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An Image Scanning Method with Selective Activation

of Tree Structure

SUMMARY We propose a new scanning method for image
signals using a tree structure of automata. The tree is scanned
selectively along the signal path for realizing both lower power
consumption and a kind of image compression by skipping non-
active elements. We designed the node automata along with
photo-detectors of 32x32 in a 7.2mmx7.2mm chip using a
1.5pm CMOS technology. We demonstrate applications of the
tree structure using its feature of selective activation; a moving
picture compression using inter-frame difference, an adaptive res-
olution scan like human eyesight and a motion compensation as
examples.

key words: image scan, tree structure, selective activation, au-
tomaton, image encoding

1. Introduction

With the increasing needs for image information, such
as multi-media, channel capacity between image sensors
and image processing units in the conventional system
is becoming one of critical factors that prevents complex
and high speed image sensing[1].

From a view point of VLSI technology, highly de-
veloped VLSI technologies enable us to fabricate both
the photo-detectors and signal processing circuits in one
chip, which is called “computational sensor[2],[3],”
for overcoming the bottleneck of the channel capacity.
In most of previous studies in the computational sen-
sors, the main theme was aiming of so-called early vi-
sion processing, and few studys on image compression
has been reported.

In this study, at first we propose a new signal scan
method with a kind of image compression capability by
skipping scan of non-active elements using a tree struc-
ture of automata, where scan is carried out only for
active elements selected by the transitions of node au-
tomata. It is shown that data compression about 1/7
is possible by the present method against the conven-
tional raster scan method for samples of binary images.
1t is more effective especially in pictures with large ratio
of non-active elements, such as inter-frame difference of
moving pictures. Here, note that the “active” element is
defined depending on situations. It is anyway defined as
an important element which carries information. Next,
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we show circuits of tree-structured node automata and
photo detectors to be integrated on one chip using a
1.5 um CMOS technology. ‘

Finally we also show applications of the present
method utilizing its feature of hierarchical selective ac-
tivation, such as a moving picture compression with
inter-frame difference, an adaptive resolution scanning
like human eyesight and a direct motion compensation
for moving picture compression.

In this study, we treat image data as binary images
for simplicity by digitizing their intensity before pro-
cessing, though we will comment an extension method
to the gray scale images in conclusion.

2. Tree Structure for Image Scan

2.1 Signal Scanning Strategy

In the conventional raster scan method, that is used in
CCD devices, as shown in Fig. 1 (a), all the photo detec-
tors in a sensor are always scanned, even if the number
of active elements is expected small enough. This is es-
pecially the case of the difference between the current
and the previous frames of moving pictures. It implies
that there are redundant cycles in the conventional scan
method, resulting in useless consumption of power and
time.

Figure 1(b) shows a new method of signal scan
using a tree structure of automata, which can reduce
the redundant cycles in the image scan. Here the photo
detectors, whose outputs are binary, are placed in the
lowest level of the tree structure. The automaton in each
node has a value as logical-OR of its lower levels’ au-
tomata, and returns the value to the higher level when

()

Fig. 1 Two signal scan methods. (a) the conventional rater
scan, (b) the present scan method using tree structure of au-
tomata. The circles are scan circuits and squares are photo de-
tectors. Numbers in the figure indicate the sequence of scan.
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it is scanned by the higher level. The value of 0 implies
that the values of all the lower nodes are 0, so that it
is not needed to scan the lower level further. When the
value is 1, the automaton starts scanning the lower level
nodes in order.

All the node automata are essentially identical, the
state-transition of which proceeds using a gated clock
signal (transition signal) from the upper node to the
lower, and a completion signal from the lower node to
the upper. The value returned by the lower nodes prop-
agates to the upper nodes, finally up to the outside of
the sensor. For example in the case shown in Fig. 1 (b),
the initial transition signal is sent to node 1 from the
outside. Node 1 returns 1 then sends the transition sig-
nal to node 2. Similarly, node 2 returns 1 then sends the
transition signal to node 3. Node 3 returns 1, followed
by O and 1, respectively, corresponding to the photo de-
tectors; 4 and 5. When returning the final value, node
3 enables the completion signal as well. Responding
to the completion signal, node 2 sends the transition
signals to node 6, which returns O with enabling the
completion signal. Responding to the completion sig-
nal, node 1 sends the transition signal to node 7, which
again returns O with enabling the completion signal.
Responding to the completion signal, node 1 enables the
completion signal to the outside, indicating the end of
data scan. Thus data sequence of 1110100 is generated,
while the conventional raster scan results in 00000010.

2.2 Mean Code Length

Here we analyze the characteristics of the data sequence
generated by the tree structure. Defining that b is the
number of branches to lower nodes and N is the num-
ber of levels in the tree structure, the number of photo
detectors, n, is equal to ¥, Note that the top node
is at level V and the photo detectors is at level 1, then
the level is counted from lower to upper. Assuming
no correlation in photo detectors’ data and the active
(black) probability of photo detectors is p;, a node in
(i + 1)-th level becomes active when.there are at least
one node whose value is active in i-th level. Thus the
activation probability of the node in (i + 1)-th level,
Piy1 is formulated as

pir1=1-(1-p;)°.

So p; is described as p; = 1—(1 —pl)b’_l. Using the ac-
tive probabilities of the node automata, the mean code
length, L, is derived as follows, with keep in mind the
fact that the code length is exactly equal to the total
number of scans at all levels.

The first scan to the top node is invoked from the
outside, so that I contains this bit. As for a node au-
tomaton at the i-th level, it conditionally scans its lowers
when it is active, so that the expected scan number is
p;b. Since there are bV~ nodes at the i-th level, I can
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Fig. 2  The relation between L and p;. b= 4 gives the shortest
code length.

be described as
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The relation between L and p; is illustrated in
Fig.2 for the 2! photo detectors, which indicates that
b = 4 gives the smallest code length. It can also be
shown smallest in all cases of the number of photo de-
tectors. In this study we consider the tree structure with
b =4, i.e. so called “quad tree,” which we call 1:4 tree
hereafter. The code encoded with this quad tree struc-
ture is called 1:4 tree code.

Though several applications of the quad tree for
image signals are already reported from viewpoints of
data structures suitable for image processing by soft-
ware[4], we will show that it is also adequate to apply
1:4 tree for on-chip hardware implementation of image
signals compression of computational sensors.

It is notable that the decode algorithm of 1:4 tree
code is simply implemented by scanning a part of the
code stream, which is easily implemented in hardware
circuit with a small shift register.

2.3 Examples of Scanning

Figure 2 indicates that the possibility of active photo
detectors larger than 0.24 results a code length larger
than the conventional raster scan. Though p; is usually
expected to be larger than 0.24 in case of still images,
the L is the code length of random picture. In other
words, the spatial frequency is high. Practically it is
experienced that the spectrum in spatial frequency is
dominant in low frequency.

We carried out a simulation of 1:4 tree scan for
moving pictures to study the code length L for practical
cases. We first encoded each frame in examples of mov-
ing pictures as a still image and compared it with the
raster scan. These pictures have 256x 256 pixels with 256
scales of intensity in each frame. We generated binary



958

Table 1 The 1:4 tree code length of example pictures. (51 is
the mean of active probability of elements and the number in
parentheses is a ratio of the 1:4 tree code length to the raster
scar.)

1:4 Tree Code Length[bit]
Name| Py | mean |min.| max.
MissA [8.92% | 10674 | ws -
(16.3%) {18.0%) {134%)
Neck [24.5% | 25343 | s -
(387%) (976%) (39.4%)
Rail [32.3%| 34091 | e -
(52-0%) {s1.9%) {571%)
Rail2 |16.4%| 20276 | e -
(30.9%) (29.9%) {31.7%)

images by digitizing the intensity. Code lengths of 1:4
tree scan are shown in Table 1 with the ratio to the code
length of raster scan. The results show that the 1:4 tree
code lcngth is smaller than that of the raster scan, even
in case of active probability of photo detectors larger
than 0.24, and the 1:4 tree code length is about 1/6 to
1/2 of that of the raster scan.

3. Implementation of 1:4 Tree
3.1 Circuit of Node Automaton

We designed a circuit for the node automaton in 1:4
tree structure. The state transition diagram of the node
automaton is shown in Table 2. Here the state W rep-
resents waiting, and the state SA, ..., SD are the states
of scanning lower nodes 4, ..., D, respectively. C is the
transition signal to the automaton, and CA, ..., CD are
the transition signals to its lower nodes 4, ..., D, re-
spectively. EA, ..., ED are the completion signals of the
scan from the lower nodes 4, ..., D, respectively. VO is
the logical-OR of V4, ..., VD, and V and E is the output
value and completion signal of automaton, respectively.
These signals are summerized in Fig. 3.

The designed circuit of the node -automaton is
shown in Fig.4. In the tree structure, the clock signal
is gated so as to propagate through the scanning path

without activating other nodes. We call this scheme se-

lective activation, which is effective for reducing power
consumption. This node automaton contains 142 tran-
sistors. The number of nodes, N4, in the tree structure
of N level is Zf:l 41 > 4¥-1/3 while the number
of photo detectors is 4¥~1. So the number of transis-
tors per photo detector is 142/3 o~ 47, which is small
enough to keep a practical fill-factor compared with pre-
vious studies [ 5], where the each photo detector contains
about 40 transistors and one large capacitor.

We carried out spice simulation of tree structures
composed of the circuits to estimate the power con-
sumption for various images. Results of scanning 4x4
and 8x8 pixels are summerized in Table 3. In cases of
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Table 2 Transition diagram of node automaton. (S and S’ are
the current and next state, respectively.)

Inputs Outputs
CVEAEBECED| S |S’CACBCCCD V E|
0-—- - - —|W{W|0 0 0 6VOO
T0- - - —|W|W{0 00O0VDl
T1- - — —|WiSAIT 0 0 0VAQ
1-0 — — ~[SAISA[T 0 O OVAO
T-1 - — —|SA[SBO T 0 0 VB0
t-—- 0 - —|SBiSB/0O T 0 0VBO
t--1 - —ISB|SC/l0 0 T 0VCO
T-— - 0 —[SCisC{0 0 T 0 VCO,
T-- -1 —[SCiSD|0 0 O T VDO,
tT-- - - 0iSD[SD|O O 0 T VDO
T-- - - 11SD|W(0 0 0 0 VD]

the upper node
Transition
e NCompleti

Node Automaton J

to the lower node A to the lower node D

Fig. 3 Signals of node automaton. Each node has the signals
of the transition, the completion, and the value signal for the
upper node and the four lower nodes.

Data Eﬁi‘]
from Lower Node Data

A\ :‘1 for Upper Node
vB ] L Vv
Vol a
\4 s End Signal
L for Upper Node

HE

v D
l nl EAL
EBT—.r1
ECT—o
At
. End Signal
. from Lower Node

Clock ©C
from Upper Node

Fig. 4. Circuit of node automaton. for b = 4. This circuit
contains 142 transistors.

for Lower Node

8x 8 pixels, the 1:4 tree has one top level node, 2x2 mid-
dle level nodes, 4x4 lower level nodes, and 8x8 photo
detectors (these were given as voltage sources in this
simulation) in order. Table 3 shows the mean energy
consumption in the whole trees per one bit. The total
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Table 3 The power consumption U of 1:4 tree structure in the
scan of 4x4 or 8x8 pixels.

Image | # of pixels | Code length | U[pJ/bit]
H 4x4 17bit 0.75
. 4x4 21bit 0.76
i 51| I 37bit 0.88
ﬁ 8x8 69bit 0.89
ﬁ 8x8 45bit 0.88

energy consumption scanning the whole image is the
product of the energy per bit and the code length. This
result shows that the energy consumption per bit keeps
almost constant independent to the image pattern. The
constant energy is not sensitive to the number of photo
detectors, since the length of the signal path activated
from the top to a photo detector is proportional not to
the number of photo detectors but to the levels of the
tree.

3.2 Layout of 1:4 Tree

Since VLSI circuits have to be laid out on a surface of
_silicon chip, it is desirable that the node automata in
tree structure is laid out so as to keep the area of photo
detectors large enough. The photo detectors should be
placed in the equal interval in focal plain. v

A possible layout of photo detectors and node au-
tomata is shown in Fig. 3, that can place photo detectors
uniformly and node automata with full-filling the sur-
face of chip. In this layout the upper node automata
can occupy the larger area and thus it can contain the
larger size transistors. This is reasonable since the up-
per node circuits have to drive longer signal wires in
the two dimensional tree layout. This is also suitable
to minimize delays[6].

We designed this two dimensional tree structure in-
cluding node automata and photo detectors for 1.5 um
CMOS with double metal layers, as shown in Fig.6.
Each photo detector has functions not only converting
photo signal to binary signal, but also generating the
inter-frame difference by having latches in each photo
detector. This chip is now under fabrication, and mea-
surement results will be reported in near future.

4. Applications of 1:4 Tree

In this section we discuss applications of 1:4 tree for
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Fig. 5 Possible layout of photo detector and node automaton
of 1:4 tree structure.
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Fig. 6 Chip layout of the 1:4 tree structure with 32x32 photo
detectors by 1.5um CMOS. Chip size is 7.2mmx7.2mm. The
total number of transistors is 94,035.

some of image processing and its implementation.
4.1 Interframe Difference

In moving pictures successive frames usually do not have
so much differences. One of the simplest algorithms for
moving picture compression is to utilize the inter-frame
difference by scanning only differences.

We carried out the 1:4 tree scan for moving pictures
in Sect. 2 and compared it with the raster scan. Results
of 1:4 tree scan are shown in Table 4 with the ratio
to the code length of raster scan. The results show that
the ratio of active elements in the inter-frame differences
is only a few percents, and the 1:4 tree code length is
smaller than in the case of still images. Compression
ratio is about 1/14 to 1/8 compared with the raster scan.

This function can be implemented just by adding
an exclusive OR gate and a latch to generate the inter-
frame differences in photo detectors without modifying
the node automata.
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Table 4 Code iength of inter-frame differences in example pic-
tures. (p is the mean of active probability in the inter-frame
differences. The number in parentheses is a ratio of the 1:4 tree
code length to the raster scan.)

14 Tree Code Lezgth
of Effective Elements{bnt}
Name | pF | mean |min.|max.
MissA |1.1%] 4692 1 o
(7.2%) oo02%) | (1o3%)
Neck [1.6% ] 6068 | . | me
(9.3%) | voom) | wmem
Rail {3.3%] 8342 N .
(127%) 000I%) | (179%)
Rail2 {2.1%] 68196 | . | w
(106%) 0o0%) | (1.1%)

(b)

Fig. 7
59,061 bits and the image with making attention only to its sub-
area (b) which gives the code of 8,177 bits.

The original sample image (a) which gives the code of

4.2 Adaptive Spatial Resolution Scan

Human eyesight has the function focusing to an area
that we pay attention to, and more information is taken
out from the area compared with the other area. In
implementing this function in the sensor, we need to in-
troduce adaptive mechanism not only in the signal in-
tensity resolution [7], but also in the spatial resolution.
For example, in case of seeing the picture in Fig.7(a),
we usually focus to the area of Ping-Pong ball and the
effective information in human eyesight may be illus-
trated as shown in Fig.7 (b).

The scan in 1:4 tree structure proceeds from the
top level to the bottom photo detectors in order, and
the lower level gives the higher resolution, while the
higher level gives the summerized information of the
lower level. We can dynamically select two scan meth-
ods; either the normal scan for the focused area, or a
scan intensionally stopped on the way for the other area.
Thus we can obtain an image with adaptive resolution,
where resolution is high only in the focused area.

For example, the focused image in Fig.7 (b) gives
just 8,177 bits, which is about 1/8 against the normal
scan in Fig.7(a). In Fig.7 (b), only the area of the Ping-
Pong ball and the racket is normally scanned, while
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Fig. 8 Simple algorithms of motion compensation to select the
direction which gives the minimum difference between the pre-
vious frame shifted to one direction and current frame for each
subarea.

scan of the other areas are intentionally stopped on the
way at the second lowest level. (Note that the pictures
in Fig.7 are illustrated as gray scale images for readers’
convenience. These images are processed after digitizing
to binary images in this study.)

This function is implemented by adding in each au-
tomaton an AND gate judging whether to continue the
scan of lower nodes or to finish, controlled by a signal
given from the outside.

4.3 Motion Compensation

The motion compensation is one of the most impor-
tant and complex functions in practical moving picture
compression such as MPEG2[8]. The computational
complexity of motion compensation is one of the key
factors which prevents the single-chip, real-time MPEG2
encoding.

In the original 1:4 tree structure, each node returns
a value of logical-OR of the values of lower nodes. We
modify the value so that it represents the analog sum
of the lower nodes’ value. Thus the node value stands
for the partial sum of the photo detectors’ values. Using
the difference of the current frame and a shifted previous
frame as the pixel values, instead of photo detectors’ out-
puts, as shown in Fig. 8, the node value gives the shifted
inter-frame difference in subarea belonging to the nodes.
The motion compensation is realized by finding the op-
timum shift direction which gives the minimum node
value in magnitude, among shifted directions of, for ex-
ample, N, NE, E, SE, S, SW, W and NW. Here N, S, E
and W are the north, the south, the east and the west,
respectively. Assuming very high frame rate, the motion
distance of object is expect to be less than one pixel [9],
and in this case the motion should be compensated only
within one-neighbour pixels.

This method gives faster calculation compared with
the conventional method, and the adaptive resolution
scans can be applied in each shift direction. The reso-
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lution is corresponding to the size of motion compensa-
tion area. This function is implemented by modifying
the node automata so as to give the value of the sum of
the lower nodes’ values, and by adding the shift function
of the photo detectors’ outputs to its neighbors, along
with the inter-frame difference method as described in
Sect. 4.1,

The implementation of the sum function in each
node results in a high amount of hardware of using a
digital adder. It will be suitable to use analog adder
here so as to keep the increase of hardware in reason-
able amount.

5. Summary and Conclusions

We have proposed a novel signal scan method in image
sensors using a tree structure of automata. The code
length is expected to be much smaller than the con-
ventional raster scan especially when applying to the
difference of successive frames in moving pictures.

We have designed a circuit of the tree automata,
where the clock signal is gated to the lower node selec-
tively so as to minimize the power consumption. We
have also designed a two dimensional layout of the
1:4 tree structure for a full-custom chip, in which both

the node automata and 32x 32 photo detectors are in-

tegrated in 7.2mmx7.2mm chip using 1.5um CMOS
technology, and the chip is now under fabrication'.
If using a 0.1 um technology in future, it is estimated
480x 480 photo detectors are integrated on a single chip.

‘We have proposed applications of 1:4 tree structure,
such as a moving picture compression, an adaptive reso-
lution scan like human eyesight, and a motion compen-
sation for moving picture, which are implemented with
a small extension in each node automata and photo de-
tectors.

Though we treat all the images as binary in this
study, it will be possible to extend the method to gray
scale images by introducing the concept of the condi-
tional replenishment method [10], where a flag signal
associated with a photo detector is enabled when its
image intensity has changed by a predefined amount of
magnitude. For extending tree scan method to gray scale
images, we can replace the binary image data simply by
the flag data, while the gray scale image data is read out
by an additional analog signal path.
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