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Abstract
An efficient parallel algorithm designed for 

graphic processing unit (GPU) is proposed in this 
paper to resolve the distance transform problem in 
a binary image. Given an h�w binary image I
consisting of n objects, the shortest Euclidian
distance from each pixel to all these n objects are 
computed. Our parallel shortest distance scan 
(PSDS) algorithm extends the ideas of the 
conventional parallel prefix scan algorithm. It 
scans rows in parallel from left to right and from 
right to left to compute the shortest distance from 
each pixel to the nearest object in the same row. 
Then, it scans columns in parallel bottom-up and 

top-down to compute the perpendicular distance
from each pixel to the object in the same column. 
Then, it searches columns in parallel bottom-up
and top-down to determine the shortest distance 
from each pixel to the nearest object in the whole 
image. The performances of the PSDS algorithm 
running in GPU is compared against that running in 
CPU, an enumerative algorithm running in GPU 
and CPU. The performances of PSDS in GPU 
using CUDA via different combinations of 
numbers of threads and blocks are also discussed. 

Keywords: CUDA, parallel algorithm, 
Euclidean distance transform, image processing
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(ray-tracing) [2]
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.1.
I h � w 

1 0

� �
O � � = I O � B = �

x y I x � � y � �
dt(x) 

	 (x, y) x y 

dt(x) = min{ (x, y) | y � O}

(Euclidean distance)
x � � y � � x = (a, b) y =

(c, d) 
E (x, y) = 22 )()( dbca 
�


dt(x) = min{ E (x, y) | y � O }

(enumeration)

chamfer chamfer
I x y r

s
, , , a 

b 
� x y 

la,b(� )
la,b( � ) = ra + sb 

x y chamfer a-b x y

� (x, y) = min�{ la,b( � ) }
chamfer a-b Ca-b a, b

(a, b) C1-
 = (1, 
) 
(city-block, CB) C1-1 = (1, 1)

(chessboard) C2-3 = (2, 3) C3-4 = (3,

4) C5-7 = (5, 7)
C2-3 = (2, 3) C3-4 = (3, 4) C5-7 = (5, 7)

2 �1.414 1:1.414 C2-3 C3-4 C5-7

1:1.5 1:1.333 1:1.4

 (Euclidean
distance transform)

.2.
chamfer

Rosenfeld Pfaltz [3]
O(n2) Rosenfeld

Pfaltz 1968
(forward)

(backward)
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d2(I (i, j))

I i j I i j I i-1 j+1
I i j I i j

(a)

I i j
I i j I i jI i j

I i j

(b)

1

2006 Shyu Choa Chia [4] 

2

2 

3 (a) (b)

(a)

(b)

3

3

3 
P1 P2 P3 � ��

h � w
(h / �)( w / � + 1)  4 

P1  1
 2

P1  3 P2

 6 P1  4 P2

 7 P1  5 P2

 8 P3 11

3840 � 3840 

8.18
13.44
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 4 

.1
.2 CUDA

.3 SIMT .4
(enumeration) 

.5

.1.
NVDIA

GTX560ti  5 8
SM  (streaming multiprocessor) SM 
48 core 16 (load / store units) 

4 SFUs (special function units) 384
core 128 32 SFUs

GTX560ti 1024 MB 
global memory 8 SM 

SM 48 KB share memory 
32768 � 32 bit SM 

.2. CUDA
CUDA  host 

device host CPU
 device GPU

GPU CUDA
 kernel CUDA

GPU
CUDA

 (thread)
CUDA

(block)

grid  6
block 1024 thread 
grid 65535 block 
block thread block 

Register File (32,768 x 32-bit)

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

core core

LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST
LD/ST

SFU

SFU

SFU

SFU

Warp Scheduler

Instruction Cache

64 KB Shared Memory

Dispatch UnitDispatch Unit

Warp Scheduler

Dispatch UnitDispatch Unit

1024MB Global Memory

5 GTX560ti 

6 CUDA
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CUDA
7 CUDA grid

global constant texture
memory host 

thread global memory
block

shared memory thread block
thread registers local

memory

 7 CUDA

.3. SIMT
single-instruction, 

multiple-thread, SIMT SM 
thread 32 thread 

warp block 
thread SM 

SM warp 
warp 

SM warp 
GTX560ti SM 2

warp scheduler
warp

.4.

GPU 

h � w I

I

(distance map)

1. host I

L

2. I L

device L texture

memory

3. I L

3.1 for (x � Bid x � h x �� block ) 

3.2 for (y � Tid y � w y ��   

block thread ) 

3.3 for ( p � 0 to L )   

I ( x , y ) � dt(x, y) 

4. Host

3. block (Bid) 
block thread

thread
(Tid) thread

dt(x, y)  (x, y) L 

dt(x, y) � min{ E ( (x, y) , ( Lx[p] , Ly[p] ) ) | 
( Lx[p] , Ly[p] )� L}

.5.
Hillis 

Steele [5] 
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h �� w I
I

host I
 0 


I  device
I

I
U I

D
U
U D 

U D I

I
Host I 

.5.1.

Hillis Steele [5] 1986

k a

k b = scan(a, ) 

1. for d = 1 to log2n do

1.1 forall k in parallel do

   if ki ���d then bi � ai � 2
d-1 ai

2. output b // b = scan(a, ) 

a
b = scan(a, ) bi = a0 a1 a2

� ai k core ki 

ai k if ki � 2d then bi � ai � 2
d-1

ai 8  8 
a

O(log
2
n)

2005 Horn [6]  Hillis 
Steele 

 core
CUDA

warp block
thread

CUDA __syncthreads
SM block

thread

Horn

k share

k share = scan(a, 

)

__device__ void GPU_scan(float *share)  

1. {for (d = 1 to log
2
n do)  

1.1 {if Tid ��2d then share[out][ Tid ] =

share [in][ Tid � 2d-1]   

share [in][ Tid ]

       else

       share[out][Tid] = share [in][ Tid ]

1.2 __syncthreads()

1.3 swap(in, out)

    } 

2. output share // share = scan(a, )} 

Horn Tid
thread share 

memory share[2][n]
block thread
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a0 a1 a2 a3 a4 a5 a6 a7

a0 �(a0�a1) �(a1�a2) �(a2�a3) �(a3�a4) �(a4�a5) �(a5�a6) �(a6�a7)

a0 �(a0�a1) �(a0�a2) �(a0�a3) �(a1�a4) �(a2�a5) �(a3�a6) �(a4�a7)

a0 �(a0�a1) �(a0�a2) �(a0�a3) �(a0�a4) �(a0�a5) �(a0�a6) �(a0�a7)

d = 1

d = 0

d = 2

d = 3

8 8

Horn

Horn

share

share

__device__ void scan_DT(float *share) 

1{for (d = 1 to log
2
n do)

1.1 {if Tid ��2d hare[out][Tid] =  

min(share[in][Tid � 2d-1] + 2d-1 , 

        share [in][ Tid ])

else

         share[out][Tid] = share [in][ Tid ]

1.2 _syncthreads()

1.3 wap(in,out)

1.4 output share [out][Tid] // share

1.5 __syncthreads()

}

   } 

Bid block 
Tid thread 

I

share memory share 
scan_fix()

share[out][0] block thread 
scan_DT 9

h � w I
I

__global__ void GPU_LR_scan(float *I )
1. {extern __shared__ float share[]

//
2. for (i = Bid i < h i �� block )
2.1. {for ( j = Tid j < w j ��   

block thread )
2.1.1.  {share [out][Tid] = I [i][j]
2.1.2.   if(Tid == 0)

share [out][Tid] = scan_fix(
I [i][j], I [i][j-1])

2.1.3.  __syncthreads()
2.1.4. scan_DT ( I , share)

}
 } 

3. __syncthreads()
//
4. for (i = Bid i < h i �� block )
4.1. {for ( j = Tid + w -1-2* Tid j > 0 j 
=  

 block  thread ) 
4.1.1. {share [out][Tid] = I [i][j]
4.1.2. if(Tid == 0)

share [out][Tid] = scan_fix( 
 I [i][j],I [i][j+1])

4.1.3. __syncthreads()
4.1.4. scan_DT ( I , share)

}
}

5. output  I } //  I
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(i , 0) (i , 1) (i , 2) (i , 3) (i , 4) (i , 5) (i , 6) (i , 7)

(out, 0) (out, 1) (out, 2) (out, 3)

I

share

share[out][Tid] = I [i][j]

scan_DT ( I , share)

Bi

(i , 0) (i , 1) (i , 2) (i , 3)

T0 T1 T2 T3

I
Bi

T0 T1 T2 T3

(i , 0) (i , 1) (i , 2) (i , 3) (i , 4) (i , 5) (i , 6) (i , 7)(i , 4) (i , 5) (i , 6) (i , 7)

scan_fix( I [i][j], I [i][j-1]) share[out][Tid] = I [i][j]

scan_DT ( I , share)

(out, 0) (out, 1) (out, 2) (out, 3)share
9

a b 

a

__device__ void scan_fix(float a , float b) 

1. {if( a > b + 1)

1.1.    a = b + 1

2.  output  a

    } 

D
U

D
U

h � w I
D y

U y

__global__ void GPU_UD_scan(float *I )
1. {extern __shared__ float share []

//
2. for ( j = Bid j < h j += block ) 
2.1. { for ( i = Tid i < w i += block 

    thread ) 
2.1.1.    {if(I [i][j] � 
) 

    share [out][Tid] = 0
 else

share[out][Tid] = I [i][j]
2.1.2.      if(Tid == 0)

share [out][Tid] = scan_fix(
   share [out][Tid] , D [i - 1][j])

2.1.3.     __syncthreads()
2.1.4.     scan_DT ( D , share)

 } 
} 

3. __syncthreads()
//

4. for ( j = Bid j < h j += block ) 
4.1. {for (i = Tid + w 
1
2*Tid i > 0 i 
= 

   block thread ) 
4.1.1.    {if( I [i][j] < 
) 

 share [out][Tid] = 0
         else

 share [out][Tid] = I [i][j]
4.1.2.       if(Tid == 0)

 share [out][Tid] =  
   scan_fix(share [out][Tid] ,  
       U [i + 1][ j])

4.1.3.     __syncthreads()
4.1.4.     scan_DT ( U , share)

} 
} 

5.  output U D // D 
y U 
y

block 
block thread 

I 
share 
  0 

share scan_DT()
I D U 

( 10 I
D U 8 � 8 )
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10 I D U 8 � 8

.5.1.

h � w I U
U 

__device__ void closest_object (float *I , 
float *U)
1. { for (y � Bid y � h y �� block )
1.1. { for (x � Tid x � w x ��

            block thread )
1.     { for(Dy = U [x][y] ;

       Bottom = 
 - 1 Dy � Bottom
         Dy = 1 + U [x+ Dy+1][y])

1.1.1.1. { NewDist = Dist ( I[x][Dy],Dy)
1.1.1.2.      if (NewDist < Bottom)

Bottom = NewDist
}

1.1.2.        __syncthreads()
1.1.3.        U [x][y] � Bottom

}
}

}
2. output  U } // U

Dy 

Bottom 
Dy U [x][y]

U [x][y] 
 (x, y)

I [x][Dy]
Dist()

Dist(I [x][Dy], Dy) � 22 )(])][[( yy DDxI �

Bottom

Bottom 11
I D

U D I
 host
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Dy

Bottom

a

b

c

d e

f

g

Dy

Bottom

a

b

c
d e

f

g

11

block thread
CPU

GPU CPU

.1.
GTX560ti SM

1536 thread 8 block SM
8 GTX560ti block 

64 thread 1536
thread block 

.1.1. Block Thread
12 block 256

thread block SM 
1536 / 256 = 6 block 8 SM 

48 block SM  6 
block SM thread 1536

SM block
12 block 48

SM 1536 thread
block 56 block

96 thread
1536  8 

block 1536 thread 192
256 384 512 768 thread block

(1536 / thread � 8 (SM))
13 block thread 

3072 block
thread 3072
block 13 block

block thread

12 13

10 20 30 40 50 60 70 80 90
0.43s 0.43s 0.43s 0.43s 0.44s 0.44s 0.44s 0.44s 0.45s

GPU 0.12s 0.15s 0.18s 0.21s 0.23s 0.26s 0.28s 0.31s 0.34s
CPU 3.62s 7.51s 11.94s 16.39s 21.3s 25.24s 29.94s 34.26s 38.56s

CPU 0.23s 0.23s 0.23s 0.22s 0.23s 0.23s 0.23s 0.23s 0.23s
1
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100 200 300 400 500 600 700 800 900
0.44s 0.46s 0.48s 0.5s 0.52s 0.55s 0.6s 0.64s 0.67s

GPU 0.39s 0.63s 0.9s 1.16s 1.43s 1.69s 1.96s 2.23s 2.5s 
CPU 42.08s 83.34s 124.03s 167.23s 210.46s 252.51s 295.35s 335.66s 378.1s
CPU

0.23s 0.23s 0.23s 0.22s 0.23s 0.23s 0.23s 0.23s 0.23s

2

.2.
6144 × 6144

GPU block 6144
thread 768

1 GPU
CPU CPU

GPU
n

CPU

2
200
GPU CPU GPU

GPU
CPU GPU

CPU

Horn
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