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Abstract. The article describes different bullet collision detection and collision reaction
systems and proposes an advanced bullet collision reaction system that allows game
developers to achieve robust and believable reactions with a minimal performance impact.
The propos HTYY «KIN umeHu Uzops Cukopckoeor, e. Kues, Ykpaura ed system shows
rules for ricochet, penetration and jam mechanics. Also, complex penetration logic was
infroduced in the given system, allowing gamers to use the en HTYY «KIMW umeHu Uzops
Cukopckozo», 2. Kues, YkpauHa vironment to achieve the best results.
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NMOKPALLUEHA CUCTEMA PEAKUIT NYNb HA KONI3IKO ANnA BIQEO

IFOP

Mapkoe 4. K., HTYY '"Krll imeHi leops Cikopcskozo", M. Kuig, YkpaiHa,
markov.dmitriy.dev@gmail.com

Pozo3a B. C,. lpogeccop 3anadHoriomopckoz2o TexHuyeckoeo YHuesepcumema,
UeyuH, MNonbwa, rosvetnik@gmail.com

AHOmauiss. Y cmammi onucyrombecanpucmpoi cucmem rocmpirny, 3Haxo0XeHHS
Koni3ii i peakuil Ha Kosizito 8 8ideo iepax. Onucyrombcss maki nioxodu sk petikacmiHe abo
XximckaH sIKUul 3acHoeaHul Ha 360pi iHgbopmauii npo KOikeHe MPOMEHs, rociaHo20 3
36poi y HanpsmMKy nocmpiny. Po3bupatombcs rocu i MiHycu makozo nidxody. Y cmammi
makox pogensidaembcsi banicmudyHul ioxid, 8 sskoMy hopmyembcsi hiduyHUl 06'ekm i
guriyckaembcs 8 igposuli ceim. Ha ocHosi yux nidxodie 6ye po3pobreHuli 2ibpudHuli rnidxio,
AKUl rnosnseae 'y eukopucmadHi 6anicmu4Hoi foeiku 3acHogaHOi Ha Moci008HUX
pelikacmax.

Ha ocHosi HasedeHux mexHosozili po3pobreHa cucmema peakuili Kyfb Ha KOmi3ito.
TexHiyHO 80Ha ompumMye 8ci 06'ekKmu Ha WXy MPoxodxXeHHs1 Kyni Ha daHoMy kadpi. Harni
Ha ocHosi yux OaHux cucmema posbusae 6ci OindgHKU nponbomy 3a Mamepianamu i
06p0byisie ix okpemo 00UH 8id 0OHOe2O.

OnucaHa e8dockoHasieHa cucmemMa peakuyii Ha 3IMKHEHHST Kyri Moxe 3abesneqyumu
Habazamo 6inbw enuboke 3aHypeHHss 8 byOb-sKul wymep. 3 moYyku 30py

13 Dmitriy Markov, Walery Rogoza
Infocommunication and computer technologies, Ne 1 (01), 2021

153



Infocommunication and computer technologies, Ne 1 (01), 2021

npoldykmueHocmi, 3anum iHmepearsiie nPoMeHie 3acHo8aHUl Ha yHieepcarbHOMY 3anumi
rpomeHie, momy eduHa pisHUUs rionsseae 8 mMocmobpobui pesyrnbmamis, Wo o3Havae, Wo
ennue Ha npodyKkmueHicmb npocyHymoi cucmemu MiHiManbHO. bepyyu 0o ygaeu, wWo
fporoHoBaHa cucmemMa makoX 3acHogaHa Ha ModughikogaHOMy  2i6pUOHOMY
banicmu4Homy nidxo0di, BOHa MOXe 8UKOpUCMO8y8amucs SK € 8 Pi3HUX murax 8ideoizop,
3abe3sneyyroyu 8iOMIHHI pe3yribmamu i pobsigyu MpueMHICMb 8aWUM 2pagusiM.

Knro4voei cnoea: gideo iepu, nyni, an2opumm, peakyis Ha Kosi3ito, npobusaHHs,
pukowem, wymep
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AHHOmMauyuss. B cmambe onucsigatomcss ycmpolicmea cucmeM 8bicmpera,
HaxoXx0eHUSs1 KO/I/TU3UU U peakuuu Ha Kosnusuro 8 sudeo uzgpax. Onucbigaromcsi makue
noOxo0bl Kak pelikacmuHe U/u XUMmCKaH KOmopbil OCHOo8aH Ha cbope uHghopmauuu o
KOMMUXeHe Jlyya, MOCaHHO20 U3 OPYXXUSI MO HarpaesieHur ebicmperna. Pa3buparomcs
naockl U MuUHycbl nModobHoeo nodxola. B cmambe makxke paccmampugaemcs
b6annucmuyeckuli nodxold, & komopoMm opmupyemcs cpusudeckuli obbekm U
8blryckaemcsi 8 ugposoli mup. Ha ocHoge smux nodxo0os bbin paspabomaH 2ubpudHbIl
o0xo0, KOmophkIl 3aKYaemcs 8 Ucrosib3oeaHuu bannucmud4eckol f102uku OCHOB8aHHOU
Ha nocnedosameribHbIX pelikacmax.

Ha ocHose npueedéHHbIXx mexHomnoauli paspabomaHa cucmema peakuul rynb Ha
Konnusuro. TexHu4Yecku OHa rosiydyaem ece 0bbekmbl Ha nymu credoeaHus nysnu Ha
OaHHOM Kadpe. [Janee Ha ocHog8e amux OaHHbIX cucmema pa3bugsaem 8ce y4yacmku
nponéma no mamepuanam u obpabamsigaem ux omdesibHO Opye om Opyea.

OnucaHHasi ycogeplweHcmeogaHHasi cucmeMa peakyuu Ha CMOJIKHO8eHUE Mynu
Moxem obecrieyumb 2opas3do bosiee arybokoe rnozpyxxeHue 8 sirobol wymep. C moyku
3peHust npou3eodumeribHOCMU, 3anpoc UHMepearos sy4veli OCHO8aH Ha yHUBepPCaslbHOM
3anpoce nydel, noamomy eOUHCMBEHHas pasHuua 3ak/odaemcss 8 riocmobpabomke
pes3ynbmamos, 4mo o3Hayaem, 4mo 6/usHUe Ha Mpou3sodumesisbHoCmb MPo08UHYmMoU
cucmembl MUHUMarbHO. puHuMas 80 8HUMaHue, Ymo rnpedrazaemasi cucmema makxe
OCHOoBaHa Ha ModuguyuposaHHOM a2ubpudHom bannucmuy4yeckom rnodxode, oHa Moxem
UCrob308ambCsl Kak ecmb 8 pas/iuyHbiXx murnax eudeouesp, obecriequsass OMIUYHbIE
pesynbmamesl u docmaerisis y0oeosibcmeue 8awuM UgpoKaMm.

Knro4deebie cnoea: euldeo uepbi, Mynu, an2opumm, peakyuss Ha KOosiu3suio,
rnpobusaHue, pukowem, wymep

Introduction

The video game industry consists of thousands of companies and thousands
of games and many of them use bullet mechanics in them. A first-person shooter
(FPS) is a video game genre focused on gun and another weapon-based fighting
in a first-person perspective, in which the player sees the action through the
protagonist's eyes. The genre has a lot in common with other shooting games,
which is why it's classified as an action game. Since the genre's inception, advanced
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3D/pseudo-3D graphics, realistic and believable logic and visual effects are must-
haves.

Generally speaking, there are several ways to implement bullet mechanics in
your game: hitscan, physics ballistic and hybrid approaches.

Hitscan approach

In video games, a hitscan is where the programming system decides where the
gun/object is pointing, casts a ray in that direction when fired for a certain range
built into the system, and sees if that ray comes into contact with another object in
the line of fire. Hit scan is a term that may also be referred to as "hit instantly"
because it hits the target immediately when fired.

A hitscan weapon is a projectile weapon that uses unaltered hitscan data to
determine whether or not it has hit its target. The hitscan function is called when the
weapon is deployed, and if an object is detected in the path, a hit is recorded. After
determining whether or not anything was hit, the device calculates damage based
on where the ray struck the target. The bullets essentially fly at infinite speed and
have a linear or otherwise simple trajectory, which is a realistic approximation of a
bullet's speed and accuracy over short distances since the effect is immediate.

The hitscan method can be tweaked by making certain surfaces reflective,
making the hitscan rays go on indefinitely, or allowing several objects in the same
line to be penetrated at the same time. To improve the realism, programmers may
use hitscan functions in slightly different ways; for example, applying a random
perturbation to the calculated path to simulate inaccuracy.

Fig. 5. An example of raycasting

Advantages

The primary advantage is the simplicity of the simulation, which uses relatively
simple mathematics to calculate hits. Although bullets do not move at infinite speed
via perfectly straight trajectories, they move fast enough that a hitscan solution is
normally a reasonable approximation. It leaves the question of where a weapon has
hit to just one function, streamlining the programming of weapons.

In terms of game design, it readily ties cause (the player presses a 'fire' button,
executing a hitscan function) to effect (the hitscan returns a result, the player sees
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the weapon's effect at that location). While a simplified model of real world ballistics,
it makes games more accessible in that there is no need to aim slightly ahead of a
moving target in order to compensate for the time it takes for the projectile to reach
it. Although less realistic this model requires no understanding of real weapon
handling in order to play the game, and reinforces the intuitive understanding that
whatever the reticle is placed over will be hit.

Disadvantages

Visually representing the firing effect of a hitscan weapon can be difficult: since
the weapon hits its target instantaneously, any bullet or projectile that comes from
the weapon is merely a 'ghost’, and where it lands may not necessarily represent
its actual hit. In particular, a projectile bullet effect will always lag behind the effect
of its hit, a problem which can be compounded by internet latency in online
multiplayer gaming.

It's hard to change the path of a projectile once it leaves the gun with things
such as wind and gravity. Since it is shooting out a beam that hits the target almost
immediately there can be no real changes to the path. An example of this would be
shooting someone at a full sprint 200 yards away and aiming right on them and still
hitting them. If it were a realistic shooting engine you would have to lead that target
but with hitscan you don't. It is impossible to have things like projectile ballistics or
projectile motion in hitscan games. There are hybrid systems that use both hitscan
and projectile ballistics but not at the same time. Some games detect with the
hitscan method, then provide an animation with projectile ballistics.

With advances in processing and internet bandwidth, it has become more
practical to simulate the ballistic nature of real-world firearms in real-time games by
using a more realistic "projectile" model, spawning bullets as actual game objects
with mass and velocity and continuously simulating them until they reach their
target.

Projectile ballistics

It sounds pretty fancy, but the high-level idea is straightforward. Every bullet or
projectile shot out of a weapon creates a new physics object in the environment. It
has its own mass, velocity, and hitbox that the engine will track.

The advantages of using projectile ballistics shine in games where realism is
the top priority. Since every projectile exists on its own, you can now factor in wind,
friction, gravity, temperature; any force that should act on the bullet. Now that you
can change the physics, players can now use weapons other than simple guns and
lasers; you can now add grenade and rockets to your arsenal.
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Fig. 6. lllustration of ballistic approach

Since bullets under this system aren’t moving at the speed of light, you can also
implement temporal features:

“Bullet-time” as seen in Max Payne, Sniper Elite or Superhot is feasible.

Travel time for projectiles, which means if you're taking a long-distance shot (or
shooting a slow-moving projectile), aiming ahead becomes crucial.

Delayed explosions on projectiles, like grenades

With these additional computations, the processing is more taxing relative to
using hitscan. Servers will have to do a lot more work to make sure all the objects
are in sync, and discrepancies or conflicts in logic across clients have to be resolved
not to create inconsistent experiences for players on the same server.

There are many ways around this to squeeze out as much performance as
possible. An example of engine optimization is to have a “pool” of objects loaded
before playtime, and “warp in and enable” them when needed. Once it hits a
surface, you can play a ballistics animation and disable the projectile, saving it for
later. This method will reduce some computation and memory costs from creating
and destroying objects over and over again.

There are also multiple ways to do the computations, but the high-level
difference is where they decide to process a “tick” of a game, a unit of time
measurement:

157



Infocommunication and computer technologies, Ne 1 (01), 2021

The tick is calculated separately from the rendering logic, which means the
game will have a more accurate representation of the objects even if there are frame
skips. More logic is needed to calculate the exact time that passed since the last
render.

Calculating the tick on every frame; binding the physics to the frame rate. If you
disable frame rate caps or start to drop frames, you can see the accelerated or
choppy effects on the world.

Hybrid approach

The developed approach is based on both described above. The main idea is
to imitate the ballistic approach and bullet’s travel time using speed value while still
using raycasting as a basic mechanism of collision detection.

Basically in C++, this will be like

if (Ibullet_manager.calc_bullet(bullet, delta_time)) {
remove_bullet(bullet);
break;

}

For now we will be using much lighter version of calc_bullet in order to
demonstrate the initial idea of hybrid approach.

bool bullet_server::calc_bullet (ref_cbullet &bullet, fp32
&delta_time)

if (fp_zero(bullet->speed)) // there is not reason to update it!
return (false);

fp32 final_range = _max(EPS_3, bullet->speed * delta_time);

const vec3f bpos = bullet->pos.vec3();
const vec3f bdir = bullet->dir.vec3();

uspatial::ray_defs RD  (bpos, bdir, final _range + 1.1,
SPATIAL FLAG_OBJECT|SPATIAL_FLAG _STATIC,
uspatial::O_FACE_NORMAL);

rq_result_vec results;
uspatial::ray _query(RD, results);

process_results(results);
bullet->fly _dist += final _range;

bool use_line = Ibullet->flags.use_curve || !bullet->target;
vec pos = bullet->pos;

18Q
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vec dir = bullet->dir;
fp32 speed = bullet->speed;

vec off; off.mul(dir, speed);
off.y -= _gravity_const *
connection to real gravity
speed = off.len3();
if (use_line) {
pos.mad(dir, final_range);
dir.mul(off, 1.f/ speed);

*

delta_time bullet->gravity _mod; //

}

bullet->pos = pos;
bullet->dir = dir;
bullet->speed = speed;
delta_time = 0.f;
return (true);

}

This leads us to the following result, where arrows representing distance that
bullet has travelled during current frame.

Fig. 7. Trajectory and updates of bullet in hybrid approach

Collision reaction system

The main idea of proposed reaction system is that we want to be able to interact
with different objects and materials in the game. So we know that each and every
object in the game is covered with corresponding material which describes its
physical properties in a very simple way.

Based on these properties and on properties of a bullet, a gun, current
trajectory, current energy of the bullet we can have good enough approximation for
real-life collision reaction system. There are only 3 types of events that are used in
current system: ricochet, penetration and jam. In the next sections we will cover
ricochet and penetration, and if nothing of that has happened then on impact we will
jam into the object.

Ricochet
In order to calculate if we have to ricochet first we have to check if object’s
depth (distance inside the object between ‘in’ and ‘out’ point). That is needed
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because different materials have different ability to resist incoming impulse. For
approximation we have used ‘min_depth_for_ricochet’ as a global parameter and
we won't be able to ricochet if the depth of an item is so low.

const BOOL depth_check = item_depth >
game_level().bullet_manager().min_depth_for_ricochet();

The next part is we have to check angle between hit direction and normal of
the surface. Here we have two parameters that will influence this check: bullet’s
‘piercing factor’ and material’s ‘ricochet factor’.

const BOOL angle _check = (piercing_factor * angle_coef + EPS_5)
< desc.ricochet _factor;

Adding some sanity checks and debug information this is the result code for
ricochet check:

bullet_server::ricochet _result bullet_server::calc_ricochet (fp32
&angle coef, const vec &dir, const vec &hit normal, const fp32
item_depth, const fp32 piercing_factor, const

game_material::bullet_desc &desc) {
if (Ifp_similar(dir.len3sq(), 1.f)) {
rlog("!can't ricochet, direction isn't normalized [%2.4f, %2.4f,
%2.4f]", vec3push(dir));
return (ricochet_result(false));

}
if (!fp_similar(hit_normal.len3sq(), 1.f)) {
rlog("!can't ricochet, hit normal isn't normalized [%2.4f, %2.4f,
%2.4f]", vec3push(hit_normal));
return (ricochet_result(false));

}
const fp32 hit_angle = rad2deg(acos(_abs(dir.dp3(hit_normal))));
angle_coef = clampr((90.f - hit_angle) / 90.f, 0.f, 1.1);

const BOOL depth_check = item_depth >
game_level().bullet_manager().min_depth_for_ricochet();

const BOOL angle_check= (piercing _factor * angle_coef + EPS_5)
< desc.ricochet_factor,

ricochet_result result (depth_check && angle_check);

return (result);

}

After we have decided that ricochet is what we have - we have to apply new
params to a bullet. We have to change the direction of the bullet as reflection rule
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suggests. Also, we want to show that part of energy was lost upon the impact and
that is what ric_infl is for.

//:shared params
const fp32 item_depth= res.back.range - res.front.range;

//:trying to ricochet
fp32 ric_angle_coef = 1.f;
const ricochet_result ricochet = -calc_ricochet(ric_angle_coef,
bullet->dir, hit_normal, item_depth, bullet->pierce, desc);
if (ricochet) {
const fp32 ric_infl = 1.f - (desc.ricochet_factor
ric_angle_coef);
bullet->cur_power *= ric_infl;
bullet->cur_impulse *= ric_infl;
bullet->speed *= ric_infl;

*

result.power = power - power * ric_infl;
result.impulse = impulse - impulse * ric_infl;

// in order to avoid penetration after ricochet:
bullet->pos.mad(end_point, hit_normal, EPS_4);
bullet->dir.reflect3(bullet->dir, hit_normal);
bullet->flags.need_interrupt = true;
bullet->on_ricochet();

return;

}

Now, when bullet could have changed its trajectory after ricochet - we have to
reiterate that same bullet until we have calculated all its path during the given
delta_time

while (bullet->update_time_left(delta_time)) {
if (Ibullet_manager.calc_bullet(bullet, delta_time)) {
remove_bullet(bullet);
break;

Penetration
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Penetration calculation is quite easy - bullet has ‘piercing factor’ and we know
percentage of energy bullet has maintained till that moment simply calculating

const fp32 power_factor = bullet->cur_power / bullet->init_power;

The whole code for deciding if we can penetrate object is quite simple

BOOL bullet_server::calc_penetration(fp32 &depth, const fp32
item_health, const fp32 item_depth, const fp32 power_factor, const fp32
piercing_factor, const game_material::bullet_desc &desc, const BOOL
through) {

depth = power_factor * piercing_factor *
desc.max_penetration_depth;

const BOOL pen_depth_check = through ? (depth > item_depth) :
(depth > 0.1);

const BOOL can_penetrate =
Ifp_zero(desc.max_penetration_depth);

return (pen_depth_check && can_penetrate);

}

And after calculation we have to apply influence of the penetration to the bullet

const BOOL penetration = calc_penetration(pen_depth, target hp,
item_depth, power_factor, bullet->pierce, desc, true);

if (penetration) {
const fp32 pen_infl = 1.f - clampr(item_depth / pen_depth, 0.f,

1.1);
bullet->cur_power *= pen_infl;
bullet->cur_impulse *= pen_infl;
bullet->speed *= pen_infl;
result.power = power;
result.impulse = impulse;
bullet->pos.mad(bullet->pos, bullet->dir, EPS_5);
back _valid = item_depth > EPS_2;
return;

}

Sequential penetration
But the main problem is to decide how to penetrate a sequence of objects. First
step is to learn how to penetrate object after object.
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Fig. 8. Simple penetration illustration

There are two boxes, different colours represent different materials. Circles
represent point of ‘in’ or ‘out’ collision with object. ‘Out’ collision is really the same
change of material, because we had some ‘material 1’ and now we have ‘air’. Color
of the circle represents material in this particular collision.

In that case, bullet can easy determine ‘in’ and ‘out’ points of objects and
knowing their materials we can bring up calculations from above.

But not always in the games models of objects are perfect. Sometimes they
can be overlapped (which in the real world is not the case), for example some kind
of block in the water inside video game not really pushing water out using
Archimedes' principle. Thus, we have to invent a way to calculate penetrations of
objects using ‘game reality’. This idea was called ‘Ray Intervals Query’, because
the basic approach was made using ‘ray query’ which is basically raycast but
returning all objects on their way. Now we have to divide those objects into parts
with only one material each. I

Fig. 9. Complex penetration illustration

163



Infocommunication and computer technologies, Ne 1 (01), 2021

This technique allows us to penetrate each part individually as if they were
divided physically which is a good approximation for a video game with believable
results.

Conclusion

Described advanced bullet collision reaction system can provide much deeper
immersion for any shooter game. From the performance point of view, Ray Intervals
Query based on general-purpose ray query, so the only difference lies in post
processing of the results which means that performance impact of the advanced
system is minimal. Taking into account that proposed system also based on
modified hybrid ballistic approach it can be used as is in a various types of video
games providing great results and enjoying your players.
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