


APPENDIX B. ADDITIONAL RESULTS

Figure B.6: Images comparing 128M volumes to 32M volumes, Z direction
Top row: 128M volumes. Bottom row: 32M volumes

Method, from left: DW with 4 planes, DW with 8 planes, VGDW with 4
planes, VGDW with 8 planes
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Appendix C

Code Listings

This appendix contains the full OpenCL code produced during the course
of the work. A few notes about the code to make it more understandable:
There is a single kernel, voxel methods, which is the entry point of all
methods. Which method is in use, and the parameters is selected using
defines at compile time.

/% % % 5k %k ok 3k %k >k %k %k >k %k ok k %k k k /
/* Begin constants */

3| /% ******************/

#define CUBE_SIZE 4

// Recomnstruction methods
#define METHOD_VNN O
#define METHOD_VNN2 1
#define METHOD_DW 2
#define METHOD_VGDW 3

3| // Plane searching methods

#define PLANE_HEURISTIC O
#define PLANE_CLOSEST 1

/% % % 5k %k 5k %k %k k %k ok k % k k k % /

/* End constants */
/% % % sk ok 5k %k %k k %k ok k %k k k k % /

/% k% 5k %k ok k %k ok k K ok k ok k k /

/* Begin macros */
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/% 3 ok ok ok ok ok ok ok ok ok ok ok ok ok ok /

//#define DEBUG
#define CHECK_PLANE_INDICES

#ifdef DEBUG

#define DEBUG_PRINTF(...) if((get_global_id(0) % 5000) == 0)
printf (##__VA_ARGS__)

//#define DEBUG_PRINTF(...) printf (##__VA_ARGS__)

//#define BOUNDS_CHECK(x, min, max) if(x < min || x >= max)
printf ("Line %d: %s out of range: %d min: %d max: %d\n",
__LINE__, #x, x, min, max)

;| #define BOUNDS_CHECK(x, min, max)

#else

#define DEBUG_PRINTF(...)

#define BOUNDS_CHECK(x, min, max)
#endif

#define plane_dist(voxel, matrix) (dot(matrix.s26AE,voxel) - dot
(matrix.s26AE, matrix.s37BF))
#define euclid_dist(a, b, c) sqrt((a)*(a) + (b)*(b) + (c)*(c))

#define projectOntoPlane (voxel, matrix, dist) (voxel - dist*(
matrix.s26AE))

#define projectOntoPlaneEq(voxel, eq, dist) (voxel - distx*(eq))

#define isInside(x, size) ((x) >= 0 && (x) < (size))

#define isNotMasked(x, y, mask, xsize) ((mask)[(x) + (y)*(xsize)
1 >0

//#define isNotMasked(x, y, mask, xsize) true

#define VOXEL(v,x,y,z) v[x + y*volume_xsize + z*volume_ysizex*
volume_xsize]

#define WEIGHT_INV(x) (1.0f/fabs(x))
#define WEIGHT_TERNARY(val, mean, factor)
\
((val) >= (mean) ? (factor) : 0.0f)

#define WEIGHT_GAUSS_SQRT_2PI 2.506628275f

#define WEIGHT_GAUSS_NONEXP_PART (sigma) (1.0f/((sigma)*
WEIGHT_GAUSS_SQRT_2PI))

3| #define WEIGHT_GAUSS_EXP_PART (dist, sigma) exp(-((dist)=*(dist))

/(2% (sigma)*(sigma)))
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101

103

105

#define WEIGHT_GAUSS(x, sigma) (WEIGHT_GAUSS_NONEXP_PART (sigma)*
WEIGHT_GAUSS_EXP_PART(x, sigma))

#define VGDW_GAUSS_WEIGHT (px, var, mean, mean_id, sigma)
WEIGHT _GAUSS (px.dist, sigma)

#ifndef BRIGHTNESS_FACTOR
#define BRIGHTNESS_FACTOR 0.0f
#endif

#ifndef NEWNESS_FACTOR

#define NEWNESS_FACTOR 0.0f
#endif

#define VGDW_WEIGHT_BRIGHTNESS (px, var, mean, mean_id, sigma)
\
((WEIGHT_GAUSS (px.dist, sigma)) + (WEIGHT_TERNARY (px.intensity
, mean, BRIGHTNESS_FACTOR)))

#define VGDW_WEIGHT_LATENESS (px, var, mean, mean_id, sigma)
\
((WEIGHT_GAUSS (px.dist, sigma)) + (WEIGHT_TERNARY (px.plane_id,
mean_id, NEWNESS_FACTOR)))

;| #define VGDW_WEIGHT (px, var, mean, mean_id, sigma) \

((WEIGHT_GAUSS (px.dist, sigma)) \
+ (WEIGHT_TERNARY (px.plane_id, mean_id, NEWNESS_FACTOR)) \
+ (WEIGHT_TERNARY (px.intensity, mean, BRIGHTNESS_FACTOR)))

#define DW_WEIGHT (x) WEIGHT_INV(x)
#define VNN2_WEIGHT (x) WEIGHT_INV(x)

#define CLOSE_PLANE_IDX(p, i) plget_local_id (0)*(MAX_PLANES+1)+(
i)]

/% % % 5k %k 5k %k % >k %k k k % % /

/* End macros */
/% % % 5k %k 5k %k %k >k %k k k % % /

/% %k % 5k %k 5k sk %k k %k ok k %k k k k % /

/* Begin structs x/
/% KRR Kk

typedef struct _close_plane
{
float dist;
short plane_id;
unsigned char intensity;
unsigned char padding; // Align with 4
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} close_plane_t;

/% ok ok ok ok ok ok ok ok ok ok ok ok K /

/* End structs */
/% % % 5k %k 5k %k % >k % K k % % % /

/% 3k % 5k % 5k 3k %k >k %k %k >k % %k k % k k % %k /
/* Begin prototypes */
/% 3k % 5k % 5k 3k %k >k 3k % >k %k %k k % k k % % /

// Declare all the functions, as Apple seems to need that

int isValidPixel (int x,
int vy,
const __global unsigned char* mask,
int in_xsize,
int in_ysize);

int

findHighestIdx(__local close_plane_t *planes,
int n);

int2

findClosestPlanes_heuristic(__local close_plane_t *close_planes,

__local float4* const plane_eqgs,

__constant floatl6* const
plane_matrices,

const float4 voxel,

const float radius,

int guess,

bool doTermDistance,

__global const unsigned char* mask,

int in_xsize,

int in_ysize,

float in_xspacing,

float in_yspacing);

int2
findClosestPlanes_multistart(__local close_plane_t *close_planes
s
__local float4* const plane_eqgs,
__constant floatl6* const
plane_matrices,
const float4 voxel,
const float radius,
int *multistart_guesses,
int n_multistart_guesses,
bool doTermDistance,
__global const unsigned char* mask,
int in_xsize,
int in_ysize,
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float in_xspacing,
155 float in_yspacing);

// I’m sorry about this..

150 #if PLANE_METHOD == PLANE_EXACT

#define FIND_CLOSE_PLANES(a, b, ¢, d, e, £, g, h, i, j, k, 1)
findClosestPlanes_multistart(a, b, ¢, d, e, £, g, 1, h, i, j
, k, 1)

61| #elif PLANE_METHOD == PLANE_CLOSEST

63| #ifdef MAX_MULTISTART_STARTS

#undef MAX_MULTISTART_STARTS

165| #define MAX_MULTISTART_STARTS 1

#endif

167

#define FIND_CLOSE_PLANES(a, b, ¢, d, e, f, g, h, i, j, k, 1)
findClosestPlanes_multistart(a, b, ¢, d, e, £, g, 0, h, i, j
, k, 1)

160| #endif

171 float2
transform_inv_xy(floatl16 matrix, float4 voxel);

void

75| toImgCoord_int (int* x,

int* y,

177 float4 voxel,

floatl6 plane_matrix,
179 float in_xspacing,
float in_yspacing);

void

183 toImgCoord_float (float* x,

float* y,

185 float4 voxel,

floatl6 plane_matrix,
187 float in_xspacing,
float in_yspacing);

91| unsigned char vgdwFilter (__local const close_plane_t *pixels,
int n_planes);

#if METHOD == METHOD_VNN

195

__constant const sampler_t sampler = CLK_NORMALIZED_COORDS_FALSE
| CLK_ADDRESS_CLAMP_TO_EDGE| CLK_FILTER_NEAREST;

197| unsigned char

performInterpolation_vnn(__local close_plane_t *close_planes,
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int n_close_planes,

__constant const floatl6 *
plane_matrices,

__local const float4 *plane_egs,

__read_only image2d_array_t in_bscans,

int in_xsize,

int in_ysize,

float in_xspacing,

float in_yspacing,

__global const unsigned char* mask,

float4 voxel);

#endif

#if METHOD == METHOD_VNN2
__constant const sampler_t sampler = CLK_NORMALIZED_COORDS_FALSE
| CLK_ADDRESS_CLAMP_TO_EDGE | CLK_FILTER_NEAREST;
unsigned char
performInterpolation_vnn2(__local close_plane_t *close_planes,
int n_close_planes,
__constant const floatl6 *
plane_matrices,
__local const float4 *plane_egs,
__read_only image2d_array_t in_bscans,
int in_xsize,
int in_ysize,
float in_xspacing,
float in_yspacing,
__global const unsigned char* mask,
float4 voxel);
#endif

#if METHOD == METHOD_DW
__constant const sampler_t sampler = CLK_NORMALIZED_COORDS_FALSE
| CLK_ADDRESS_CLAMP_TO_EDGE | CLK_FILTER_LINEAR;
unsigned char
performInterpolation_dw(__local close_plane_t *close_planes,
int n_close_planes,
__constant const floatl6 *
plane_matrices,
__local const float4 #*plane_eqgs,
__read_only image2d_array_t in_bscans,
int in_xsize,
int in_ysize,
float in_xspacing,
float in_yspacing,
__global const unsigned charx* mask,
float4 voxel);
#endif

3| #if METHOD == METHOD_VGDW
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__constant const sampler_t sampler = CLK_NORMALIZED_COORDS_FALSE
| CLK_ADDRESS_CLAMP_TO_EDGE | CLK_FILTER_LINEAR;
unsigned char
performInterpolation_vgdw(__local close_plane_t *close_planes,
int n_close_planes,
__constant const floatl6 *
plane_matrices,
__local const float4 *plane_eqgs,
__read_only image2d_array_t
in_bscans,
int in_xsize,
int in_ysize,
float in_xspacing,
float in_yspacing,
__global const unsigned char* mask,
float4 voxel);
#endif

void
prepare_plane_eqs (__constant floatl6 *plane_matrices,
__local float4 *plane_eqs);

int
findLocalMinimas (int *guesses,
__local const float4 *plane_eqgs,
float radius,
float4 voxel,
float out_xspacing,
float out_yspacing,
float out_zspacing,
float in_xspacing,
float in_yspacing,
__constant const floatl6 *plane_matrices,
__global const unsigned char x*mask,
int in_xsize,
int in_ysize);

__kernel void

voxel_methods (int volume_xsize,
int volume_ysize,
int volume_zsize,
float volume_xspacing,
float volume_yspacing,
float volume_zspacing,
int in_xsize,
int in_ysize,
float in_xspacing,
float in_yspacing,
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__read_only image2d_array_t in_bscans,
__global unsigned char* out_volume,
__constant floatl6 *plane_matrices,
__global unsigned char* mask,

__local float4 *plane_egs,

__local close_plane_t *planes,

float radius);

/% % % 5k %k k ok %k ok K k ok k ok Kk k % /

/* End prototypes */
/% 3 %k 5k %k %k ok %k ok %k k ok ok Kk k % /

int isValidPixel (int x,
int y,
const __global unsigned char* mask,
int in_xsize,
int in_ysize)
{
#ifndef DEBUG
return (isInside(x, in_xsize)
&% isInside(y, in_ysize)
&& isNotMasked(x, y, mask, in_xsize));
#else
if ((isInside(x, in_xsize)
&& isInside(y, in_ysize)
&& isNotMasked(x, y, mask, in_xsize)))

{
return 1;
}
else {
// DEBUG_PRINTF ("Pixel %d, %d is not valid! Sizes: %d,
\n",
// X, y, in_xsize, in_ysize);
return O;
}
#endif
}
/**
* Find the plane with the highest distance to the voxel
* i.e. the plane with the highest absolute value of dist.
* Return the index of that plane
* Q@param *planes Pointer to first element of plane array
* Q@param n size of array pointed to *planes
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*/

341| int
findHighestIdx(__local close_plane_t #*planes,
343 int n)
{
345 int maxidx = 0;
float maxval = -1.0f;

347 planes = &CLOSE_PLANE_IDX(planes, 0);

349 for(int i = 0; i < n; i++)

{

351 float abs = fabs(planes->dist);
if (abs > maxval)

53 {
maxidx = i;
355 maxval = abs;
}
357 planes++;
}
359 // DEBUG_PRINTF("New maxidx: %d maxdist = %f\n", maxidx,
maxval) ;

BOUNDS_CHECK (maxidx, 0, MAX_PLANES);
361 return maxidx;

}

int2
365| findClosestPlanes_multistart(__local close_plane_t *close_planes
s
__local float4* const plane_egs,
367 __constant floatl6x* const
plane_matrices,
const float4 voxel,
369 const float radius,
int *multistart_guesses,
371 int n_multistart_guesses,
bool doTermDistance,
373 __global const unsigned char* mask,
int in_xsize,
375 int in_ysize,
float in_xspacing,
377 float in_yspacing)

{

379 close_plane_t tmp;

tmp.dist = INFINITY;
381 tmp.plane_id = -1;

for(int i = 0; i < MAX_PLANES; i++)
383 {

CLOSE_PLANE_IDX(close_planes, i) = tmp;

385 }
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387 int2 ret;

int found = 0;

389 for(int i = 0; i < n_multistart_guesses; i++)

{

391 ret = findClosestPlanes_heuristic(close_planes,
plane_eqgs,

393 plane_matrices,
voxel,

395 radius,
multistart_guesses[i],
397 doTermDistance,
mask ,

399 in_xsize,
in_ysize,

101 in_xspacing,
in_yspacing );
103 if(ret.x > 0)

{

405 multistart_guesses[i] = ret.y;

}

107 found += ret.x;
409 3

411 ret.x = min(found, MAX_PLANES);
ret.y 0;

#ifdef DEBUG

115| #ifdef CHECK_PLANE_INDICES

for(int i = 0; i < min(found, MAX_PLANES); i++)

417 {

BOUNDS_CHECK (CLOSE_PLANE_IDX(close_planes, i).plane_id, O,

N_PLANES) ;

419 ¥}

#endif
121| #endif
123 return ret;

}
125

VEXS

127 * Find planes that are within radius of voxel.

* Search in both directions in the plane array, starting at
guess

120 * The assumption is that as you move away from the guess,

* the distance to this voxel will increase. That assumption may
not always be true, for instance

431 * if the US probe was swept back and forth.

* Finds the closest MAX_PLANES planes within radius,

433| * provided no plane with distance greater than
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467

169

* 2x radius is found before any of the MAX_PLANES closest
planes.
*/
int2
findClosestPlanes_heuristic(__local close_plane_t #*close_planes,
__local float4* const plane_egs,
__constant floatl6x* const
plane_matrices,
const float4 voxel,
const float radius,
int guess,
bool doTermDistance,
__global const unsigned char* mask,
int in_xsize,
int in_ysize,
float in_xspacing,
float in_yspacing)

// Number of planes found so far
int found = 0;

// Done condition. .x = up, .y = down
int2 done = {0,0};

// The index of the plane with the smallest distance found so

far
int smallest_idx = guess;
float term_condition = clamp(fabs(dot(voxel, plane_eqgs[guess])

), radius, 3*radius);

// The smallest distance found so far
float smallest_dist = 99999.9f;

// The index of the plane with the biggest index so far
int max_idx = findHighestIdx(close_planes, MAX_PLANES);

// The biggest distance found so far
float max_dist = min(fabs (CLOSE_PLANE_IDX(close_planes,
max_idx) .dist), radius);

close_plane_t tmp;
tmp.intensity = 0;

// If guess is 0, we will try to access data for plane id -1,
which does not exist.

// Assume plane 1 is close enough in that case

if (guess == 0) guess = 1;
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// We won’t be changing the guess, but the compiler wouldn’t
know that

const int tmp_guess = guess;

BOUNDS_CHECK (tmp_guess, 1, N_PLANES);

float2 dists = {dot(voxel, plane_eqgs[guess]), dot(voxel,
plane_eqs [guess-1]1)};

float2 abs_dists = {fabs(dists.x), fabs(dists.y)}; // .x =
abs_dist_up, .y = abs_dist_down,

for(int i = 0; !done.x || !done.y ; i++)

{
// Compute the indices of the planes we want to look at.
int2 idx = {tmp_guess + i, tmp_guess - i - 1};

if (idx.y <=0)
idx.y = 0;

if (idx.x >= N_PLANES-1)
idx.x = N_PLANES-1;

//float2 prev_abs_dists = abs_dists;

// Compute the distances to those planes

dists.x = dot(voxel, plane_eqgs[idx.x]);

dists.y = dot(voxel, plane_eqs[idx.yl);

// Compute the absolute distances to those planes

abs_dists.x = fabs(dists.x);

abs_dists.y = fabs(dists.y); // .x = abs_dist_up, .y =
abs_dist_down,

//float2 diff_dists = prev_abs_dists - abs_dists;

// Check if the plane is closer than the one farthest away
we have included so far
if (!done.x && abs_dists.x < max_dist)
{
BOUNDS_CHECK (idx.x, 0, N_PLANES);
BOUNDS_CHECK (max_idx, O, MAX_PLANES);
int px, py;
float4 translated_voxel = projectOntoPlaneEq(voxel,
plane_eqs[idx.x
1,
dists.x);
toImgCoord_int (&px,
&py ,
translated_voxel,
plane_matrices[idx.x],
in_xspacing,
in_yspacing);
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523 if (isValidPixel (px, py, mask, in_xsize, in_ysize))

{

// 1f yes, swap out the one with the longest distance
for this plane

527 tmp.dist = dists.x;

tmp.plane_id = idx.x;

529 CLOSE_PLANE_IDX(close_planes, max_idx) = tmp;

found++;

// We have found MAX_PLANES planes, but we don’t know
they’re the closest ones.

533 // Find the next candidate for eviction -

// the plane with the longest distance to the voxel

535 max_idx = findHighestIdx(close_planes, MAX_PLANES);

max_dist = min(fabs (CLOSE_PLANE_IDX(close_planes,
max_idx).dist), radius);

if (smallest_dist > abs_dists.x)
539 {

// Update next guess

541 smallest_dist = abs_dists.x;
smallest_idx = idx.x;

543 }

}

545 ¥

547 // And the same in the down direction

// Check if the plane is closer than the one farthest away
we have included so far

549 if (!done.y && abs_dists.y < max_dist)

{

551 BOUNDS_CHECK (idx.y, O, N_PLANES);

BOUNDS_CHECK (max_idx, O, MAX_PLANES);

553 // If yes, swap out the one with the longest distance for
this plane

int px, py;

555 float4 translated_voxel = projectOntoPlaneEq(voxel,

plane_eqs[idx.y
1,

557 dists.y);

559 toImgCoord_int (&px,

&py»

561 translated_voxel,
plane_matrices[idx.y],

563 in_xspacing,

in_yspacing);

565 if (isValidPixel (px, py, mask, in_xsize, in_ysize))
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tmp.dist = dists.y;
tmp.plane_id = idx.y;
CLOSE_PLANE_IDX(close_planes, max_idx) = tmp;

found++;
max_idx = findHighestIdx(close_planes, MAX_PLANES);
max_dist = min(fabs (CLOSE_PLANE_IDX(close_planes,
max_idx).dist), radius);
if (smallest_dist > abs_dists.y)
{
// Update next guess
smallest_dist = abs_dists.y;
smallest_idx = idx.y;
}
}
}

int2 term_dists = {(abs_dists.x > term_condition)*
doTermDistance, (abs_dists.y > term_condition)x*
doTermDistance };

//int2 term_radius_jump = {fabs(diff_dists.x) > radius, fabs

(diff_dists.y) > radius};

int2 term_boundaries = {idx.x == N_PLANES-1, idx.y == 0};
done = done + term_dists + term_boundaries;// +
term_radius_jump;
}
int2 ret;
ret.x = min(found, MAX_PLANES);
ret.y = smallest_idx;
return ret;
}
VEXS
* Perform an inverse transformation of voxel, but only

transform the x and y coordinates. This is useful

* when finding image coordinates.

*/
float2 transform_inv_xy(floatl6 matrix, float4 voxel)
{

float2 ret;

float4 co0l0 = matrix.s048C;

float4 coll matrix.s159D;

float4 col3 = matrix.s37BF;
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ret.x = dot(voxel,col0) - dot(col3,co0l0);
611 ret.y = dot(voxel,coll) - dot(col3,coll);
return ret;
13| }
615 /* *
* Transform to integer image coordinates - i.e. pixel
coordinates
617| */
void toImgCoord_int (int* x,
619 int* y,
float4 voxel,
621 floatl6 plane_matrix,
float in_xspacing,
623 float in_yspacing)
{
625
float2 transformed_voxel = transform_inv_xy(plane_matrix,
voxel);
627
*x = ((transformed_voxel.x/in_xspacing) + 0.5f);
629 *y = ((transformed_voxel.y/in_yspacing) + 0.5f);
}
631
VEXS
633 * Transform to floating point image coordinates
*/
635| void toImgCoord_float (float* x,
float* y,
637 float4 voxel,
floatl6 plane_matrix,
639 float in_xspacing,
float in_yspacing)
a1| {
643 float2 transformed_voxel = transform_inv_xy(plane_matrix,
voxel);
645 *x = ((transformed_voxel.x/in_xspacing));
xy = ((transformed_voxel.y/in_yspacing));
6a7| }
649
51| #if METHOD == METHOD_VNN
#define PERFORM_INTERPOLATION(a, b, ¢, 4, e, f, g, h, i , j, k)
\
653 performInterpolation_vnn((a, b, ¢, d, e, £, g, h, i, j, k)
655 /**
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* Perform interpolation using the Voxel Nearest Neighbour
method.

657 * This works by taking finding the plane closest to the voxel,

* projecting the voxel orthogonally onto the image plane to
find pixel coordinates

659 * and taking the pixel value

*/

661| unsigned char

performInterpolation_vnn(__local close_plane_t *close_planes,

663 int n_close_planes,

__constant const floatl6 *
plane_matrices,

665 __local const float4 *plane_egs,

__read_only image2d_array_t in_bscans,

667 int in_xsize,

int in_ysize,

669 float in_xspacing,

float in_yspacing,

671 __global const unsigned char* mask,

float4 voxel)

if(n_close_planes == 0) return 1;

int plane_id = 0;

677 float lowest_dist = 10.0f;
int close_plane_id = O0;

679 close_plane_t plane;

// Find the closest plane

681 for(int i = 0; i < n_close_planes; 1i++)
{
683 plane = CLOSE_PLANE_IDX(close_planes, 1i);
float fabs_dist = fabs(plane.dist);
685 if (fabs_dist < lowest_dist)
{
687 lowest_dist = fabs_dist;
plane_id = plane.plane_id;
689 close_plane_id = i;
}
691 }

BOUNDS_CHECK (plane_id, 0, N_PLANES);

695 // Now we project the voxel onto the plane by translating the
voxel along the

// normal vector of the plane.

697 float4 translated_voxel = projectOntoPlane (voxel,

plane_matrices [
plane_id]l,

699 CLOSE_PLANE_IDX(

close_planes ,
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709

~

close_plane_id)
.dist);
translated_voxel.w = 1.0f;

// And then we get the pixel space coordinates
int x, y;
toImgCoord_int (&x,
&y,
translated_voxel,
plane_matrices[plane_id],
in_xspacing,
in_yspacing) ;
int4 coord = {x, y, plane_id, 0};
if (!isValidPixel(x,y, mask, in_xsize, in_ysize))
{
return 1;
}
BOUNDS_CHECK (x, 0O, in_xsize);
BOUNDS_CHECK(y, O, in_ysize);
return max ((unsigned int)1l, read_imageui(in_bscans, sampler,
coord) .x);

}
#endif
#if METHOD == METHOD_VNN2
#define PERFORM_INTERPOLATION(a, b, ¢, d, e, f, g, h, i ,j, k)
\
performInterpolation_vnn2(a, b, ¢, d, e, £, g, h, i, j, k)
VEXS

* Perform interpolation using the VNN2 method. For each close
plane, add (1/dist)*closest_pixel_value to the sum.
* In the end, divide sum by sum(1/dist), and you have your
voxel value.
*/
unsigned char
performInterpolation_vnn2(__local close_plane_t *close_planes,
int n_close_planes,
__constant const floatl6 *
plane_matrices,
__local const float4 *plane_egs,
__read_only image2d_array_t in_bscans,
int in_xsize,
int in_ysize,
float in_xspacing,
float in_yspacing,
__global const unsigned char* mask,
float4 voxel)
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7a3| {

if(n_close_planes == 0) return 1;
747 float scale = 0.0f;
749 float val = 0;

for(int i 0; i < n_close_planes; i++)

751 {

close_plane_t plane = CLOSE_PLANE_IDX(close_planes, 1i);
753 int plane_id = plane.plane_id;

755 // Now we project the voxel onto the plane by translating
the voxel along the

// normal vector of the plane.

757 voxel.w = 1.0f;

float4 translated_voxel = projectOntoPlaneEq(voxel,

759 plane_eqs [
plane_id],

plane.dist);

761

translated_voxel.w = 1.0f;

763 // And then we get the pixel space coordinates

int x, y;

765 toImgCoord_int (&x,

&y,

767 translated_voxel,

plane_matrices[plane_id],

769 in_xspacing,

in_yspacing);

if (!isValidPixel(x,y, mask, in_xsize, in_ysize))
773 {

continue;

775 }

float dist = fabs(plane.dist);

if (dist < 0.001f)

779 dist = 0.001f;

float weight = VNN2_WEIGHT (dist);

781 int4 coord = {x, y, plane_id, 0};

scale += weight;

783 val += (read_imageui(in_bscans, sampler, coord).x * weight);

787 return max ((unsigned char)1l, (unsigned char) ((val / scale) +
0.5f));

780 }
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#endif

#if METHOD == METHOD_DW
703| #define PERFORM_INTERPOLATION(a, b, ¢, d, e, f, g, h, i ,j, k)
\

performInterpolation_dw(a, b, ¢, d, e, £, g, h, i, j, k)

/ % *

797| * Perform interpolation using the DW method. Works the same as
VNN2, but instead of taking the closest pixel on each image
plane,

* the value from each plane is a bilinearly interpolated from
that plane.

799| */

unsigned char

s01| performInterpolation_dw(__local close_plane_t *close_planes,

int n_close_planes,

803 __constant const floatl6 *
plane_matrices,

__local const float4 *plane_eqgs,

805 __read_only image2d_array_t in_bscans,
int in_xsize,

807 int in_ysize,
float in_xspacing,

809 float in_yspacing,
__global const unsigned char* mask,

811 float4 voxel)

{
813
815 if(n_close_planes == 0) return 1;

817
float scale = 0.0f;
819

float val = 0;

821 for(int i = 0; i < n_close_planes; i++)
{
823 close_plane_t plane = CLOSE_PLANE_IDX(close_planes, i);
int plane_id = plane.plane_id;
825
827 // Now we project the voxel onto the plane by translating

the voxel along the
// mnormal vector of the plane.
829 voxel.w = 1.0f;
float4 translated_voxel = projectOntoPlaneEq(voxel,
831 plane_eqgs[
plane_id],
plane.dist);
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translated_voxel.w = 1.0f;
// And then we get the pixel space coordinates
float x, y;
toImgCoord_float (&x,
&y,
translated_voxel,
plane_matrices[plane_id],
in_xspacing,
in_yspacing);

// The OpenCL spec defines the linear filtering to be shited
by 0.5f for some reason
x += 0.5f;

y += 0.5f;
int ix, iy;
ix = x3
iy = vy;

if (!isValidPixel (ix,iy, mask, in_xsize, in_ysize)
|l 'isValidPixel (ix+1, iy, mask, in_xsize, in_ysize)
|l tisValidPixel (ix+1, iy+1, mask, in_xsize, in_ysize)
|| tisValidPixel (ix, iy+1, mask, in_xsize, in_ysize)
)
{
continue;
}
float4 coord = {x, y, plane_id, 0};

float interpolated_value = read_imageui(in_bscans, sampler,
coord) .x;

float dist = fabs(plane.dist);

if (dist < 0.001f) dist = 0.001f;
float weight = DW_WEIGHT (dist);

scale += weight;

val += (interpolated_value * weight);

return max ((unsigned char)1l, (unsigned char) ((val / scale) +

3| ¥

0.5£));

#endif

#if METHOD == METHOD_VGDW

#define PERFORM_INTERPOLATION(a, b, ¢, 4, e, £, g, h, i ,j, k)
\

performInterpolation_vgdw(a, b, ¢, d, e, £, g, h, i, j, k)
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/* %

* Perform interpolation using VGDW filter

*/

unsigned char
performInterpolation_vgdw(__local close_plane_t *close_planes,

int n_close_planes,

__constant const floatl6 *
plane_matrices,

__local const float4 *plane_eqs
s

_read_only image2d_array_t
in_bscans,

int in_xsize,

int in_ysize,

float in_xspacing,

float in_yspacing,

__global const unsigned charx*
mask ,

float4 voxel)

{
if (n_close_planes == 0)
{
return 1;
}
int found_planes = 0;
for(int i = 0; i < n_close_planes; i++)
{

close_plane_t plane = CLOSE_PLANE_IDX(close_planes ,i);
const int plane_id = plane.plane_id;

// Project onto plane

voxel.w = 1.0f;
float4 translated_voxel = projectOntoPlaneEq(voxel,
plane_eqgs[
plane_id],
plane.dist);
translated_voxel.w = 1.0f;

float x, y;

toImgCoord_float (&x,
&y,
translated_voxel,
plane_matrices[plane_id],
in_xspacing,
in_yspacing);

// The OpenCL spec defines the linear filtering to be shited
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by 0.5f for some reason
x += 0.5f;
925 y += 0.5f;

927 int ix, iy;

ix = x3

929 iy = y;

if (!isValidPixel (ix,iy, mask, in_xsize, in_ysize)

931 |l 'isValidPixel (ix+1, iy, mask, in_xsize, in_ysize)

|l 'isValidPixel(ix+1, iy+1, mask, in_xsize, in_ysize)

933 |l 'isValidPixel(ix, iy+1, mask, in_xsize, in_ysize)

)

935 {

continue;

937 }

float4 coord = {x, y, plane_id, 0};

939 CLOSE_PLANE_IDX(close_planes, found_planes).intensity =
read_imageui (in_bscans, sampler, coord).x;

found_planes++;

941 }

return max ((unsigned char)1l, vgdwFilter(close_planes,
found_planes));

945

947
unsigned char vgdwFilter(__local const close_plane_t *pixels,
949 int n_planes)

{

951 // Calculate the variance

953 float mean_value = 0.0f;

int sum_ids = 0.0f;

955 close_plane_t tmp;

for(int i = 0; i < n_planes; i++)
957 {

tmp = CLOSE_PLANE_IDX(pixels, 1i);
959 mean_value += tmp.intensity;
sum_ids += tmp.plane_id;

961 }
float mean_id = (float)sum_ids / n_planes;
963 mean_value = mean_value / n_planes;
965 float variance = 0.0f;
for(int i = 0; i < n_planes; i++)
967 {

float tmp = CLOSE_PLANE_IDX(pixels, i).intensity -
mean_value;
969 variance += mad(tmp, tmp, variance);
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}

// We want high variance regions to have a sharp weight
function
// and small variance regions to have a smooth weight function

variance = clamp(variance/(n_planes-1), 1.0f, 10000000.0f);
float gauss_sigma = 32.0f/sqrt(variance);

#ifdef DEBUG
if (variance > 0.1f && mean_value> 10.0f)
DEBUG_PRINTF ("Mean: %f, variance: %f, sigma: %f\n",
mean_value, variance, gauss_sigma);
#endif

float sum_weights = 0.0f;
float sum = 0.0f;
// Use the resulting gauss sigma to calcualte weights
for(int i = 0; i < n_planes; i++)
{
tmp = CLOSE_PLANE_IDX (pixels, i);
float weight = VGDW_WEIGHT (tmp, variance, mean_value,
mean_id, gauss_sigma);

sum = mad(tmp.intensity,weight, sum);
sum_weights += weight;
}
return (sum / sum_weights) + 0.5f;
}
#endif
/* %

* Build the plane equations from the matrices and store them in
local memory
*/
void
prepare_plane_eqs (__constant floatl6 *plane_matrices,
__local float4 #*plane_eqs)
{
int id = get_local_id (0);
int max_local_id = get_local_size (0);
const int n_planes_pr_thread = (N_PLANES / max_local_id) + 1;

for(int i = 0; i < n_planes_pr_thread; i++)
{
int idx = i + n_planes_pr_thread * id;
if (idx >= N_PLANES) break;
plane_eqs[idx].xyz = plane_matrices[idx].s264A;

133




1015

1019

1021

1025

1027

1039

1049

1051

APPENDIX C. CODE LISTINGS

plane_eqs[idx].w = -dot(plane_matrices[idx].s26AE,
plane_matrices[idx].s37BF);
}
barrier (CLK_LOCAL_MEM_FENCE) ;
}

int findLocalMinimas (int *guesses,
__local const float4 *plane_eqgs,
float radius,
float4 voxel,
float out_xspacing,
float out_yspacing,
float out_zspacing,
float in_xspacing,
float in_yspacing,
__constant const floatl6 *plane_matrices,
__global const unsigned char *mask,
int in_xsize,
int in_ysize)

// Find all valleys in the search space of distances.

// We don’t need the _exact_ minima, however it should be
inside the sweep we want.

// However , the input data are noisy, so local minima in its
strictest sense does not work for us.

// But if we can find two indices a and b, such that dist(i) <
dist(a) and dist(i) < dist(b)

// and b - a = LOCAL_SEARCH_DISTANCE, it’s a good chance it’s
a minima.

int nMinima = 1;

// Now with the cube-ish way of doing things, we may simply
find all guesses that are closer than CUBE_SIZE =
voxel_scale

float max_dist = euclid_dist (out_xspacing * CUBE_SIZE,
out_zspacing*CUBE_SIZE, out_yspacing*CUBE_SIZE) + radius;

DEBUG_PRINTF ("Max dist is %f\n", max_dist);

int prev_pos = 0;

//float smallest_dist = fabs(dot(voxel, plane_eqs[0]));

guesses [0] = 0;

int hasHighSincelLastTaken = 1;

for(int i = 0;

i < N_PLANES;
i++)

float dist = fabs(dot(voxel, plane_eqs[il));

if (dist < max_dist)
{
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// We are inside a local minima. Now, how do we know we
haven’t found this minima before?

// We require that they be spaced by at least
LOCAL_SEARCH_DISTANCE.

// However, if this minima is better (i.e. closer) than
the previous one

// inside LOCAL_SEARCH_DISTANCE,

// of course we want to use this one.

if (!hasHighSinceLastTaken)

{
DEBUG_PRINTF ("Minima %d: Found nearby minima: %d : %f\n"
, nMinima, i, dist);
// We have a previous minima, and it’s too close.
float prev_dist = fabs(dot(plane_eqgs[guesses[prev_pos]],
voxel));
if (dist < prev_dist)
{
DEBUG_PRINTF ("Taking it\n");
// But this one is better, lets use it
guesses [prev_pos] = ij;
hasHighSinceLastTaken = O;
}
}
else if (nMinima < MAX_MULTISTART_STARTS)
{
// We may simply store this minima
DEBUG_PRINTF("Minima %d: Found new minima: %d : %f\n",
nMinima, i, dist);
guesses [nMinimal = i;
prev_pos = nMinima;
hasHighSincelLastTaken = 0;
nMinima++;
}
else {

// We already have MAX_MULTISTART_STARTS minimas, so now
pick the "worst" minima
// and toss it out for this one

float biggest = -INFINITY;
float tmp;
int biggest_idx = O0;
hasHighSincelLastTaken = 0;
for(int j = 0; j < nMinima; j++)
{
tmp = fabs(dot(plane_eqgs[guesses[jl], voxel));
if (tmp > biggest)
{
biggest_idx = j;
biggest = tmp;
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}

}
}
if(biggest > dist)
{
DEBUG_PRINTF("Switching out %d for %d: %f vs %f\n",
biggest_idx, i, biggest, dist);
guesses [biggest_idx] = i;
prev_pos = biggest_idx;

}
}
else
{
hasHighSincelLastTaken = 1;
}

DEBUG_PRINTF ("Found %d minima in total\n", nMinima);

return nMinima;

/** The entry point for this set of reconstruction methods.

*

*
*
*
*

Parameters:

@param volume_xsize Size of output volume, X direction

@param volume_ysize Size of output volume, Y direction

@param volume_zsize Size of output volume, Z direction

@param volume_xspacing Voxel size of output volume, X
direction

@param volume_yspacing Voxel size of output volume, Y
direction

@param volume_zspacing Voxel size of output volume, Z
direction

@param in_xsize Size of each ultrasound input image in pixels
, X direction

@param in_ysize Size of each ultrasound input image in pixels
, Y direction

@param in_xspacing Size of each pixel in input ultrasound
images, X direction

@param in_yspacing Size of each pixel in input ultrasound
images, Y direction

@param in_bscans_b_ Ultrasound input images

@param out_volume Output volume - reconstructed volume goes
here

@param plane_matrices One matrix per image plane specifying
the transform from pixel space to voxel space

@param plane_eqs Pointer to local memory where we will store
plane equations

@param radius The radius of the kernel - how far away to
accept voxels from.
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*/

1139| __kernel void

voxel_methods (int volume_xsize,

1141 int volume_ysize,

int volume_zsize,

1143 float volume_xspacing,

float volume_yspacing,

1145 float volume_zspacing,

int in_xsize,

1147 int in_ysize,

float in_xspacing,

1149 float in_yspacing,

__read_only image2d_array_t in_bscans,
1151 __global unsigned char* out_volume,
__constant floatl6 *plane_matrices,
1153 __global unsigned char *mask,
__local float4 *plane_egs,

1155 _local close_plane_t *close_planes,

float radius

1157 )
{

1159

int id = get_global_id (0);
1161

int xcubes = (volume_xsize / CUBE_SIZE) + 1;
1163 int ycubes = (volume_ysize / CUBE_SIZE) + 1;
1165 int x_cube_id = id % =xcubes;

int y_cube_id = (id / xcubes) 7% ycubes;
1167 int z_cube_id = (id / (xcubes*ycubes));
1169 int x_origin = x_cube_id * CUBE_SIZE;

int y_origin = y_cube_id * CUBE_SIZE;
1171 int z_origin = z_cube_id * CUBE_SIZE;
1173 #ifdef DEBUG

if (id == 5000)
1175 BOUNDS_CHECK (id, 0, 1);

#endif
1177

int n_close_planes;
1179

float4 voxel = {(x_origin) * volume_xspacing,
1181 (y_origin) * volume_yspacing,

(z_origin)* volume_zspacing,

1183 1.0f};

prepare_plane_eqs (plane_matrices, plane_eqgs);
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// Return if x/z is invalid

if(z_origin >= volume_zsize) return;
if (x_origin >= volume_xsize) return;
if(y_origin >= volume_ysize) return;

BOUNDS_CHECK (x_origin, O, volume_xsize);
BOUNDS_CHECK (y_origin, 0, volume_ysize);
BOUNDS_CHECK (z_origin, O, volume_zsize);

int multistart_guesses [MAX_MULTISTART_STARTSI];

int nGuesses =
findLocalMinimas (multistart_guesses, plane_eqs, radius,
voxel, volume_xspacing, volume_yspacing, volume_zspacing
, in_xspacing, in_yspacing, plane_matrices, mask,
in_xsize, in_ysize);

#ifdef DEBUG
for(int i = 0; i < nGuesses; i++)
{
DEBUG_PRINTF("Multistart %d: idx %d dist %f\n",i,
multistart_guesses[i],
fabs (dot (voxel, plane_eqs[multistart_guesses/[i
110));
}
#endif

int2 close_planes_ret;
// Iterate over the axes such that the the
// next voxel is always a neighbour of the previous voxel
for (int xoffset = 0; xoffset < CUBE_SIZE; xoffset++)
{
int x = x_origin + xoffset;
if (x >= volume_xsize) break;
BOUNDS_CHECK(x, 0, volume_xsize);

int ystart, yend, ydir;
if (xoffset % 2)

{
ystart = CUBE_SIZE-1;
yend = -1;
ydir = -1;

}

else {
ystart = 0;
yend = CUBE_SIZE;
ydir = 1;

}
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1235 for(int yoffset = ystart; yoffset != yend ; yoffset+=ydir)
{

1237 int y = y_origin + yoffset;

if (y >= volume_ysize) continue;

1239 BOUNDS_CHECK(y, 0, volume_ysize);

1241 int zstart, zend, zdir;

if (yoffset % 2 && xoffset ¥ 2)

1243 {

zstart = CUBE_SIZE-1;

1245 zend = -1;

zdir = -1;

1247 }

else {

1249 zstart = 0;

zend = CUBE_SIZE;

1251 zdir = 1;

}

1253 for(int zoffset = zstart; zoffset != zend ; zoffset+=zdir)
{

1255 int z = z_origin + zoffset;

if (z >= volume_zsize) continue;
1257 BOUNDS_CHECK(z, 0, volume_zsize);
BOUNDS_CHECK(x, 0, volume_xsize);
1259 BOUNDS_CHECK(y, O, volume_ysize);
voxel.x = x * volume_xspacing;
1261 voxel.y = y * volume_yspacing;
voxel.z = z * volume_zspacing;

N < ™® 1

// Find all planes closer than radius

1265 close_planes_ret =

FIND_CLOSE_PLANES(close_planes, plane_eqgs,
plane_matrices, voxel, radius, multistart_guesses,
nGuesses, mask, in_xsize, in_ysize, in_xspacing,
in_yspacing);

n_close_planes = close_planes_ret.x;

1269

// Call appropriate method to determine pixel value

1271 VOXEL (out_volume ,x,y,z) =

PERFORM_INTERPOLATION (close_planes, n_close_planes,
plane_matrices, plane_eqs, in_bscans, in_xsize,
in_ysize, in_xspacing, in_yspacing, mask, voxel);

code/kernels.ocl
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