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Abstract

:

I present two novel thread-safe in-place streaming schemes for the lattice Boltzmann method (LBM) on graphics processing units (GPUs), termed Esoteric Pull and Esoteric Push, that result in the LBM only requiring one copy of the density distribution functions (DDFs) instead of two, greatly reducing memory demand. These build upon the idea of the existing Esoteric Twist scheme, to stream half of the DDFs at the end of one stream-collide kernel and the remaining half at the beginning of the next, and offer the same beneficial properties over the AA-Pattern scheme—reduced memory bandwidth due to implicit bounce-back boundaries and the possibility of swapping pointers between even and odd time steps. However, the streaming directions are chosen in a way that allows the algorithm to be implemented in about one tenth the amount of code, as two simple loops, and is compatible with all velocity sets and suitable for automatic code-generation. The performance of the new streaming schemes is slightly increased over Esoteric Twist due to better memory coalescence. Benchmarks across a large variety of GPUs and CPUs show that for most dedicated GPUs, performance differs only insignificantly from the One-Step Pull scheme; however, for integrated GPUs and CPUs, performance is significantly improved. The two proposed algorithms greatly facilitate modifying existing code to in-place streaming, even with extensions already in place, such as demonstrated here for the Free Surface LBM implementation FluidX3D. Their simplicity, together with their ideal performance characteristics, may enable more widespread adoption of in-place streaming across LBM GPU codes.
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1. Introduction


The lattice Boltzmann method (LBM) [1] is a type of direct numerical simulation (DNS) to model fluid flow in a physically accurate manner. Its explicit algorithmic structure makes it ideal for parallelization on graphics processing units (GPUs) [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59]. The LBM works on a mesoscopic scale, representing quantities of fluid molecules by density distribution functions (DDFs) that are exchanged (streamed) between neighboring points on a Cartesian lattice. These DDFs are represented as floating-point numbers, and the streaming consists of copying them to the memory locations associated with neighboring lattice points. So, the LBM algorithm, at its core, copies floating-point numbers in memory with little arithmetic computation in between, meaning its performance is bound by memory bandwidth [3,4,5,6,7,8,9,10,13,14,15,16,17,18,19,20,21,22,33,34,35,36,37,38,39,40,41,42,43,44,45,46,59,60,61,62,63,64,65].



Since each lattice point holds the same number of DDFs and they need to be exchanged between one another at every time step, a strategy for avoiding data dependencies on parallel hardware is needed. The most straightforward and most common approach [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44] is to have two copies, A and B, of the DDFs residing in memory; the algorithms reads from A and writes to B in even steps and in odd steps vice versa. With two copies of the DDFs, the memory access can even be configured to result in only partially misaligned reads and only coalesced writes (the One-Step-Pull scheme), enabling peak memory efficiency on modern GPUs [13,14,15,16,17,18,19,20,21,22,23]. This solves the data dependencies but comes at the cost of almost doubling memory demand. Unfortunately, memory capacity is the largest constraint on GPUs [58], limiting the maximum possible lattice resolution. To eliminate the higher memory demand and at the same time resolve data dependencies, a class of thread-safe in-place streaming algorithms have been developed. The first of these is termed the AA-Pattern [3], as it reads from A and at the same time writes to A in a special manner that does not violate data dependencies. The algorithm, however, is asymmetric for even and odd time steps, so it has not been widely adopted. A later variant of AA-Pattern is the Shift-and-Swap-Streaming method [4]. Geier and Schönherr recently found a more intricate solution, termed Esoteric Twist [2], that is symmetric for even and odd time steps and, moreover, has the advantage of slightly reduced memory bandwidth and thus higher performance compared to AA-Pattern; however, its implementation is very complicated, hindering widespread adoption. Few works have thus far considered in-place streaming on GPUs [2,3,4,5,6,7,8,9,10,11,12], and apart from the works introducing the methods [2,3,4,5,66], only a few have adopted in-place streaming in their code [6,7,8,11].



This work introduces two new thread-safe in-place streaming schemes, termed Esoteric Pull and Esoteric Push, that are suitable for GPU implementation. They build upon the same idea as Esoteric Twist and offer ideal performance characteristics while at the same time significantly simplifying implementation and allowing for automatic code generation. The very simple and modular implementation is especially well suited to modifying existing LBM implementations, even if various extensions, such as Free Surface LBM, are already in place.




2. Naive Implementation—One-Step Pull and One-Step Push


The most common LBM implementation uses two copies of the DDFs in memory to resolve data dependencies in a parallel environment [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]. There are two variants, namely One-Step Pull (Figure 1, Listing A1) and One-Step Push (Figure 2, Listing A2). The pull variant is generally preferred on GPUs because the penalty for non-coalesced reads is smaller than that for non-coalesced writes [13,14,15,16,17,18,19,20,21,22,23]. The coloring introduced in Figure 1 and Figure 2 illustrates how loading/storing patterns compare to the regular DDF sequence during collision in registers, in other words, where exactly each DDF is loaded and stored in memory. This makes the more recently introduced, more sophisticated streaming patterns more comprehensible. In the One-Step-Pull scheme, DDFs are pulled in from neighbors (copy A of the DDFs), collided, and stored at the center node (copy B of the DDFs). In the One-Step-Push scheme, DDFs are loaded from the center node (copy A of the DDFs), collided, and then pushed out to neighbors (copy B of the DDFs). For both schemes, after every time step, the pointers to A and B are swapped.




3. State-of-the-Art Methods for In-Place Streaming on GPUs


The data dependency problem with in-place streaming on parallel hardware has already been solved by two major approaches, termed AA-Pattern and Esoteric Twist. Both provide the great advantage of significantly reducing memory demand for the LBM; however, both also pose various difficulties in GPU implementation, hindering widespread adoption.



3.1. AA-Pattern


When performing the LBM streaming step on parallel hardware, the issue arises that neighboring lattice points may be processed in parallel, and the exact order of execution is random. One or more threads may not write an updated value to a memory address from which another concurrent thread is reading, because then either the old or the new value may be used by the reading thread. This error is known as a race condition. To perform the LBM streaming step in parallel with only a single buffer for the DDFs, one must write updated values only to the same memory addresses that one thread has previously read the values from. Then, no two threads access the same memory addresses. Bailey et al. [3] have found that this is possible if, for even time steps combining one streaming step, the collision and a second streaming step are performed, and for odd time steps, only the collision step is performed. This makes the processed DDFs always end up in the same locations as they were read from, resolving data dependencies on concurrent hardware with only one copy of the DDFs in memory. To make the DDFs actually stream through memory locations, in even time steps, the DDFs are stored at the neighbor nodes in opposite orientation after the collision, and in odd time steps, before the collision, the DDFs are loaded from the center node in opposite orientation. The resulting algorithm reads the DDFs from copy A of the DDFs and writes to the same copy A in place, so it was termed AA-Pattern (Figure 3, Listing A3). It is a popular but mistaken belief that the different even and odd time steps require duplicate implementation of the stream_collide kernel because the pointers to the DDFs cannot be swapped in between time steps. The loading and storing of the DDFs before and after collision can be placed in functions, and when the LBM time step is passed as a parameter, these functions then switch between loading/storing the DDFs from/to neighbors or at the center point (see Listing A3). The stream_collide kernel then contains calls to these two functions before and after collision, and no duplicate implementation is required. Note that there are also two more modern variants of the AA-Pattern, termed Shift-and-Swap Streaming (SSS) [4] and Periodic Shift (PS) [5], offering benefits in programming languages where pointer arithmetic is available.




3.2. Esoteric Twist


The idea of the Esoteric Twist in-place streaming scheme (Figure 4, Listing A4) is to pull only DDFs for negative directions, execute the collision, and then push only DDFs for positive directions [2]. To resolve data dependencies on concurrent hardware, in even steps, the DDFs are stored in opposite orientation after the collision, and in odd time steps, before the collision, the DDFs are loaded in opposite orientation.



Esoteric Twist resembles a criss-cross access pattern shifted north-east by half a node, accessing the DDFs at a total of 4 nodes (in the 2D case) or up to 8 nodes (in 3D). For certain implementations, this reduces the number of ghost nodes required, but it makes the implementation of the index calculation tedious as it requires manually writing the indices, which are different across velocity sets. On top of this, for some velocity sets such as D3Q15, additional streaming directions must be computed beyond the streaming directions of the velocity set (see Listing A4), making the already tedious implementation even more cumbersome. This is an obstacle to implementing different velocity sets in a modular manner or with code generation. With some LBM extensions such as Volume-of-Fluid, duplicate (inverse) implementation of the streaming is required, so Esoteric Twist becomes very impractical.





4. New Methods: Esoteric Pull and Esoteric Push


My two novel in-place streaming algorithms are based on the same idea as the Esoteric Twist scheme, namely that only DDFs in negative directions are pulled before collision, and that after collision only DDFs in positive directions are pushed. Thus, half of the DDFs are streamed at the end of one stream_collide kernel and the other half at the beginning of the next.



The important observation I made is that the shifted criss-cross pattern of Esoteric Twist is not essential for the swap algorithm to work. I waive shifting the north-west to south-east DDFs north by one node in 2D, and waive shifting other diagonal directions in 3D, abandoning the shifted criss-cross pattern. Instead, the regular streaming direction neighbors are used. This enables a trivial index calculation in two four-line loops (unrolled by the compiler) for loading and storing in a way that works with all velocity sets out of the box. This also makes the implementation less redundant and much less prone to errors, and it further enables automatic code generation.



The Esoteric Pull scheme (Figure 5, Listing A5) in 2D differs from Esoteric Twist (Figure 4) only in the positions of the DDFs for the north-west to south-east directions, which are loaded/stored in their regular locations instead of shifted north by one node. In 3D, other diagonal directions are also not shifted, and their regular streaming directions are used instead to determine the streaming neighbor nodes. This has not only the advantage of trivial index calculation, but also improves memory coalescence for the DDFs in these diagonal directions that would be otherwise shifted by one lattice point with Esoteric Twist, leading to slightly higher performance demands.



The Esoteric Push scheme (Figure 6, Listing A6) is essentially Figure 5 flipped by 180 degrees (except for the temporary DDFs in registers), highlighting two distinct symmetry flips that can be performed independently of each other: a) switching streaming for positive/negative directions, and b) switching even/odd time steps.



Both schemes yield simulations that are bitwise identical to Esoteric Twist. If pointer arithmetic is available, the pointers of DDFs in positive and negative directions can be swapped in between time steps such that memory addressing is the same for all time steps, in the very same manner as for Esoteric Twist.



4.1. Implicit Bounce-Back


In the very same manner as for the Esoteric Twist scheme [2], both Esoteric Pull and Esoteric Push offer the benefits of the ingeniously emerging implicit bounce-back boundaries. Due to the way the DDFs are flipped in orientation for regular fluid nodes, and because boundary nodes are not processed at all (with a guard clause at the very beginning of the stream_collide kernel), the DDFs of boundary nodes are not flipped in memory, so for neighboring fluid nodes, it appears as if their DDFs are already correctly flipped such that bounce-back boundaries automatically apply.



There are three distinct benefits to this side-effect of the Esoteric streaming schemes: (a) fluid nodes do not have to check the flags of their neighbors at all to apply bounce-back boundaries, reducing overall memory bandwidth and increasing performance slightly, (b) memory access is more coalesced, and (c) the implementation is simplified.




4.2. Comparison with Existing Streaming Schemes


When comparing the different streaming algorithms in Table 1 for DdQq LBM, the advantages of in-place streaming become evident, such as reduced storage and, for the Esoteric algorithms, also reduced bandwidth. In-place streaming reduces memory demand by   4  q   Bytes/node. The Esoteric algorithms further reduce memory bandwidth by   q − 1   Byte/node per time step, as neighbor flags do not have to be checked for implicit bounce-back boundaries. Based on their storage and performance properties, Esoteric Pull/Push appear identical to Esoteric Twist, apart from slightly improved memory coalescence for the DDFs in some of the diagonal directions. The main improvements of Esoteric Pull/Push are located in the much more straightforward implementation that is compatible with all velocity sets. Instead of having to manually unroll the loops over the streaming directions and make sure that all indices are typed correctly for each velocity set, the streaming can now be written in a generic way as two short loops that are unrolled by the compiler (compare Listing A4 and Listing A5). This also allows for automatic code generation that many LBM implementations heavily rely on and significantly improves code maintainability.



A recently proposed method for reducing storage and bandwidth by resorting to FP32/16-bit mixed precision [13] makes in-place streaming with the Esoteric schemes even more compelling, reducing memory storage from 169 to 55 Bytes/node—less than one third—and reducing bandwidth from 171 to 77 Bytes/node per time step for D3Q19. Less memory demand per node enables much larger lattice resolutions.



When comparing D3Q19 SRT performance of the different streaming algorithms on the Nvidia A100 40GB GPU with a FP32 single-precision floating-point, One-Step Pull serves as the baseline at   8816   MLUPs / s    (  100 %  ). One-Step Push is slightly slower at   8675   MLUPs / s    (  98 %  ). The AA-Pattern runs with   8269   MLUPs / s    (  94 %  ), Esoteric Twist mitigates the efficiency losses with reduced bandwidth due to implicit bounce-back at   8483   MLUPs / s    (  96 %  ), and Esoteric Pull/Push offer even slightly higher performance at   8522   MLUPs / s    (  97 %  ), due to better memory coalescence for the diagonals that are shifted by one lattice point for Esoteric Twist. Looking at additional performance benchmarks across different hardware configurations (Figure 7), the benefit of less memory bandwidth usage due to implicit bounce-back approximately cancels out the drawback of more inefficient, partially misaligned writes due to the inherent symmetry of the memory access. In comparison with the One-Step-Pull streaming scheme [13], although memory efficiency is lower, performance changes only insignificantly on most dedicated GPUs, with some performance increase for FP32/FP16 mixed precision. On integrated GPUs and on CPUs, however, there is a significant increase in performance due to more efficient use of on-chip cache with in-place memory access. The benchmark case used is an empty box with a default size of   256 3  , with no extensions enabled except bounce-back boundaries, following [13]. For devices where not enough memory was available, the box size was reduced, and for the AMD Radeon VII, the box size was increased to   464 3  .





5. Esoteric Pull for Free Surface LBM on GPUs


Here, to further underline the substantial perks of the added simplicity of Esoteric Pull over Esoteric Twist, the modification of existing Free Surface LBM (FSLBM) code from One-Step Pull to Esoteric Pull in-place streaming is briefly discussed using the example of FluidX3D [14].



Although the One-Step-Pull scheme makes an FSLBM implementation the simplest and most efficient, it can easily be modified to the Esoteric Pull in-place streaming scheme. FSLBM on a GPU requires three more kernels in addition to the stream_collide kernel. To distinguish between node types, three flag bits are required and can be represented as follows: fluid (001, F), interface (010, I), gas (100, G), interface→fluid (011, IF), interface→gas (110), and gas→interface (111, GI). These kernels are first introduced for the implementation of One-Step Pull:



	
stream_collide: Immediately return for G nodes. Stream in DDFs from neighbors, but for F and I nodes also load outgoing DDFs from the center node to compute the mass transfer for Volume-of-Fluid [67]. Apply excess mass for F or I nodes by summing it from all neighboring F and I nodes. Compute the local surface curvature with PLIC [26] and reconstruct DDFs from neighboring G nodes. After collision, compare mass m and post-collision density  ρ ; along with neighboring flags, mark whether the center node should remain I or change to IF or IG. Store post-collision DDFs at the local node.



	
surface_1: Prevent neighbors of IF nodes from becoming/being G nodes; update flags of such neighbors to either I (from IF) or GI (from G).



	
surface_2: For GI nodes, reconstruct and store DDFs based on the average density and velocity of all neighboring F, I, or IF nodes. For IG nodes, turn all neighboring F or IF nodes to I.



	
surface_3: Change IF nodes to F, IG nodes to G, and GI nodes to I. Compute excess mass for each case separately as well as for F, I, and G nodes, then divide the local excess mass by the number of neighboring F, I, IF, and GI nodes and store the excess mass on the local node.






After modifying the streaming scheme from One-Step Pull to Esoteric Pull, a fifth kernel must be added preceding the stream_collide kernel because in the stream_collide kernel, the outgoing DDFs cannot be loaded as neighboring nodes may overwrite them in memory within the same time step (race condition):




	
surface_0: Immediately return for G nodes. Stream in DDFs as in Figure 5 (incoming DDFs), but also load outgoing DDFs in opposite directions to compute the mass transfer for Volume-of-Fluid. For I nodes, compute the local surface curvature with PLIC and reconstruct DDFs for neighboring G nodes; store these reconstructed DDFs in the locations at the neighbors from which they will be streamed in in the following stream_collide kernel. Apply excess mass for F or I nodes by summing from all neighboring F and I nodes.



	
stream_collide: Immediately return for G nodes. Stream in DDFs as in Figure 5 and execute collision. For I nodes, compare mass m and post-collision density  ρ ; along with neighboring flags, mark whether the center node should remain I or change to IF or IG. Stream out the DDFs as in Figure 5.



	
surface_1, surface_2, surface_3: unchanged








In the surface_0 kernel, additional streaming in inverted directions is necessary to load outgoing DDFs and store reconstructed DDFs for neighboring G nodes. Having to perform manual index calculations here, as with Esoteric Twist, would vastly elongate and over-complicate the code and reduce maintainability. With the Esoteric Pull/Push variants, only two simple loops of four lines of code each are required. The full FSLBM OpenCL C implementation with Esoteric Pull is provided in the Appendix B in Listing A7.



The change to the Esoteric Pull in-place streaming algorithm reduces the memory demand for FSLBM from 181 to 105 Bytes/node while only decreasing performance by approximately   20 %   due to the duplicate loading of incoming DDFs and having to store reconstructed DDFs for G nodes. When combined with FP32/16-bit mixed precision [13], the memory demand is further reduced to 67 Bytes/node or about   1 3   of vanilla FSLBM, comparable to or even less than the memory requirements of other (Navier–)Stokes solvers [68,69,70,71].



This, in turn, enables colossal lattice resolutions as illustrated by an example in Figure 8: a   7  mm   (188 lattice point) diameter raindrop,   1.5  ms   (7700 time steps) after impacting a deep pool at   9.55   m s    [24] and   20 ∘   inclination, was simulated with the FluidX3D implementation with FP32/FP16C mixed precision [13]. Lattice resolution is   940 × 940 × 800   or 707 million lattice points. The simulation was conducted on an Nvidia Quadro RTX 8000 GPU with   48  GB   video memory and took 27 min, including the rendering of the image. The code for this setup is provided in Appendix C in Listing A8.




6. Conclusions


In-place streaming is essential for any LBM GPU implementation as it significantly reduces memory demand and increases the maximum lattice resolution. However, existing thread-safe solutions for GPUs, such as AA-Pattern and Esoteric Twist, never gained widespread adoption due to the difficulty of implementation. The new Esoteric Pull and Esoteric Push schemes presented in this work should change that. They build upon the same idea as the Esoteric Twist scheme—streaming half of the DDFs at the end of one stream_collide kernel and the other half at the beginning of the next—but greatly simplify the implementation because of their trivial index calculations, even allowing for automatic code generation. For existing GPU implementations of the common One-Step-Pull scheme, the switch to Esoteric Pull requires only moderate modifications to the code, even if several extensions are already implemented, as demonstrated herein with Free Surface LBM. In contrast, the implementation of Esoteric Twist would be much more difficult and error-prone in such a case, as the index calculation has to be implemented twice in different variations for regular LBM streaming and for FSLBM mass exchange.



The Esoteric Pull and Esoteric Push schemes share the same performance advantage as Esoteric Twist over AA-Pattern: slightly reduced bandwidth due to implicit bounce-back. Moreover, compared to Esoteric Twist, memory coalescence is slightly improved on the otherwise shifted diagonal directions. This allows the Esoteric Pull/Push schemes, with only one DDF buffer, to provide GPU performance on par with the One-Step-Pull scheme with double DDF buffers, despite requiring less efficient misaligned writes. In addition, on integrated GPUs and CPUs, performance is significantly increased.
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The following abbreviations are used in this manuscript:



	LBM
	lattice Boltzmann method



	DDF
	density distribution function



	GPU
	graphics processing unit



	CPU
	central processing unit



	SRT
	single-relaxation-time



	OSP
	One-Step Pull/Push



	AA
	AA-Pattern



	ET
	Esoteric Twist



	EP
	Esoteric Pull/Push










Appendix A. OpenCL C Implementation of the Different Streaming Schemes


Appendix A.1. One-Step Pull




Listing A1. One-Step-Pull implementation in OpenCL C.
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Appendix A.2. One-Step Push




Listing A2. One-Step-Push implementation in OpenCL C.
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Appendix A.3. AA-Pattern




Listing A3. AA-Pattern implementation in OpenCL C.
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Appendix A.4. Esoteric Twist




Listing A4. Esoteric-Twist implementation in OpenCL C.
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Appendix A.5. Esoteric Pull




Listing A5. Esoteric Pull implementation in OpenCL C.
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Appendix A.6. Esoteric Push




Listing A6. Esoteric Push implementation in OpenCL C.
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Appendix B. OpenCL C Implementation of the FSLBM with Esoteric Pull




Listing A7. OpenCL C FSLBM implementation as in FluidX3D [13,14,24].
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Appendix C. Setup Script for the Raindrop Impact Simulation




Listing A8. C++ setup script for the raindrop impact simulation in Figure 8.
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Figure 1. One-Step-Pull streaming scheme. Two copies of the DDFs are used to resolve data dependencies. 
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Figure 2. One-Step-Push streaming scheme. Two copies of the DDFs are used to resolve data dependencies. 
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Figure 3. AA-Pattern in-place streaming scheme [3]. Even time steps: DDFs are pulled in from neighbors, collided, and then pushed out to the neighbors again, but stored in opposite orientation. Odd time steps: DDFs are loaded from the center node in opposite orientation, collided, and stored at the center node again in the same orientation as during collision. DDFs are always stored in the same memory locations where they were loaded from, so only one copy of the DDFs is required. 
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Figure 4. Esoteric Twist in-place streaming scheme [2]. Even time steps: DDFs are loaded in a criss-cross pattern shifted north-east by half a node. After collision, DDFs are stored in the same pattern but in opposite orientation. Odd time steps: DDFs are loaded in opposite orientation in a shifted criss-cross pattern that covers only DDFs not touched in the even time step. After collision, DDFs are written back in the same pattern but with regular orientation once again. DDFs are always stored in the same memory locations where they were loaded from, so only one copy of the DDFs is required. 
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Figure 5. Esoteric Pull in-place streaming scheme. Even time steps: DDFs in positive directions are loaded from the center node, and DDFs from negative directions are pulled in from their regular streaming direction neighbors and are collided. Then, DDFs in positive directions are pushed out to neighbors and stored in opposite orientation, and DDFs in negative directions are stored at the center node in opposite orientation. Odd time steps: DDFs in positive directions are loaded from the center node in opposite orientation, and DDFs from negative directions are pulled in from their regular streaming direction neighbors in opposite orientation and are collided. Then, DDFs in positive directions are pushed out to neighbors, and DDFs in negative directions are stored at the center node. DDFs are always stored in the same memory locations where they were loaded from, so only one copy of the DDFs is required. 
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Figure 6. Esoteric Push in-place streaming scheme. Figure 5 flipped by 180 degrees (except for the temporary DDFs in registers). 
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Figure 7. Performance of Esoteric Pull with D3Q19 SRT on different hardware configurations in the FluidX3D OpenCL implementation, in million lattice updates per second (MLUPs/s). Efficiency is calculated by dividing the measured MLUPs/s by the data sheet memory bandwidth times the number of bytes transferred per lattice point and time step (Table 1). CPU benchmarks are on all cores. Performance comparison with the One-Step-Pull streaming scheme [13] shows only insignificant differences on most dedicated GPUs, but large gains on integrated GPUs and CPUs. 
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Figure 8. Esoteric Pull in-place streaming with FP16C memory compression [13] enables a colossal   940 × 940 × 800   lattice resolution on a single   48  GB   GPU, such as demonstrated here with a raindrop impact simulation. This figure is included in the Supplementary Files as a video. 
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Table 1. Comparing memory storage (Bytes/node) and bandwidth (Bytes/node per time step) requirements of the different GPU-compatible streaming algorithms for DdQq LBM with FP32 arithmetic precision and eight available flag bits per node. With the in-place streaming and implicit bounce-back of the Esoteric schemes, and with FP32/16-bit mixed precision as proposed in [13], memory demands and bandwidth are significantly reduced.
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	Algorithm
	Storage
	Bandwidth





	One-Step Pull
	   8  q + 4  d + 5   
	   9  q   



	One-Step Push
	   8  q + 4  d + 5   
	   9  q   



	AA-Pattern
	   4  q + 4  d + 5   
	   9  q   



	Esoteric Twist
	   4  q + 4  d + 5   
	   8  q + 1   



	Esoteric Pull
	   4  q + 4  d + 5   
	   8  q + 1   



	Esoteric Push
	   4  q + 4  d + 5   
	   8  q + 1   



	 OSP + FP32/16-bit
	   4  q + 4  d + 5   
	   5  q   



	AA + FP32/16-bit
	   2  q + 4  d + 5   
	   5  q   



	ET/EP + FP32/16-bit
	   2  q + 4  d + 5   
	   4  q + 1   
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
— ulong ©, const uchars flagsj) (
(0] = Toad(fi, index_f(n, Ow); // AA-Patiern

ir(en2u) €

elocit
flags)
ry

y_set; 1e=2w) { /7 pull

[(L+1u]&TYPEW 7 index_f(n, i+1v)

regular

index_f(3ivtul,

T
hn i Toad (1)
L U e
B
B
¥ else ¢

Toaa(rs)
Toaa(rs,

1u; i<det_velocity_set; i+=2w) { // load

taden 1, i)
index_fn, 1

local (inverse)

» wlong ¢, const uchars flags))

store(si, index_f(n, ow,

irCenaul) €

for(uint i=1u; i<def velocity set; i+

store(fi, flags)li

B
ma(o]); // A-Pattern

w) € /7 push

JETYPE W 7 index f(n, i )
1); // boundary

regular

index_f(jl1

1

is1w), fhals

< b

3 else ¢

for(uint i=1u; i<dof_velocit:
B

store(fi, index_f(a

L0,

i

set; 1+4) { // store local





media/file30.png
even
time
step

odd
time
step

1/
\
I
\
-:O
'd
7 1

read DDFs from
global memory

=)

=)

temporary DDFs for collision

In registers

PIES

]
N/

/

write DDFs to
global memory






media/file18.png
46 const wint Nelbm.get N(), Nx=lbm.get Nx(),

get By (), Nz=lbm.get Nz(); for(uint

o sy wdy ee, toe coardinsien (o v T
o /7 detine seoserry
18 Iba.rholn] = rho; // set demsity everywhere
w0 i1 (ophare(x, 7, %, floatd(0.6felx, 0.f+ly-2.0f+R+tan(alphaspif/180.05), K+R+2.50),
+Re2.00) €
0 conct float b = sphere_plic(x, y, z, f10a83(0.5f+lx, 0.5f+liy-2.0f+Rxtan(alphaspif
/180.08), HR42.55), R);
51 i Gore-t06) B
2 Tom.u.yln) = einalpharpif/180.08)eu;//+randos synmetric (0.10); // braak
) synmetry by initinlizing vith noiss
B Lbm.u.zln) = -cos(alpharpif/180.0¢)+us//+randos synmetzic(0.10); // break
< symmotry by initializing with moise

if(b=m1.00)
Lbn. tlags(nl = TYPE_F;
bn.philn] = 1.0£;

3 else <
Lbn. tlags(nl = TYPE_T;
on.philn] = b;

3
3
¥
i1(z2=0) 1bm. flags(n] = TYPE_W
else il O
5. flage (n] = TYPE_I;
Toaghital % 0.5, 7/ not stricely necessary, but showld be clesrer (phi is
+ automatically initialized to 0.5f for TYPE.T if not imitialized)
@ ¥ else 1f(z<H) 1ba.flagsln) = TYPEF;
o elen i (e=Ba-) { /7 mako drops that Bit the sivlstien bex ceiling disappess
w 1bm.rholal = 0
n The e (s + TYRELE;
7 h
2o
7 lbmrenow)
74 key.1 = false; // turn off boundary
75 key.6 = trus; // turn on surface raytracing
76 1ba graphics.set_camera(-30.0f, 20.0f, 100.0f, 1.0f);
77 Clock clock;
I/ image
Lba.run (7700u/*units. £ (0.00155)+/);
print_info(*compute time: '+print_time(clock.stop());

clock. start();

Tbn.graphics. writo_trase ();

print_info(*render time: ‘+to_string(elock.stop(), Su));

1/ video

//1b= . graphics urite_traze )

//uhile(univs.si_t (1bm. get_t () <0.00158) {

77 Tba.run (units .t (0.00151) /3000) ;

77 lbn.graphice.urite_frame();

"

J/print_info("conpute + render time: "sto_string(clock.stop(), 3u));
P






media/file21.jpg
any \le2
tme =2
step zis

read DDFs from
global memory

S

temporary DDFs for collision
in registers

7’

write DDFs to
global memory

N





media/file13.png
clamp(fzalfxn, rho2, uzn), -def.c, def c); // limit velocity (for stability
 purposes)
clazp(rzaleyn, rhoz, wya), -
clamp(f=a(fzn, rho2, uzn),
Culculate.forcing. terns(urn, agn. wen fxa, Ira, fzn, Fin); // calculate voluse
= forco terms Fin from velocity field (Guo forcing, Krusgor p.233f)
)4"solse"sR( // VOLUME_FORCE

e, def_c); // force term: Fede/(2erho)

uxn = clamp(uxn, -def_c, def_c); // liait velocity (for stability purposes)
uyn = claspuyn, -def c, dof_c); // force torm: Fedt/(2erho)
uzn = claspuzn, -def_c, dof_c);

Tor(uint 1=0u; i<dof_velocity set; 1e+) Fin(i) = 0.0f
J4sondit"+R( // VOLUME_FORCE
Je"Bitdes SURFACE"+RC
i1 (11agsndTYPE_D) { // node was interface, eventually initiate flag change
bool TYPE_NO Fatrue, TYPE_NO_Getrue; // temporary flags for no fluid or gas
— neignbors
for(uint 1=1u; i<def_velocity_set; i++) {
const uchar flageji_su = flags()(1))&TYPESU; // extract SURFACE flags
s e

TYPED TYPE_NO Gaalags}i_su!=TYPE G}
]
const float massn = masalnl; // load mass
it (massn>rhon || TYPE_NO_G) flags[n] = (flagsnk-TYPE_SU)ITYPE_IF; // set flag
© interface->fluid
“lse if(masen<0.0f || TYPE_NO_F) flags(n] = (flagenk-TYPE_SU)|TYPE_IG; // set flag

 interfaca->g

Bendifr+R( // SURFACE

a0

)4#ifnder EQUILIBRIUM_BOUNDARTE

)+"#ifdat UPDATE_FIELDS"+R(
rhol 51 % xhon; /7 wpdate denaisy tield
ut = urn; // update velocity field

Cutong) sot i+ Cutong) o] = rns
laune(arong) et s (aroneynd + mn)

J#"¥endif'+R( // UPDATE_FIELDS
J+"#else"+R( // EQUILIBRIUM_BOUNDARIES
)+"wifdat UPDATE_FIELDS"+R(
(1 (flagent TYPE_E)) {
zhot =1z thon; 1/ update denadsy tiene
update velocity field

wans /.
(ulong) et _u+Cutongra)
Aot (atong) et 0 (alongyal

endif"+R( // UPDATE_FIELDS
Jeriendit R 7/ BQUILIBRION, BOUNDARIES

float foqldet_velocity_set); // equilibrium DDFs
calculate_f_eq(rhon, uxa, uyn, uza, feq): // calculate equilibrius DDFs

Y4sritdet JOLUNEFORCE"4RC

const flont et -t (detou, 0,51, 1004
for (uint -o T i<dof_velocity ser; 14e) Fin(1] e c_tau;
Bondif"sR( // VOLUNE_FORCE

*iinaet BAUILIIRTON. BOTNDARTES "+ (
for(uint 1=0u; i<def velocity_set; i++) fan(i] = fma(1.0f-def v, fhn[il, fma(def v,
= teqlil, Fin(11)); // gerfors collision (SRT)
J+"#else"+R( // EQUILIBRIUM_BOUNDARIES
For(uint 1=0u; i<def velocity_set; i++) fan(i] = flagenaTYPE_E 7 feq[il : fma(1.07-
' det_u, tnnl4]) tma(deriv, feali), Fin(i); // perforn collision (SKT)
Jersendir R // EQUILTBRIUN_BOUNDARTES
store_f(n, fhn, £i, §, £); // perfors streaming (part 2)
} 1/ strean collide

Jer#ifdat SURFACET+R(

J+R(kernel void surface 0(global fpxxs const global floats rho,
n coumt. iabat Mchize flupe: Biebal Fiots mesms cenct giohas fiospe mzmer,

<> const global floats phi, const ulong &) { // capture outgoing DDFs befors

lobal 1d(0); // n = x+(yezeliy)elix

flagslnl; // cache flags(a] for sultiple readings

6 (flagenk(TYPE_¥ITYPE_G)) roturn; // mode processed here is fluid or imterface

uint jldef_velocity setl; // neighbor indices
noighbors(a, 3); // calculate neighbor indices
float fhn[def velocity set): // imcoming DDFs

const global floate
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store(fi, index_f(n, Ow), fhnlol); //
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1 sdefine TYPEW 0b00000001 // static boundary (wall)

2 #define TYPE_E Ob00000010 // equilibrium boundary or moving bounce-back boundary (inflow
> Joutflow)

3 #define TYPEF 0600001000 // fluid

4 #define TYPE_I 0b00010000 // interface

5 #define TYPE_G Ob00100000 // gas

6
7 #dotine TYPE_IF 0b00011000 // change from interface to fluid

§ #define TYPE_IG 0b00110000 // change from interface to gas

9 #dofine TYPE_GI 0b0O111000 // change from gas to interface

10 #define TYPEISU 0b00111000 // any flag bit used for SURFACE

12 #define fpxx float // switchable data type (regular 32-bit float)
13 #define load(p,o) plo] // regular float read

14 #define store(p,0,x) plolex // regular float write

15

16 )+R(ulong index_f(const wint n, const wint 1) { // 64-bit indexing (maximum 2°32 lattice
> points (1624°3 lattice resolution, 22508)

17 return (ulong)is(ulong)def N+(ulong)n; // Sok (220% faster on GPU)

sy

19

2 en(roid doad £(const uint . floses fhn, const global fpzEs T3, canst wiave . const

uwlong

2 thalo] - Tead m, index_£(n, ow);

2 for(uint i idet_velocity_set;

% ol 1 lond (el inaen i Cn

24 fhnfis1u] = load(fi, index_f(3[i], ti2ul 7 i+lu :

R

% 3

27 )+R(void store_f(comst wint n, const floats fhn, global fpxx+ i, const wints j, const
< ulong ) {

2 store(ri, index_f(n, 0w, fmn(0)); // Esoteric-Pull
29 for(uint i=tw; icdef_velocity sst; ie=2u)

W store(ts, snder.£(JIE1, G Tiedn 11 . il D
s store(ri, imdex_f(n , ti2wl 7 i 1+10)) eaaliriul);
2

Sl

n

33 )+r#ifder SURFACE"+R(
30 )*R(roid load.f_outgoing(const wint n, floate fom, cons global fpxxe i, const winte §,
const ulong &) { // load outgoing DDFs, oven Like stream-out odd, odd: 1:1
© like streas-out even

T rorluint isiu; icdef_velocity ser; ive2w) { // Esoteric-Full
E fonli 1 = load(fi, index.i(3[il. ti2ul e
B foalistu) - load(fi, indertG . vioul 7 istu o
0o

4y

42 )+R(void store_f_reconstructed(const uint n, const floate fha, global fpxxs i, const
= uinte §, const ulong t, const m. ar thags)) (/7 store reconstructed gus oDFs,

 even: 1:1 like streas-in oven, odd: 1:1 like stream-in odd
B torCuiae ieiu: 1<aet velorisy sor; ivsw) (1) Beorerserutl
W 6 (flage) (1+1u]RTYPE_G) store(fi, index_f(n , ti2ul 7 i Letw), thali D/

=+ Tonly store reconstructed gas DOFs to locations from which
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J+R(void load_f(const uint n, floats fhn, const global fpxxe i,
o siens o) ¢

thal0] = Toad(fi, index_f(n, Ow); // Esoteric-Taist
y47#if deined (0209)"+R(
thal1] = load(fi, index_f(n n2u1 7 1 2));
(2] - load(ei, inder £ G0 Uil 7 2 1 Dt
tha(3] = load(fi, index f(n | th2ul 7 3 : 4));
thala] = load(fi, index_f(j[3], th2ul 7 & : 3));
thal6] = load(fi, indox f(n ., th2ul 7 5 : 6));
thal6] = load(fi, indox_f(j[5], th2ul 7 6 : 5));

thal7] = load(fi, index_f(3[3], th2ul 7 7 : 8)); // attention

tha(6) = load(fi, index_f(3(1], th2ul 7 8 : 7)); // attention
J4THalil dofined (D3015)"+R(

uint x0, xp, xm, y0. yp, ym, 20, zp, zm;

onet winte j, conet

coleslateindicos(a, b, brp. bm. 0, byp, bym, b0, kap, bim)
fhal 1) = load(f1, index t(n L ezl 7 25
fnl 2) - dona(ed, ndext (00 iz 7 N
hn 3) = load(fi, index_f(n Leiul 7 3 4
fhnl 4) = load(fi, index_t(j(3) ., th2ul ? 4 : 3
fhal §) « load(fi, index_t(n Ltiu 7 s ©);
fonl 0 © dond(1, indestGUe LB T 8 8
il 7) « load(fi, index_t(n D2 7 7 B
fnl 8] = loaa(fi, index_t(3(7) . ti2ul 7 8 : D)
fhnl 9] = load(fi, index_f(j( 6] , th2ul 7 © : 10)); // attention
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// prevent interface

308 if(flagsji: SR s U Sheesios TR
¥ netghbor nodus from beconing ga

309 Cloe 11CEIage 11 sue TUPEG) flage(3141) = flagsji_rITYPEGI: // moighvor nodo was
= gas and must change to interface

310 )

s

3123 // possible types at the end of surface.iO: TYPEF / TYPET / TIPEG / TYPEIF /

rho, const global floats

TYPE_IG / TYPE_GI
A3 DeR(kernel ol surface.2(gloval fpxce 64, const grobal flonte
global uchar< flags, const ulong t) { // apply flag changes and calculace

314 const uint n = get_global_1d(0); // n = x+(yszeliy)olix
315 const uchar flagsn_su = flags[n)ECTYPE_SUITYPE_W); // extract SURFACE flags
36 ArClagensus=TVPEGD) { // inicialize the fi of gas nodes that should becone
Snterface
317 loat shon, uEm, uyn, wani // avesage over all fluid/interfsce neighbors
38 sverago_msighbors.zongus (n, sho. u. flagw. Ezhon, kusn, buym, kuam); // gov svernge
Thofu fron all fluid/ineerface neighbors
float xeq[ of _velocisy_set];
calculate_f_eq(rhon, uxa, uyn, uzn, feq); // calculate squilibrium DDFs
setl;

wine j[def_velocit
neighborsa, 9
Store f(n, feq, £, §, ©)i // write faq to £i in vidso memory
32} else if(flagen su=sTYPE_I6) { // flag interface->gas is set
uine jldef_velocity setl; // neighbor indices

7/ calculate neignbor indices

s
32 neighbors(a, 3);
327 for(uint i=lu; i<daf velocity set; ies) {

const uchar flagsji = flags(j[11];
const uchar flagsjisu = flagsjit(TYPE_SUITYPEW); // extract SURFACE flags
const uchar flage)ix « flagai-TRESU, // extract all non-SURFACE flags
L (flagsji BLF 11 flags i su==TYPE_IF) {
Cags U1 LI1) = fingesi s IEWPELL: 7/ provess fluid or incerface neighbors that
= turn to fluid Trom boing/bocoming fluid

331 )
3 )

3 3 // possible types av the end of surface.20: TYPEF / TYPET / TIPE.G / TYPEIF /

TYPE_IG / TYPE_GI
337 )+R(kernel void surface_3(consi global floats rho, global uchars flags, global floats
 mass, global fldate massex, global floats phi) { // apply flag changes and
~ calculate excess mase
1400); // n = x+lyezeliy)olix

38 const uint n = get_global_
339 const uchar flagsn_su = flags[n)ECTYPE_SUITYPEW); // extract SURFACE flags
W it (tlagen sukTIFE W) return;
341 const float rhom = rholnl; // demsity of node n
¥ flow: e = masslnl: /7 sase of nsde n

0:01 // axcess mass of node »

33 float massexn
344 float phin = 0
35 if(flagan_su

massexn = masen-rhon;

VPE.E) € // regular fluid node
/7 dump mass-rho difference

346
347 massn = rhon; // fluid node mass has to equal rho
a8 phin = 1.01;
¥} alee H(Flagn.n=TWED) { /] soguler intartace mods
350 massexn = macen>rhon 7 masea-rhon n<0.0f 7 massn : 0.0f; // allow interface
T medes wien anss>ehe or mass<o
351 massn = clamp(massn, 0.0f, rhon);
) Phin = calculate_phi(rhon, massa, TYPE_D); // calculate fill level for mext step (
©» only mecessary for interface nodes)

=3 e TYPE_G) { // rogular gas modo

351 massoxn = masea; // dump romaiming mass into excess mass

355 massn - 0.01;

356 phin = 0

3 ) tise 1eChlagan_susTYPEI) { // flag tntorface->ilutd Ls ser

Y flagstal - (flags (alt “TUPE_SU) [TYPE.F; /7 node bocones {1uid

359 massexn = massn-rhon; // dump mass-rho difference into excess mass

360 Taman s Thons 77" fhaid nods base has 4o sauei Fhe

361 Phin = 1.01; // set philn) to 1.0f for fluid nodes

32 ) else mmgsn su==TYPE_IG) { // flag interface->gas is set

00 flags (] = (flags (n)&-TYPE_SU) ITYPE_G; // node becomes gas

361 nassexn = massn; // dump remaining mass into excess mass

365 masen = 0.0f; /] gus maas was o be zero

366 phin = 17 sac philn) o .01 tor gas nodes

37 ) thee 1t Citngan eneTVPEGD { /7 f10g saa->intartuce in st

308 flags (o) Hizes (e TevE s | TypE T node bacomes interface

369 mansein = massnirhon 7 nesiacthon : missn<o.0f 7 masen i 0.0 // allaw interface

= nodss with massorho or was<o
70 massn = clamp(massn, rhon) ;
71 Thine calesiate pni (shon, masen. TIPE.D); // calculate £111 level for mext sep (
“+ only necessary for interface nodes)
oy
// meighbor indices

373 uwint §[def velocity set]:
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load_f(n, // 1oad incoming DDFs
Toni fonlaet.verociiy aes 3; /1 outgoing o0rs
fon[0] = fnnl0); // fonl0] is already loaded in fan[0]

load_f_outgoing(n, fon, £i, J, ©); // load ourgoing DDFs

float masen
for (uint

massnl;

i iedef_velocity set; 1+0) {

massex[j[11]; // distribute sxcess mass from last step which is stored in
) neighvore

¥

§£(flagsnbTYPEF) { // node is fluid
foruine i-tu; icdet velecivy saes 1e0) masen

o s
oo T agene TR D) /) node to imerface
Fross phi{Taotveraiiny socls 17 cachs 101 evel of metghbor lactice poists
orCuint i-lu i<def velocity set; i++) phijlil = philjl:l1; // cache £ill level of
> noighbor lattice points
“loat mhon, win, wyn, umm, Tho_laplac

hnli]-fonlil;

/ neighbor is fiuts

0£5 // no surface temsion if rho_laplace iz
)+"gifndot EQUILIBRIUN BOUNDARIES"4R(
calculate_rho_u(fon, &rhon, busn, buyn, duza); // calculate donsity and velocity
= fiolds from fon (not fha)

)+"kolse"sR( // EQUILIBRIUN_BOUNDARIES
16 (lagsntTYPE_B) {
rhon = rho( )i // apply preset velocity/density
wxn = ul n);
uyn =l Culong)def_N+(ulong)n):
uzn = ul2ulsCulong)det N+ Culong)nl;
3 else ¢

calculate_rho_u(fon, &rhon, #umn, kuyn, fuzn); // calculate density and velocity
> 1ie1ds from fon (not fhn)

EQUILTBRIVN_BOUNDARTES
Clamp(umm, ~df_c, det c); // linit velocisy (for stabilisy purposes)
wm - lamp(un. -detc) det o)
Clasp(usn, detic, detor!
TS T0) o alewiave phi(rhon massn, flagen); // don’c load philn] from sesery,
“» instead recalculste it with mass corrected by excess mass
ho_laplace = def_6_signa==0.0f 7 0.0f : def_6_sigmascurvature_calculation(n, phij,
2 ph1); // surface temsion least squares fit (PLIC, most accurate)
floar feglder_velocity_setl; // reconstruct f from neighbor gas lattice pointe

const float rhoztmp = 0.5¢/rhon; // apply external volume force (Guo forcing,
» Krueger p.2330)
const floas wxntmp = clamp(fma(def_fx, rhodeap, uxn), ~def_c, def_c); // limit
) velocity (for stability purposes)
const floas uyntmp = clamp(fma(def_fy, rhodtsp, uyn), ~def_c, def_c); // force ters
Frds/(2rrho)
conmt flost wmatup - clemp(faa(def.fs, shodtap. wam), ~def.c. det o)

caloulste £ aq(1.0f-sho laplace, ucntsp, uystmp, szatep. feg); // calculate gas
D iiibrine DDPe with scastent subiems pressare
uchar flagsj[def_velocity set]; // cache neighbor flags for multiple readings
or(uint i=luj i<def velocity set; i++) flagej[i] = flags[j[i11;
for(uint i=tu; i<def_velocity set; 1+=2u) { // calculate mass oxchange between
» current node and fluid/interface nodes
masen o- fag)li JCNPEEITOE D ©flagej(3 | JWTELE T fhalion) Lol
0.564(phij(i Jephij(0))+(fhalie1 J-fonli 1) : 0.0f; // neighvor is
© fluid or imterface node
massn += flagej(1+1ulk(TYPE_FITYPE D) 7 flags][i+1u)eTYPE_F 7 thali ]-fon(i+lu]
= 0.5re(phijlistulephij(0) +(thali J-fonli+iu)) : 0.0f; // fluid
= intertace : gas

3

for(uint ie1u; i<def_velocity_set; 1+=2u) { // calculate reconstructed gas DDFs
thali ] = teg(i+iu)-fon(irtulstegli 1
thnliv1u) = togli  J-fon(i lefeglisiul;

3

store_f_reconstructed(n, fha, fi, J, t, flagsj); // store reconstructed gas DDFs
e S I uring e fo1 ening streen coriias O
i
mass (] = massn;
¥
JeR(kernsd void surface 1(global uchars flags) { // prevent neighbors fron interface->
+ fluid nodes to become/be gas nodes
conot uint n = ge-glabal 1d(0)5 1] o x+Cyrzaly)siix
const uchar flagsn_su = flags (n]&(TYPE_SUITYPE¥); // extract SURFACE flags
i£(flagen_su==TYPE_IF) { // flag interface->fluid is set

uint 3[def_velocity setl; // neighbor indices
setgrbors G, 13 /7 cnlcniace nelghbor indices
for(uint i=lu; i<def_velocit. i 0
Cont wenar flagesi o fap D0
const uchar flagsji_su = flagsjiE(TYPE_SUITYPEW); // extract SURFACE flags
const uchar flagsji r = flagsji&-TYPE SU: // extract all non-SURFACE flags
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fhn[10] = load(fi, imdex_f(xpiyp+s0, t12ul 7 10 : 9)); // atteation,
) ctreaming direction required beyond velocity set
an(11] = load(fi, index f(j[ 3] , t42ul 7 11 : 12)); // astention

an[12] = Toad(fi, index_f(xpeyO+zp, t42ul 7 12 : 11)); // attention,
gy Simemnia Uirection required beyond velocity set
n(13] = load(fi, index fGL U (/Ju,\ 713 : 14)); // attention
hn(14) = load(fi, index_f(x0+yp+zp, ti2ul 7 14 : 13)); // attention,
 ireaning irection seqired bepond velootty sec
)4+78OLit doTined (D3R19) "+R(

anl 1] = load(fi, index_f(n si2ul 7 1 2);
nnl 2) = load(ti. index (L 1)) k20l 7 2 5 1)
[ 3] = Toad(ti, index_t(n ti2ul 7 8 &)
fhnl 4) = load(ti. index_f(SL 31, th2ul 7 & ¢ 9);
anl 6] = Toad(ti, index_t(n |, ti2ul 7 5 : )
thnl 6] = load(ti, index_t(j[ 5], ti2ul 7 6 : )
thnl 7] « load(ti, index_t(n wi2ul 7 T 8
ol 8] « load(ri, mmm[v]. wi2ul 7 s T
ol 9] = load(fi, index_f(n taw 7 o0
£10(10] = load(fi, index_f(S[ 91, 70 0 90
fan(11] = load(fi, index_f(n : 12))5
n(12] = load(fi, index f(j[11)] ¢ 1)
n013] = load(fi, index £(3[ 31, ¢ 14)); // avtention
an[14] = Toad(fi, index_t(G[ 11, < 13)); // avtention
(18] = Toad(fi, index_f(5[ 51, < 16)); // atzention

18)); // avzention

Load(ri) index_£(3[ 11, ©
Toad(ri, index_f(3[ 51, th2ul 7 17 : 18))}
= load(i, index_f(5[ 31, w424l 7 18 : 17)); // attention
)+78e1ir dofined (D3G27)"eR(

load(fs, index_f(n a7 12
load(ri, index f(3L 11, ¢k2a1 7 2 1 1))

anl 3] = Toad(fi, index_f(n damroa 9

nal 4] = load (i, index (L al, tiaul 7 4

ol 81 < Toma(er, hameGl v 5 o)

anl 6] = Toad(fi, index f(j[ 5], th2ul 7 6 : 5));

anl 7] = Toad(fi, index f(n | th2ul 7 7 : 8);

anl 8] = Toad(fi, index t(iL 7], th2ul 7 8 1 7))

anl 9] = Toad(fi, index f(n | ti2ul 7 8 : 10));

n[10] = Toad(fi, index_t(j[ 8], th2ul 7 10 : ));

n(11] = Toad(fi, index_f(n | th2ul 7 11 : 12));

n(12] = Toad(ti, index_t(j[11), th2ul 7 12 & 11));

hn(13) = load(fi, index_£(3[ 3], t2ul 7 13 & 14)); // attention

hn(14] = Toad(ti, index_t(3[ 1], th2ul 7 14 & 13)); // attention

hn(16] = load(ti, index_t(3[ 5], t¥2ul 7 15 : 16)); // attention

£hn(16) = load(1i, index_f(3 1), ti2ul 7 16 : 15))5 // attention
n(17) « Toad(ti, index_t(J[ 5], ti2ul 7 17 & 18)); // attention
hn (18] « Toad(ti, index_t(J[ 3], ti2ul 7 18 & 17)); // attention
(18] = load(fi, index_f(n w7 19 ;200
£1n(20] = load(fi, index f(3(18)) ti2ul 7 19));

an(21] = load(fi, index_t(j[ 51, a2 /1 avcencion
an(22] = load(fi, index_£([ 7] 722 1 2005 // atvention
1n(23] = load(fi, index £(j[ 31, 723 1 24)); // atvention
an[24] = Toad(fi, index_t(3[ 8], Ti2ul 7 24 : 23))! // atcenzion
an (251 = Toad(fi, index_f(3[ 11, T2ul 7 25 : 26)). // atcenzion

n[26] = Toad(fi, index_f(j[11], t¥2ul 7 26 : 25))| // accention
Jrsenait R 11 03g27
J+Cvate store_toonst uimt u, const lante ¢ onst
»ulong © €
store(fi, index_f(n, 0w, fanl0]); // Esoteric-Tuist
J+781E dofined (209)"+R(
store(fi, index f(j(1), €42e1 7 2 : 1), fan(11);

store(fi, index f(n , ei2el 7 1 : 2), fan(2]);
store(fi, index_f(j(3), ¢X2ul 7 4 : 3). tan(3]);
store(fi, index f(n , ¢i2ul 7 3 : &), thn(al);
store(fi, index_f(j(5), ¢k2ul 7 6 : 5). thn(61);

: 6y, thale]);
£ 7). tha(7]); // attention
:8), thn(8]); // attention

store(si, index 1

store(fi, index f(n 1 ). thal 2));
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£ // separate block to aveid variable name conflicts
y+tifdes VOLUME FORCE'-R( // appiy force and collisicn sperator, write to fiin vides
mesory
const flast rhoz
< .2338)

external volume force (Guo forcing, Krueger

0.5¢/rhon; // appl.






media/file3.png
)+R(void store f(const uint n, const

schars flage)) {
stora (i, inden tin,
for(uint i=tu; i<def
store(13 riageiUi
11 vow

B

0w, malol);

floats fhn, global fpxx

18, const ui

7/ bre-Step-push
Selw) ¢ otadex fGlE

se=2w) €
o

_velocity
JETYPE W 7 index_f(a,
rapular

ndary






media/file0.png





media/file17.png
1

#include "1bm.npp"
void main_setup() { // raindrop setup (sdefine D3QIS,
- EQUILTSRIUN_BOUNDARTES , SURFACE, FP16C)
const int box_dismeter = 940;
flost drop_diamoter - bos_diamster/s;
const int select_drop_size

R

£f(drop_diameter==-1.0f) drop_diameter = 0.1fx(floas)box_diameter;
consc float scale = (float)box_diameter/(10.0f+drop diameter); // 256.0%/400.0%;
tog;

7 rain drop parameters from "Effects of Altitude on Marimuz Raindrop Size and Fall
Yelocity ue Lisited by Collisional resiap . Fip. 3 in Slomnice
float const sinu = 1.0508E-6f; // kinematic shear viscosity [m-2/s] at 20C and 35g/1
+ealinity
const float si_rho = 1024.81031;
const float sisigma = 73.81E-3f; // fluid surface tension [kg/s-2]
4 ealinity
const float sig = 9.81f; // gravitational acceleration [a/5°2]
const float alpha = alpha_sim; // ispact angle [degreal, 0 = vertical
const float siDs(] = { 1.08-3f, 1.5E-3f, 2.0E-3r, 2.5-3f, .
4.58-3%, 5.08-3f, 5.SE-3f, 6.08-3f, 6.5E-3¢, 7.0E-3f, 4.1E-3f };
conet flont ah sl - {4,505, 5.30¢s w0t
9.05¢, 9.20r, 9.30f, 9.40f, 9.451, 9.55f, 7.21f };
conse clont 4. = 4D Laeiect deop sisels /) drop dismsser la] C1-Te)
const float si_u = si_us[seloct_drop_sizel: // impact welocity [m/s) (2.50-9.55m/5)
const float siB = 4.0f+siDescale; // liguid pool hoight [m) (4+D is sufficient for
deep yow))
const float siLx
const float silz = B.5fesi

/7 $1ni demaity [ig/ama) st 200 and 366/1 salinity
20C ana 35g/1

I

10.0f4s1 Descale; // simulation box wideh [a]
Tbescale; // simalation box hoight [n)
// doternine a lemgth, a velocity and the =mean demsity in simulation units
Conet Thoat L + (Float)box diamevers // similation box width

const float u = 0.08f; // impact velocity
const flost sho = 108 // danaity
units. set_n_kg_e(Lx, u, rho, 10 $1.7b0); // calculate 3 indepandent
< cowerdion ncvore e, g
prinstafo(eD = oso.sering(et s, Bud)
print_info("Re = "sto string(units.si_Re(siD, siu, sinw), 6w);
Frint_into(e » Tvto-string (untts. st _Ve(ed D *iiul sileme, b eigme), Bu):
primointo (7r - vtosstring (it ST (51D, s, sie). 60
Tinfo("Ca = "+to string(units.si Ca(siiu, sirho, sinu, si_sigma), 6u));
Tinfo("Bo = "eto string(units.si Bo(si D, sirho, sig, si_signa), 6u);

Brimointo(-10me  rToistring Cuniie i (o 01To en BN Srepiids

const float mu = units.nu(sinu); // caleulate values for remaining parameters in
©+ simulation units

const float sigme = units.signa(si_signa);

const float f = units.f(si_rho, si_g); // force per volume

conat float Lz = 800;//unite.x(si iz);

const float H = unite.x(siK);

const float R = 0.5feunits.x(siD); // drop radius

/7 detine simulation box size, viscosity and volume force

LB 1bm(to_uine (Lx), to_uint(lx), to_uint(Lz), nu, 0.0f, 0.0f, -f, sigma, 0.50); //
© largast box size on Titan Xp with FPa2: 38472, FPI6: 46473
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