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The Basic Idea 2

Texture mapping is a computer graphics operation in which a separate image, referred to as the texture, is
stretched onto a piece of 3D geometry and follows it however it is transformed. This image is also known
as a texture map.

Also, to prevent confusion, the texture pixels are not called pixels. A pixel is a dot in the final screen
image. Adotin the texture image is called a texture element, or texel.

Similarly, to avoid terminology confusion, a texture’s width and height dimensions are not called X and Y.
They are called S and T. Atexture map is not generally indexed by its actual resolution coordinates.
Instead, it is indexed by a coordinate system that is resolution-independent. The left side is always $=0.,
the right side is $=1., the bottom is T=0., and the top is T=1. Thus, you do not need to be aware of the
texture's resolution when you are specifying coordinates that point into it. Think of S and T as a measure
of what fraction of the way you are into the texture.
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The Basic Idea 3
The mapping between the geometry of the 3D object and the S and T of the texture image works like this:

(X2, ¥2,52,72)

A T-1
(X3, Y3, 53, “rre (X0, Y1,51T1) N
B ¢ i
A vl
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/
/ s=0.
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N
\
(x4, v4,54,14) T
Interpolated (5,T) = (.78, .67) (X0, Y0, 0,70)

(0.78,0.67) in S and T = (199.68, 171.52) in texels |

YYou specify an (s,t) pair at each vertex, along with the vertex coordinate. At the same

time that the rasterizer is interpolating the coordinates, colors, etc. inside the polygon, it
University is also interpolating the (s,t) coordinates. Then, when it goes to draw each pixel, it uses
Computer Graphics  that pixel's interpolated (s,t) to lookup a color in the texture image.
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In OpenGL terms: assigning an (s,t) to each vertex 4

Enable texture mapping:

glEnable( GL_TEXTURE_2D );

Draw your polygons, specifying s and t at each vertex:

glBegin( GL_POLYGON.);
gITexCoordZ
gINormal3f( nx0, ny0, nz0 );
glVertex3f( x0, y0, z0 );
ngexCaordﬂEl!b;
gINormal3f( nx1, nyT, nz1);
glVertex3f( x1, y1,z1);

glEnd();

Disable texture mapping:

glDisable( GL_TEXTURE_2D );
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Triangles in an Array of Structures 5
2 3

struct vertex

position;

struct vertex VertexData[ ] =

Il triangle 0-2-3:
Il vertex #0:

[
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Using a Texture: How do you know what (s,t) to assign to each vertex? 6

The easiest way to figure out what s and t are at a particular vertex is to figure out what
fraction across the object the vertex is living at. For a plane,

_ x —Xmin Yy —Ymin
5= Xmax —Xmin ~ Ymax — Ymin
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Using a Texture: How do you know what (s,t) to assign to each vertex? 7

Or, for a sphere,

0 —(-m
s= 21
s=(Ing+M_Pl )/(2*M_PI);
t = (lat+M_Pli2. )/ M_PL;

Oregon State
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Using a Texture: How do you know what (s,t) to assign to each vertex? 8

Uh-oh. Now what? Here’s where it gets tougher...,
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You really are at the mercy of whoever did the modeling... 9
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Be careful where s abruptly transitions from 1. back to 0. 10
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Memory Types "
CPU Memory GPU Memory
Host Device
Visible Local
GPU Memory GPU Memory

—

memcpy() VKCmdCopylmage( ) o &

Sampling
Hardware
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RGBAto
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Memory Types 12

NVIDIA A6000 Graphics:

6 Memory Types:

Memory 0:

Memory 1: DevicelLocal

Memory 2: HostVisible HostCoherent

Memory 3: HostVisible HostCoherent HostCached
Memory 4: DeviceLocal HostVisible HostCoherent
Memory 5: DevicelLocal

Intel Integrated Graphics:

3 Memory Types:

Memory 0: DeviceLocal

Memory 1: DeviceLocal HostVisible HostCoherent

Memory 2: DeviceLocal HostVisible HostCoherent HostCached
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Something I've Found Useful

| find it handy to encapsulate texture information in a struct, just like | do with buffer information:

1/ holds all the information about a data buffer so it can be encapsulated in one variable:

typedef struct MyBuffer
{

VkDataBuffer buffer;
VkDeviceMemory  vdm;
VkDeviceSize size;

} MyBuffer;

I/ holds all the information about a texture so it can be encapsulated in one variable:

typedef struct MyTexture
{

uint32_t width;
uint32_t height;
unsigned char * pixels;
Vkimage teximage;
VkimageView teximageView;
VkSampler texSampler;
VkDeviceMemory vdm;

} MyTexture;

University
Computer Graphics

mib — Docormbor 29, 2022

12/29/2022

Texture Sampling Parameters 14

OpenGL
glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_REPEAT ); L e

glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_REPEAT );
glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR );
glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR );

Vulkan '7

MyTexture MyPuppyTexture;

VkSamplerCreatelnfo
vsci.magFilter = VK_FILTER_LIN
vsci.minFilter = VK_FILTER_LINEAR;
vsci.mipmapMode = VK_SAMPLER _[MIPMAP_MODE_LINEAR;
vsci.addressModeU = VK_SAMPLER |JADDRESS_MODE_REPEAT;
vsci.addressModeV = VK_SAMPLER |ADDRESS_MODE_REPEAT;
vsci.addressModeW = VK_SAMPLER_|ADDRESS_MODE_REPEAT;

result = vkCreateSampler( LogicalDevice, IN &vsci, PALLOCATOR, OUT &MyPuppyTexture->texSampler);
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Textures’ Undersampling Artifacts

As an object gets farther away and covers a smaller and smaller part of the screen, the
texels : pixels ratio used in the coverage becomes larger and larger. This means that
there are pieces of the texture leftover in between the pixels that are being drawn into, so
that some of the texture image is not being taken into account in the final image. This
means that the texture is being undersampled and could end up producing artifacts in the
rendered image.

Texels

_*_ ]

> Pixels

Consider a texture that consists of one red texel and all the rest white. It is easy to
imagine an object rendered with that texture as ending up all white, with the red texel
having never been included in the final image. The solution is to create lower-resolutions
of the same texture so that the red texel gets included somehow in all resolution-level
textures.
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Texture Mip*-mapping 16

Average 4 pixels to

make a new one

GBA, RGBA, RGBA,

GBA, RGBA, RGBA,
RGBA, RGBA,RGBA, RGBA, RGBA,
RGBA, RGBA, RGBA, RGBA, RGBA,
RGBA, RGBA, RGBA, RGBA, RGBA,
RGBA, RGBA,RGBA, RGBA, RGBA,
RGBA, RGBA, RGBA, RGBA, RGBA,
RGBA, RGBA, RGBA, RGBA, RGBA,
RGBA, RGBA, RGBA, RGBA, RGBA,

Average 4 pixels to
make a new one

[l ices. aca nois ace. Average 4 pixes fo
SR RGBA RGBA RGEA REA make a newone
RGEA. RGBAAGEA RGOA RGBA

ROBA RGEA, RGBA RGO RGBA

ROSA RGBAAGEA AGOA. RGSK

+ Total texture storage is ~ 2x what it was without mip-mapping

Graphics hardware determines which level to use based on the texels : pixels ratio.

+ In addition to just picking one mip-map level, the rendering system can sample from two of
them, one less that the Texture:Pixel ratio and one more, and then blend the two RGBAs

_returned. This is known as VK_SAMPLER_MIPMAP_MODE_LINEAR.

iR
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University * Latin: multim in parvo, “many things in a small place”
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st
07 TextureSampler(MyTexture *pMyTexture )

VKResult resul:

s g
VK_SAMPLER_ADDRESS_MODE_CLAMP_TO_BOHDER
VK_SAMPLER_ADDRESS_MODE_MIRROR_CLAVH] T0_EDGE
ondit

Vsl comparoEnable = VK_FALSE;
s comparGp = Vi_COMPARE_OP_NEVER:
e GHOICES

VK COMPARE_OP_EQUAL
VK COMPARE_OP_LESS OR EQUAL
ATER

Vsci borderColor = VK_BORDER_COLOR_F| OAT_OPAQUE_BLACK:

Hidef CHOICES

VK_BORDER_COLOR_FLOAT_TRANSPARENT BLALK

BORDER_COLOR_INT_TRANSPARENT BLACK
RDER_COLOR_FLOAT_OPAQUE_BLACK

" VK_BORDER_COLOR_INT_OPAQUE_WHITE
Hondit

index

) L
Dreg IK_FALSE eans we are using he sual 0. 1
Un|

Comp] IN &vsci, PALLOCATOR, OUT. %

. 2022

VkResult
Init0TTextureBuffor(INOUT MyTexture * pMyTexture)

VkResut result;

uint32_ texWidth = pMyTexture->width;
uint32 L texHeight = pMyTexture->height

unsigned char texture = phlyTexture->pixels;

VkDeviceSize texureSize = lexWidh  lexteight *4; /1 rgba, 1 byte each

Viimage stagingimage;
Vkimage texturelmage;

"
1his first ..} is 1o creale the staging image:
1

\VKimageCreatelnfo
i sTyps = VK_STRUC! € _IMAGE_CREATE_INFO;

v pNext
Vi flags =0;
vickimageType = VK_IMAGE_TYPE_2D.

vickformat = VK_FORMAT_RBGBB3AS_UNORM;

WPLE_COUNT_1_BIT;
viciting = VK_IMAGE_TILING._LINEAR;
#itdefCHOICES
VK_IAGE_TILING_OPTIMAL
VK IMAGE TILING_LINEAR
e
viciusage = VK_IMAGE_USAGE_TRANSFER_SRC_BIT;
#ifdefCHOICES
VK_IIAGE_USAGE_TRANSFER_SRC_BIT
VK IMIAGE_USAGE_TRANSFER_DST BIT
VK IMIAGE_USAGE_SAMPLED_BIT
VK_IMIAGE USAGE_STORAGE_BIT
% VK IMAGE_USAGE COLOR_ATTACHMENT BIT

VKCIIAGE_USAGE_DEPTH_STENCIL_ATTACHMENT_BIT
VK IIIAGE_USAGE_TRANSIENT_ATTACHMENT_BIT
VK IMIAGE_USAGE_INPUT_ATTACHMENT_BIT

#endi

vicisharinghode = VK_SHARING_MODE_EXCLUSIVE;

p - Decerter 20,2022 |
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HideCHOICES
T IAGE LAYOUT NDEFINED
VK MAGE LAYOUT_PREINITIALIZED
ordi

vic.queueFamiyinexCount= 0:
Ve pumueFamiindces Garetungh 1 ult:

INvich PALLOCATOR, OUT but ot led

VKiemoryReguirements v
Device, IN stagingimage, OUT &)

if(Verbose)
(

fprit(FgDobug, "Image vr.sizo = 6k, i sizo)

fush(FpDebug).
)

WiomoryAlocatelnfo
vmaisType = VK_S°

ViDevicetdemr
result= vaHoan!hmmy[L g, PALLOCATOR, OUT 8vdm:
Pl Texturo->vam =

VKiageSubresouce
Vis aspeciiMask = VK.

vis mipLevel=
visarrayLayer =0;

ViSubresourceLayout
tagingimage, IN &vis, OUT &)

if(Verbose)

fprit(FgDobug, "Subrosource Layout ')
Tprn(FpDebug, offsst = SIGT, vsloffset
fpit{(FpDebug, size

fpit{(FpDebug, “rowPitc

frvtdcmry

Jor2s, 2022

void * gpubemor
hiMapmamory. Logwawuevme Jm 0. VK_WHOLE_SIZE. 0. OUT oo
and 0 = offset and memory may

if (vslrowPitch

4" toxWidn)

memcpy(gpubemory, (void “Jtexture, (size_ttextureSize);

vkUnmapMemory( LogicalDevice, vdm);

i
eise
nsinod chr uytes = (riged char “puomory:
for (unsigned inty = 0; y < texHeight;
memcpy(8gpuBytesly * vslrowPitch], &texture(d *y * texWWidt, (size_(4 texWidth) );
i

Un.;zlm State

Computer Graphics

20

b —Dacenbar 29, 2022 |

Drey
i

Compu

J1this second (.} i to create the actual texture image:

ViimageCreateinfo
vicsType

K_STRUC E_IMAGE_CREATE_INFO;
i,

rosul = vkCreatelmage(LogicaDevice, N &yici, PALLOCATOR, OUT stexturelmage); / alocated, bus not iled

KiemoryRequremens
hetmageWemeryRequiements( LageaDevic, I extrcinage, OUT s

i Verbose )
(

o FoDau, Tetrs iz = sk, iz )
TypeBi

fsi FpDebug )

ViddemonyAlocater

ViDevicotdemary
resul = vkAllocateMemory( .A ALLOCATOR, OUT &vdm):

resull = vkBindimageMemory( LogicalDevice, IN lexturelmage, IN%dm, 0 ), /10 = offset

21
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11 copy pixels from the staging image to the texure:

VkCommandBufferBagininfo
VK,

K«
Vet phpertancaiio

result

KBoginCommandBuffer( TextureCommandBuffer, IN &vcbbi)

"
1l transition the staging buffer layout:

viimageSuresouceRange
pectMask = VK_IMAGE
Verbacettptovel
vistlevelCount = 1;
varbaseATayLayer =
vist layerCou

coLOR BIT:

Varsgeermorarrir

bsType = VK_STRUCTL

i e = i

vimb.oldLayout = VK,
b.ney

- IMAGE_MEMORY_BARRIER;

(OUT_PREINITIALIZED;
AYOUT_TRANSFER_SRC_OPTIMAL;
_QUEUE_FAMILY_IGNORED;
vimbdstQueveFamilylngbx = JK_QUEUE_FAMILY IGNORED:

foe:
v srcAccsssilas VK JCCESS, HOST WRITE BI;

TextureCommandBufer,
STAGE.HOST_BIT, VK_PIPELINE_STAGE_HOST_BIT, 0,

emonyBarer ot

1IN vimb );

Dregon State
iversi
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23

1l ransition the texture buffer layout

vis levelCour
visr. bﬁszArrzyLayer o
visrlayerCount =

VkimageMemoryBarrier

vimbsType = VK_STRUCTI IMAGE_MEMORY_BARRIER
vimbpNext = nulpir

vimb.oldLayout JAYOUT_PREINITIALIZED:
vimbnewLayout (AGELAYOUT TRANSFER_DST_OPTIMAL;
vimb.srcQueveFamilyinfex = JK_QUEUE_FAMIL
vinbstOueusFamiyP <K QUEUE FAMILY_IGNORED;
jmb.mage =

i srehccessie

vimb dstAccessh (CCESS_TRANSFER_WRITE_BIT:

st k= Vic ¥
vimb.subresourgéRange = visr:

¥ PIPE.BIT. VK_PIPELINE_STAGE TRANSFER_BIT, 0,

0, (VWBuRbriomoryBarrer s,
& N s

1 now do the final image transfer:

ViimageSubresoucelayers vist
vislaspeciMask = VK_IMAGE_ASPECT_COLOR BIT:
isLbasoArrayLayor
visLmipLevel
visayerCount

VKOffset3D vo3;
vo3.x
vody
vosz

VKExtent3D ve3;

Ve3.width = texWidn;
ve3Peigh = et
ve3.depth

b~ Dsceimber 29, 2022
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VkimageCopy
vic.srcSubresource = vi

vic.extent = ve3;
orCopymage(TextursCommandouttr

g0, VK_IMAGE_LAYOUT_TRANSFER_SRC_OPTIMAL,
eviraimage, VK MAGE LAYOUT TRANSFER 1051 ORTIMAL, 1, W v

Dregon State

Computer Graphics

b - Docenber 20,2022 |




12/29/2022

25

1 transition the texture buffer ayout a second time:

VkimageSubresourceRange
visraspecthlask = V
visr baseMipLo\
visrlevelCount = 1;
visr baseArrayL ayer
visrlayerCount = 1:

VKimageMermoryBarrier
i PE_IMAGE_MEMORY_BARRIER;

AYOUT TRANSFER DST OPTIMAL;
vimb.newLayout = VK IMAGEJLAYOUT SHADER READ_ONLY_OPTIMAL;
ox = JK_QUEUE_FAMILY_IGNORED;

vimb.dstQueueFamilyjhdex =[/K_QUEUE_FAMILY IGNORED;
image =

vimb.srcAccessM:

vimb.dstAcce: \CCESS_SHADER_READ_BIT;

for(TextureCommandBufer,
VK_PIPELINE_STAGE_TRANSFER BIT. VK_PIPELINE_STAGE_FRAGMENT_SHADER BIT, 0,

vsi pWaitSemaphores = (VkSemafpore *Jnulptr;
vsisignalSemaphoreCount = 0;

vsi pSignalSemaphores = (VkSemahore “Jnulptr;

vsi pWaitDs(StageMask = (VkPipelin\StageFlags “Jnulptr;

kQueueSubmit( Quove, 1, N &si, VK_NULL_HANDLE );
kQueueWaitldio( Quove ).

mib — Docormbor 29, 2022

Il create an image view for the texture image:
/I (an “image view” is used to indirectly access an ii e)

visr.asf _COLOR BIT;

26

VkimageSubresourceRange D)
pectMask = VK_IMAGE
o;

visr.baseMipLevel
visr.levelCount = 1;
visr.baseArrayLayer = 0;
visr.layerCount = 1;

Access to Image The Actual
an Image View Image Data

VkimageViewCreatelnfo
vivei.sType = VK,STRucTu
ullptr;

vivei.pNe»
viveiflags = 0;

vivei.image = texturelmage;
vivei.viewType = VK_IMAGE JVIEW_\YPE_2D;
vivciformat = VK_FORMAT. _UNORM; +—{ 8 bits Red | 8 bits Green | 8bits Blue | 8 bits Alpha
vivci.components.r WIZZLE_R;
vivei.components.g
vivei.components.b
vivei.components.a
vivei.subresourceRang

result = vkCreatelmageView( LogicalDevice, IN &vivci, PALLOCATOR, OUT &pMyTexture->teximageView);

return result;

L,

Dregon State Note that, at this point, the Staging Buffer is no longer needed, and can be destroyed.
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Reading in a Texture from a BMP File 27

typedef struct MyTexture
{

uint32_t width;
uint32_t height;
Vkimage teximage;
VkimageView teximageView;
VkSampler texSampler;
VkDeviceMemory ~ vdm;

} MyTexture;

MyTexture  MyPuppyTexture;

result = Init06 TextureBufferAndFillFromBmpFile ( “puppy1.bmp”, &MyPuppyTexture);
Init06 ppyTexture. 3

pler( &Myl

This function can be found in the sample.cpp file. The BMP file needs to be created by something that
writes uncompressed 24-bit color BMP files, or was converted to the uncompressed BMP format by a
tool such as ImageMagick’s convert, Adobe Photoshop, or GNU's GIMP.

epens s
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