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0a30BHX TEXHIK IHKAICYyJLil Ta OEe3MepenIKoAHO MPOIyCKAloTh Tpagdik TECTOBUX
DNS-tyneniB. Leit ¢axkt miaTBepKye HasBHICTH Bpa3iIMBOCTEil i OOIPYHTOBYE
HEOOXiHICTh TTTMOOKOr0 MOJENIOBAHHS METOAIB 00Xx0dy GimpTparii, M 4oro
MPOEKTOBAHUI MPOTOKOJ BUCTYIIATUME OCHOBHHM 1HCTPYMEHTOM TECTYBaHHS.
[onepenHiit ananmi3 miaTBepILXKYye, Mo TpaaumiiHi DPI-pimenns nposaiinepis,
OpI€HTOBaHI Ha CHTHATYPHHH TIIONIYK, € KPHUTHYHO BPa3IMBHUMHU JIO METOHIB
nuHaMigHO 00¢yckanii Ta HecraHmapTHoro mm¢pysanHs Ha piBHi DNS. [lns
HaIifHOTO 3axXuCTy IHQPACTPYKTYypH Ta 3aKpHUTTS LUX “‘CIIMUX 30H” HEOOXiTHO
3MICTUTH (OKyC i3 NIpsMOi IHCHEKIiI KOPHCHOTO HaBaHTa)KCHHS Ha EBPUCTHYHI
mojeri. EQexkTrBHa NPOTHIiS CydacHUM NPUXOBAaHHUM KaHalaM 3B’SI3Ky moTpedye
BIPOBA/KEHHSI CHCTEM IOBEAIHKOBOTO aHali3y Ha 0a3i MallMHHOrO HaBYaHHI [6],
3IaTHUX CBO€YACHO BUABJIATH aHOMaJii Ta HeTunosi natepHu DNS-komyHikarii.
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Smoothed Particle Hydrodynamics (SPH) is a Lagrangian particle-based method
widely used for simulating fluid dynamics. Each particle interacts only with neighbors
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located within the kernel support radius h. A naive search over all particle pairs
requires O(n?) operations, which becomes prohibitive for large n, making efficient
neighborhood search one of the most important performance bottlenecks of any
practical SPH solver [1].

Uniform grids and spatial hashing reduce the cost to approximately O(n), but on
GPU architectures additional considerations are required: memory access patterns
must be coalesced, dynamic memory allocation should be avoided, and parallel
sorting algorithms must be carefully chosen. This paper presents a GPU-adapted
compact hashing scheme combined with Bitonic Sort, designed to maintain memory
locality and predictable runtime for real-time SPH simulations [2, 3].

Compact Hashing. Following the approach of Thmsen et al. [2], a uniform grid is
constructed over the simulation domain with cell size equal to the kernel support
radius h. Each particle is mapped to a grid cell based on its position. The 3D-to-1D
hash function is given by:

c=([x/d/p: @ [y/d]p: B [z/d/ps) mod m, (D
where d is the cell size, pi, p, ps are large prime numbers, and m is the hash table
size. To ensure predictable memory access and avoid runtime overhead from dynamic
allocation, the hash table is pre-allocated with size equal to the number of particles.
While this does not eliminate hash collisions, it minimizes allocation overhead and
enables efficient parallel processing.

Bitonic Sort on GPU. After hash indices are computed, particles must be sorted
by their grid index to ensure spatial locality during neighbor search. For GPU
execution we adopt Bitonic Sort introduced by Batcher [4], which is highly structured
and well-suited to parallel architectures. A sequence is called bitonic if it first
increases and then decreases. The algorithm recursively builds bitonic subsequences
and merges them into a sorted result using compare-and-swap operations executed in
parallel by GPU threads.

The overall complexity is O(n log? n) but each level executes fully in parallel,
which gives a wall-clock advantage when n is large. After sorting, particles in the
same or adjacent grid cells are stored contiguously in memory, dramatically
improving cache utilization during the neighbor query step.

Neighborhood Query. For each particle, only the 27 (or 9 in 2D) cells in the
immediate vicinity of its grid cell are evaluated. The cost of the query scales linearly
with the number of particles, i.e. O(n). The pseudocode of the integrated procedure is
presented in Algorithm 1.

Algorithm 1. GPU-adapted neighborhood search

1: for all particles i in parallel do
2:  compute hash c¢; from particle position x; via Eq. (1)
3: end for
4: BitonicSort(particles by ci) // parallel on GPU
5: for all particles i in parallel do
6: for all 27 cells in vicinity of ¢; do

7:  collect candidates with Ixj — xil <h
8: end for
9: end for
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Results. The proposed scheme was implemented using compute shaders and
tested on a benchmark with up to 75,000 fluid particles. The GPU-based
implementation completes one full simulation step in approximately 10 ms. For
comparison, a multi-threaded CPU implementation requires about 250 ms, and a
single-threaded CPU implementation requires about 690 ms for an equivalent particle
count. The reported speedup factor exceeds 25x compared to the multi-threaded CPU
baseline and 65x compared to the single-threaded baseline, confirming that the
dominant share of the gain comes from the parallel neighborhood search [5].

Pre-allocation of the hash table with size equal to the number of particles
eliminates allocation overhead and stabilizes per-step timings. The locality enforced
by sorting reduces irregular memory access in the subsequent density and pressure
passes, which is particularly important for IISPH-based incompressible solvers where
multiple Jacobi iterations are executed per step.

Conclusions. This paper presented a GPU-adapted neighborhood search
procedure for SPH simulations based on compact hashing and Bitonic Sort. The
combination of pre-allocated hash tables, structured parallel sorting and cell-based
neighbor queries enables linear scaling with the number of particles and real-time
performance for ensembles of tens of thousands of particles. Future work includes
adaptive hash table sizing and extension to multi-GPU configurations.
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CyuacHi  Be03aCTOCYHKHM  BIIpPI3HSIOTBCS  CKJIQAHOIO  0OaraTopiBHEBOIO
apXITEKTypoIo, siKa BKJIIOYAE CEPBEPHY 4YACTHHY, KII€HTCHKHH 3aCTOCYHOK, 0asu
JTAHHX Ta CEPBICH PEALHOTO Yacy. 3a TaKUX YMOB py4HE TECTyBaHH il pO3rOpTaHHS
IIPOTPaMHOTO MPOAYKTY cTae HeeheKTHBHHM i pu3ukoBaHnM. Metonomoris CI/CD
(Continuous Integration / Continuous Deployment) 3abe3neuye aBTOMaTH3aliio
HPOLECiB MEPEBiPKHU, CKIaJaHHs Ta JOCTaBKH 3MiH 70 BUPOOHHYOTO CepelOBHIIA,
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