Simple Projectile Simulator
Tristan Shahbick



The Problem & Its Importance

e Handling projectile updates by the thousands is expensive!

o Bullet-hell games are in shambles!
Even more so when they do more than just move in a straight line:
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Naive CPU Implementation

e The process:
e For each projectile (n)

o For each other projectile (n-1)
m Calculate how gravity affects us

o Update position
e Runsin O(n?) time
e Works okay for small n...

void
update_cpu(Projectile* h_projs, float delta_t)

* needs a read-only buffer to avoid race conditions when updating position,

Projectile snapshot[MAX PROJS];
memcpy (snapshot, h_projs, MAX PROJS * sizeof(Projectile));

for (int i = @; i < MAX_PROJS; i++)
{
if (!snapshot[i].active)
continue;

Projectile p = snapshot[i];
float normalized dt = delta t * 60.0f;

float grav_x = @.6f;

float grav_y = @.0f;

/* gravity computation

for (int j = @; j < MAX_PROJS; j++)

if (j == i || !snapshot[j].active || snapshot[j].gravity == )
continue;

float dx = snapshot[j].pos.x - p.pos.x;
float dy = snapshot[j].pos.y - p.pos.y;
float dist_sq = dx * dx + dy * dy;

if (dist_sq < 1.ef)
continue;

float dist = sqrtf(dist_sq);
float force = snapshot[j].gravity / dist_sq;

grav_x += (dx / dist) * force;
grav_y += (dy / dist) * force;
update_standard_projectile_velocity(&p, grav_x, grav_y, delta_t,

normalized dt);

h_projs[i] = p;




Naive CPU Implementation
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Naive CPU Implementation |

The process: -—->
For each projectile (n)
o For each other projectile (n-1)
m Calculate how gravity affects us
o Update position
O(n?)
Works okay for small n... indof

We want n to be as large as 100,000!
o CPUis no longer an option :(

We turn to the GPU...

void

update_cpu(Projectile* h_projs, float delta_t)

{
/* needs a read-only buffer to avoid race conditions when updating position,
* etc. */

Projectile snapshot[MAX PROJS];

memcpy (snapshot, h_projs, MAX PROJS * sizeof(Projectile));

for (int i = @; i < MAX _PROJS; i++)

{
if (!snapshot[i].active)
continue;

Projectile p = snapshot[i];
float normalized dt = delta_t * 60.0f;

float grav_x = @.6ef;
float grav_y = @.0f;

/* gravity computation */
for (int j = @; j < MAX_PROJS; j++)
r

if (j == i || !snapshot[j].active || snapshot[j].gravity == )
continue;

float dx = snapshot[j].pos.x - p.pos.x;
float dy = snapshot[j].pos.y - p.pos.y;
float dist sq = dx * dx + dy * dy;

if (dist_sq < 1.ef)
continue;

float dist = sqrtf(dist_sq);
float force = snapshot[j].gravity / dist_sq;

grav_x += (dx / dist) * force;
grav_y += (dy / dist) * force;
)
update_standard_projectile_velocity(&p, grav_x, grav_y, delta_t,
normalized dt);

h_projs[i] = p;
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Suitability for GPU Acceleration?

e Fortunately, updating logic nearly 100% parallelizable!
o Every projectile can be updated by a single thread on the GPU

e Logic that isn’t suitable goes on the
o Spawning new projectiles
o Keeping track of how many are active
m Faster than keeping track on the GPU
o Calls to the OpenGL render pipeline to put the projectiles on the screen
o At some point these will become a bottleneck for the GPU
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GPU Implementation | .
® Goal: “make lt Work on the GPU» b

o Global memory only, no fancy optimization strategies
e.g., binning, spatial sorting, etc.

e Each thread runs the gravity computation

o nthreads each doing O(n) work
o Scales far better than the CPU version:

CPU Implementation
# Projectiles Avg FPS-CPU (i9 13900k)

2048 3 1000.52
4096 A 479.02
8192 ! 236.59
10240 4 200.8
65536 31.95

® OCCupal’lcyt 83.30/0 cudaOccupancyMaxActiveBlocksPerMultiprocessor()
e Ideal performance: # Threads 64 >=n <= 192
o Something else we can tweak too... registers!

_ global _ void
update(Projectile* projs, Projectile* projs_snapshot, float delta_t)
{

int i = blockIdx.x * blockDim.x + threadIdx.x;

if (i >= MAX_PROJS)
return;

Projectile p = projs_snapshot[i];

if (!p.active)
return;

float normalized dt = delta t * 60.0f;

float grav_x = 0.0f;
float grav_y = ©.0f;

for (int j = @; j < MAX_PROJS; j++)
r
1
Projectile pj = projs_snapshot[j];
if (3 == 1)
continue;

if (!pj.active || pj.gravity == @)
continue;

float dx = pj.pos.x - p.pos.X;

float dy = pj.pos.y - p.pos.y;
float dist_sq = dx * dx + dy * dy;

if (dist_sq < 1.ef)
continue;

float dist = sqrtf(dist_sq);
float force = pj.gravity / dist_sq;

grav_x += (dx / dist) * force;
grav_y += (dy / dist) * force;

}

update_standard_projectile velocity(&p, grav_x, grav_y, delta_t,
normalized_dt);

projs[i] = p;
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GPU Implementation
Goal: “make it work on the GPU”

o Global memory only, no fancy optimization strategies
e.g., binning, spatial sorting, etc.

AD102-300-A1 e

O
. . ?
Each thread runs the gravity computation ° But why/Hows
o nthreads each doing O(n) work o The kernel is memory latency bound

O (Would probably be catastrophic if it was compute bound)

o Scales far better than the CPU version: o Waiting on global < Spilling to local

CPU Implementation
# Projectiles Avg FPS-CPU (i9 13900k)

2048 : 100052 o Allows for more SMs at once = better
4096 : 479.02 . 1.

8192 | 23659 latency hldll’lg

10240 : 200.8

65536 3195

~5.5% performance gain
OCCUpanCVZ 83.30/0 cudaOccupancyMaxActiveBlocksPerMultiprocessor()

Ideal performance: # Threads 64 >=n <= 192

. ) l # Registers Avg FPS Kernel Time Occupancy
o Something else we can tweak too... registers! 3 YRS 0.0085 100%
nvce compiler flag: -maxrregcount-=... ] 2511 0.0083 100%

o Some performance to be squeezed out -—-> CEeMGPE]  236.59 0.0172 83%



Naive Binning GPU Implementation

——

Goal: “place projectiles into bins so that each prOJectl le only needs to

search it’s neighboring bins”

o Makes much more sense for collision detection than gravity
o Still global memory only at this point

First kernel places each projectile into a bin

Second kernel updates each projectile
o 11 mapping blocks to bins
o All threads in a block only search a 3x3 neighborhood (self + 8 adjacent bins)
m 9 * BIN SIZE searches instead of MAX PROJS per thread at most!

Small problem

o When you have projectiles that attract each other, bins tend to get full quickly!
m If aprojectile lands in a full bin, it isn’t affected by gravity; only updated by last
known velocity



Naive Binning GPU Implementation

e Visualization: (32 x 18

bins)
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Naive Binning GPU Implementation || - |

e Performance!

e Important Note: Binning necessarily changes program behavior
o Less ideal for a realistic gravity simulation; generally not an issue for collision detection

CPU Implementation Naive Binning GPU Impl.
# Projectiles Avg FPS-CPU (i9 13900k) Avg FPS Avg Kernel Time (ms)
2048 1000.52
4096 479.02
8192 236.59
10240 200.8
65536 31.95

e 1000.52 ->1372.82 = ~37.2% increase

479.02 -> 74714 = ~55.7% increase

236.59 -> 423,57 = ~79% increase

200.8 -> 339.51 = ~69.1% increase

3195 -> 52.27 = ~63.6% increase (likely starting to run into compute, memory latency, and/or CPU limitations)
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Naive Binning GPU Implementation |

e Binning Kernel Occupancy: 100%
e Update Bins Kernel Occupancy: 75% (by default)

o Adjusting max registers doesn’t have much, if any, impact:

Naive Binning GPU Impl. @ 8192 Projectiles
# Registers Avg FPS Kernel Time | Occupancy
eyl 420.13 0.0039 100%
Al 421.26 0.0103 100%
IA] 40733 0.0096 83%
(default) 255 R»E%Y) 0.0075 75%

o Could be a result of compute time drastically decreasing over previous kernel (as the
register delta likely wouldn’t change much)
o cudaMemcpy / cudaMemset’s and 2x kernel launches are likely more of a bind



Optimized Binning GPU Implementation

e Goal: Simple, “make the previous kernel / Naive Binniﬁg on the GPU run
faster!”

e Three Kernels:

o First places each projectile into a bin
o Second performs the gravity influence
o Third performs the standard velocity updating

e Shared Memory!
o Every block loads its corresponding bin and its 8 adjacent bins into shared memory
m Thread O sets up the neighborhood of bins
m Threads 0 to 8 copy a bin from global into shared
m Threads O to #-of -projectiles-in-the-bin-minus-one each take a projectile from its
bin and apply gravity by searching its / neighboring bins



Optimized Binning GPU Implementation [| ;- |

e Shared Memory!
o Every block loads its corresponding bin and its 8 adjacent bins into shared memory
m Thread O sets up the neighborhood of bins
m Threads O to 8 copy a bin from global into shared
m Threads O to #-of -projectiles-in-the-bin-minus-one each take a prOJectlle from its

bin and apply gravity by searching its / neighboring bins typedef. struct
o Float4 packing — the ‘projectile’ struct is too large for shared memory -> | = unet o
m Gravity computation only needs: pos.x, posy, gravity, & index kRS
e 72 bytes —> 16 walignment) (should also help with coalesced access times) S e
e Occupancy Sl
o Binning Kernel: 100% Flost amplitude;
o  Gravity Kernel: 41.7% (by default; BIN_SIZE = 128 -- shared memory bound!) P
m  BIN_SIZE = 340 -> 44.3% occupancy; 166 -> 43.2% occupancy; 132 -> 43% occupancy i e
o Velocity Kernel: 100% Float2 pos;
e Constant Memory foets ey
o Binning specifications copied over S




Optimized Binning GPU Implementation || |

e Shared Memory Cont.

O Assuming default bin_size of 128 (bin_size dictates thread_count for gravity update kernel, for the mapping)
m  And assuming each bin is 100% full

o Each block performs 9 * 128 * 4 = 4 608 global reads to populate the shared memory
o Each block then accesses 9 * 128 * 128 * 4 = 589,824 from shared memory
m 128xratio -> BIN SIZE ratio
m “Each of the 128 threads checks 9 bins with each 128 projectiles and loads from the
packed float4”
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Optimized Binning GPU Implementation

-
e Results!
CPU Implementation Naive Binning GPU Impl. Shared + Constant Binning GPU Impl.
# Projectiles Avg FPS-CPU (i9 13900k) Avg FPS Avg Kernel Time (ms) Avg FPS Avg Kernel Time (ms)

2048 1000.52 1450.71

4096 479.02 784.4

8192 236.59 4L41.45
10240 200.8
65536

362.54
31.95

56.02

~6.5% improvement over previous kernel
Different Bin Sizes tested:

Bin Size Shared + Constant Binning GPU Impl. @ 8192 Projectiles
Avg FPS Avg Kernel Time (ms)

Occupancy
64 37.50%
128 41.70%
256 33.33%
340 44.30%
[ ]

Overall Performance improvement over CPU: 5874.98% on average
o 6273 ->1450.71 = ~23x; 4.21 -> 362.54 = ~86x (scales better with more projectiles)



Extraneous Experiments, Testing, & Reproduction

e All testing done on an Intel i9 13900k / RTX 4090 system with the following

arguments:
o ./demo -c72-s90-al5-f0.05-g5-G60 -1960 -test [ | | -K1]-K 2]
| Add -r 500 for tests >= 65536 prOjeCtﬂeS #pragma omp parallel for reduction(+ : active_count)
e Attempted using OpenMP to speedup ---> Sl

o Led to asignificant FPS penalty, >25%, due to TF (h.prodsl il active)
e Attempted Spatial Sort-ing on Bins s G
o Wanted to avoid situation where bins fill up and gravity !
o Used Radix Sort from the CUB library, but its (the entire approach) implementation was
foregone as it was convoluted and significantly slower
m Not a bad tradeoff if simulation accuracy is a real concern

e Approximate Math functions used throughout
o  Freegains



Extra Extraneous Experiments

GPU Used -> RTX 3070 Ti Mobile Performance Improvement Over Previous Kernel RTX 4090
Kernel Tested @ 8192 Projectiles Avg FPS Avg Kernel Time (ms) (Outer = Avg Fps, Inner = Kernel Time) Avg FPS Avg Kernel Time (ms)

Naive GPU 103.23 0.1021 N/A N/A N/A 253.68 0.0274
Naive Bin. 284.55 0.0369 1.76 i 2.65 423.57 0.0075
Shared Bin. 325.54 0.0062 0.14 495 1.1 441.45 0.0035

e The Kernel using shared memory scales significantly better on less capable

devices, why?
e Working Theory: Hardware Difference?
e RTX 3070 Ti (Mobile) e RTX 4090

o 256-bit memory bus width o 384-bit memory bus width
o 448.0 GB/s bandwidth o 1.01 TB/s bandwidth
o 128 KB L1 cache (per SM) o 128 KB L1 cache (per SM)
o 4 MB shared L2 cache o 72 MB shared L2 cache

e The 4090 may just be able to brute force with its ridiculously large L2 cache and
much larger and faster memory bus
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