
zd

=
N
U
LL

;
do

ub
le
∗x

=
N
U
LL

,∗
y

=
N
U
LL

,∗
z

=
N
U
LL

;
do

ub
le
∗f
x

=
N
U
LL

,∗
fy

=
N
U
LL

,∗
fz

=
N
U
LL

;
do

ub
le
∗f
xt
ot

=
N
U
LL

,∗
fy
to
t

=
N
U
LL

,∗
fz
to
t

=
N
U
LL

;
do

ub
le
∗t
au

_
h
=

N
U
LL

,∗
ta
u_

d
=

N
U
LL

;
do

ub
le

ct
im

e_
to
t
=

0,
ct
im

e_
av

g,
ti
m
et
ot
;

in
t

ti
m
ei
,
n_

co
nfi

g;
in
t

cu
da

_
co
un

t
=

0;
flo

at
el
ap

se
dT

im
e;

ch
ar

pa
ra
m
et
er
s[
]
=

"p
ar
am

et
er
s.
tx
t"
;

F
IL
E
∗p

os
_
in
pu

t,
∗p

ar
_
in
pu

t
,∗

po
s_

ou
tp
ut
,∗

ti
m
e_

ou
t
,∗

ta
u_

ou
t
;

ch
ar

tt
[8
0]

,
p_

ou
t[
10
0]
,

p_
in
[1
00
],

t_
ou

t[
10
0]
;

//
do

ub
le
∗d

ab
sx
_
h
=

N
U
LL

,∗
da

bs
y_

h
=

N
U
LL

,∗
da

bs
z_

h
=

N
U
LL

;
//
do

ub
le
∗d

ab
sx
_
d
=

N
U
LL

,∗
da

bs
y_

d
=

N
U
LL

,∗
da

bs
z_

d
=

N
U
LL

;

fil
e_

se
le
ct

=
0;

sp
ri
nt
f(
p_

ou
t,
"p
os
it
io
n_

ou
t_

LA
O
S%

05
d.
tx
t"

,fi
le
_
se
le
ct
);

po
s_

ou
tp
ut

=
fo
pe

n(
p_

ou
t,
"w

")
;

sp
ri
nt
f(
p_

in
,"

po
si
ti
on

_
ou

t_
re
la
xe
d%

d.
tx
t"

,
fil
e_

se
le
ct

);
po

s_
in
pu

t
=

fo
pe

n(
p_

in
,"
r"
);

sp
ri
nt
f(
t_

ou
t,

"t
au

_
ou

t_
LA

O
S_

%
05
d.
tx
t"

,
fil
e_

se
le
ct

);
ta
u_

ou
t
=

fo
pe

n(
t_

ou
t,
"w

")
;

cl
oc
k_

t
t0
,
t1
;

pa
r_

in
pu

t
=

fo
pe

n(
pa

ra
m
et
er
s,

"r
")
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Lx

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Ly

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Lz

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
n)
;

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
ks
ta
rt
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
ns
te
ps
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
np

ri
nt
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
dt
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rc
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rc
h)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
co
rr
fa
c)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
gd

);
fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
om

eg
a)
;

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
ga
m
m
a0
);

fg
et
s(
tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rl
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
ls
te
ps
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
al
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
n_

co
nfi

g)
;f
ge
ts
(t
t,
80
,p
ar
_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
nu

m
_
po

s)
;f
ge
ts
(t
t,
80
,p
ar
_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d
",
&
ti
m
ei
);

fg
et
s(

tt
,8
0,
pa

r_
in
pu

t)
;

fc
lo
se

(p
ar
_
in
pu

t)
;

rc
2
=

rc
∗r
c;

rl
2

=
rl
∗r
l;

x
=

(d
ou

bl
e∗
)m

al
lo
c(
n∗

si
ze
of
(d
ou

bl
e)
);

y
=

(d
ou

bl
e∗
)m

al
lo
c(
n∗

si
ze
of
(d
ou

bl
e)
);

z
=

(d
ou

bl
e∗
)m

al
lo
c(
n∗

si
ze
of
(d
ou

bl
e)
);

ta
u_

h
=

(d
ou

bl
e∗
)m

al
lo
c(
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ta
u_

d,
si
ze
of
(d
ou

bl
e)
);

∗t
au

_
h
=

0;

m
ag
_
ke
y
=

(i
nt
∗)
m
al
lo
c(
n∗

si
ze
of
(i
nt
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
xd

,n
∗s
iz
eo
f(
do

ub
le
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
yd

,n
∗s
iz
eo
f(
do

ub
le
))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
zd
,n
∗s
iz
eo
f(
do

ub
le
))
;

/∗
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

xd
t(
n)
;

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

yd
t(
n)
;

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

zd
t(
n)
;

do
ub

le
∗x

d
=

th
ru
st
::r
aw

_
po

in
te
r_

ca
st
(&

xd
t[
0]
);

do
ub

le
∗y

d
=

th
ru
st
::r
aw

_
po

in
te
r_

ca
st
(&

yd
t[
0]
);

do
ub

le
∗z
d
=

th
ru
st
::r
aw

_
po

in
te
r_

ca
st
(&

zd
t[
0]
);
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th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fx
to
tt
(n
);

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fy
to
tt
(n
);

th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fz
to
tt
(n
);

do
ub

le
∗f
xt
ot

=
th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fx
to
tt
[0
])
;

do
ub

le
∗f
yt
ot

=
th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fy
to
tt
[0
])
;

do
ub

le
∗f
zt
ot

=
th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fz
to
tt
[0
])
;∗
/

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx
to
t,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy
to
t,
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz
to
t,
n∗

si
ze
of
(d
ou

bl
e)
);

/∗
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fx
t(
m
∗n

);
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fy
t(
m
∗n

);
th
ru
st
::
de
vi
ce
_
ve
ct
or
<
do

ub
le
>

fz
t(
m
∗n

);

do
ub

le
∗f
x
=

th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fx
t[
0]
);

do
ub

le
∗f
y
=

th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fy
t[
0]
);

do
ub

le
∗f
z
=

th
ru
st
::r

aw
_
po

in
te
r_

ca
st
(&

fz
t[
0]
);
∗/

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx
,a

l∗
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy
,a

l∗
n∗

si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz
,a

l∗
n∗

si
ze
of
(d
ou

bl
e)
);

//
th
ru
st
::
de
vi
ce

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ke
y

,
n
∗

si
ze
of

(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
pa

rt
ic
le
,a

l
∗
n
∗

si
ze
of

(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ne
ig
hb

or
,a

l∗
n
∗
si
ze
of
(i
nt

))
;

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
m
ag
_
ke
yd

,
n
∗

si
ze
of

(i
nt

))
;

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
(k
ey
);

//
po

s_
in
pu

t
=

fo
pe

n(
po

si
ti
on

,"
r"
);

//
po

s_
ou

tp
ut

=
fo
pe

n(
"p
os
it
io
n_

ou
t1
.x
yz
",
"w

")
;

//
ta
u_

ou
t
=

fo
pe

n(
"t
au

_
ou

t0
.t
xt
",
"w

")
;

fo
r(

lll
=

0;
lll

<
(n
_
co
nfi

g)
;
lll

+
+
)

{

//
if
(
lll

=
=

0)
fg
et
s(

tt
,8
0,
po

s_
in
pu

t)
;

//
fg
et
s(
tt
,8
0,
po

s_
in
pu

t)
;

fo
r(

i
=

0;
i<

n;
i+

+
)

{
fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
sp
he
re
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(x
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(y
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(z
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

d
",
&
(m

ag
_
ke
y[
i])
);

//
if
(i

!=
(n
−

1)
)

//
fg
et
s(

tt
,
80
,
po

s_
in
pu

t)
;

//
dx

ab
s[
i]

=
0;

//
dy

ab
s[
i]

=
0;

//
dz
ab

s[
i]

=
0;

}

cu
da

M
em

cp
y(
xd

,x
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
yd

,y
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
zd
,z

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
m
ag
_
ke
yd

,m
ag
_
ke
y,

n∗
si
ze
of
(i
nt
),

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,
ke
y_

th
ru
st
);

//
po

s_
ou

tp
ut

=
fo
pe

n(
"p
os
it
io
n_

ou
t.
xy

z"
,"
w
")
;

//
po

s_
ou

t2
=

fo
pe

n(
"p
os
_
ou

t2
.t
xt
",
"w

")
;

//
ta
u_

ou
t
=

fo
pe

n(
"t
au

_
ou

t.
tx
t"
,"
w
")
;

cu
da

E
ve
nt
_
t
st
ar
tE

ve
nt
,s

to
pE

ve
nt
;

cu
da

E
ve
nt
C
re
at
e(
&
st
ar
tE

ve
nt
);

cu
da

E
ve
nt
C
re
at
e(
&
st
op

E
ve
nt
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,
Ly

,L
z,

ne
ig
hb

or
,

pa
rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);
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fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,

m
ag
_
ke
yd

,L
z,

rc
,n

,n
ei
gh

bo
r,

al
);

fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

if
(t
im

ei
=
=

0)
{

//
pr
in
tf
("
he
llo

\n
")
;

ti
m
e
=

dt
∗t
im

ei
;

ga
m
m
a
=

ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
e)
;

ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,c

ud
aM

em
cp
yD

ev
ic
eT

oH
os
t)
;

∗t
au

_
h
=

(−
∗t
au

_
h)
/(
Lx
∗L

y∗
(L

z−
1.
0)
);

g
=
∗t
au

_
h/

ga
m
m
a0
;

fp
ri
nt
f(
ta
u_

ou
t,
"
%

lf
%

lf
%

16
.1
2l
f\
n"
,
ti
m
e,

ga
m
m
a,

g)
;

} t0
=

cl
oc
k(
);

fo
r(
k
=

ks
ta
rt
;
k
<

(n
st
ep
s
+

1)
;k

+
+
)

{
ti
m
e
=

dt
∗(
do

ub
le
)k
;

ti
m
eo
ld

=
dt
∗(
do

ub
le
)(
k−

1)
;

ga
m
m
a
=

ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
e)
;

ga
m
m
ao
ld

=
ga
m
m
a0
∗s
in
(o
m
eg
a∗
ti
m
eo
ld
);

dg
am

m
a
=

ga
m
m
a
−

ga
m
m
ao
ld
;

gd
=

dg
am

m
a/
dt
;

//
in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

if
((
k%

ls
te
ps
)
=
=

0)
nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,
ke
y_

th
ru
st
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

E
ve
nt
R
ec
or
d(
st
ar
tE

ve
nt
,0

);

//
fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

//
(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,L

y,
Lz

,
ne
ig
hb

or
,

//
pa

rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>
>
(z
d,

fx
,f
y,

fz
,f
xt
ot
,f
yt
ot
,

//
fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,L
z,

rc
,n

,n
ei
gh

bo
r,

al
);

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>
>
(z
d,

Lz
,f
zt
ot
,n

,r
c,

m
ag
_
ke
yd

,
//

fx
to
t,

fy
to
t,

ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

up
da

te
_
po

s<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
to
t,

fy
to
t,

fz
to
t,

Lx
,

Ly
,L

z,
n,

gd
,
dt

);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(f
x,

fy
,
fz
,
n,

fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d)
;

fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
fx
,
fy
,
fz
,
n,

rc
2,

Lx
,
Ly

,L
z,

ne
ig
hb

or
,
pa

rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
,
fy
,
fz
,
fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,
m
ag
_
ke
yd

,L
z,

rc
,n

,n
ei
gh

bo
r,

al
);

fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

Lz
,
fz
to
t,

n,
rc
,
m
ag
_
ke
yd

,f
xt
ot
,

fy
to
t,

ta
u_

d)
;

cu
da

E
ve
nt
R
ec
or
d(
st
op

E
ve
nt
,0
);

cu
da

E
ve
nt
Sy

nc
hr
on

iz
e(
st
op

E
ve
nt
);

cu
da

E
ve
nt
E
la
ps
ed
T
im

e(
&
el
ap

se
dT

im
e,

st
ar
tE

ve
nt
,s

to
pE

ve
nt
);

ct
im

e_
to
t
+
=

el
ap

se
dT

im
e;

cu
da

_
co
un

t+
+
;

if
(k

%
np

ri
nt

=
=

0)
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{

pr
in
tf
("
%
d

%
d\

n"
,k

,
lll

);

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,c

ud
aM

em
cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

∗t
au

_
h
=

0;

ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,c

ud
aM

em
cp
yD

ev
ic
eT

oH
os
t)
;

∗t
au

_
h
=

(−
∗t
au

_
h)
/(
Lx
∗L

y∗
(L

z−
1.
0)
);

g
=
∗t
au

_
h/

ga
m
m
a0
;

fp
ri
nt
f(
ta
u_

ou
t,
"
%
lf

%
lf

%
16
.1
2l
f\
n"
,
ti
m
e,

ga
m
m
a,

g)
;

if
(
lll

>
(n
_
co
nfi

g
−

nu
m
_
po

s)
)

{
fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d\

n\
n"
,k

);

//
ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>
>
(z
d,

fx
to
t,
ta
u_

d,
n,

Lz
);

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
x,
xd

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
y,
yd

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
z,
zd
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
gt
ot

=
k∗

gd
∗d

t;
//
∗t
au

_
h
=

0;

//
ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>
>
(z
d,

fx
to
t,
ta
u_

d,
n,

Lz
);

//
cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,

//
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

//
∗t
au

_
h
=

(−
∗t
au

_
h)
/(
Lx
∗(
Lz
−
1.
0)
);

//
g
=
∗t
au

_
h/

ga
m
m
a0
;

//
fp
ri
nt
f(
ta
u_

ou
t,
"
%
lf

%
lf

%
lf\

n"
,
ti
m
e,

ga
m
m
a,

g)
;

fo
r(
in
de
x
=

0;
in
de
x
<

n;
in
de
x+

+
)

{
fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d

",
in
de
x)
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
lf

",
x[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
lf

",
y[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
lf

",
z[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d

\n
",

m
ag
_
ke
y[
in
de
x]
);

} //
fg
et
s(
tt
,8
0,
po

s_
in
pu

t)
;

//
fg
et
s(
tt
,8
0,
po

s_
in
pu

t)
;

//
fg
et
s(
tt
,8
0,
po

s_
in
pu

t)
;

}
}

} fg
et
s(

tt
,8
0,
po

s_
in
pu

t)
;

//
fg
et
s(
tt
,8
0,
po

s_
in
pu

t)
;

//
fg
et
s(
tt
,8
0,
po

s_
in
pu

t)
;

fp
ri
nt
f(
ta
u_

ou
t,
"\
n"
);

} fc
lo
se

(p
os
_
in
pu

t)
;

t1
=

cl
oc
k(
);

ti
m
et
ot

=
((
do

ub
le
)(
t1
−
t0
)/
(d
ou

bl
e)
C
LO

C
K
S_

P
E
R
_
SE

C
)/
60
;

ti
m
e_

ou
t
=

fo
pe

n(
"t
im

e.
tx
t"
,"
w
")
;

ct
im

e_
av

g
=

ct
im

e_
to
t/
((
do

ub
le
)c
ud

a_
co
un

t)
;

fp
ri
nt
f(
ti
m
e_

ou
t,

"T
ot
al

si
m
ul
at
io
n
ti
m
e
=

%
lf

m
in
ut
es

\n
",

ti
m
et
ot
);

fp
ri
nt
f(
ti
m
e_

ou
t,

"T
he

ti
m
e
ne
ed
ed

to
pe

rf
or
m

th
e
ca
lc
ul
at
io
ns

is
%
lf

m
s\
n"
,c

ti
m
e_

av
g)
;

fc
lo
se

(t
im

e_
ou

t)
;

th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

fc
lo
se

(p
os
_
ou

tp
ut
);

fc
lo
se

(t
au

_
ou

t)
;

cu
da

Fr
ee
(x
d)
;

cu
da

Fr
ee
(y
d)
;

cu
da

Fr
ee
(z
d)
;

cu
da

Fr
ee
(m

ag
_
ke
yd

);
cu
da

Fr
ee
(n
ei
gh

bo
r)
;
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cu
da

Fr
ee
(p
ar
ti
cl
e)
;

cu
da

Fr
ee
(k
ey
);

cu
da

Fr
ee
(f
x)
;

cu
da

Fr
ee
(f
y)
;

cu
da

Fr
ee
(f
z)
;

cu
da

Fr
ee
(f
xt
ot
);

cu
da

Fr
ee
(f
yt
ot
);

cu
da

Fr
ee
(f
zt
ot
);

fr
ee

(x
);

fr
ee

(y
);

fr
ee

(z
);

fr
ee

(m
ag
_
ke
y)
;

} vo
id

nl
is
t(

do
ub

le
∗x

d,
do

ub
le
∗y

d,
do

ub
le
∗z
d,

in
t
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,
in
t
∗k

ey
,
do

ub
le

rl
2,

in
t
n,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
al
,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
)

{

ke
yz
er
o<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(k
ey
,
ne
ig
hb

or
,
pa

rt
ic
le
,
n,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

ch
ec
k<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ke
y,

ne
ig
hb

or
,
pa

rt
ic
le
,
rl
2
,
n,

Lx
,L

y,
Lz

);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
(k
ey
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

po
in
te
r_

ca
st
(k
ey
);

th
ru
st
::
in
cl
us
iv
e_

sc
an

(k
ey
_
th
ru
st
,k

ey
_
th
ru
st

+
n,

ke
y_

th
ru
st
);

//
th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

se
tu
p<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ke
y,

pa
rt
ic
le
,
n)

;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

po
pu

la
te
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
n,

rl
2
,
Lx

,L
y,

Lz
,
al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

}
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A sample parameter input file for the code mix_strain.cu would look like:
30.0 Lx
10.0 Ly
10.0 Lz
20 Number of spheres
1 Start
5500 Number of steps
80 Print Statements
0.001 dt
2.5 Cutoff radius
0.125 Hydrodynamic Cutoff Radius
1E-4 h correction factor
0.0001 Dimensionless shear
0.01 Frequency, omega
0.0001 Strain amplitude, gamma0
2.7 Cutoff radius for neighbor list
100 Number of steps to calculate neighbor list
100 Neighbor list length
100 Number of Configurations
5 Number of positions to be printed
0 Initial time
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Appendix E

Mix_Hydro.cu

This appendix contains the code Mix_Hydro.cu. This code is used to strain the

suspensions. Hydrodynamic interactions are included. Every n_print configuration

is saved.
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#
in
cl
ud

e
<
st
di
o.
h>

#
in
cl
ud

e
<
cu
da

.h
>

#
in
cl
ud

e
<
m
at
h.
h>

#
in
cl
ud

e
<
ti
m
e.
h>

#
in
cl
ud

e
<
th
ru
st
/s
ca
n.
h>

#
in
cl
ud

e
<
th
ru
st
/s
or
t.
h>

#
in
cl
ud

e
<
th
ru
st
/h

os
t_

ve
ct
or
.h
>

#
in
cl
ud

e
<
th
ru
st
/d

ev
ic
e_

ve
ct
or
.h
>

#
in
cl
ud

e
<
th
ru
st
/d

ev
ic
e_

fr
ee
.h
>

#
in
cl
ud

e
<
th
ru
st
/d

ev
ic
e_

m
al
lo
c.
h>

#
in
cl
ud

e
<
cu
so
lv
er
sp
.h
>

#
in
cl
ud

e
<
cu
sp
ar
se
.h
>

#
in
cl
ud

e
<
cu
bl
as
_
v2

.h
>

#
de
fin

e
B
LO

C
K
_
SI
ZE

51
2

//
T
hi
s
ke
rn
el

ze
ro
es

th
e
ve
ct
or
s
th
at

m
ak

e
up

th
e
ne
ig
hb

or
lis
t.

_
_
gl
ob

al
_
_

vo
id

ke
yz
er
o(
in
t
∗k

ey
,i
nt
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,
in
t
n,

in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

if
(t
id

<
n)

{
ke
y[
ti
d
]
=

0;
} if

(t
id

<
al
∗n

)
{

//
In

th
e
fo
rc
e

ke
rn
el
,
pa

rt
ic
le

w
ill

be
"i
"
an

d
ne
ig
hb

or
w
ill

be
"j
".

//
T
he
y
ar
e
se
t
to
−
1
be

ca
us
e
th
er
e
is

no
pa

rt
ic
le

"−
1"
.

ne
ig
hb

or
[t
id
]
=
−
1;

pa
rt
ic
le
[t
id
]
=
−
1;

}

} //
T
hi
s
ke
rn
el

de
te
rm

in
es

ho
w

m
an

y
ne
ig
hb

or
s
ea
ch

pa
rt
ic
le

ha
s.

_
_
gl
ob

al
_
_

vo
id

ch
ec
k(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,i
nt
∗k

ey
,

in
t
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,
do

ub
le

rl
2,

in
t
n,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
xi
j,

yi
j,

zi
j,

r2
,
xm

ag
,y

m
ag
;/

/z
m
ag
;

in
t

i;

if
(t
id

<
n)

{
//
E
ac
h
th
re
ad

lo
op

s
ov
er

ev
er
y
pa

rt
ic
le

to
de
te
rm

in
e
w
hi
ch

pa
rt
ic
le
s
ar
e

//
in
te
ra
ct
in
g
.

fo
r
(i

=
0;

i
<

n;
i+

+
)

{
if

(t
id

!=
i)

{
xi
j
=

x[
i]
−

x[
ti
d
];

yi
j
=

y[
i]
−

y[
ti
d
];

zi
j
=

z[
i]
−

z[
ti
d
];

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

//
zm

ag
=

fa
bs
(z
ij)
;

if
(x
m
ag

>
.5
∗L

x)
xi
j
=

xi
j∗
(1
−

Lx
/
xm

ag
);

if
(y
m
ag

>
.5
∗L

y)
yi
j
=

yi
j∗
(1
−

Ly
/
ym

ag
);

r2
=

xi
j∗
xi
j
+

yi
j∗
yi
j
+

zi
j∗
zi
j;

if
(r
2
<

rl
2)

{
//
at
om

ic
A
dd

is
us
ed

be
ca
us
e
it

w
ill

ad
d
to

an
in
di
vi
du

al
//
m
em

or
y
lo
ca
ti
on

.
Se
e
C
ud

a
by

E
xa

m
pl
e
by

Sa
nd

er
s
an

d
//
K
an

dr
ot

or
si
m
ila

r
re
so
ur
ce
.

at
om

ic
A
dd

(&
(k
ey
[i]
),
1)
;

}
}

}
}

} //
T
hi
s
ke
rn
el

bu
ild

s
th
e

pa
rt
ic
le

ve
ct
or
.

N
ot
e
th
at

th
is

al
go
ri
th
m

//
do

es
no

t
ta
ke

in
to

ac
co
un

t
th
at

F
ij

=
−
F
ji.

T
he
re
fo
re
,
th
e

pa
rt
ic
le

//
ve
ct
or

w
ill

re
se
m
bl
e
so
m
et
hi
ng

lik
e:

pa
rt
ic
le

=
[0
;
0;

0;
0;

0;
1;
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//

1;
1;

1;
2;

2;
2;
...
−
1;
−
1;
−
1]

de
pe

nd
in
g
on

ho
w

m
an

y
in
te
ra
ct
io
ns

//
ea
ch

pa
rt
ic
le

ha
s.

B
ot
h
ve
ct
or
s
"p

ar
ti
cl
e"

an
d
"n
ei
gh

bo
r"

ar
e

//
bu

ffe
re
d
by

al
∗n

.
al

st
an

ds
fo
r
"a
rr
ay

le
ng

th
".

_
_

gl
ob

al
_
_

vo
id

se
tu
p(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,
in
t
∗k
ey
,
in
t
∗p

ar
ti
cl
e
,
in
t
n)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i,
be

g,
en
d;

if
(t
id

<
n)

{
//
en
d
an

d
be

g
co
m
bi
ne

to
te
ll
th
e
th
re
ad

ho
w

m
an

y
in
te
ra
ct
io
ns

ea
ch

//
pa

rt
ic
le

ha
s

en
d
=

ke
y[
ti
d
];

if
(t
id

=
=

0)
be

g
=

0;
el
se be

g
=

ke
y[
ti
d
−

1]
;

fo
r
(i

=
be

g;
i
<

en
d;

i+
+
)

pa
rt
ic
le
[i
]
=

ti
d;

}
} //
T
hi
s
ke
rn
el

po
pu

la
te
s
th
e
ne

ig
hb

or
lis
t

ve
ct
or

w
it
h
w
hi
ch

pa
rt
ic
le
s
ar
e

//
in
te
ra
ct
in
g

w
it
h
th
e
pa

rt
ic
le

in
th
e
ve
ct
or

"p
ar
ti
cl
e
".

_
_
gl
ob

al
_
_

vo
id

po
pu

la
te
(d
ou

bl
e
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,i
nt
∗n

ei
gh

bo
r,

in
t

∗p
ar
ti
cl
e
,
in
t
n,

do
ub

le
rl
2,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

st
ar
t,

tp
ar
t,

js
ph

er
,
tc
ou

nt
;

do
ub

le
xi
j,

yi
j,

zi
j,

r2
,
xm

ag
,y

m
ag
;

//
If

th
e
th
re
ad

id
is

in
si
de

th
e
th
e
si
ze

of
th
e

pa
rt
ic
le

an
d
ne
ig
hb

or
ve
ct
or

if
(t
id

<
al
∗n

)
{

//
no

pa
rt
ic
le

"−
1"

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
//
tc
ou

nt
co
un

ts
th
e
nu

m
be

r
of

it
er
at
io
ns

a
th
re
ad

m
ak

es
w
he
n
po

pu
la
ti
ng

//
th
e
ne
ig
hb

or
ve
ct
or

tc
ou

nt
=

0;

if
((
pa

rt
ic
le
[t
id
]
!=

pa
rt
ic
le
[t
id
−

1]
|
ti
d

=
=

0)
)

{
//
T
hi
s
te
lls

th
e
th
re
ad

th
e
pa

rt
ic
le

w
ho

se
ne
ig
hb

or
s
it

//
is

tr
yi
ng

to
fin

d
.

st
ar
t
=

pa
rt
ic
le
[t
id

];
tp
ar
t
=

st
ar
t;

//
Lo

op
ov
er

al
l
pa

rt
ic
le
s
,
ho

w
ev
er
,o

nc
e
th
e
nu

m
be

r
of

ne
ig
hb

or
s

//
a
pa

rt
ic
le

ha
s
is

hi
t,

//
it

ex
it
s.

fo
r
(j
sp
he
r
=

0;
js
ph

er
<

n;
js
ph

er
+
+
)

{

xi
j
=

x[
js
ph

er
]
−

x[
tp
ar
t]
;

yi
j
=

y[
js
ph

er
]
−

y[
tp
ar
t]
;

zi
j
=

z[
js
ph

er
]
−

z[
tp
ar
t]
;

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

//
zm

ag
=

fa
bs
(z
ij)
;

if
(x
m
ag

>
.5
∗L

x)
xi
j
=

xi
j∗
(1
−

Lx
/
xm

ag
);

if
(y
m
ag

>
.5
∗L

y)
yi
j
=

yi
j∗
(1
−

Ly
/
ym

ag
);

r2
=

xi
j∗
xi
j
+

yi
j∗
yi
j
+

zi
j∗
zi
j;

if
(r
2
<

rl
2)

{
if

(t
pa

rt
!=

js
ph

er
)

{
ne
ig
hb

or
[t
id

+
tc
ou

nt
]=

js
ph

er
;

tc
ou

nt
+
+
;

//
de
te
rm

in
e
if

th
e
th
re
ad

is
st
ill

lo
ok

in
g
at

th
e

//
sa
m
e
pa

rt
ic
le

if
no

t,
br
ea
k
th
e
lo
op

be
ca
us
e

//
th
e
al
l
ne
ig
hb

or
s
ha

ve
be

en
ac
co
un

te
d
fo
r.

tp
ar
t
=

pa
rt
ic
le
[t
id

+
tc
ou

nt
];

if
(t
pa

rt
!=

st
ar
t)

br
ea
k;

}
}

}
}

}
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}

} //
Se
t
al
l
th
e
fo
rc
es

to
ze
ro
.

_
_
gl
ob

al
_
_

vo
id

in
it
_
fo
rc
e(
do

ub
le
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,

in
t
n,

do
ub

le
∗f
xt
ot
,
do

ub
le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
in
t
al
,
do

ub
le
∗t
au

,
do

ub
le
∗R

m
at
,i
nt
∗r
ow

_
dx

,
in
t
∗r
ow

_
el
,i
nt
∗c
ol
_
dx

,d
ou

bl
e
∗v
al
_
r,

do
ub

le
∗v

el
oc
ity

_
ou

t,
do

ub
le
∗v

x,
do

ub
le
∗v

y,
do

ub
le
∗v

z,
do

ub
le
∗f
or
ce
_
to
t)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

if
(t
id
<
n)

{
fx
to
t

[t
id
]
=

0;
fy
to
t

[t
id
]
=

0;
fz
to
t

[t
id
]
=

0;

vx
[t
id
]
=

0;
vy

[t
id
]
=

0;
vz

[t
id
]
=

0;

fo
rc
e_

to
t[
ti
d
]
=

0;

ta
u

[0
]

=
0;

} if
(t
id

<
al
∗n

)
{

fx
[t
id
]
=

0;
fy
[t
id
]
=

0;
fz
[t
id
]
=

0;
} if

(t
id

<
3
∗
n
∗
3
∗
n)

R
m
at
[t
id
]=

0;

if
(t
id

<
(3
∗
n
+

1)
)

{
ro
w
_
dx

[t
id
]=

0;
} if

(t
id

<
(3
∗
n
∗
al
))

{

co
l_

dx
[t
id
]
=

0;
va
l_

r
[t
id
]
=

0;

} if
(t
id

<
3
∗
n)

ve
lo
ci
ty
_
ou

t[
ti
d
]
=

0;
ro
w
_
el
[t
id
]
=

0;
} //
T
hi
s
ke
rn
el

ca
lc
ul
at
es

ea
ch

no
nh

yd
ro
dy

na
m
ic

fo
rc
e
F
ij.

It
do

es
N
O
T

//
ca
lc
ul
at
e
th
e
to
ta
l
fo
rc
e
on

ea
ch

pa
rt
ic
le
.

T
hi
s
is

do
ne

in
a

la
te
r

//
ke
rn
el
.

_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

ca
lc
(d
ou

bl
e
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,d

ou
bl
e
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,

in
t
n,

do
ub

le
rc
2,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,
in
t
∗m

ag
_
ke
y,

do
ub

le
rc
,

do
ub

le
∗f
xt
ot
,
do

ub
le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i,
j,

in
de
x;

do
ub

le
xi
j,

yi
j,

zi
j,

xm
ag
,y

m
ag
,z

m
ag
,r

2,
r,

zp
p,

ri
2
,
ri
,
ri
4
;

do
ub

le
w
h,

it
er
m
,
jt
er
m
,
ijt
er
m
;

do
ub

le
C
,C

2,
r4
,
re
p,

h;
do

ub
le

fx
i,

fy
i,

fz
i;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
//
T
hi
s
pa

rt
of

th
e
co
de

is
ve
ry

si
m
ila

r
to

w
ha

t
is

do
ne

in
//
th
e
fo
rt
ra
n

co
de
s.

T
he

on
ly

di
ffe

re
nc
e

is
th
at

th
er
e

//
ar
e
no

lo
op

s
be

ca
us
e
i
an

d
j
ar
e
ca
lc
ul
at
ed

on
al
∗n

//
di
ffe

re
nt

th
re
ad

s.
i
=

pa
rt
ic
le
[t
id

];
j
=

ne
ig
hb

or
[t
id
];

it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
i];

jt
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
j];

ijt
er
m

=
it
er
m
∗j
te
rm

;
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zm
ag

=
fa
bs
(z
[i
])
;

w
h
=

0.
5
∗
Lz
−

zm
ag
;

xi
j
=

x[
j]
−

x[
i]
;

yi
j
=

y[
j]
−

y[
i]
;

zi
j
=

z[
j]
−

z[
i]
;

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

if
(x
m
ag

>
(0
.5
∗
Lx

))
xi
j
=

xi
j
∗
(1
−

Lx
/
xm

ag
);

if
(y
m
ag

>
(0
.5
∗
Ly

))
yi
j
=

yi
j
∗
(1
−

Ly
/
ym

ag
);

r2
=

xi
j∗
xi
j
+

yi
j∗
yi
j
+

zi
j∗
zi
j;

if
(r
2
<

rc
∗r
c)

{

r
=

sq
rt
(r
2)
;

C
=

zi
j
/
r;

C
2
=

5.
0∗

C
∗C

;
//
r4

=
r∗
r∗
r∗
r;

r4
=

r2
∗r
2;

h
=

r
−

1.
0;

if
(h

<
0.
00
01
)

r
+
=

0.
00
01
;

re
p
=

ex
p(
(1
.0
−

r)
/
0.
01
);
//

/
(1
.0
−

ex
p(
(1
.0
−

r)
/

.0
1)
);

fx
[t
id
]
=

((
ijt
er
m
∗
(C

2
−

1.
0)

/
(r
4)
)
−

re
p)
∗
(x

ij
/
r)
;

fy
[t
id
]
=

((
ijt
er
m
∗
(C

2
−

1.
0)

/
(r
4)
)
−

re
p)
∗
(y

ij
/
r)
;

fz
[t
id
]
=

((
ijt
er
m
∗
(C

2
−

3.
0)

/
(r
4)
)
−

re
p)
∗
C
;

//
T
hi
s
pr
ov
id
es

an
ex
tr
a

re
si
st
an

ce
fo
rc
e
to

ke
ep

th
e
ga
ps

//
be

tw
ee
n
th
e
pa

rt
ic
le
s
fr
om

be
co
m
in
g
un

ph
ys
ic
al
ly

cl
os
e.

It
is

//
fr
om

M
el
ro
se
’s

pa
pe

r
on

E
R

F
lu
id
s.

if
(h

<
0.
01
)

{
fx
[t
id
]
−
=

(x
ij
/
r)
∗(
1.
0
−

h
/
.0
1)
;

fy
[t
id
]
−
=

(y
ij
/
r)
∗(
1.
0
−

h
/
.0
1)
;

fz
[t
id
]
−
=

(z
ij
/
r)
∗(
1.
0
−

h
/
.0
1)
;

}
} //

if
(t
id

=
=

0)
//

pr
in
tf
("
ti
d

=
%

d
i
=

%
d

j
=

%
d

fz
[%

d]
=

%
lf\

n"
,

//
ti
d
,
i,

j,
fz
[t
id

])
;

if
(w

h
<

rc
)

{
zp
p
=

(z
[i
]
/
zm

ag
)
∗
Lz
−

z[
j]
−

z[
i]
;

ri
2

=
zp
p
∗
zp
p
+

xi
j∗

xi
j
+

yi
j
∗

yi
j;

if
(r
i2

<
rc
∗r
c)

{
ri

=
sq
rt
(r
i2
);

C
=

zp
p
/
ri
;

C
2
=

5.
0∗

C
∗C

;
//

ri
4
=

ri
∗r
i∗
ri
∗r
i;

ri
4

=
ri
2∗

ri
2;

fx
i
=

(x
ij

/
ri
)
∗
ijt
er
m
∗
(C

2
−

1.
0)

/
ri
4;

fy
i
=

(y
ij

/
ri
)
∗
ijt
er
m
∗
(C

2
−

1.
0)

/
ri
4;

fz
i
=

C
∗
ijt
er
m
∗
(C

2
−

3.
0)

/
ri
4;

fx
[t
id
]
+
=

fx
i;

fy
[t
id
]
+
=

fy
i;

fz
[t
id
]
+
=

fz
i;

}
}

}
}

} //
T
hi
s
to
ta
ls

th
e
no

nh
yd

ro
dy

na
m
ic

fo
rc
e
on

ea
ch

pa
rt
ic
le
.

_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

to
ta
l(
do

ub
le
∗z
,d

ou
bl
e
∗f
x,

do
ub

le
∗f
y,

do
ub

le
∗f
z,
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do

ub
le
∗f
xt
ot
,
do

ub
le
∗f
yt
ot

,
do

ub
le
∗f
zt
ot

,
in
t
∗p

ar
ti
cl
e
,
in
t
∗m

ag
_
ke
y,

do
ub

le
Lz

,
do

ub
le

rc
,
in
t
n,

in
t
∗n

ei
gh

bo
r,

in
t
al
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i;
in
t
ch
ec
k,

re
dk

ey
;

do
ub

le
su
m
x,

su
m
y,

su
m
z;

if
(t
id

<
al
∗n

)
{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
//
"c
he

ck
"

id
en
ti
fie
s

w
hi
ch

pa
rt
ic
le

th
e
th
re
ad

is
co
ns
id
er
in
g

ch
ec
k
=

pa
rt
ic
le
[t
id

];

//
if

ti
d

lo
ok

s
at

pa
rt
ic
le

0
O
R

ti
d
is

no
t
lo
ok

in
g
at

//
th
e
sa
m
e
pa

rt
ic
le

as
th
e
th
re
ad

be
hi
nd

it
.

T
he
re
fo
re
,

//
on

ly
n
th
re
ad

s
ar
e
be

in
g

ut
ili
ze
d

at
on

ce
to

to
ta
l
th
e

//
fo
rc
e
on

ea
ch

pa
rt
ic
le
.

if
(t
id

=
=

0
|c

he
ck

!=
pa

rt
ic
le
[t
id
−

1]
)

{
su
m
x
=

fx
[t
id
];

su
m
y
=

fy
[t
id
];

su
m
z
=

fz
[t
id
];

i
=

ti
d;

//
T
hi
s
m
ak

es
su
re

th
at

th
e
th
re
ad

is
on

ly
co
ns
id
er
in
g
on

e
pa

rt
ic
le
.

//
O
nc
e
it
re
ac
he
s
a

di
ffe

re
nt

pa
rt
ic
le
,
st
op

to
ta
lin

g
th
e
fo
rc
e.

w
hi
le

(c
he
ck

=
=

pa
rt
ic
le
[i

+
1]
)

{
su
m
x
+
=

fx
[i
+

1]
;

su
m
y
+
=

fy
[i
+

1]
;

su
m
z
+
=

fz
[i
+

1]
;

i+
+
;

ch
ec
k
=

pa
rt
ic
le
[i
];

} re
dk

ey
=

pa
rt
ic
le
[t
id

];

fx
to
t[
re
dk

ey
]
=

su
m
x;

fy
to
t[
re
dk

ey
]
=

su
m
y;

fz
to
t[
re
dk

ey
]
=

su
m
z;

}
}

}
} //
T
hi
s
ca
lc
ul
at
es

th
e
fo
rc
e
fr
om

th
e
w
al
l
on

th
e
pa

rt
ic
le
.

T
hi
s
is

pr
et
ty

//
si
m
ila

r
to

th
e
fo
rt
ra
n

co
de

on
ly

th
er
e

is
no

it
er
at
io
n

ov
er

n.
_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

w
al
l(
do

ub
le
∗z
,d

ou
bl
e
Lz

,d
ou

bl
e
∗f
zt
ot
,i
nt

n,
flo

at
rc
,

in
t
∗m

ag
_
ke
y,

do
ub

le
∗f
xt
ot
,d

ou
bl
e
∗f
yt
ot
,d

ou
bl
e
∗t
au

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
w
h,

w
h4

,i
te
rm

,z
m
ag
,t
er
m
1,

te
rm

2,
fz
w
;

if
(t
id

<
n)

{
it
er
m

=
(d
ou

bl
e)
m
ag
_
ke
y[
ti
d]
;

zm
ag

=
fa
bs
(z
[t
id
])
;

w
h
=

(L
z
/
2.
00
)
−

zm
ag
;

if
(w

h
<

(0
.5
∗
rc
))

{
w
h4

=
w
h∗

w
h∗

w
h∗

w
h;

te
rm

1
=

it
er
m
∗
(1
.0

/
w
h4

)
/
8.
0;

te
rm

2
=

ex
p(
(0
.5
−

w
h)

/
0.
01
);

fz
w

=
te
rm

1
−

te
rm

2;

fz
to
t[

ti
d
]
+
=

fz
w
∗
(z
[t
id
]
/
zm

ag
);

}
}

} //
T
hi
s
pu

ts
th
e
th
re
e
fo
rc
e

ve
ct
or
s
fx
to
t,

fy
to
t,

fz
to
t

in
to

on
e
si
ng

le
ve
ct
or
.

//
T
hi
s
al
lo
w
s
fo
r

it
th
e
ve
ct
or

to
be

us
ed

w
he
n
so
lv
e
F
=

R
∗U

.
//
fo
rc
e_

to
t
is

3N
x1

.
_
_
gl
ob

al
_
_

vo
id

fo
rc
e_

co
m
bi
ne
(d
ou

bl
e
∗f
or
ce
_
to
t,
do

ub
le
∗f
xt
ot
,

do
ub

le
∗f
yt
ot
,
do

ub
le
∗f
zt
ot

,
in
t
n,

in
t
∗r
ow

_
dx

,i
nt
∗n

z_
d,

do
ub

le
∗v
al
_
r)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t
pa

rt
_
nu

m
,i
;
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if

(t
id

<
3
∗
n)

{
if

(t
id

=
=

0)
nz
_
d[
0]

=
ro
w
_
dx

[3
∗
n]
;

//
if

(t
id

=
=

0)
//
{ //

fo
r
(i

=
0;

i
<

3
∗
n;

i+
+
)

//
pr
in
tf
("
va
l_

r[
%

d]
=

%
lf\

n"
,
ti
d
,
va
l_

r[
ti
d
])
;

//
} pa

rt
_
nu

m
=

ti
d
/
3;

if
(t
id

%
3
=
=

0)
fo
rc
e_

to
t[
ti
d
]
=

fx
to
t[
pa

rt
_
nu

m
];

if
(t
id

%
3
=
=

1)
fo
rc
e_

to
t[
ti
d
]
=

fy
to
t[
pa

rt
_
nu

m
];

if
(t
id

%
3
=
=

2)
fo
rc
e_

to
t[
ti
d
]
=

fz
to
t[
pa

rt
_
nu

m
];

}
//

E
nd

if
ti
d

<
3n

}
//

E
nd

fo
rc
e_

co
m
bi
ne

//
T
hi
s
bu

ild
s
th
e
re
si
st
an

ce
m
at
ri
x.

_
_
gl
ob

al
_
_

vo
id

hy
dr
o_

2(
in
t
∗p

ar
ti
cl
e,

in
t
∗n

ei
gh

bo
r,

do
ub

le
∗x

,d
ou

bl
e
∗y

,
do

ub
le
∗z
,
do

ub
le
∗R

m
at
,d

ou
bl
e
∗d

,i
nt

al
,
in
t
n,

do
ub

le
rc
2,

do
ub

le
co
rr
_
fa
c,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i,
j,

ilo
op

,
jlo

op
;

do
ub

le
r,

r2
,
xi
j,

yi
j,

zi
j,

h,
dd

,
dx

,
dy

,
dz

,
xm

ag
,y

m
ag
;

if
(t
id

<
(a
l
∗
n)
)

{

if
(p

ar
ti
cl
e
[t
id
]
!=
−
1)

{
i
=

pa
rt
ic
le
[t
id

];
j
=

ne
ig
hb

or
[t
id
];

xi
j
=

x[
j]
−

x[
i]
;

yi
j
=

y[
j]
−

y[
i]
;

zi
j
=

z[
j]
−

z[
i]
;

xm
ag

=
fa
bs
(x
ij)
;

ym
ag

=
fa
bs
(y
ij)
;

if
(x
m
ag

>
.5
∗L

x)
xi
j
=

xi
j∗
(1
.0
−

Lx
/
xm

ag
);

if
(y
m
ag

>
.5
∗L

y)
yi
j
=

yi
j∗
(1
.0
−

Ly
/
ym

ag
);

r2
=

xi
j
∗

xi
j
+

yi
j
∗

yi
j
+

zi
j
∗

zi
j;

if
(r
2
<

rc
2)

{
r
=

sq
rt
(r
2)
;

h
=

r
−

1.
0;

if
(h

<
co
rr
_
fa
c)

{
r
+
=

co
rr
_
fa
c;

h
=

co
rr
_
fa
c;

}
//

E
nd

if
h
<

co
rr
_
fa
c

//
d[
0]

=
xi
j
/
r;

//
d[
1]

=
yi
j
/
r;

//
d[
2]

=
zi
j
/
r;

dx
=

xi
j
/
r;

dy
=

yi
j
/
r;

dz
=

zi
j
/
r;

if
(h

<
0.
12
5)

{
fo
r
(i
lo
op

=
0;

ilo
op

<
3;

ilo
op

+
+
)

{
fo
r
(j
lo
op

=
0;

jlo
op

<
3;

jlo
op

+
+
)

{
//
dd

=
d[
ilo

op
]
∗
d[
jlo

op
];

//
T
hi
s
co
ul
d
pr
ob

ab
ly

be
do

ne
m
or
e
effi

ci
en
tl
y
,
bu

t
//

it
w
as

ea
si
er

to
de
bu

g
as

w
ri
tt
en

.
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if

(i
lo
op

=
=

0
&
&

jlo
op

=
=

0)
{

dd
=

dx
∗
dx

;
} if

(i
lo
op

=
=

0
&
&

jlo
op

=
=

1)
{

dd
=

dx
∗
dy

;
} if

(i
lo
op

=
=

0
&
&

jlo
op

=
=

2)
{

dd
=

dx
∗
dz
;

} if
(i
lo
op

=
=

1
&
&

jlo
op

=
=

0)
{

dd
=

dy
∗
dx

;
} if

(i
lo
op

=
=

1
&
&

jlo
op

=
=

1)
{

dd
=

dy
∗
dy

;
} if

(i
lo
op

=
=

1
&
&

jlo
op

=
=

2)
{

dd
=

dy
∗
dz
;

} if
(i
lo
op

=
=

2
&
&

jlo
op

=
=

0)
{

dd
=

dz
∗
dx

;
} if

(i
lo
op

=
=

2
&
&

jlo
op

=
=

1)
{

dd
=

dz
∗
dy

;
} if

(i
lo
op

=
=

2
&
&

jlo
op

=
=

2)
{

dd
=

dz
∗
dz
;

}

//
T
he

in
de
xi
ng

in
th
is

is
re
al
ly

tr
ic
ky

.
I
ha

d
to

ta
ke

//
a
fe
w

da
ys

to
co
m
e
up

w
it
h
th
is
.

C
U
D
A

do
es
n’
t

//
al
lo
w

m
ul
ti
pl
e
di
m
en
si
on

ar
ra
ys
,
so

R
m
at

//
3N
∗3
N
x1

.T
he

be
st

w
ay

to
un

de
rs
ta
nd

th
is

//
is

to
pu

t
it

in
to

E
xc
el

an
d
w
or
k
th
ro
ug

h
//

it
by

ha
nd

.
R
m
at
[3
∗
n∗

(j
lo
op

+
3∗

j)
+
ilo

op
+
3∗

i]=
dd

/(
8∗
h)
;

}/
/
E
nd

jlo
op

}
//

E
nd

ilo
op

}
//

E
nd

if
h
<

0.
12
5

}
//

E
nd

r2
if

}/
/E

nd
if

pa
rt
ic
le
[t
id
]
!=
−
1

}/
/E

nd
if
ti
d

<
(a
l
∗
n)

}
//

E
nd

hy
dr
o_

2

//
T
hi
s
ca
lc
ul
at
es

th
e
di
ag
on

al
co
m
po

ne
nt

of
R
m
at
.

_
_
gl
ob

al
_
_

vo
id

di
ag
(d
ou

bl
e
∗R

m
at
,i
nt

n)
{

in
t
tx

=
th
re
ad

Id
x.
x;

in
t
ty

=
th
re
ad

Id
x.
y;

in
t
bx

=
bl
oc
kI
dx

.x
;

in
t

i;
in
t
in
de
x;

do
ub

le
su
m

=
0;

//
T
hi
s
ta
ke
s
ad

va
nt
ag
e
of

C
U
D
A
’s

ab
ili
ty

to
in
de
x
in

//
m
ul
ti
pl
e
di
m
en
si
on

s.
tx

is
th
e
th
re
ad

in
th
e
"x
"

//
di
re
ct
io
n

of
th
e
m
at
ri
x
an

d
ty

is
th
e
th
re
ad

in
th
e

//
"y
"
di
re
ct
io
n
.

T
hi
s
lo
ok

s
at

a
sp
ec
ifi
c

pa
rt

of
ea
ch

//
su
bm

at
ri
ce

in
R
ij.

if
((
tx

<
3)

&
&

(t
y
<

3)
)

{
//
Lo

op
ov
er

th
e
n
su
bm

at
ri
ce

in
R
ij.

fo
r
(i

=
0;

i
<

n;
i+

+
)

{
su
m

+
=

R
m
at
[3
∗
n∗

(t
y
+

3
∗
i)
+

3
∗
bx

+
tx
];

} if
(t
x
=
=

ty
)

{
in
de
x
=

3
∗
n∗

(t
y
+

3
∗
bx

)
+

3
∗
bx

+
tx
;

R
m
at
[3
∗
n∗

(t
y
+

3
∗
bx

)
+

3
∗
bx

+
tx
]=

1.
00
0
+

su
m
;
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} el
se

{
R
m
at
[3
∗
n∗

(t
y
+

3
∗
bx

)
+

3
∗
bx

+
tx
]=

su
m
;

}

}
} //
T
he

ne
xt

th
re
e
ke
rn
el
s
pu

t
F
,
U
,a

nd
R
m
at

in
to

C
SR

no
ta
ti
on

//
so

th
at

it
is

co
m
pa

ti
bl
e
w
it
h
cu
So

lv
e

_
_
gl
ob

al
_
_

vo
id

ro
w
_
el
_
ca
lc
(d
ou

bl
e
∗R

m
at
,d

ou
bl
e
R
m
at
_
to
l,

in
t
∗r
ow

_
el
,i
nt

n)
{

in
t

i,
su
m
,
st
ri
de

;
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

if
(t
id

<
3
∗
n)

{
st
ri
de

=
3
∗
n;

su
m

=
0;

fo
r
(i

=
0;

i
<

(3
∗
n)
;
i+

+
)

{
if

(f
ab

s(
R
m
at
[t
id

+
i∗

st
ri
de

])
>

R
m
at
_
to
l)

su
m
+
+
;

}
//

E
nd

il
oo

p

ro
w
_
el
[t
id
]
=

su
m
;

}
//

E
nd

if
ti
d

<
3n

}
//

E
nd

ro
w
_
el
_
ca
lc

//
T
he

pu
rp
os
e
of

th
e
ke
rn
el

is
to

pu
t
th
e
re
si
st
an

ce
m
at
ri
x

//
in
to

co
m
pr
es
se
d
sp
ar
se

ro
w

no
ta
ti
on

.
Se
e
th
e
cu
SP

A
R
SE

//
pr
og
ra
m
m
in
g
gu

id
e
fo
r
fu
rt
he
r
ex
pl
an

at
io
n

_
_
gl
ob

al
_
_

vo
id

cs
r_

cr
ea
te
(d
ou

bl
e
∗v
al
_
r,

do
ub

le
∗R

m
at
,

do
ub

le
R
m
at
_
to
l,
in
t
∗c
ol
_
dx

,
in
t
∗r
ow

_
dx

,i
nt
∗r
ow

_
el
,i
nt

n)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t
id
x,

nu
m
_
co
l_

el
,c

ol
um

n_
id
x,

en
d,

st
ri
de
,i
;

if
(t
id

<
3
∗
n)

{
ro
w
_
dx

[t
id

+
1]

=
ro
w
_
el
[t
id
];

st
ri
de

=
3
∗
n;

//
co
lu
m
n_

id
x

=
ro
w
_
dx

[t
id
];

en
d

=
ro
w
_
dx

[t
id

+
1]
;

nu
m
_
co
l_

el
=

ro
w
_
dx

[t
id

+
1]
−

ro
w
_
dx

[t
id
];

if
(t
id

=
=

0)
co
lu
m
n_

id
x
=

0;
el
se co

lu
m
n_

id
x
=

ro
w
_
el
[t
id
−

1]
;

fo
r
(i
dx

=
0;

id
x
<

3
∗
n;

id
x+

+
)

{

if
(f
ab

s(
R
m
at
[t
id

+
id
x
∗
st
ri
de

])
>

R
m
at
_
to
l)

{
co
l_

dx
[c
ol
um

n_
id
x]

=
id
x;

va
l_

r
[c
ol
um

n_
id
x]

=
R
m
at
[t
id

+
id
x
∗
st
ri
de
];

//
co
l_

i+
+
;

co
lu
m
n_

id
x+

+
;

}
//

E
nd

R
m
at

if

if
(c
ol
um

n_
id
x
=
=

en
d)

br
ea
k;

}/
/
E
nd

id
x
fo
r
lo
op

}
//
E
nd

if
ti
d

<
3n

}/
/E

nd
cs
r_

cr
ea
te

//
T
hi
s
sp
lit
s
up

th
e
ve
lo
ci
ty

so
th
at

th
e
po

si
ti
on

ca
n
be

up
da

te
d
ea
si
ly
.

_
_
gl
ob

al
_
_

vo
id

sp
lit
(d
ou

bl
e
∗v

el
oc
ity

_
ou

t,
do

ub
le
∗v

x,
do

ub
le
∗v

y,
do

ub
le
∗v

z,
in
t
n)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t
pa

rt
_
nu

m
;
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if

(t
id

<
(3
∗
n)
)

{
pa

rt
_
nu

m
=

ti
d
/
3;

if
(t
id

%
3
=
=

0)
vx

[p
ar
t_

nu
m
]=

ve
lo
ci
ty
_
ou

t[
ti
d]
;

if
(t
id

%
3
=
=

1)
vy

[p
ar
t_

nu
m
]=

ve
lo
ci
ty
_
ou

t[
ti
d]
;

if
(t
id

%
3
=
=

2)
vz

[p
ar
t_

nu
m
]=

ve
lo
ci
ty
_
ou

t[
ti
d]
;

}
//

E
nd

if
ti
d

<
3n

}/
/E

nd
sp
lit

//
T
hi
s
up

da
te
s
th
e
po

si
ti
on

of
ea
ch

pa
rt
ic
le
.

T
hi
s
is

es
se
nt
ia
lly

th
e

//
sa
m
e
as

th
e
fo
rt
ra
n
co
de

.
_
_
gl
ob

al
_
_

vo
id

up
da

te
_
po

s(
do

ub
le
∗x

,d
ou

bl
e
∗y

,d
ou

bl
e
∗z
,d

ou
bl
e
∗v

x,
do

ub
le
∗v

y,
do

ub
le
∗v

z,
do

ub
le

Lx
,d

ou
bl
e
Ly

,
do

ub
le

Lz
,
in
t
n,

do
ub

le
gd

,
do

ub
le

dt
,

do
ub

le
∗d

ab
sx
,d

ou
bl
e
∗d

ab
sy
,d

ou
bl
e
∗d

ab
sz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

do
ub

le
xm

ag
,y

m
ag
,z

m
ag
,d

x,
dy

,d
z;

if
(t
id

<
n)

{
//
xm

ag
=

fa
bs
(x
[t
id
])
;

//
ym

ag
=

fa
bs
(y
[t
id
])
;

zm
ag

=
fa
bs
(z
[t
id
])
;

dz
=

vz
[t
id
]
∗
dt

;

if
(z
m
ag

>
=

((
0.
5
∗
Lz

)
−

.5
0
−

.0
5)
)

{
dy

=
0;

if
(z
[t
id
]
<

0)
dx

=
0;

el
se dx

=
gd
∗
Lz
∗
dt
;

} el
se

{
dx

=
(v
x[
ti
d]

+
gd
∗
(z
[t
id
]
+

0.
5
∗
Lz

))
∗d

t;
dy

=
(v
y[
ti
d]
)
∗
dt

;
} x[
ti
d
]
+
=

dx
;

y[
ti
d
]
+
=

dy
;

z[
ti
d
]
+
=

dz
;

da
bs
x[
ti
d
]
+
=

dx
;

da
bs
y[
ti
d
]
+
=

dy
;

da
bs
z[
ti
d
]
+
=

dz
;

xm
ag

=
fa
bs
(x
[t
id
])
;

ym
ag

=
fa
bs
(y
[t
id
])
;

if
(x
m
ag

>
(0
.5
∗
Lx

))
x[
ti
d
]
∗=

(1
−

Lx
/
xm

ag
);

if
(y
m
ag

>
(0
.5
∗
Ly

))
y[
ti
d
]
∗=

(1
−

Ly
/
ym

ag
);

}
} //
C
al
cu
la
te
s
th
e

st
re
ss

in
th
e

flu
id

.
_
_
gl
ob

al
_
_

vo
id

ta
u_

ca
lc
(d
ou

bl
e
∗z
,d

ou
bl
e
∗f
xt
ot
,d

ou
bl
e
∗t
au

,i
nt

n,
do

ub
le

Lz
)

{
in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kI
dx

.x
∗b

lo
ck
D
im

.x
;

in
t

i;

if
(t
id

=
=

0)
{
∗t
au

=
0;

fo
r
(i

=
0;

i
<

n;
i+

+
)

{
if

((
z[
i]
)
>
((
Lz

/
2.
0)
−

0.
5
−

0.
01
))

{
∗t
au

+
=

fx
to
t[
i]
;

//
∗t
au

+
=

z[
i]∗

(f
xt
ot
[i

])
;

}
}

}
}
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//
U
se
d
fo
r
de
bu

gg
in
g.

_
_
gl
ob

al
_
_

vo
id

pr
in
te
r(
do

ub
le
∗R

m
at
,i
nt
∗r
ow

_
dx

,i
nt
∗c
ol
_
dx

,
do

ub
le
∗v
al
_
r,

do
ub

le
∗f
or
ce
_
to
t,

in
t
n,

do
ub

le
∗v
el
oc
ity

_
ou

t)
{

in
t
ti
d

=
th
re
ad

Id
x.
x
+

bl
oc
kD

im
.x
∗b

lo
ck
Id
x.
x;

in
t

i;

if
(t
id

=
=

0)
{

//
fo
r
(i

=
0;

i
<

(3
∗
3
∗
n
∗
n)

;
i+

+
)

//
pr
in
tf
("
R
m
at
[%

d]
=

%
lf\

n"
,i
,R

m
at
[i]
);

//
fo
r
(i

=
0;

i
<

(3
∗
n
+

1)
;
i+

+
)

//
pr
in
tf
("
ro
w
_
dx

[%
d]

=
%
d\

n"
,i
,r

ow
_
dx

[i]
);

//
fo
r
(i

=
0;

i
<

90
;
i+

+
)

//
pr
in
tf
("
co
l_

dx
[%

d]
=

%
d\

n"
,i
,c

ol
_
dx

[i]
);

//
fo
r
(i

=
0;

i
<

20
7;

i+
+
)

//
pr
in
tf
("
va
l_

r[
%
d]

=
%
lf\

n"
,i
,
va
l_

r[
i]
);

//
fo
r
(i

=
0;

i
<

(3
∗
n)
;
i+

+
)

//
pr
in
tf
("
fo
rc
e_

to
t[
%
d]

=
%
lf\

n"
,i
,
fo
rc
e_

to
t[
i]
);

//
fo
r
(i

=
0;

i
<

(3
∗
n)
;
i+

+
)

//
pr
in
tf
("
ve
lo
ci
ty

[%
d]

=
%
lf\

n"
,i

,
ve
lo
ci
ty
_
ou

t[
i]
);

}

} vo
id

nl
is
t(

do
ub

le
∗
/∗
xd
∗/
,d

ou
bl
e
∗
/∗
yd
∗/
,d

ou
bl
e
∗
/∗
zd
∗/

,
in
t
∗/
∗n

ei
gh

bo
r∗
/,

in
t
∗/
∗p

ar
ti
cl
e∗

/,
in
t
∗/
∗k

ey
∗/
,

do
ub

le
/∗

rl
2∗

/,
in
t

/∗
n∗

/,
do

ub
le

/∗
Lx
∗/
,d

ou
bl
e
/∗

Ly
∗/
,

do
ub

le
/∗

Lz
∗/
,i
nt

/∗
al
∗/

,
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

/∗
ke
y_

th
ru
st
∗/
);

vo
id

hy
dr
o_

cr
ea
te
(d
ou

bl
e
∗
/∗
xd
∗/

,d
ou

bl
e
∗
/∗
yd
∗/
,d

ou
bl
e
∗
/∗
zd
∗/
,

in
t
∗/
∗n

ei
gh

bo
r∗
/,

in
t
∗/
∗p

ar
ti
cl
e∗

/,
do

ub
le
∗
/∗
R
m
at
∗/
,

do
ub

le
/∗
R
m
at
_
to
l∗
/,

in
t
∗/
∗r
ow

_
el
∗/

,i
nt
∗/
∗r
ow

_
dx
∗/
,i
nt
∗/
∗c
ol
_
dx
∗/
,

do
ub

le
∗
/∗
va
l_

r∗
/,

do
ub

le
∗
/∗
d∗

/,
in
t
/∗

al
∗/

,
in
t
/∗
n∗

/,
do

ub
le

/∗
rc
2∗
/,

do
ub

le
/∗
co
rr
_
fa
c∗
/,

do
ub

le
/∗

Lx
∗/
,d

ou
bl
e
/∗

Ly
∗/
,

do
ub

le
/∗

Lz
∗/

,d
im

3
/∗

di
m
B
lo
ck
∗/

,t
hr
us
t:
:d
ev
ic
e_

pt
r<

in
t>

/∗
ro
w
_
th
ru
st
∗/
);

in
t
m
ai
n(
vo

id
)

{
in
t
∗k

ey
=
N
U
LL

,∗
pa

rt
ic
le
=
N
U
LL

,∗
ne
ig
hb

or
=
N
U
LL

,∗
m
ag
_
ke
y=

N
U
LL

;
in
t
∗m

ag
_
ke
yd

=
N
U
LL

,∗
ne
ig
hb

or
_
h
=

N
U
LL

,∗
pa

rt
ic
le
_
h
=

N
U
LL

;
in
t

∗s
in
g

=
N
U
LL

,∗
nz

=
N
U
LL

,∗
nz
_
d
=

N
U
LL

;
in
t

∗r
ow

_
el

=
N
U
LL

,∗
ro
w
_
dx

=
N
U
LL

,∗
co
l_

dx
=

N
U
LL

;
in
t

n,
ks
ta
rt
,
ns
te
ps

,
np

ri
nt

,
ls
te
ps

,
i,

k,
in
de
x,

nz
_
s,

m
,
iii

,
jjj

;
do

ub
le
∗x

d
=

N
U
LL

,∗
yd

=
N
U
LL

,∗
zd

=
N
U
LL

;
do

ub
le
∗x

=
N
U
LL

,∗
y

=
N
U
LL

,∗
z

=
N
U
LL

;
do

ub
le
∗f
x

=
N
U
LL

,∗
fy

=
N
U
LL

,∗
fz

=
N
U
LL

;
do

ub
le
∗f
xt
ot

=
N
U
LL

,∗
fy
to
t

=
N
U
LL

,∗
fz
to
t

=
N
U
LL

;
do

ub
le
∗f
xp

ar
_
h

=
N
U
LL

,∗
fy
pa

r_
h

=
N
U
LL

,∗
fz
pa

r_
h
=

N
U
LL

;
do

ub
le
∗R

m
at

=
N
U
LL

,∗
d

=
N
U
LL

,∗
va
l_

r
=

N
U
LL

;
do

ub
le
∗v

x
=

N
U
LL

,∗
vy

=
N
U
LL

,∗
vz

=
N
U
LL

;
do

ub
le
∗f
or
ce
_
to
t
=

N
U
LL

,∗
ve
lo
ci
ty
_
ou

t
=

N
U
LL

;
do

ub
le

Lx
,L

y,
Lz

,
dt

,
rc
,
rc
h,

co
rr
_
fa
c,

R
m
at
_
to
l;

do
ub

le
gd

,
rl
,
sp
he

re
,
rc
2,

rl
2
;

do
ub

le
∗t
au

_
h
=

N
U
LL

,∗
ta
u_

d
=

N
U
LL

;
do

ub
le
∗r
m
at
_
h
=

N
U
LL

;
do

ub
le

ct
im

e_
to
t
=

0,
ct
im

e_
av

g,
ti
m
et
ot
;

do
ub

le
om

eg
a,

ga
m
m
a0
,t
im

e,
ga
m
m
a,

g,
dx

w
al
l;

in
t

ti
m
ei
;

in
t

cu
da

_
co
un

t
=

0;
in
t

al
,

fil
e_

se
le
ct

;
flo

at
el
ap

se
dT

im
e;

do
ub

le
∗d

ab
sx
_
h
=

N
U
LL

,∗
da

bs
y_

h
=

N
U
LL

,∗
da

bs
z_

h
=

N
U
LL

;
do

ub
le
∗d

ab
sx
_
d
=

N
U
LL

,∗
da

bs
y_

d
=

N
U
LL

,∗
da

bs
z_

d
=

N
U
LL

;
F
IL
E
∗p

os
_
in
pu

t,
∗p

ar
_
in
pu

t,
∗p

os
_
ou

tp
ut
,∗
ti
m
e_

ou
t,
∗t
au

_
ou

t,
∗d

ab
s_

ou
t;

F
IL
E
∗f
or
ce
_
ou

t,
∗r
_
m
at
;

ch
ar

pa
ra
m
et
er
s[
]
=

"p
ar
am

et
er
s.
tx
t"
;

ch
ar

tt
[8
0]
,
p_

ou
t[
10
0]
,f
_
ou

t[
10
0]
,
p_

in
[1
00
],

d_
ou

t[
10
0]
,

t_
ou

t[
10
0]
,
r_

ou
t[
10
0]
;

cl
oc
k_

t
t0
,
t1
;

di
m
3
di
m
B
lo
ck
(3
,3

);

fil
e_

se
le
ct

=
0;

//
sp
ri
nt
f(
p_

ou
t,
"p
os
it
io
n_

ou
t%

d.
tx
t"
,
fil
e_

se
le
ct

);
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//

po
s_

ou
tp
ut

=
fo
pe

n(
p_

ou
t,
"w

")
;

//
R
ea
d
in

th
e
in
pu

t
fil
es

an
d
de
cl
ar
e
th
e
ou

tp
ut

fil
es

sp
ri
nt
f(
p_

in
,"

po
si
ti
on

%
05
d_

m
on

o.
tx
t"
,fi

le
_
se
le
ct
);

po
s_

in
pu

t
=

fo
pe

n(
p_

in
,"
r"
);

sp
ri
nt
f(
d_

ou
t,
"d
ab

s_
ou

t%
d.
tx
t"
,fi

le
_
se
le
ct
);

da
bs
_
ou

t
=

fo
pe

n(
d_

ou
t,
"w

")
;

sp
ri
nt
f(
f_

ou
t,

"f
or
ce
_
pa

ir
_
ou

t%
d.
tx
t"
,
fil
e_

se
le
ct

);
fo
rc
e_

ou
t
=

fo
pe

n(
f_

ou
t,
"w

")
;

sp
ri
nt
f(
t_

ou
t,

"t
au

_
ou

t%
d.
tx
t"
,
fil
e_

se
le
ct

);
ta
u_

ou
t
=

fo
pe

n(
t_

ou
t,
"w

")
;

//
R
ea
d
in

th
e
pa

ra
m
et
er
s.

P
ar
am

et
er

de
sc
ri
pt
io
ns

in
th
e

fil
e

"p
ar
am

et
er
s"
.

pa
r_

in
pu

t
=

fo
pe

n(
pa

ra
m
et
er
s,

"r
")
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Lx

);
fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Ly

);
fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
Lz

);
fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

n)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ks
ta
rt
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ns
te
ps
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

np
ri
nt
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
dt
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rc
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rc
h)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
co
rr
_
fa
c)
;
fg
et
s(
tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
R
m
at
_
to
l)
;f
ge
ts
(t
t,

80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
gd

);
fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
om

eg
a)
;

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
ga
m
m
a0
);
fg
et
s(
tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

lf"
,
&
rl
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ls
te
ps
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

al
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fs
ca
nf
(p
ar
_
in
pu

t,
"%

d"
,&

ti
m
ei
);

fg
et
s(

tt
,
80
,
pa

r_
in
pu

t)
;

fc
lo
se

(p
ar
_
in
pu

t)
;

//
C
re
at
e
rc
2
an

d
rl
2
so

r∗
r
do

es
no

t
ne
ed

to
be

pe
rf
or
m
ed

at
//
ev
er
y

it
er
at
io
n

rc
2
=

rc
∗r
c;

rl
2

=
rl
∗r
l;

m
=

3
∗
n;

//
A
llo

ca
te

ve
ct
or
s
on

th
e
ho

st
x

=
(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

y
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

z
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

rm
at
_
h
=

(d
ou

bl
e
∗)
m
al
lo
c(
3
∗
n
∗
3
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
x_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
y_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

da
bs
z_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
n
∗

si
ze
of

(d
ou

bl
e)
);

fx
pa

r_
h
=

(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

fy
pa

r_
h
=

(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

fz
pa

r_
h
=

(d
ou

bl
e
∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

ne
ig
hb

or
_
h
=

(i
nt

∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(i
nt

))
;

pa
rt
ic
le
_
h
=

(i
nt

∗)
m
al
lo
c(
al
∗
n
∗

si
ze
of

(i
nt

))
;

si
ng

=
(i
nt

∗)
m
al
lo
c(

si
ze
of

(i
nt

))
;

nz
=

(i
nt

∗)
m
al
lo
c(

si
ze
of

(i
nt

))
;

ta
u_

h
=

(d
ou

bl
e
∗)
m
al
lo
c(
si
ze
of
(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ta
u_

d,
si
ze
of
(d
ou

bl
e)
);

∗t
au

_
h
=

0;

m
ag
_
ke
y
=

(i
nt
∗)
m
al
lo
c(
n
∗
si
ze
of
(i
nt
))
;

//
A
llo

ca
te

ve
ct
or
s
on

th
e
gr
ap

hi
cs

ca
rd

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
xd

,
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
yd

,
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
zd

,
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
x_

d
,n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
y_

d
,n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
da

bs
z_

d
,n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx
to
t

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy
to
t

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz
to
t

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fx

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fy

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);
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cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
fz

,
al
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
vx

,
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
vy

,
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
vz

,
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ke
y

,
n
∗

si
ze
of

(
in
t)

);
cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
pa

rt
ic
le
,
al
∗
n
∗

si
ze
of

(
in
t)

);
cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
ne
ig
hb

or
,a

l∗
n
∗

si
ze
of

(
in
t)

);
cu
da

M
al
lo
c(
(v
oi
d∗
∗)
&
m
ag
_
ke
yd

,n
∗

si
ze
of

(
in
t)

);

cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

R
m
at

,
3
∗
n
∗
3
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

ro
w
_
el

,
3
∗
n
∗

si
ze
of

(
in
t)

);
cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

d
,

3
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

ro
w
_
dx

,
(3
∗
n
+

1)
∗

si
ze
of

(
in
t)

);
cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

co
l_

dx
,
(3
∗
n
∗
al
)
∗

si
ze
of

(
in
t)

);
cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

va
l_

r
,
(3
∗
n
∗
al
)
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

fo
rc
e_

to
t

,
3
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

ve
lo
ci
ty
_
ou

t,
3
∗
n
∗

si
ze
of

(d
ou

bl
e)
);

cu
da

M
al
lo
c(
(v
oi
d
∗∗
)&

nz
_
d

,
si
ze
of

(i
nt

))
;

//
T
hi
s
es
ta
bl
is
he
s
th
e
va
ri
ab

le
s
ne
ed
ed

to
ru
n
cu
So

lv
er

cu
so
lv
er
Sp

H
an

dl
e_

t
cu
so
lv
er
ha

nd
le

=
0;

cu
so
lv
er
St
at
us
_
t
cu
so
lv
er
St
at
us
;

cu
da

St
re
am

_
t
so
lv
er
_
st
re
am

=
0;

cu
sp
ar
se
M
at
D
es
cr
_
t
de
sc
ri
p_

A
=

0;
cu
sp
ar
se
H
an

dl
e_

t
cu
sp
ar
se
H
an

dl
e
=

0;
cu
sp
ar
se
St
at
us
_
t
cu
sp
ar
se
St
at
us
;

cu
sp
ar
se
St
at
us

=
cu
sp
ar
se
C
re
at
eM

at
D
es
cr
(&

de
sc
ri
p_

A
);

cu
sp
ar
se
Se
tM

at
T
yp

e(
de
sc
ri
p_

A
,

C
U
SP

A
R
SE

_
M
A
T
R
IX

_
T
Y
P
E
_
G
E
N
E
R
A
L)

;
cu
sp
ar
se
Se
tM

at
In
de
xB

as
e(
de
sc
ri
p_

A
,

C
U
SP

A
R
SE

_
IN

D
E
X
_
B
A
SE

_
ZE

R
O
);

cu
so
lv
er
St
at
us

=
cu
so
lv
er
Sp

C
re
at
e(
&
cu
so
lv
er
ha

nd
le
);

cu
so
lv
er
Sp

Se
tS
tr
ea
m
(c
us
ol
ve
rh
an

dl
e,

so
lv
er
_
st
re
am

);

//
R
ea
d
in

th
e
in
it
ia
l

po
si
ti
on

s
of

th
e
su
sp
en
si
on

//
A
ls
o
es
ta
bl
is
h

th
e
th
e

in
it
ia
l

ab
so
lu
te

po
si
ti
on

s
at

ze
ro

fg
et
s(

tt
,
80
,
po

s_
in
pu

t)
;

fo
r
(i

=
0;

i
<

n;
i+

+
)

{
fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
sp
he
re
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(x
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(y
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

lf"
,
&
(z
[i
])
);

fs
ca
nf
(p

os
_
in
pu

t,
"%

d"
,&

(m
ag
_
ke
y[
i])
);

da
bs
x_

h[
i]
=

0;
da

bs
y_

h[
i]
=

0;
da

bs
z_

h[
i]
=

0;
fx
pa

r_
h[
i]

=
0;

fy
pa

r_
h[
i]

=
0;

fz
pa

r_
h[
i]

=
0;

} fc
lo
se

(p
os
_
in
pu

t)
;

//
C
op

y
th
e
po

si
ti
on

an
d
m
ag
_
ke
y
ve
ct
or
s
to

th
e
de
vi
ce

fr
om

th
e
ho

st
cu
da

M
em

cp
y(
xd

,x
,
n∗

si
ze
of
(d
ou

bl
e)
,
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
yd

,y
,
n∗

si
ze
of
(d
ou

bl
e)
,
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
zd

,z
,
n∗

si
ze
of
(d
ou

bl
e)
,
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
m
ag
_
ke
yd

,m
ag
_
ke
y,
n∗

si
ze
of
(i
nt
),
cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
x_

d,
da

bs
x_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
y_

d,
da

bs
y_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

cu
da

M
em

cp
y(
da

bs
z_

d,
da

bs
y_

h,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yH

os
tT

oD
ev
ic
e)
;

//
In
it
ia
te

th
e
th
ru
st

ve
ct
or
s

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(
n)
;

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ro
w
_
th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(3
∗
n)
;

//
C
al
l
th
e
ne
ig
hb

or
lis
t

nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,

ke
y_

th
ru
st
);

//
C
re
at
e
th
e
ti
m
in
g
ev
en
ts

as
so
ci
at
ed

w
it
h
C
U
D
A

cu
da

E
ve
nt
_
t
st
ar
tE

ve
nt
,s

to
pE

ve
nt
;

cu
da

E
ve
nt
C
re
at
e(
&
st
ar
tE

ve
nt
);

cu
da

E
ve
nt
C
re
at
e(
&
st
op

E
ve
nt
);

t0
=

cl
oc
k(
);
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fo
r
(k

=
ks
ta
rt
;
k
<

(n
st
ep

s
+

1)
;k

+
+
)

{
ti
m
e
=

dt
∗
(d
ou

bl
e)
k;

//
ti
m
eo
ld

=
dt
∗(
do

ub
le
)(
k−

1)
;

//
ga
m
m
a
=

ga
m
m
a0
∗s
in
(o
m
eg
a∗

ti
m
e)
;

//
ga
m
m
ao
ld

=
ga
m
m
a0
∗s
in
(o
m
eg
a∗

ti
m
eo
ld
);

//
dg

am
m
a
=

ga
m
m
a
−

ga
m
m
ao
ld
;

//
gd

=
dg

am
m
a/
dt
;

//
dx

w
al
l=

dg
am

m
a∗
Lz

;

//
C
al
ls

ea
ch

ke
rn
el

an
d
ne
ig
hb

or
lis
t

if
((
k%

ls
te
ps
)
=
=

0)
nl
is
t(

xd
,
yd

,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,
ke
y,

rl
2
,
n,

Lx
,L

y,
Lz

,
al
,
ke
y_

th
ru
st
);

in
it
_
fo
rc
e<

<
<
(B

LO
C
K
_
SI
ZE

+
3∗

n∗
3∗
n)
/B

LO
C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>
>
(f
x,

fy
,f
z,

n,
fx
to
t,

fy
to
t,

fz
to
t,

al
,
ta
u_

d,
R
m
at
,r

ow
_
dx

,r
ow

_
el
,r

ow
_
dx

,v
al
_
r,

ve
lo
ci
ty
_
ou

t,
vx

,
vy

,
vz

,
fo
rc
e_

to
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

dx
w
al
l=

gd
∗
Lz
∗
ti
m
e;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
cu
da

E
ve
nt
R
ec
or
d(
st
ar
tE

ve
nt
,0

);

fo
rc
e_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>

>
(x
d,

yd
,z

d,
fx
,

fy
,
fz
,
n,

rc
2,

Lx
,L

y,
Lz

,
ne
ig
hb

or
,
pa

rt
ic
le
,
m
ag
_
ke
yd

,r
c,

fx
to
t,

fy
to
t,

fz
to
t,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

to
ta
l<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>
>
(z
d,

fx
,f
y,

fz
,

fx
to
t,

fy
to
t,

fz
to
t,

pa
rt
ic
le
,

m
ag
_
ke
yd

,L
z,

rc
,n

,n
ei
gh

bo
r,

al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

w
al
l<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>

>
(z
d,

Lz
,f
zt
ot
,n

,r
c,

m
ag
_
ke
yd

,f
xt
ot
,f
yt
ot
,
ta
u_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
pr
in
te
r<

<
<
(B

LO
C
K
_
SI
ZE

+
3∗
n∗

3∗
n)
/B

LO
C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>
>
(R

m
at
,r

ow
_
dx

,c
ol
_
dx

,v
al
_
r,

//
fo
rc
e_

to
t,

n,
ve
lo
ci
ty
_
ou

t)
;

hy
dr
o_

cr
ea
te
(x
d,

yd
,z

d,
ne
ig
hb

or
,
pa

rt
ic
le
,
R
m
at
,R

m
at
_
to
l,
ro
w
_
el
,

ro
w
_
dx

,c
ol
_
dx

,v
al
_
r,

d,
al
,
n,

rc
2,

co
rr
_
fa
c,

Lx
,L

y,
Lz

,
di
m
B
lo
ck
,

ro
w
_
th
ru
st
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

fo
rc
e_

co
m
bi
ne
<
<
<
(B

LO
C
K
_
SI
ZE

+
3∗

n)
/B

LO
C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>
>
(f
or
ce
_
to
t,
fx
to
t,

fy
to
t,

fz
to
t,

n,
ro
w
_
dx

,n
z_

d,
va
l_

r)
;

//
pr
in
te
r
<
<

<
(B

LO
C
K
_
SI
ZE

+
3
∗
n
∗
3
∗
n)

/
B
LO

C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>

>
(R

m
at
,r

ow
_
dx

,c
ol
_
dx

,v
al
_
r,

//
fo
rc
e_

to
t,

n,
ve
lo
ci
ty
_
ou

t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
nz
,n

z_
d,

si
ze
of
(i
nt
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

nz
_
s
=
∗n

z;

//
C
al
l
th
e
so
lv
er

fr
om

C
U
D
A
.S

ee
cu
SO

LV
E
R

lit
er
at
ur
e
fo
r
m
or
e
de
ta
ils

cu
so
lv
er
Sp

D
cs
rl
sv
ch
ol
(c
us
ol
ve
rh
an

dl
e,
m
,n
z_

s,
de
sc
ri
p_

A
,v
al
_
r,
ro
w
_
dx

,
co
l_

dx
,fo

rc
e_

to
t,
0.
00
00
01
,0
,v
el
oc
ity

_
ou

t,
si
ng

);

//
pr
in
te
r
<
<

<
(B

LO
C
K
_
SI
ZE

+
3
∗
n
∗
3
∗
n)

/
B
LO

C
K
_
SI
ZE

,
//
B
LO

C
K
_
SI
ZE

>
>

>
(R

m
at
,r

ow
_
dx

,c
ol
_
dx

,v
al
_
r,

fo
rc
e_

to
t,

//
n,

ve
lo
ci
ty
_
ou

t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

sp
lit

<
<
<
(B

LO
C
K
_
SI
ZE

+
3∗
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(v
el
oc
ity

_
ou

t,
vx

,
vy

,
vz

,
n)

;
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

up
da

te
_
po

s<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
vx

,
vy

,
vz

,
Lx

,L
y,

Lz
,

n,
gd

,
dt

,
da

bs
x_

d,
da

bs
y_

d,
da

bs
z_

d)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
pr
in
tf
("
k
=

%
d\

n"
,k

);

//
cu
da

E
ve
nt
R
ec
or
d(
st
op

E
ve
nt
,0

);
//

cu
da

E
ve
nt
Sy

nc
hr
on

iz
e(
st
op

E
ve
nt
);
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//
cu
da

E
ve
nt
E
la
ps
ed
T
im

e(
&
el
ap

se
dT

im
e,

st
ar
tE

ve
nt
,s

to
pE

ve
nt
);

//
ct
im

e_
to
t
+
=

el
ap

se
dT

im
e;

//
cu
da

_
co
un

t+
+
;

//
P
ri
nt
s
ou

t
th
e

re
su
lt
s

at
ea
ch

de
si
re
d

ti
m
e
st
ep

.
if

(k
%

np
ri
nt

=
=

0)
{

pr
in
tf
("
%
d\

n"
,k

);

sp
ri
nt
f(
p_

ou
t,
"p
os
it
io
n_

ou
t%

05
d.
tx
t"
,(
k
/
np

ri
nt
))
;

po
s_

ou
tp
ut

=
fo
pe

n(
p_

ou
t,
"w

")
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d
\n

\n
",
k)
;

fp
ri
nt
f(
da

bs
_
ou

t,
"\
n
%
d
\n

\n
",
k)
;

fp
ri
nt
f(
fo
rc
e_

ou
t,

"\
n
%
d
\n

\n
",
k)
;

//
C
op

y
da

ta
to

th
e
ho

st
fr
om

th
e
de
vi
ce
.

cu
da

M
em

cp
y(
x,
xd

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
y,
yd

,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
z,
zd
,n
∗s
iz
eo
f(
do

ub
le
),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fx
pa

r_
h,
fx
,a
l∗
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fy
pa

r_
h,
fy
,a
l∗
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
fz
pa

r_
h,
fz
,a
l∗
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
x_

h,
da

bs
x_

d,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
y_

h,
da

bs
y_

d,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
da

bs
z_

h,
da

bs
z_

d,
n∗

si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
pa

rt
ic
le
_
h,
pa

rt
ic
le
,a
l∗
n∗

si
ze
of
(i
nt
),

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

cu
da

M
em

cp
y(
ne
ig
hb

or
_
h,

ne
ig
hb

or
,a

l∗
n
∗
si
ze
of
(i
nt

),
cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
cu
da

M
em

cp
y(
rm

at
_
h,

R
m
at
,3
∗
n
∗
3
∗
n
∗
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

//
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
sp
ri
nt
f(
r_

ou
t,

"R
E
SI
ST

A
N
C
E
_
M
A
T
R
IX

%
05
d_

m
on

o.
tx
t"
,k

);
//
r_

m
at

=
fo
pe

n(
r_

ou
t,
"w

")
;

//
fo
r
(
iii

=
0;

iii
<

(3
∗
n)
;

iii
+
+
)

//
{ //

fo
r
(j
jj

=
0;

jjj
<

(3
∗
n)
;
jjj

+
+
)

//
{ //

fp
ri
nt
f(
r_

m
at
,"
%

lf,
",

rm
at
_
h[
iii

+
3
∗
n∗

jjj
])
;

//
}

//
fp
ri
nt
f(
r_

m
at
,"
\n

")
;

//
} //

fc
lo
se
(r
_
m
at
);

∗t
au

_
h
=

0;

ta
u_

ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(z
d,

fx
to
t,

ta
u_

d,
n,

Lz
);

cu
da

M
em

cp
y(
ta
u_

h,
ta
u_

d,
si
ze
of
(d
ou

bl
e)
,

cu
da

M
em

cp
yD

ev
ic
eT

oH
os
t)
;

∗t
au

_
h
=

(−
∗t
au

_
h)
;/
/
((
Lx
∗L

y)
∗(
Lz
−
1.
0)
);

g
=
∗t
au

_
h;
//
ga
m
m
a0
;

ga
m
m
a
=

gd
∗
k
∗
dt
;

fp
ri
nt
f(
ta
u_

ou
t,
"%

lf
%

lf
%

lf\
n"
,
ti
m
e,

ga
m
m
a,

g)
;

//
P
ri
nt

ou
t
th
e

in
te
rp
ar
ti
cl
e

fo
rc
es

.
T
hi
s
fil
e

ca
n
th
en

be
us
ed

//
in

th
e
co
nfi

gu
ra
ti
on

cr
ea
to
r
to

cr
ea
te

vi
su
al
iz
at
io
ns

.
fo
r
(i
nd

ex
=

0;
in
de
x
<

al
∗
n;

in
de
x+

+
)
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{

if
(i
nd

ex
<

n)
{

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d

",
in
de
x)
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
lf

",
x[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
lf

",
y[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
lf

",
z[
in
de
x
])
;

fp
ri
nt
f(
po

s_
ou

tp
ut
,"

%
d

\n
",

m
ag
_
ke
y[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"

%
17
.1
6l
f

",
da

bs
x_

h[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"

%
17
.1
6l
f

",
da

bs
y_

h[
in
de
x]
);

fp
ri
nt
f(
da

bs
_
ou

t,
"

%
17
.1
6l
f

\n
",

da
bs
z_

h[
in
de
x]
);

} fp
ri
nt
f(
fo
rc
e_

ou
t,

"
%

d
",

pa
rt
ic
le
_
h[
in
de
x
])
;

fp
ri
nt
f(
fo
rc
e_

ou
t,

"
%

d
",

ne
ig
hb

or
_
h[
in
de

x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,

"
%

17
.1
6l
f

",
fx
pa

r_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,

"
%

17
.1
6l
f

",
fy
pa

r_
h[
in
de
x]
);

fp
ri
nt
f(
fo
rc
e_

ou
t,

"
%

17
.1
6l
f

\n
",

fz
pa

r_
h[
in
de
x]
);

if
(p
ar
ti
cl
e_

h[
in
de
x]

=
=
−
1)

br
ea
k;

}/
/E

nd
of

in
de
x
lo
op

fo
r
pr
in
ti
ng

fc
lo
se

(p
os
_
ou

tp
ut
);

}/
/E

nd
of

pr
in
t
if

st
at
em

en
t

}
//
E
nd

of
in
te
gr
at
io
n
lo
op

t1
=

cl
oc
k(
);

ti
m
et
ot

=
((
do

ub
le
)(
t1
−

t0
)
/
(d
ou

bl
e)
C
LO

C
K
S_

P
E
R
_
SE

C
)
/
60
;

ti
m
e_

ou
t
=

fo
pe

n(
"t
im

e.
tx
t"
,"
w
")
;

//
ct
im

e_
av

g
=

ct
im

e_
to
t
/
((
do

ub
le
)c
ud

a_
co
un

t)
;

fp
ri
nt
f(
ti
m
e_

ou
t,

"T
ot
al

si
m
ul
at
io
n
ti
m
e
=

%
lf

m
in
ut
es

\n
",

ti
m
et
ot
);

//
fp
ri
nt
f(
ti
m
e_

ou
t,
"T

he
ti
m
e
ne
ed
ed

to
pe

rf
or
m

th
e
ca
lc
ul
at
io
ns

is
%
lf

//
m
s\
n"
,c

ti
m
e_

av
g)
;

th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

th
ru
st
::
de
vi
ce
_
fr
ee
(r
ow

_
th
ru
st
);

fc
lo
se

(t
au

_
ou

t)
;

fc
lo
se

(t
im

e_
ou

t)
;

//
fc
lo
se
(p

os
_
ou

tp
ut
);

fc
lo
se

(d
ab

s_
ou

t)
;

fc
lo
se

(f
or
ce
_
ou

t)
;

cu
da

Fr
ee
(d
ab

sx
_
d)
;

cu
da

Fr
ee
(d
ab

sy
_
d)
;

cu
da

Fr
ee
(d
ab

sz
_
d)
;

fr
ee

(d
ab

sx
_
h)
;

fr
ee

(d
ab

sy
_
h)
;

fr
ee

(d
ab

sz
_
h)
;

fc
lo
se

(t
au

_
ou

t)
;

cu
da

Fr
ee
(x
d)
;

cu
da

Fr
ee
(y
d)
;

cu
da

Fr
ee
(z
d)
;

cu
da

Fr
ee
(m

ag
_
ke
yd

);
cu
da

Fr
ee
(n
ei
gh

bo
r)
;

cu
da

Fr
ee
(p
ar
ti
cl
e)
;

cu
da

Fr
ee
(k
ey
);

cu
da

Fr
ee
(f
x)
;

cu
da

Fr
ee
(f
y)
;

cu
da

Fr
ee
(f
z)
;

cu
da

Fr
ee
(f
xt
ot
);

cu
da

Fr
ee
(f
yt
ot
);

cu
da

Fr
ee
(f
zt
ot
);

cu
da

Fr
ee
(R

m
at
);

cu
da

Fr
ee
(d
);

cu
da

Fr
ee
(r
ow

_
el
);

cu
da

Fr
ee
(r
ow

_
dx

);
cu
da

Fr
ee
(c
ol
_
dx

);
cu
da

Fr
ee
(v
al
_
r)
;

cu
da

Fr
ee
(v
x)
;

cu
da

Fr
ee
(v
y)
;

cu
da

Fr
ee
(v
z)
;

cu
da

Fr
ee
(v
el
oc
ity

_
ou

t)
;

cu
da

Fr
ee
(n
z_

d)
;

cu
da

Fr
ee
(s
in
g)
;

cu
da

Fr
ee
(f
or
ce
_
to
t)
;

fr
ee

(n
z)
;

fr
ee

(x
);

fr
ee

(y
);

fr
ee

(z
);

fr
ee

(m
ag
_
ke
y)
;

fr
ee

(n
ei
gh

bo
r_

h)
;
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fr
ee

(p
ar
ti
cl
e_

h)
;

fr
ee

(f
xp

ar
_
h)
;

fr
ee

(f
yp

ar
_
h)
;

fr
ee

(f
zp

ar
_
h)
;

fr
ee

(t
au

_
h)
;

cu
da

Fr
ee
(t
au

_
d)
;

} //
Fu

nc
ti
on

w
hi
ch

bu
ild

s
th
e
ne
ig
hb

or
lis
t.

T
he
re

ar
e
ke
rn
el

ca
lls

in
th
is

//
fu
nc
ti
on

to
m
ak

e
co
di
ng

th
e
ne
ig
hb

or
lis
t
m
or
e
co
nc
is
e.

vo
id

nl
is
t(

do
ub

le
∗x

d,
do

ub
le
∗y

d,
do

ub
le
∗z
d,

in
t
∗n

ei
gh

bo
r,

in
t
∗p

ar
ti
cl
e
,
in
t
∗k

ey
,
do

ub
le

rl
2,

in
t
n,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,
in
t
al
,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
)

{
ke
yz
er
o<

<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>
>
(k
ey
,n
ei
gh

bo
r,

pa
rt
ic
le
,n

,a
l)
;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

ch
ec
k<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ke
y,

ne
ig
hb

or
,
pa

rt
ic
le
,

rl
2
,
n,

Lx
,L

y,
Lz

);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st
(k
ey
);

//
th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

m
al
lo
c<

in
t>

(n
);

ke
y_

th
ru
st

=
th
ru
st
::d

ev
ic
e_

po
in
te
r_

ca
st
(k
ey
);

th
ru
st
::
in
cl
us
iv
e_

sc
an

(k
ey
_
th
ru
st
,k

ey
_
th
ru
st

+
n,

ke
y_

th
ru
st
);

//
th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

se
tu
p<

<
<
(B

LO
C
K
_
SI
ZE

+
n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ke
y,

pa
rt
ic
le
,
n)

;

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

po
pu

la
te
<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>
>

(x
d,

yd
,
zd

,
ne
ig
hb

or
,
pa

rt
ic
le
,

n,
rl
2
,
Lx

,L
y,

Lz
,
al
);

cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

//
th
ru
st
::
de
vi
ce
_
fr
ee
(k
ey
_
th
ru
st
);

} //
T
hi
s
bu

ild
s
th
e
re
si
st
an

ce
m
at
ri
x
an

d
pu

ts
it

in
to

C
SR

no
ta
ti
on

.
vo

id
hy

dr
o_

cr
ea
te
(d
ou

bl
e
∗x

d,
do

ub
le
∗y

d,
do

ub
le
∗z
d,

in
t
∗n

ei
gh

bo
r,

in
t

∗p
ar
ti
cl
e
,
do

ub
le
∗R

m
at
,d

ou
bl
e
R
m
at
_
to
l,
in
t
∗r
ow

_
el
,i
nt
∗r
ow

_
dx

,
in
t
∗c
ol
_
dx

,d
ou

bl
e
∗v
al
_
r,

do
ub

le
∗d

,
in
t
al
,
in
t
n,

do
ub

le
rc
2,

do
ub

le
co
rr
_
fa
c,

do
ub

le
Lx

,d
ou

bl
e
Ly

,d
ou

bl
e
Lz

,d
im

3
di
m
B
lo
ck
,

th
ru
st
::
de
vi
ce
_
pt
r<

in
t>

ro
w
_
th
ru
st
)

{
//
B
ui
ld
s
th
e
re
si
st
an

ce
an

d
pu

ts
it

in
C
SR

no
ta
ti
on

.
hy

dr
o_

2<
<
<
(B

LO
C
K
_
SI
ZE

+
al
∗n

)/
B
LO

C
K
_
SI
ZE

,
B
LO

C
K
_
SI
ZE

>
>
>

(p
ar
ti
cl
e
,
ne
ig
hb

or
,
xd

,
yd

,
zd

,
R
m
at
,

d,
al
,
n,

rc
2,

co
rr
_
fa
c,

Lx
,L

y,
Lz

);
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

di
ag

<
<

<
n,

di
m
B
lo
ck

>
>

>
(R

m
at
,n

);
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

ro
w
_
el
_
ca
lc
<
<
<
(B

LO
C
K
_
SI
ZE

+
3∗

n)
/B

LO
C
K
_
SI
ZE

,B
LO

C
K
_
SI
ZE

>
>
>

(R
m
at
,R

m
at
_
to
l,
ro
w
_
el
,n

);
cu
da

T
hr
ea
dS

yn
ch
ro
ni
ze
()
;

ro
w
_
th
ru
st

=
th
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A sample parameter input file for the code mix_hydro.cu would look like:
10.0 Lx
5.0 Ly
5.0 Lz
150 Number of spheres
1 Start
50000000 Number of steps
100000 Print Statements
0.00001 dt
2.5 Cutoff radius
0.125 Hydrodynamic Cutoff Radius
0.0001 h correction factor
0.00001 Resistance Matrix Tolerance
0.01 Dimensionless shear
.01 Frequency, omega
0.00001 Strain amplitude, gamma0
2.7 Cutoff radius for neighbor list
100 Number of steps to calculate neighbor list
70 Neighbor list length
0 Initial time
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