The Aircraft of Theseus
Shipping X-Plane for 30 years
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Introduction - Laminar Research

e Small, privately owned, company
o Foundedin 1995

e Fully remote

e Exclusively working on X-Plane
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e But not Level-D certified S

e Current version is X-Plane 12 e P JEIRE = =
e lLong release cycles

e Available on all major platforms
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Overview

® Introduction
O Who are Laminar Research and what is an X-Plane?

O You are here °
® T[he dark ages of X-Plane 6
® Modernizing our engine in X-Plane 11
® Shipping X-Plane 12
® \What's next?
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The tech stack

e Custom engine called X-System g )
X-Plane
i l i
X-System Engine
i 1 i
Generic Rendering API
R S
Backend A Backend B
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The tech stack

e Custom engine called X-System
e Absolute anarchy called X-System

e One large monolithic codebase ! )
: C ey L Anarchy

e Some high level "engine” objects . | y
OpenGL
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The tech stack

e Custom engine called X-System
e Absolute anarchy called X-System

e One large monolithic codebase i :
: C ey L Anarchy

e Some high level "engine” objects . y

[ OpenGL 2.1 Ve l Y

e No AZDO OpenGL 2.1

e Just-in-time pipeline discovery
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Modernization plan

e Adopt Vulkan and Metal

e No more just in time PSO e A
compilation \ Anarchy )

e No VRAM oversubscription !

e Ship spec conform code ! GEX \

e Don’t break plugins < [ [ 7

~

Vulkan Metal Backend

. Backend |

8
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Modernization plan

4

\

e Adopt Vulkan and Metal :

e No more just in time PSO compilation Anarchy

e No VRAM oversubscription _ |

e Ship spec conform code GFX

e Don't break plugins ) I | |

e Ship as feature update " Vulkan [ Metal [

e NoO new graphics _ Backend ) Backend | \GL Backend/
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X-Plane as a platform

sToOPpP ! I

P OE R

Tharcr 2~ V NDlamnAa 19~ mAd++ammne~ £a21 A Thar~r 2~ KMAT 1rmsiw smama 1C oo == o Vi

xP L ﬁuﬁpﬁ BLOG SCENERY TOOLS~ VIDEOS~ DOCUMENTATION~ MORE ~
e Open platform
e SDK available to anyone
e Vast add-on eCOSystem Create aircraft, scenery, & more for X-Plane.
X-Plane is incredibly extensible. You can simulate new aircraft, make 3-D models, or even change the functionality of the program in

O Ai rC ra ftS drastic ways.

o Scenery
o Utilities

x Bad things include: X-Plane crashing, X-Plane hanging, X-Plane failing
to start, rendering artifacts, your whole computer hanging, your
computer catching fire, and highly trained monkeys stealing all of
your underwear.

You have been warned.

HEHE A ST
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The SDK

Configuring X-Plane to Use Less Virtual

Memory
® S D K e I ea Sed With X- P I ane 6 X-Plane 10 can run out of memory when the rendering settings are set too
high or too many add-ons are running at once. This article explains this
° PI U gi ns are s h 3 red I i b ra ri es problem and makes some recommendations about what to do about it.
e Segmentation fault (core dumped) X-Plane Runs Out of Virtual Memory
. Because X-Plane is a 32-bit application, it can only use a certain amount of
® Ca | I ba C kS fO r eve FYt h | n g memory. That limit varies by operating system:

e L2 cache misses for everyone + Windows 32-bit: 3 GB,

e Windows 64-bit: 4 GB.
e MacOS X: 3.5GB.
e Linux: 3GB.

Because this is a virtual memory limit on each application, these limits apply
no matter how much physical memory you have in your computer; even if you
have 16 GB of RAM, these limits apply. There are no operating system
settings that raise these limits beyond what is listed.
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The SDK - Drawing

O

No SDK drawing API

Plugins use OpenGL directly
Third-parties love the ffp

macOS only provides two OpenGL

versions
OpenGL 2.1

Aviator's Tablet 0.5.1

@ 26FPS A
lmee = 5

N=1=I]

BEE
Charts  Airports  Routes Maps Aircraft
About

Realistic
Please enter your email and product key
@
Paste

Back

Activate
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Upminar/gpus /messal
Laminar/opws/message

1asinar/sd82/ EDAP/msQU={f3
taminar/mdi2/EOAP/msgl={O/ET]
aminar/md82/E0AP/msg10=[0,

17.08.08.0414

<RI
W

Lua Stack:
Lua RAM:
Timer Pool Size:
Timers Processed:
Timers Looked At:
Timer Total:
Script Code:
Gizmo Ovhd:
Sound Sources:
Sound Buffers:
Texture Count:

Gizmo64 Resource Stats i

9

0.830 MiB
5

1

5

0.00 ms
0.00 ms
0.00 ms [22.50%)]
0

1]
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Plugin compatibility

Plugin bridge for compatibility
Let them eat eake OpenGL 2.1
Uses native OpenGL interop
No plugin changes required
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Vulkan bridge

e Interop uses a zoo of extensions

e Built around shared memory regions

e Bind OpenGL texture to memory

e Bind Vulkan image to memory

e Shared semaphores for synchronization
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I Vulkan } I OpenGL ]

]

Release barrier
||

Submit + Signal Semaphore

H Transfer to OpenGL

=

glWaitSemaphore()
| |

glFlush()*
|

glSignalSemaphore()

Transfer back to Vulkan J

Begin Command Buffer
I

Acquire barrier
I

Submit + Wait Semaphore

I Vulkan ] I OpenGL ]

2025



Metal bridge

® |OSurface as shared memory
® |mported into Metal and OpenGL from Mach object
® Restrictions
O Linear tiling only
O No mip maps
O GL only: Texture rectangle
® Shadow textures as workaround
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Bridges in general

e Lots of individual command
buffers

e Easy application API /

-texture = ()
@) . ( ::bridge rgba, width_screen, height screen)
( & :: shared | ::render_target | ::sampler)
( trilinear)
( ::§ilinear)

( &» "floating gauge") // gfx_text\re_builder &
(g _device, provider); // gfx_texture handle

// Transfer to the bridge only when necessary. It's expensive!
@) 11 ( (inDrawingHookKind))
{

cummand_buffer—} (ijectsz 40 {]', consumed objects: ()),
(inDrawingHookKind); // Dispatch plugins

command_buffer-> ();

}
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The bridge

@ Graphics Programming Conference, November 18-20, Breda



Shaders

M A afx-cc
e Originally GLSL 120 text files "*( NEE e \
s SPIR-V S glslang
o gfx needs AT ) ’ j
O SPIR-V result << "#endif\n"; p l .
o MSL2.1 "7 | SPIRV-Cross SPIRV Reflect
o GLSL 120 \

e Early SPIR-V Cross experiments
e Offline shader compiler gfx-cc

~

)i)");

while(std
{
4 N\ I
| MSL2.1 GLSL 120
L VRN J

= ; , regex))
std :: result;
result << Jgl_FragDatal[" << match
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#sampler?D tex_planet_albedo

#sampler?D tex_planet_normal
S h a d e rS #sampler2D tex_planet_elevation

#sampler?D tex_water

#varying vec? v_texcoord
#varying vec3 v_position_object

e Custom annotation for resources arying vecs v position eye
e Bindings are automatically resolved constantBuffer u_planet_parans

mat4 u_eye _to_wrl,

vec? u_planet_clip;

e JSON shader descriptions
{

"name”: "planet”,
"vertex": "planet.glsl”, }
"fragment”: "planet.glsl”,
"def%nES“: [ . - ) #1f RENDERING_MODE = RENDERING_MODE_FORWARD
RENDERING_MODE", ["GBUFFER","FORWARD"] void output_normal(
] in vec3 final color,
b in float planet_rat
)
1
}

ffel1f RENDERING_MODE = RENDERING_MODE_GBUFFER
void output_gbuffer(

1n vec4 tex color,

1n vec3 material,

in vec3 normal_eye)
HAanmAa £
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Introspection

{
: ghuffer,
i forward,
b
e Generated C++ introspection .
constexpr gfx_planet_rendering_mode_range[] = {
: :: gbuffer,
_ i :: forward,

struct alignas(16) }:

{

i () = default; struct . public

i (const &) = default;

E { & (const §other) ' void ( rendering mode)

: S

R (this, &other, sizeof(decltype(other))); . specializations[@] = ( )rendering_mode;

i | return xthis; : !

> i

. volatile 5 (const gother) |

R };

E : (this, &other, sizeof(decltype(other)));

| i return *this;

-}

: u eye to wrl;

E u planet clip;

: u planet_do_scattering;

i u planet _dither_mode;

: u planet scatter frustum 1inv;

i u planet scatter_ap near far z;

: ubo_vec3 u _planet scatter resolution _1nv;

b

20
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O 2 8 2 H

Hex editor D...

planet_mapplng.xsv e

Address 00 81 02 B3 04 @5 06 @7 OB 09 0A @B @C @D @E @F ASCII

g0ede216: 00 91 @0 00 00 00 @0 @@ 81 6@ FF FF FF FF e1 @@ ................
PRDODR226: 00 82 00 A1 00 00 00 B0 A2 91 OO0 GO0 00 00 00 @0 .......... ...,
6RPR@230: (A1 @O0 00 0D 0@ 0@ 00 @2 00 FF FF FF FF 81 0@ 00| |................ |
eRPR@240: (@2 00 @1 00 00 00 00 @2 ©2 00 00 Q0|00 00

>

aa| || |abc) ] | M0 B

Pattern Data

v Bl |=|E [—

Name Color Start A Cod Cian T Waleen

» header exooeoeo| // - LooOk -up - specialization

v descriptor_data Bx000001 spec;
¥ introspection Bx0peeal
v [0] 0x000001
exeoooo1| 1T (render_type =

Px000001 spec. (
Bx000001

ox000001| € LS€
Bx00A001 spec. (
» [1] Ox000001
» [1] Ox00A001 )
¥ layouts Bx000001 // -Bind shader

» Descriptor Set exeooool| aUto [shader :const gfx_shader =, layout :const gfx_descriptor_set pipeline layout *] =.s planet_shader->
» update_templates Ax000001

Irograms @xoeeea2
v [@] BxRRRER? Eﬂmmand_thfer—}

mode ::deferred)

¥ members

v [0]
type
count

:: gbuffer);

:: forward);

(spec);

L

(shader);

Oxooeeo2
gxeoeae2
Oxo00002
Oxoeeen2

// Fill descriptor set data

data;

» update_templates exe0e002 data.tex planet albedo = terrain[i]->shader.base® tex ref. OF

» attributes Bx000002 _ - . .
 rdices oxoo0na,| 42 L3 - T€X_planet_normal - = terrain[i]->shader.normal.bump_tex ref. OF

[2] oxeooce2| data.tex planet elevation = terrain[i]->shader.basel tex ref-> OF
[3] 0x000002i data.tex_water = s_planet_data->m_water-> ();
[4] 0x000002
[5] Bxe0ann2
is_valic exeoose2| data.material data = terrain[i]->cache.material-> OF
descriptor_index Bx@20002 data'planet_params o planet_uhﬂ;
¥ update_templates Bx000002
(0] Px000002
[1] exeeee02| // - Stream and bind descriptor set
2] 2x000002 descriptor_set( factory: g_device, g_device-> ());
[ 3] Bx@aaan2 .
v attributes oxoooopz| dESCT1iptor_set. (layout, data, command buffer);
» [O] Ox0000023E Dx0P00D241 4 bytes struct Attribute<StringTable{ }=
v indices Bx000R0242 Bx0000824B 10 bytes StageMapping[2] [ ... ]
» [0] Ox00BR0242 OxB0BB0B246 5 bytes struct StageMapping { vertex } = 0
» [1] Bx00000247 Px0000024B 5 bytes struct StageMapping { fragment } = @
> [6] Bx0000024C Bx0000824(C 1 byte struct XSV6Program { Not Present }
@x@0e@024D 1 byte struct XSV6Program { Not Present } 21

4 ¥ ¥ ¥

a_vertex: t=2, 1=0
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o
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w descriptor_index
o
o
o
&
o
=
o
o
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o
#
o
o
&
o
&
o

W
&
o

b

» [7] Ox0000024D
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Pipelines

® No just-in-time PSO compilation

O Without a PSO cache

® Shader creation requires capability tagging

shader.
shader.
shader.
shader.

shader.
shader.
shader.
shader.
shader.
shader.

shader;

tex mode = mode texture;

base@ tex ref ='s planet _data->m_planet _day[il;
basel tex ref -=-s planet _data->m _planet ele synthetic;

night _mode = mode_night_none;

two sided = xfals;

geom_mode = mode_geom _normal;

border mode = mode border none;

blend mode = mode blend none;
alpha.alpha_mode = mode_alpha_none;
normal.normal_mode = mode_normal_displace;

s_planet_data->m_lo_res_terrain[i] =

(shader,

enum class

}

none = 0,
exterior =
interior =
instancing = 4,
post _gbuffer = 8,
blend glass = 16,

T I

prefill = 32,
act attached = 64,
snorm_vertex = 128,

all = 255,

:rexterior,
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//
//
//
//
//
//
//
//

Shader
Shader
Shader
Shader
Shader
Shader

can
can
can
can
can
can

be
be
be
be
be
be

used
used
used
used
used
used

OBJ can legally be
OBJ has squished vertices

for acf exterior and world

for interior aircraft rendering
for -an instanced object

after-a - Z buffer pass

in-a blended-glass context

to prefill

ACF-attached

debug_name: <» "planet", load_group);

2025



( 151 id - * why, gshader, mode,

-

specializations = (why, shader, mode,

(caps & ::post_gbuffer)=— :: post_gb er,

(caps & :racf_attached)= zacf_att

if(specializations.
return;

#1f DESKTOP

allowed.
allowed.
allowed.

#if SIM
if(mode =

allowed.

#endif \

allowed.

§1if PLN

allowed.
allowed.
allowed.

if(mode =
allowed.
else
{
allowed.
if(g n_| )

allowed.

if(shader.

allowed.
else
{
allowed.
i1t PLN
#endif

if(shader.
allowed.
else
allowed.

if(mode =

1
L

allowed.

())

(
(
(
(
(
(
(
(
(
(
> 0)

allowed;

ba);
..... ];
L
ill);
]r
i -
=pth shader. )
k)3
front);
ne shader. = - pt
( .
(
:L.:I;
th)
)5

Q)

e);

J=

1s gbuffer

Lf(!

return false;

1 f(mode rode rendering
return false;

1 f(mode mode rendering
ra.urn false;

1 f(mode mode rendering

i1f(mode = mode rendering

{

X-System Message

ghx_abort called
Pipeline must not be nullptr

pass.

(dformat)

depth &6

depth &6

Please report this to Laminar Research.

caps,
[1] #

66 desc. #

desc.

desc. -

&6 1s not ob) & desc.

format =

2 none)

interior &6 mode
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Memory

Vulkan uses VMA
VK_EXT_memory_budget to monitor memory usage
Large number of runtime allocations

VMA pools based on resource lifetimes
Active VRAM defragmentation
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Memory - | can haz sparse?

® J[ried to use sparse memory to reduce fragmentation
e Way too slow for production

The Sad State of Hardware Virtual Textures July 1, 2025

Hardware virtual texture [l Software virtual texture
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Figure 6. Tile binding performance of hardware virtual and software virtual textures under

different GPU drivers. (In millisecond, lower is better, logarithmic scale)
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Modernization - Post mortem

If it's stupid and it works, it’s not stupid
Graphics team grew to 3 people

2 years of work from start to finish

9 months of beta period

Complaint: Still looked the same
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Building X-Plane 12
F I fe 1

L
sl o

This one goes to 1

® No more OpenGL backend
® [ocus on graphical improvements
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Photometric rendering o

U.S. Department
of Transportation

Advisory
Circular

Federal Awviation
Administration

Subject: SPECIFICATION FOR Date: March 2. 2016 AC No: 150/5345-46E

e Radiometric values for all lighting
e Aviation industry is spec heaven RUNWAY NDTAXIWAY  laklodby: AAS10  Chsags:

1. PURPOSE. This advisory circular (AC) contains the Federal Aviation Administration (FAA)
specifications for light fixtures to be used on airport runways and taxiways.

2. EFFECTIVE DATE. Effective six months after the issue date of this AC, only equipment qualified
per this specification will be listed in AC 150/5345-53, Airport Lighting Equipment Certification
Program.

3. CANCELLATION. AC 150/5345-46D, Specification for Runway and Taxiway Light Fixtures,
dated May 19, 2009, is canceled.

4. APPLICATION. The FAA recommends the guidance and specifications in this AC for Runway and
Taxiway Light Fixtures. In general, use of this AC is not mandatory. However, the use of the
specifications in this AC is mandatory for lighting or projects funded under the Airport Improvement
Program (AIP) with revenue from the Passenger Facility Charges (PFC) program. All lighting designs
contained in this AC are acceptable to the Administrator to meet the lighting requirements under Title 14
§ 139.311, Marking, Signs and Lighting.

5. PRINCIPAL CHANGES. The following principal changes are added:

a. Paragraph 3.4.1.2d is changed to allow for the deeper throat projection of light fixtures. This
solves potential issues with light fixtures not fitting through the bottom flange cutout of
extensions and sectional light bases.

Paragraph 3.4.2.2.. Base Mounting, is removed and inserted in AC 150/5345-42, Specification
for Airport Light Bases, Transformer Housings, Junction Boxes, and Accessories.

Specification for Airport Light Bases, Transformer Housings, Junction Boxes, and Accessories.
Paragraph 3.10.1.1 is rewritten to clarify the requirement relevant to light fixture internal

hardware. The requirement for black oxide coatings is removed. In addition, a note 1s added
about in-pavement light fixture bolts and bolt torque requirements.
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Photometric rendering

e Radiometric values for all lighting
e Aviation industry is spec heaven
e AgX tonemapper
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12.1.4

Photometric rendering

e Radiometric values for all lighting

e Aviation industry is spec heaven

e AgX tonemapper

e EXxposure fusion added in an update

XPLANE]2

12.2.0

HEER ) l WIFER — Ram i

. i & gt t\ 1
- L1

XPLANE]2
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Home coc

|4 ]

www.foxtrotflightdesigns.com
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Clouds and the atmosphere

e X-Plane 11 used billboard clouds

e No smooth weather updates

e Cloud plugins tried to fix some of t
e Wae can do better
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Atmospheric rendering

e Based on Hillaire’s work
e Sampled across full visible spectrum
e Improves sunset and sunrise
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Vegetation

ilIboard meshes
Low resolution atlas textures

Quad b

8%
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CPU

Extruded Points Mesh buffer

Mesh 1

Mesh 2

Mesh 3

-
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Extruded Points

Culled Points

uint index

uint index

-
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Extruded Points

Culled Points

uint index

uint index

Indirect Draw List

Draw 1

Draw 2

-
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Extruded Points

vec3 position Culled Points
uint rotation

uint index
vec3 position
uint rotation
Uint index Mesh buffer
vec3 position
uint rotation
Mesh 1
\/ g ) Mesh 2
Vertex Shader —
\§ J
Mesh 3

. Indirect Draw List
Chapter 16. Vegetation \/
Draw 1

Procedural Animation and

Shading in Crysis

Draw 2

-

Crytek
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Vegetation - LODs

o Still billboard LODs in distance
e Noticeable at steep angles
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Vegetation - LODs

o Still billboard LODs in distance

e Noticeable at steep angles

e Experimented with octahedral imposter:

e Required too much VRAM
o We have 2146 vegetation objects! ~ [FEEEESES
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Seasons & Weather
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G-buffer

Weather effects v

%

- ‘%"‘5&-@? |

+ G-buffer includes weather mask | @

TR - ",_,__ e :
B T —
e — ot b

Normal

Material
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G-buffer

Weather effects —

o G-buffer includes weather mask

Albedo

Normal

Material

e Weather apply modifies in-place

o Albedo

Weather
O N Ormal Conditions
o Material

G-buffer

Albedo

Normal

Matei ial
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G-buffer

Normal Material

Weather effects v

o G-buffer includes weather mask —aoal
e Weather apply modifies in-place

o Albedo
Weather
O N orma I Conditions
o Material
G-buffer
e G-buffer resolves as normal —_— __ B

@ Graphics Programming Conference, November 18-20, Breda



Y

@ Graphics Programming Conference, November 18-20, Breda




e —

4 Graphics Programming Conference, November 18-20, Breda




Water

e Artdriven turbidity & tinting
e Not enough resolution in base mesh sl
e Projected grid to improve resolution s

e Our world is genuinely round
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Wa te r Water offscreen

Tint Normal Depth

e Artdriven turbidity & tinting e —

e Not enough resolution in base
mesh

e Projected grid to improve
resolution

e Our world is genuinely round

e Offscreen pass for base water
nE
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Water

e Artdriven turbidity & tinting

e Not enough resolution in base
mesh

e Projected grid to improve
resolution

e Our world is genuinely round

e Offscreen pass for base water
nE

e Project grid against depth

Water offscreen

Tint Normal

Depth
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Water

e Artdriven turbidity & tinting

e Not enough resolution in base
mesh

e Projected grid to improve
resolution

e Our world is genuinely round

e Offscreen pass for base water
nE

e Project grid against depth

e Shape water using FFTs
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Water offscreen

Tint

Normal

Depth
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The plugin bridge again - Zink

e Vulkan/GL interop can be slow
e No more OpenGL backend fallback

e Zink implements OpenGL on top of
Vulkan

e Custom opengl32.dll & libGL.so I

AMDD
| .

I B Native intero
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@ Microprofile

MicroProfile Mode Groups Aggregate[e0] Timers Options Preset Custom Dump Pause Help Time| 18.66] Awg[ 18.73] Max[ 24.59

r frame Panel 30 ScemXPDDoDrawingHook

Panel 30 SceneXPDDoDrawingHook r framne Panel 3D Scem: XPDDoD rawingHook

-E1r-
|

The plugin bridge again - Zink

8f84: Pool worker (background - 2)

92e0: Pool worker (background - 5)

e Vulkan/GL interop can be slow vt B

Bb9c: Pool worker (background - 28) RADEDON
GRAPHICS

e No more OpenGL backend fallback N

80a0: Pool worker (realtime - 31)

e Zink implements OpenGL on top of ' Native intero

. ..
Vulkan
e Custom opengl32.dll & libGL.so S TS I
e Massively reduces CPU overhead

e She. issues. with, line emulation

it's been a while,_ want to know why glLineStipple is broken, and we have some notion that it seg faults.

4dcd: Pool worker (background - 2)

8d10: Pool worker (background - 5)

12fc: Pool worker (background - 8)
28el: Pool worker (background - 11) “'.
%

3774: Pool worker (realtime - 30)
| |

Zink interop
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Where we are going

X-Plane is 30 years old now &

New scenery engine

Local tangent plane coordinates (ENU)
New object model format (GLTF)
Multicore engine

Motion vectors
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Special Thanks

Graphics Team

Ben Supnik - Lead Coffee Drinker
BERICINAZRE

Maya - just one more cloud tweak - F. Eroglu

Art Team

Alex Unruh

Christiano Maggi

Daniela Rodriguez Careri

Jan Vogel - Resident 747 Captain

Justin Kissling

Massimo Durando

Petr Bednar - The 2461 vegetation object machine
Rodrigo Fernandez

YOU GOT X-PLANE'D!
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