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A bst r act

We present a hardware implementation of an artistic � lter that con-
verts a video stream to a \sk etched" representation of the stream. Th e
design consists of two sliding windows and a lookup table. Interactiv e
speeds are achieved by using precomputed lin e rasterization s and a pre-
computed approximation to the arctan function. Each module is exten-
sively parameterized to allow for futu re extensions to the � lter.
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1 I ntro duction

We present a hardware implementation of a �lter that converts a video stream
into an artistic \ sketched" representation of the same video in real tim e. Our
goal is purely aesthetic: we hope for an interesting e�ect in which real life
suddenly appears sketched and cartoon-like.

Artistic �lter s have a long precedent in computer graphics where they have
been studied both for aesthetic purposes [4], and as a way of analyzing the
painting process[2]. Typically these algorithm s render an image so that it
appears to have been created by some tr aditio nal technique, such as pencil
sketching or oil paint. More recently , researchers have tur ned their attention
to applying these �lter s to video. Most video algorithm s have been o�-line
(e.g. [1]), but Hertzmann demonstrated a realtim e �lter [3]. The main di� culty
with artistica lly �lter ed video is achieving temporal coherence: adjacent frames
should avoid discontinuit y artifacts.

To our knowledge, weare the �r st to implement an artistic �lter in hardware.
While we did not addresstemporal coherence,we were nonethelesspleasedwith
the results. Video streams from the lab exhibited a cartoon-like, sketched ap-
pearancewhen placedthr ough the �lter . Feedinga laptop video output thr ough
the �lter givesthe impression of looking at an artist's sketched prototype of the
Windows interface, while allowing the user to interact in realtim e.

2 Solu tion D escrip tion

The idea behind our �lter is that an artist will tend to sketcg lines along the
countours of objects. That is, the lines will occur in areas of high gradient and
will be oriented perpendiclar to the gradient. Therefore, our �lter makes the
entir e image white (as in paper), and then add short black line segments (as in
pencil marks) oriented along the edges. Pseudocode for the �lter is given in
Figure 1.

sket ch( i nI mage, out I mage) {
Make out I mage compl et el y whi t e.
f or ever y poi nt p i n i nI mage {

g = i nI mage. gr adi ent ( p) ;
i f ( l engt h( g) > t hr eshol d)

Dr aw a bl ack l i ne i n out I mage at p per pendi cul ar t o g.
}

}

Figure 1: Pseudo-code for the �lter .

The implemention usestwo sliding windows. One 2 � 2 window sweepsover
the input stream computing the gradient. Simultaneously an 8� 8 window slides
over the output stream. When the gradient magnitude falls above a thr eshold,
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we place a line segment in the output window oriented perpendicular to the
gradient. Instead of using an iterativ e line-drawing algorithm , we usea lookup
table. This table contains precomputed pixel maps of antia liasedlines of length
8 that can be rendered on an 8 � 8 grid. A block diagram of the computation
is shown in �g ure 2.

Figure 2: Block diagram of the computation.

We now explain the two main components, the sliding window and the
lookup table, in greater detail.

2.1 Slid in g Win dow I mp lemen tation

We implemented a general sliding window module parameterized by the sizeof
the window n, the bits per grid cell w, and the scanline width of the image. The
input/ output pins of our window are shown in Figure 3. The two operations
permited are shift and write. To advance the window by one pixel, one must
enable the shi f t signal and wait for the val i d_out signal. Then, one can write
to any combination of registers using the wr i t e_enabl e mask along with t he
n � n � w-bit input bu�er : for each bit position of wr i t e_enabl e that is high,
the corresponding value from the n � n � w-bit input bu�er is selectedand
written to the appropriate register within the window.

Sliding Window

IN

WriteEnable

reset

shift

clock

n x n

n x n x w

OUT

validOut

takingData

n x n x w

Figure 3: Sliding window input/ output pins.

The sliding window hardware consistsof n � n w-bit registers and one (512�
w)-bit single ported RAMs for each window row. Shifting of the sliding window
involves thr ee steps. The �r st step saves the left edge of the window to the
RAMs, the second step shifts the data, and the �na l step loads into the right
edge of the window from the RAMs.
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Figure 4: The save step.

Sincethere are (n � 1) values to be saved (the upper left hand corner can be
thr own away) and there are n RAMs, all of the values can be saved in parallel.
Thus, the �r st step of the shift takesconstant tim e. Initia lly, the value in row
i is written to the i th RAM. Once the sliding window is advanced to the next
row of the image, row i begins writing into the i + 1th RAM modulo the number
of RAMs. Thus each row rotates thr ough the entir e set of RAMs as the sliding
window is advanced from row to row (Figure 4a).

The second step, shifting the data internally, can be done in a single cycle.
This is becausethe output of a register can be sampled the same cycle that the
input changes(Figure 4b).

Finally, reading from RAM, like writing , can also be done in constant tim e.
As with writing , each tim e the sliding window advancesto the next row of the
image, the RAMs are rotated (Figure 4c).

2.2 Looku p Table I mp lemen tation

The lookup table takesa gradient, and outputs a properly oriented antia liased
line if the gradient lies above a thr eshold. As with the sliding windows, we
parameterized the lookup table along a number of dimensions, namely:

� The gradient thr eshold.
� The length of the line segments.
� The number of line segments in the table.
� The bits per pixel.

The last thr ee parameters are nontr ivial, and cannot be implemented with a
simple par amet er statement in verilog. Instead, the lookup table is actually a
python script which takes these parameters and outputs a compilable verilog
�le implementing the lookup table.

Thelookup table has input/ output pins asshown in Figure5. Whenval i d_i n
is asserted, GRAD_X and GRAD_Y represent the gradient as signed 9-bit numbers.
Threeclock cycleslater, val i d_out will be asserted and PI XMAP will contain a
set of n � n 8-bit values to be subtracted from (drawn onto) the output window.
If the gradient falls below the thr eshold, then PI XMAP is all zeros, meaning that
no line is to be drawn.

4



n x n x 8

reset

clock

validOut

Lookup Table

GRAD_X

GRAD_Y

valid_in

PIXMAP

8

8

Figure 5: Lookup table input/ output pins.

The two interesting parts of the lookup table are the line representation and
the gradient to line conversion. We addressthesein tur n.

2.2.1 Line Rende ring and Sto rag e

The user speci�es the number of lines to store in the lookup table. Theselines
are distr ibuted evenly over the interval [� � =2; � =2] by angle. For antia liasing,
the lines are discretely rendered onto an 8n � 8n grid (Figure 6a), and then
subsampled down to an n� n grid to get gray values(Figure 6b). This ine� cient
antia liasing algorithm is not usedby most renderers, such as OpenGL, however
it is very simple to code. Moreover, we do not care how long it takes as this
processis a precomputation.

(a) (b)

Figure 6: Antia liasing procedure.

Each line segment is stored using a user-speci�ed number of bits per grid
cell. After �nding the appropriate line segment, the lookup table must decode
the image to 8-bits per channel. This may seemlike a tr ivial featur e, however
it tur ned out to be very useful. As we implemented the circuit, we found at one
point that the tim ing constraints were not met. Changing parameter allowed us
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to move from 4 bits per channel to 3 (substantia lly changing the lookup table
code) and meet the tim e constraints without any work at all!

2.2.2 Gradie nt to Line Segment Conversio n

After storing the line segments, we must provide a mechanism to tr anslate gra-
dients to the approprate line segment. The gradient is stored as a pair of signed
9-bit integers while the line segments are stored by angle. The appropriate
conversion from one to the other is the arctan function, but this is not easily
computed in hardware.

1

2

3

4

Figure 7: Bins and slicesfor line segment lookup.

To solve this we take each line segment (shown as thin solid lines in Figure
7), and compute a \ bin" for that line segment (bounded by the dotted lines).
If � 1 and � 2 are the angles of a bin's edges, then the gradient [gx ; gy ]T falls in
this bin if

� 1 < arctan(gy =gx ) � � 2,

but this means:

tan(� 1) < gy =gx � tan(� 2). (1)

Thesolutio n therefore is for the python script to precompute the tan function for
the bin edges. Then we apply Equation 1 to �nd the right bin. Unfortunately,
division is slow in hardware. So rather than divide by the denominator, we �nd
the largest power of two smaller than the denominator (with a �nd-�r st-one
implementation) and divide by that instead. This is speedy, but becomesmore
and more innacurate as the denomiator grows larger. ThereforeweuseEquation
1 only if jgy j > jgx j. Otherwise we perform the reciprocal division and check:

1=tan(� 1) > gx =gy � 1=tan(� 2). (2)
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The �na l wrinkle is that our division implementation works only for positive
numbers. So we divide the absolute value of both numbers and then compute
the sign of the output seperately.

In summary, we take the gradient and check both jgx j > jgy j and gy =gx > 0.
This indicates whether the gradient is in slice 1, 2, 3, or 4 of Figure 7. Then,
we perform division and reciprocal division on the absolute values jgx j and jgy j.
Using all this information, we can chosethe right bin.

3 An alysis and Retrosp ectiv e

It is always di� cult to judge the \ correctness"of an artistic �lter , in the sense
that the output is not well de�ned. This is particularly tr ue for �lter s such
as ours whose output, a \ sketched" rendition of video, does not really have a
tr aditio nal analogue. That said, we were pleasedwith the output as a visually
stimulating sketchedrendition of the input video input stream. An input/ output
pair is given in Figure 8.

Figure 8: Sample input output pair .

A separate issueis whether correctly implemented the algorithm as stated.
This we have checked by inspection of the video, and by running our imple-
mentation on various test patter ns. The one problem is the approximation of
division in the lookup table: our division procedure always underestimates the
denominator. So our binning is arti�cia lly biased towards vertical and hori-
zontal lines, and away from diagonal lines. This is somewhat noticeable in the
output, but is not overly distracting.

As for speed, we were able to achieve interactive frame rates of 15 frames
per second, but we believe that further pipelining the circuit could yield 30
frames a second. Looking more closely at the tim e, we seethat updating the
sliding window takes7 cycles,while the lookup table computation takes3 cycles.
Our current implementation serially performs the thr eestagesof our algorithm ;
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input window update, line look-up, and output window update. Therefore, the
total tim e required to processonepixel is 17 cycles. As noted, this yields a frame
rate of 15 frames a second. Each stage of the algorithm could be pipelined so
that it would take 7 cyclesfrom start to �nish. We believe this would allow us
to achieve 30 framesper second.

In terms of hardware, the number of registers usedto implement the sliding
windows is quadratic in the size of the window. The amount of RAM needed
grows linearly. Within the lookup table, it seemed the most expensive compo-
nents were the comparators. The number of comparisons is linear in the number
of stored line-segments. This is user-speci�ed, but should grow linearly with the
sizeof the output window. Two multiplier s were usedto perform the thr eshold-
ing of the gradient, but this would not increase if the sizeof the input window
changed.

The entir e circuit is straightforward to extend in a variety of ways. Each
sliding window is parameterized up the declaration of the RAM modules. The
Verilog gener at e statement appeared to be well suited to fully parameterize
our sliding window circuit, but we found we could not use this statement with
Active HDL and Synplicity. Nevertheless, it is tr ivial to change the sliding
window implementations to windows of any size. Sincethe update of the sliding
window takesconstant tim e, total computation tim e should stay the same. The
limiting factor in extending the sizeof the sliding window is the memory on the
FPGA. Changing the output or input window sizemight allow us to draw longer
lines, or perform fancier input calculations, such as the Laplacian. Memory
limitations will also be stressedby the lookup table as the size of the output
sliding window grows.

Memory issuesaside, an interesting and easy extension would be to draw
lines in color on the output device. The color with which to draw the line would
be sampled from the pixel at the center of the gradient sliding window. The
grey levels of the anti-a liasedlines in our lookup tables could be tr anslated into
color levels of the sampled pixel.

Sincelines are stored in look up tables,we could easily replacethe lines with
other \ brush strokes," such as a paintbr ush or charcoal. This might require a
more complex algorithm s to generate the lookup tables,but could easily �t into
our framework without any modi�ca tions.

One important lesson we learned from the design processis to takeadvantage
of the parallel natur e of hardware. For instance, early designs of the sliding
window usedone large RAM instead of multiple RAMs. This forced the delay
of the sliding window to grow linearly with the size of the sliding window.
Switching to multiple RAMs allowed us to reduce the delay to constant tim e
becausewe could perform multiple reads and writes in parallel.

4 Ap pendices

Atta ched to this paper is the python script used to generate the lookup table
Verilog followed by an example output. We then present the rest of the Verilog,
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and �na lly include the complete synthesis log.
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