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III. MEMORY ARCHITECTURE 
In order to perform reverse mapping, the source pixels need 

to be stored in a temporal buffer. The size of this buffer is 
primarily determined by the vertical warping coordinates. The 
larger its range across the image, the more line buffers needs to 
be buffered. The horizontal warping coordinates will only 
determine some additional pixel buffers. In the remainder of 
this paper, only vertical warping coordinates are taken into 
account. 

A. Circular Buffer 
When the vertical offset is uniformly distributed on an 

image line or when the pattern of the reverse mapping 
coordinates are not known, a line buffer implementation is the 
most suitable. Fig. 6 shows an example where no pattern can 
be found in the reverse mapping LUT.   

 
Fig. 6.  LUT without known pattern (left: vertical reverse mapping LUT, 

right: memory access, gray indicates the memory access envelope). 

The size of the buffer equals the width of the image 
multiplied with the number of lines. This in turn equals the 
highest vertical offset in the reverse mapping coordinates.  A 
circular buffer is used as data structure (see Fig. 7). 

 
Fig. 7.  Circular buffer 

B. Split Circular Buffer 
When the vertical offset is not uniformly distributed on an 

image line, parts of the stored pixels are never actually read 
out. On Fig. 8, the mapping coordinates have a sinusoidal 
pattern. The resulting memory access is depicted on Fig. 8. The 
left side of the image needs a large buffer, while the right side 
of the image only uses a much smaller buffer. 

 
Fig. 8.  LUT with wave pattern (left: vertical reverse mapping LUT, right: 

memory access, gray indicates the memory access envelope). 

Instead of using a line buffer with a fixed vertical offset 
across the image line, it is more memory efficient to split up 
the line buffer into two (or more) slices; One large line buffer 

for the left slice of the image and one smaller line buffer for the 
right slice.  Note that these line buffers can be located in the 
same physical memory. For each memory slice, a write pointer 
is stored (Fig.9). For every pixel write, it is determined in 
which memory slice the pixel needs to be written. 

 
Fig. 9.  Split circular buffer 

The read pointer is calculated from the current write 
pointer; the additional calculation step includes the 
determination of which circular buffer to read from. 

C. Adaptive Split Circular Buffer 
When the vertical offset is not uniformly distributed on an 

image line and the horizontal offset changes during consecutive 
image lines an adaptive split circular buffer is needed. This 
situation occurs when in the first slice, the image is expanded 
vertically while in the second slice, the image is compressed 
vertically (Fig. 10). The memory access will change gradually 
with consecutive lines. The split line buffer needs to be adapted 
in between image lines to accommodate this change. 

 
Fig. 10.  LUT with changing wave pattern (left: vertical reverse mapping 
LUT, right: memory access, gray indicates the memory access envelope). 

In this scenario, the data structure consists of several 
circular buffers which are linked together. These linkages will 
change during consecutive image lines. In the top of the image, 
the gray memory block (Fig. 11) will be assigned to the left 
slice of the image, while on the bottom of the image it will be 
assigned to the right slice of the image. 

  
Fig. 11.  Adaptive split circular buffer 

The information about memory allocation for different 
slices of the image can be stored in small additional memories.  
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D. Circular Buffer with Line Read Postponing 
In this scenario, the vertical offset decreases during 

consecutive image lines. First the complete buffer needs to be 
filled with pixel data before reading can be started. This is a 
result from the fact that all lines are normally processed one 
after another. Second, on each line, only parts of the buffer are 
used. It is more memory efficient to take a smaller memory and 
to postpone line reads when needed. 

  
Fig. 12.  LUT with decreasing random pattern (left: vertical reverse mapping 

LUT, right: memory access, gray indicates the memory access envelope). 

Every time, when reading is postponed for a complete line, 
the next line that is being read will have an additional offset of 
plus one. The assumption is that the input pixel stream has 
blanking lines and that the next image processing steps are 
prepared for handling them. The first assumption holds when 
making use of a simple CMOS camera; after the last line, it 
will send a couple of pixel lines that are black, the number of 
these blanking lines can be programmed. The second 
assumption depends on the architecture of the next processing 
steps. Fig. 13 shows an image where reading has been stopped 
for a couple of lines on two separate places. This leads to a 
reordering of the blanking lines.  

 
Fig. 13.  Reordering of blanking lines. 

The reverse mapping LUT has to be changed every time a 
read line is skipped. Since the line skip is predetermined, the 
LUT can be changed off-line in order to reduce the size of it. 
For each line skip, all mapping coordinates from that line on 
will be decremented by one.  

Fig. 14 Shows the result of the modification of the reverse 
mapping coordinates of Fig. 12 when line skipping is used. In 
this case a reduction in memory usage of more than 50% is 
obtained. 

 
Fig. 14.  LUT with decreasing random pattern, modified for line read 

postponing. 

E. Adaptive Split Circular Buffer with Line Read Postponing 
This is the most complex case investigated in this paper and 

resembles the scenario when a camera is corrected from its 
barrel distortion. As seen on Fig. 15, the vertical offset 
decreases continually during consecutive lines. The vertical 
offset is not uniform within a line and it changes during 
consecutive lines. 

When only using a split circular buffer approach, not much 
reduction in memory usage is obtained. The reason is the 
flatness of the reverse mapping curve on the first line (Fig. 15). 

 
Fig. 15.  LUT for barrel distortion  (left: vertical reverse mapping LUT, right: 

memory access, gray indicates the memory access envelope). 

When only using the circular buffer with line read 
postponing, a reduction of 50% is obtained since the value 
range of each line in the reverse mapping LUT is halve of the 
maximum value of this LUT. 

When adding the adaptive split circular buffer approach 
with line read postponing, a larger reduction of memory usage 
is obtained. On the lower part of the image, read line skipping 
is used to reduce the need for extra line buffers. Fig. 16 shows 
the result of the modification of the reverse mapping 
coordinates of Fig. 15 when line skipping is used.  

 
Fig. 16.  LUT for barrel distortion, modified for line read postponing. 

The combination of the adaptive split circular buffer with 
line read postponing leads to a reduction of more than 50%.  
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IV. HARDWARE ARCHITECTURE 
The goal of the presented architecture is to reduce memory 

usage in order to implement the warping module on-chip with 
room to spare for additional applications like stereo vision. The 
image warping module receives pixels coming from a camera 
and places them in an input buffer (see Fig. 17). The reverse 
mapping coordinates are calculated from the LUT using 
bilinear interpolation. The integer part of these coordinates is 
used to select the four part window from the input buffer. The 
fractional part is used to calculate from this window the warped 
pixel using bilinear interpolation. 

 
Fig. 17.  Image warping architecture. 

The main focus of this paper is the reduction of memory 
usage in the input buffer. Instead of using a single line buffer, a 
method is chosen which allows for adaptable line buffers for 
different slices of the images (see section III) and allows the 
postponing of a line read. The on-chip memory is a dual port 
RAM which has separate read and write address inputs and a 
four pixel window output (see Fig. 18). 

 
Fig. 18.  Input buffer architecture. 

The memory allocation LUT provides the write and read 
address calculation blocks with information about the structure 
of the memory. It is a list containing the memory blocks and 
their linkage for each slice of the image (see Fig. 19). It also 
contains information about when to switch from one memory 
allocation to another and when to postpone reading of a pixel 
line. 

For each memory slice (e.g. left and right slice in Fig. 10) a 
write address pointer is stored. In Fig. 20 this is denoted by the 
array WR_addr, where the index nr indicates the current image 
slice. Register a keeps track of the current horizontal position 
with respect to the start of the image slice; when a equals the 
width of the image slice, it jumps to the next slice.  

 
Fig. 19.  Memory allocation LUT. 

Each memory slice can consist of one or more memory 
blocks which are linked together. When WR_addr equals the 
end of the current block, the WR_addr jumps to the next 
memory block (or the start of its own block). 

 

Fig. 20.  Main steps for the write address calculation 

The read address is calculated from the memory allocation 
LUT and the calculated reverse mapping coordinates. The first 
step consists of determining in which image slice the warping 
pixel is located (Fig. 21). This depends on the value of the 
horizontal mapping and the current horizontal position with 
regards to the start of the image slice (a). The RD_addr is 
initially calculated from the assumption that each image slice 
only contains one memory block, the relative_write_address is 
the write address in this fictional memory block. Next the 
vertical offset is subtracted. If the result is lower than zero, it is 
subtracted from the total size of this fictional memory block. 
The last part calculates the position of the RD_addr pointer in 
the separate memory blocks using a mapping module. 

  

Fig. 21.  Main steps for the read address calculation 

if (horizontal_offset > a) 
then  nr_read = nr-1; 
         RD_addr = relative_write_address(nr_read) -     
                           horizontal_offset + a; 
else   nr_read = nr; 
          RD_addr = relative_write_address(nr_read) -     
                            horizontal_offset; 
 
RD_addr = RD_addr - width(nr_ read)* vertical_offset 
if RD_addr < 0, then RD_addr = RD_addr + slice_size(nr_ read); 
 
RD_addr = mapping(RD_addr); 
Iw(x,y) = mem(RD_addr); 

if (a > width(nr)), then a = 1; nr++; else a++; 
 
if WR_addr(nr)  >  
size(current_block(nr))+ start(current_block(nr)) 
then  current_block(nr) = next_block(current_block(nr)); 
         WR_addr(nr) = start(current_block(nr)); 
else  WR_addr(nr) ++; 
 
mem(WR_addr(nr)) = Io(x,y); 
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