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DirectX 5.0 - 12.XOpenGL 1.1 - 4.5

Graphics APIs:

Vulkan 1.0 - 1.4 Metal 1.0 - 4.0

Console graphics APIs:
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No shaders

No geometry 

processing

Simple blending: 2x 

textures + vertex color

Separate memories

GPU history: 3dFX Voodoo popularizes 3d hardware

TMU + 4MB TMU + 4MB

Rasterizer + 4MB

Loopback

cable

No window 

composition

No render 

target textures

Required a 

separate 2d card

DirectX and OpenGL were designed for these GPUs
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Pixel shaderVertex shader

GPU history: The first programmable GPUs

Framework-style 1:1 element transform

● System provides inputs: vertices, varyings, uniforms

● User provides element transform instructions (8 → 64 → 512 → 65536)

● Read-only texture sampler

● No programmable memory load or store → No need for generic R&W caches

● Huge influence on shader language design → shader framework has 16 entry points today!

Input 

Assembler
Vertex Buffer

Varyings
Write → Read

Pixel
Framebuffer

VLIW, vec4, vec4+1, narrow SIMD → abstraction is required

HLSL and GLSL were designed for these GPUs
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GPU history: Unified shaders + compute

CUDA
SIMT / SIMD

R&W buffers

R&W caches

“The Buffer Zoo”

Buffer (SRV) – homogeneous array

RWBuffer (UAV) – TypedUAVLoad :(

ByteAddressBuffer (SRV) – 4-byte align:(

RWByteAddressBuffer (UAV)

StructuredBuffer (SRV) – AoSoA :(

RWStructuredBuffer (UAV)

AppendStructuredBuffer (UAV)

ConsumeStructuredBuffer (UAV)

ConstantBuffer – 16-64KB, 16-byte align arrays :(

VertexBuffer – no dynamic indexing

IndexBuffer

R&W caches/coherency add a lot of complexity

Sampler →
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GPU history: “Modern” Graphics APIs

● Designed for 12-16 year old hardware

○ GTX 580, AMD GCN1, Intel HD 4200…

○ Adreno 400, Mali Midgard, PVR Series 6

● Custom (limited) binding models

○ Bindless not universally supported

● Cache coherency & barriers & layouts

● 256MB CPU aperture (driver)

DX12, Vulkan and Metal (→WebGPU) designed for 14-16 year old HW

Pressure: Consoles with MT rendering + fast draw calls…
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Modern APIs: Promise vs Reality

On Unity 2018.2.17, still the same poor performance on Android Vulkan.

Switching from GL ES 3.1 to Vulkan cuts the fps to less than half!

[3]
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RHI vs API design mismatch

RHI
Renderer Hardware Interface

Game Engine

HASHMAPS

Vulkan DX12

misshit

…

2n

PSOs

IA State

Raster State

Blend State

Z/S State

Shaders
Descriptor
Sets/Tables

persistent & bundled

offload (not optimize)

fine grained / immediate mode

Render 

Passes

Metal

CPU cache thrashing → bad MT scaling 

STALL

← triangle winding, blend mode, texture binding…
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PSO explosion: Instead of fixing the root cause…

~100GB PSO Cache
100 TB+

Cloud 

Server

PSO

STALL

Driver update → 30 minutes waiting for shaders to recompile :( 

[8]
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More developer responsibility, simpler driver?

[10]
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Hardware converged rapidly in 10 years

● 100% SIMD: SIMD32 (AMD, Nvidia, Apple), SIMD16+ (ARM, Intel, Qualcomm)

● Coherent LLC: No need to flush to VRAM

● No texture layouts: Samplers & display support DCC

● Bindless texture samplers

● Virtual memory and 64-bit GPU pointers

● Full CPU→GPU access: PCIE-Rebar + UMA → persistently mapped pointers

● Dynamic register alloc (NV/AMD intrinsics, Apple Dynamic Caching) and SER

Modern workloads

● GPU-driven rendering, V-buffer, ray-tracing

● C/C++ pointer based shading languages: Metal and CUDA (+tensors)

● Dynamic memory access: Uniform/vertex buffers → fast raw loads

GPU history: Hardware convergence

→ Don’t need a complex API abstraction anymore

Dynamic Resources

ByteBuffer.Load<T>

16-bit Types

Wave Intrinsics

Dynamic Rendering

Buffer Device Address

Descriptor Buffer/Heap

Unified Image Layouts

…
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The Clean API
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Memory Management

UMA or PCIE-ReBAR = Persistent CPU→GPU pointers

vkCmdPushDataEXT

● Returns either a shared virtual memory (SVM) pointer or CPU+GPU pointer pair

○ CPU+GPU pointer pair is supported by all modern GPUs (already used by DX12, Vulkan and Metal)

○ Single SVM pointer is cleaner, but not supported by all GPUs yet. Using SVM in my slides for simplicity.

● Default memory visible to both CPU and GPU: Easy to write directly from C/C++ code to GPU memory.

● Command buffer temp alloc similar to vkCmdPushDataEXT and Metal setBytes

[13]
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No Binding Layout

No root/push argument APIs. No descriptor set/table APIs. No buffer/texture binding APIs

OS doesn’t care about data layout

Graphics API should not either!
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Root Data is a 64-bit GPU Pointer
BufferDeviceAddress

[14]

= 2x 128-bit wide loads
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Root Optimizations and Uniformity Analysis

drawgpu_temp_alloc gpu_temp_alloc …Command Buffer: * draw

Uniformity analysis

● Preload to uniforms

● Scalarization

● Wave broadcast

● Arm Mali pilot shaders

Data access

● root_ptr + struct field offset

● A virtual memory pointer

○ GPU memory, CPU memory, command buffer…



© 2026 SIGGRAPH. All Rights Reserved.

Static (specialization) Constants

Flexible “bindings”. Can bake pointers. API bloat is gone
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(No) Texture Bindings

[0] metal5_albedo
[1] metal5_normal
[2] metal5_pbr
[3] plastic7_albedo
[4] plastic7_normal
[5] plastic7_pbr
[6] icon_banner
[7] ui_final_v3_fix2
[8] g_buffer_A
[9] g_buffer_B
[10] g_buffer_C
[11] particle_atlasA
…

Descriptor 

cache

Scalar 

registers

Descriptor heap (256-bit array)
Two competing binding models (modern HW):

● 32-bit index to descriptor heap → TMU caches descriptors

● 256-bit descriptors in memory → loaded to scalar registers

UNIFIED

API

Shader Model 6.6

ptr64* (uniform) + u32 

(lane?)

[15]
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Texture Descriptors

Minimal API. Descriptors are pure memory. Can memcpy & compute write

[16]

VK_EXT_descriptor_heap
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Texture Data Upload

Texture data upload still needs to be abstracted due to HW morton order and DCC
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Draw Calls: Vertex Shader

Vertices are just memory. Dynamic vertex layout/stride doesn’t require multiple PSOs
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Draw Calls: Pixel Shader

No texture bindings. Heap index calculated in the shader
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Indirect Draw and Dispatch

GPU-pointer → Can write to it using compute shader!

Multidraw: data[SV_DrawID] or data->array[SV_DrawID]

GPU pointers!
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Barriers
VK_KHR_unified_image_layouts

Massive mismatch between API and hardware

● API: User has to bookkeep individual resources and their layout transitions

○ Lots of bookkeeping: Lots of CPU cycles wasted

○ Awkward in multithreaded renderer: Need to know previous layout ahead of time → HACKS!

○ Awkward with 100% bindless: CPU needs to know which resources are written 

● Reality: GPU doesn’t care about individual resources at all

○ Samplers and display can read DCC today: No layout transitions for decompress

○ Coherent LLCs on all modern GPUs: Only a few special cases where $L1 → LLC flush is needed

● Modern driver implementation

○ Loops though your barrier resource list (looks for special usage & stage transitions)

■ Populates a bitfield (u32) denoting which $L1s to flush to LLC

○ Wasted work on both user land and in the driver

● Fix: User provides the (special-case) cache-flush bitmask directly. No resources!

[17]
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Barriers

Examples:

API:

Cache flush bitmask

No resource lists in barriers. User doesn’t need to track resource layouts
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Split Barriers: → 

Significantly cleaner and more flexible API (vs Vulkan and DX12)

API:

Example (GPU timeline semaphore):

No need for persistent GPU synchronization objects

Producer Independent work Consumer
tail

NO STALL - TAILS OVERLAP

tail
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Making the PSO thinner…

Move as much state out of PSO as possible…

● Less PSOs = better performance + less stalls

● GPU hardware doesn’t have monolithic PSO design

● Fixed function units still have their configuration packets

○ Rasterizer

○ Depth-stencil

○ Blender

○ (Input assembler is mostly gone)
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Depth-Stencil State

Separate depth-stencil state

● Metal already separates depth-stencil state

● Depth-stencil state has low frequency of change

○ Once per pass is common

○ N subsequent draws

○ No good reason to bake it in the PSO (*)
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Blend State

Has blending hardware?

● Yes: AMD, Nvidia, Intel, 

Qualcomm, ARM

● No: Apple, PowerVR

Options for user:

● Burn blend state into PSO

● Separate blend state

● Framebuffer fetch (mobile)
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Dynamic Render State

● Separate depth/stencil + blend state + above dynamic state matches Vulkan 1.3

○ Input assembler state is implicitly fully dynamic (no vertex buffers)

○ No possibility to burn viewport, scissor, cull (winding) or depth/stencil into PSO. 

■ Single code path simplifies driver state management.

● Limited dynamic state is a MASSIVE issue today

○ Android = Vulkan 1.1 (good coverage). No dynamic render state.

○ DirectX 12 is only slightly bit better than Vulkan 1.1 (no Vulkan 1.3 equivalent patch)
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Comparison of APIs

CPU→GPU
ptr access

Pointers in 
shader

Descriptor 
heap

Root/data Barriers

Proposed
data, root

descriptors
YES YES

const ptr = 
root

Dependency 
Only

DirectX 12 data NO (HLSL) YES Messy APIs
Resource 

list

Vulkan 1.4
+BDA +pushData
+descriptorHeap

+unifiedImageLayouts

data
descriptors

u64 (GLSL)
bad syntax

YES
(extension)

Push struct
(extension)

List, no 
layouts

Metal 4 data YES
TextureView

Pool**
const ptr = 

root [N]
Dependency 

Only

WebGPU NO NO NO
Immutable 

sets
Automatic

(slow)

Mobile

today*

Latest 2-3 generations of mobile GPUs from all vendors support everything we need!
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More Info: 50-page Blog Post 

https://www.sebastianaaltonen.com

/blog/no-graphics-api [18]

https://www.sebastianaaltonen.com/blog/no-graphics-api
https://www.sebastianaaltonen.com/blog/no-graphics-api
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https://www.sebastianaaltonen.com/blog/no-graphics-api
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EXTRA: Shader Framework

One kernel with intrinsics:

● Sampler (bindless)

● Ray (BHV + triangle)

● Tensor

● Spawn wave (data = ptr)

● Meshlet (→rasterizer)

Pixel Vertex

Geometry Hull Domain

Patch
Mesh Amplification

Any-hit Closest-hit

Miss

Intersection

Workgroup
Ray-generation

Compute
Callable

DXML
A proper library ecosystem needs composable 

constructs. CUDA is a $5T library ecosystem. 

HLSL and GLSL frameworks lack libraries.
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