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Chapter 1

Introduction

1.1 A Brief History of Image Sensors’ Development

The history of image processing technology in electronics dates from the invention
of television system in 1927. From this time, the image processing technology has
been studied and developed mainly in terms of television broadcasting technology,
such as NTSC or PAL.

In recent years, the development of image processing technology seems to have
come at a dramatic turning point, for the development of high definition television

7 For example, in the applications

(HDTV) or the popularization of “multi-media.
for HDTV, the drastical increase of the quantity of image information makes various
difficulties for the real-time image processing technology. In case of the applications
for “multi-media,” the importance of image signals has coming up, and the forms
of the usage of image signals are not only single direction broadcasting such as
televisions, but also the bi-directional communications such as television conference
systems. The recent image broadcasting systems, such as VOD (Video on Demand)
also need the one-to-many broadcasting and the information quality adaptivity for
the needs of users. The needs of digital image processing systems have also in-
creased since these development of image processing systems has been based on the

development and the popularization of computers and their digital signal processing

technologies.
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On an image capturing devices, the solid-state imagers have been invented in
1970s, which employ the CCD (charge coupled device) as a signal transformer. The
recent development of VLSI technologies enables us to fabricate not only photo-
detectors and signal transfer circuits, but also a simple image processing circuits
in one image sensor chip, so called “computational sensors.” An integration of
image processing systems on image sensor has a ability to decrease the quantity of
image information coming outside the image sensor chip, which can also overcome
the bottleneck of the channel capacity between image sensors and image processing

systems.

1.2 Previous Works on ”Computational Sensors”

The conventional image processing systems have separated image sensor and image
processor connected by the signal channel. Seen in the previous section, the channel
capacity is one of the most important problems in image processing systems by the
increase of the quantity of image information. One solution for this problem is the
integration of image sensor and some of signal processing systems in one chip, which
was enabled by the highly developed VLSI technologies. Such image sensors which
have the functions of more than simply capturing images are called “smart sensor,”
or “computational sensor.” Most of the recent studies on computational sensors are
made in an approach of integrating the functions of pre-processing for images in
sensor chips.

In this section, some of previous studies on computational sensors are summerized.

1.2.1 Early vision problem

The pre-processings for images, such as noise reduction, edge detection and so on,

are called “early vision problem,” which have the following characteristics:
o useful as pre-processing for images.

e can be processed parallelly.

Chapter 1 Introduction 2
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Figure 1.1: Model of “silicon retina.” (From [3])

e can be easily mathematically modeled.

These are the reasons why the early vision problems are often studied as the compu-
tational sensors. One of the most previous studies in computational sensors are the
approach of modeling the structure of retina of creatures[1, 2, 3, 4], The function of
early vision processing in these image sensors are implemented by the network of

resistors as shown in Figure 1.1, which are called “silicon retina.”

R

Figure 1.2: Models of one-dimensional resistor network.
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Figure 1.2 shows a simple model of the resistor network. Assuming that the
potential of the node ¢ is V;, the current injected to node ¢ is I; and the resistance

between two nodes is R in Figure 1.2(a), the following equation is derived from the

Kirchhofl’s law.

Since this equation is equivalent to the discreted Laplacian V2, the following differ-

ential equation is derived for the whole area.
V*V = RI (1.2)

Assuming that V; gives the intensity of a pixel, the distribution of I; gives the edge-
detected images.
On the other hand, the following equation is derived for the resistor network in

Figure 1.2(b).
2V; = Vigr = Viey = RG(E; = Vi) (1.3)

This equation is equivalent to the discrete equation of the following Helmholtz’s

equation, the V gives the smoothed images of the image given by the distribution

of Ez
V*V + GRV = GRE (1.4)

The network of non-linear resistors is expected to implement the more useful
functions[5, 6]. For example, the network of “resistive fuse,” which is the resistor
that opens for the preset voltages shown in Figure 1.3, can implement the image
smoothing with maintaining the contrast at the edge of images|7] as shown in Figure

1.4.

1.2.2 Range finding

One of the most simple methodologies for range finding is “Light-Stripe” method,
which is a kind of triangle method using the angle of rotated mirror and the output

of image sensor as shown in Figure 1.5. Some computational sensor for range finding

Chapter 1 Introduction 4
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Fig. 6. (a) Schematic diagram of a 20 by 20 pixel surface interpolation and smoothing chip. A rectangular mesh
of resisitive fuse elements (shown as rectangles) provides the smoothing and segmentation ability of the network.
The data are given as battery values d;; (eq. 6) and the conductance G depends on the variance o? of the additive
Gaussian noise assumed to corrupt the data. If no data are available, G = 0. The output is the voltage f;; at each
node (compare Fig. 4a). Parasitic capacitances (not shown) provide the dynamics. The steady-state of the circuit
corresponds to one of the local minima of the non-convex variational functional of eq. (6). (b) Measured I —V
relation for different settings of the resistive fuse. The I — V' curve can be continuously varied from the hyperbolic
tangent of Mead’s saturating resistor (HRES) to that of an analog fuse. The I — V curve of a binary fuse is also
indicated (dashed line). For a voltage of less than Vi = /& across this two-terminal device, the circuit acts as a
resistor with fixed conductance. Above V7, the current is eithef_abruptly set to zero (binary fuse) or smoothly goes
to zero (analog fuse). Independent voltage control lines allow real-time changes of both the slope (over four orders
of magnitude) as well as Vy (over one order of magnitude). From Harris.?? :

Figure 1.3: The characteristics of “resistive fuse.” (From [7])
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Figure 1.4: Examples of edge enhancement and smoothing using the networks of
various resistive elements.(From [7]) (a)original image with noise, (b)output of the

network of HRES, (c)output of the network of “resistive fuse.”

Sensor ~\<(

Fig. 1. Traditional light-stripe range imaging,

Figure 1.5: ”Light-Stripe” method for range finding. (From [8])
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Fig. 4. Basic sensing clement block diagram.

Figure 1.6: Pixel circuit for fast range finding computational sensor.(From [8])

are reported. For example, a range finding computational sensor whose pixels are
shown in Figure 1.6 is reported, and its range finding system can archive the error

less than 0.1% with very fast finding speed[8].

1.2.3 Movie compression

On-chip image compression is adequate for the reduction of the traffic in the
channel between the image sensor and the image processing systems, especially in
case of the increased quantity of image signals, such as HDTV. Since the algorithms
for movie compression needs very high ability of computing, few studies on on-chip
movie compression are previously reported. One of the reported studies on on-
chip movie compression is the movie-compression sensor by taking the differences
between one pixel and its neighbor pixels for the block of 3x3[9]. An computational

sensor for movie compression by taking inter-frame difference is also reported[10].

1.2.4 Circuit technologies

Many of the computational sensors employ analog signal processing circuits, not

digital signal processing circuits. The advantages of analog signal processing circuits

Chapter 1 Introduction 7



are follows.

e can implement operation by the physical law using simple circuit elements, for

example, add by the Kirchhoft’s current law using resistor network.

e can solve equations as a equilibrium of the system about in the time of RC

time constant(~ us).
Analog signal processing circuits also have disadvantages as follows.
e its accuracy depends on the distribution of fabrication process.
e very sensitive for noise.
e has a difficulty on design system.
e has a difficulty on employing memory elements.

By the reasons above, some studies on computational sensors employing digital

signal processing circuits has been reported[11, 26, 12].

1.2.5 Fabrication technologies

Since the solid-state imager has the photo detectors on a focal plain, the fill factor,
which is the ratio of the photo detectors’ area to the pixels’ area, is expected to be
kept as high as possible to obtain a high light sensitivity. Computational sensors has
an essential problem of low fill factor, because each pixel has both photo detectors
and signal processing circuits.

In recent years, the stacked device structure, which is called “three dimensional
IC,” can have been fabricated by the development of SOI (Silicon On Insulator)
technologies. For example, a computational sensor which has 25 photo detectors
on top layer, A/D converters for each pixel on middle layer, and signal processing
circuits on bottom layer, as shown in Figure 1.7 has been reported.

It is also studied to fabricate three-dimensional structure by pasting bulk chips,

and using copper terminal for inter connections between layers[13].

Chapter 1 Introduction 8
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Fig.4 Schematic cross section of the 3-D structure

Figure 1.7: Cross-sectional view of computational sensor with three dimensional

structure.(From [11])

1.3 Outline of This Thesis

Seen in the previous sections, the channel capacity between image sensors and
image processing systems will become one of the most important problems in near
future, while few studies on on-chip image compression are reported. The increase
of power consumption and the bottleneck of operation speed of signal outport will
also be the important problems in the mega-pixels image sensors.

In this thesis, the studies on a image sensor employing a tree structure for image
signals, which has a kind of data compression, that is efficient both power reduction
and high speed operation.

Chapter 2 describes the power reduction methodologies for VLSI circuits including
image sensors with the probabilistic models of power consumption.

Chapter 3 describes a kind of image encoding method using tree structure to treat
image signals. The analytical model of this method also has been described.

In Chapter 4, the applications of the method using tree structure for image signals
for some adaptivities of image sensors, such as spatial adaptivity and intensional
adaptivity. The applications for movie compression sensor has been described in

this chapter.

Chapter 1 Introduction 9



Chapter 5 describes the two difference implementations of tree-structured image
sensor using CMOS technologies, which can archive high speed and low power op-
eration. The implementation of decoder of 1:4 tree code are also discussed. The
functions and the circuits of pixel for on-sensor image processing are also discussed
in this chapter. The idea of ultra-low power image sensor which uses the energy of
light is also described.

Chapter 6 describes the evaluations for tree-structured image sensors. The evalua-
tion of the prototype system using FPGAs and full-custom design of tree-structured
image sensors are described. The evaluation of designed full-custom tree-structured
image sensors are also discussed in this chapter.

The summary and the conclusion are discussed in Chapter 7.

Chapter 1 Introduction 10



Chapter 2

Power Reduction Methodologies
for Image Sensors and CMOS

Circuits

In this chapter, the problems of power consumption in image sensors and CMOS
circuits will be discussed. In section 2.1, the models of power consumption in con-
ventional image sensors will be described. In the following section 2.2 and section
2.3, the probabilistic models of power consumption in CMOS combinational logics
and sequential circuits will be described. It will be also discussed the power re-
duction methodologies for CMOS combinational logics and sequential circuits with

maintaining the performance in these sections.

2.1 Power Consumption Modeling of Image Sensors

Figure 2.1 describes the typical architecture of CCD transfer image sensors. Image
signals are converted to charge in each photo detector, shown as squares in Figure
2.1, and the charge is carried to the vertical transfer CCDs and horizontal transfer
CCDs outside to the image sensor.

The clock signals provided to each CCD are usually multi-phase clock signals,

and their swings are often very large compared with the CMOS logic circuits. For

Chapter 2 Power Reduction Methodologies for Image Sensors and CMOS Clircuits
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Figure 2.1: The simplified model of CCD transfer image sensors. (The square
presents the photo detector, and the circle presents the transfer CCD.)

;
|

4um X 4um

—200nm

.
(@) (b)

Figure 2.2: Model structure of CCD transfer gate. (a)a part of transfer line,
(b)example size of unit CCD transfer gate.
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Figure 2.3: Example of multi-phase clocks for CCD devices (From [15])

example, the voltage swing of —7V to 0V is provided for vertical transfer CCDs,
and 0V to 45V for horizontal transfer CCDs. Such a high clock voltage is needed
because of the large size of devices, which is not easy to be scaled down to keep the
charge transfer efficiency. (On the other hand, the size of MOSFETs in conventional
CMOS logics can be reduced by the advanced fabrication technology, and it results
in both power and delay reduction|[14].)

The multi-voltage and multi-phase clock signals, for example as shown in Figure
2.3, should make the control circuits more complex.

It is notable that the clock signals are always provided to all transfer CCDs, and
the number of transfer CCDs is quite large, it is almost same to the number of
pixels, for example about 350,000 for VGA resolution image sensors.

Figure 2.4 shows the model structure of CCD transfer gates in image sensors.
Assuming that the vertical and the horizontal number of pixels are both equal to
n, the number of vertical and horizontal transfer CCD, n, and n;, respectively, are
equal to n, = n? and ny = n, respectively. In case of scanning pixels, the transfer
clocks for vertical CCDs are provided n times, while the transfer clocks for horizontal
CCD are provided n? times. The total number of clocks provided for vertical and
horizontal CCDs are equal to 2n>, and the power consumption in transfer CCDs
is expected to be proportional to O(n?), which will be one of the most important

problems in mega-pixel CCD image sensors.

Chapter 2 Power Reduction Methodologies for Image Sensors and CMOS Clircuits
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Figure 2.4: Model of CCD image sensor

Discussed in above, the reasons of increasing power consumption of CCD image

sensors are follows.

o Clock signals are always provided to the all transfer CCDs. The number of

transfer CCDs is almost same to the number of pixels.

o Voltage of clock signals can not be reduced because of the large size of devices.

It is difficult to reduce the size of devices to keep the transfer efficiency.

The another type image sensor is based on memory-like architecture as shown in

Figure 2.5. The non-CCD image sensor of this architecture has the advantages as

follows.

o Just the address lines to the pixels being scanned are activated, and the most

of address lines are not activated.

e The row and column decoders are combinational logics, and it can be “scaled
down” in order to reduce power consumption. The driving voltage for each

pixel can be kept to be equal to the supply voltage of decoder logics, which is

lower than that of CCD image sensors.

Chapter 2 Power Reduction Methodologies for Image Sensors and CMOS Clircuits
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Column Decoder

Row Decoder

Figure 2.5: Model of non-CCD image sensor. (The squares represents the photo
detectors, and the horizontal and vertical lines acrossing the photo detectors are

address lines.)

In spite of the switching noise problem, the non-CCD image sensors (they are often
called as “CMOS sensors”) are expect to be a low power image sensor compared

with CCD image sensors.

2.2 Models of Power Consumption in CMOS Combina-

tional Logics and Its Reduction

In non-CCD type image sensors seen in previous section, the conventional logic
elements, such as combinational logic gates and sequential circuits including flip-flops
are used in non-CCD image sensors for signal scanning circuits. In this section, the
power consumption modeling of CMOS combinational logics are described. It is also
discussed the power reduction methodologies for combinational logics with keeping

circuit function and circuit performance at the design step after logic synthesis.

2.2.1 Probabilistic power model of CMOS combinational logics

Here we assume that the input signals for combinational logic have the following

characteristics.

Chapter 2 Power Reduction Methodologies for Image Sensors and CMOS Clircuits
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Figure 2.6: Definition of probabilistic parameters, (a, 3).

e Input signals change synchronously with the system clock.

e Input signals change probabilistically concerning with the value in the previous

cycle. (Markov chain)
e Input signals change independently.

Letting a and  to be conditional probabilities of “0” to “1” and “1” to “0”, re-
spectively as shown in Figure 2.6, the probabilities from “0” to “0” and “1” to “1”
are equal to (1 — «) and (1 — 3), respectively. Here we call the pair of («, #) as the
probabilistic parameters of input signal. Assuming the stable state of input signals,

the probability of input signal being “0”, Fj is derived from the following equation.

From the Equation (2.1), the P, and the probability of input being “17, P; are

derived as follows.

p

=5 (23

The load capacitances of logic circuits are charged or discharged along to the
input signals, which are the most part of the power consumption of CMOS logics.
For example, 2 input NAND gate can be simplified as shown in Figure 2.7. It has
two load capacitances, the load capacitance C and the internal node capacitance
C;. Assuming that the probabilistic parameters of input a and y are («,, 3,) and

(o, By), respectively, the stable probabilities for all combinations of input signals

Chapter 2 Power Reduction Methodologies for Image Sensors and CMOS Clircuits
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Figure 2.7: Models of 2 input NAND gate. (a)gate model, (b)transistor model,

(c)switch model.

Figure 2.8: Transition diagram of two inputs.

are derived as follows.

By

%“'ﬁﬁ;%+m
Ay
Hoaﬁﬁ;%%@
. a
%“I%im'%fm
a, a
P = a, + B ‘ O‘y‘sﬂy

Here Pxy means the probability of + = X and y = Y.

(2.4)
(2.5)

(2.6)

(2.7)

Using these probabilities, the all transition probabilities between two combinations

of inputs, as shown in Figure 2.8 can be derived. For example, the probability of

transition from (xz,y) = (0,1) to (x,y) = (1,1) is equal to the product of Py and
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the conditional probability of = 0toz =1, 0y andy =1toy =1, 1 - j3,, as
follows.

61’ ay a
oy + Boay, + 8, "

[t also can be derived the probabilistic parameters of output z, (a., 3.) along to

Poi—qn = P0104x(1 - 5@;) = (1 - 5@/)

the transition diagram of output node z, as follows.

o= 1—(1-3)(1-3,) 25)
B. = {FPoo(l — azay) + Pio(l — ay + Bray) + Pou (1 — a, + a,8,) }
/ (Poo + Po1 + Pio) (2.9)

In the switch level model shown in Figure 2.7, both load capacitances have two
states; charged state (“1”7) and discharged state (“0”). The states of load capac-
itances (', and C; change between “1” and “0”, and it is easy to be describe the
probabilistic parameters of charging/discharging each load capacitance, (a¢,, fc; )

and (ac,, fc,) as follows.

ag, = . (2.10)

Bo, = B. (2.11)

B Pég)(ozx - OéxOéy) + P01Oéx5y + Pn(ﬂy - 61’61/) 219

Oéci — (0) ( . )
Poy' + Por + Pa

Bo, =1— oy (2.13)

Here ng) is the probability of inputs are both “0”, with the discharged state of C},

which is floating in this case, as follows.

plo) _ For(1 = ) By + P38,
00 =

(2.14)

Ay + Qy — 0y
The probabilistic parameters of load capacitances give the probabilities of charging
load capacitances, N¢, and Ng,, respectively, as the product of the probability of

state “0” and the transition from “0” to “1”, as follows.

—_— ac, o
N, = —£2& 2.15
cr ac, + Be, ( )
ac; B,
Ny = ——=2 = 2.16
Ci Oéci —|— 601. ( )
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Figure 2.9: Calculated power by probabilistic model, Pmodel and spice simulation,

Peim. (a)2-input NAND gate and (b)1-bit full adder

Using these probabilities, the expectation of power consumption per one system

clock cycle, P is described as follows.
P = xﬁ/\Qtha\%& + >\|9,QL\&Q\& —Vr)} (2.17)

Here f is the system clock frequency, V,,; is the supply voltage, and Vp is the
threshold voltage of n-channel MOSFETs.

This probabilistic model of power consumption can be extended for a large logic
circuits containing many logic gates by assuming that the probabilistic parameters
of a input signal are equal to those of the output signals connected to it.

The accuracy of this probabilistic model is checked by spice simulation, as shown
in Figure 2.9. Py, and Poqa represent the power consumption calculated from
spice simulation results[16], and from the probabilistic model by Equation (2.17),
respectively. Simulations for both 2-input NAND gate and 1-bit full adder, con-
taining 9 NAND gates shown in Figure 2.10, are shown in Figure 2.9(a) and 2.9(b),
respectively. Figure 2.9(b) indicate a small difference between the power calculated
by spice simulation and that of the probabilistic model in case of 1-bit full adder.
The reason is that signals of each gate in the circuits are not always independent

each other.
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Figure 2.10: Circuit of 1-bit full adder

2.2.2 Power reduction methodologies for CMOS combinational logics

Figure 2.7 gives the hints of reducing power consumption without changing logic
function of 2-input NAND gate. The inputs  and y are symmetric logically, though
they are asymmetric topologically. The charge and discharge for load capacitance
Cr, will happen depending on the state of output signal, but charge and discharge
for internal capacitance will depend on the state of C;, since C; will be opened when
x = y = 0 and keeps the previous state. This situation will depend on whether
input signals S, and S5, are connected to the input terminals « and y, respectively,
or connected to the input terminals y and z, respectively, though these two cases
give the identical logic function of 2-input NAND gate.

We can choice the optimal input assignment by comparing the expectation of
power calculated from the probabilistic model.

For example, we carried out the simulation for the 1-bit full adder shown in Figure
2.10, which has 9 2-input NAND gates and tree inputs; xg, yo and ¢y. There are
27 = 512 possible input signal assignments for all NAND gates, and the maximum
power consumption, Uy and the minimum power consumption, Uy, in all possible
assignments are shown in Figure 2.11. Here we assume that Cp=40fF, C;=20{F,
y, = By = 0.1, ay, = By, = Py, and o, = By = pe,- The result shows that
there are the ratio of Upayx/Umpin of 1.74 in maximum and 1.10 in minimum, and this
implies that the power consumption of 1-bit full adder can be reduced about 40%
in maximum by the optimum input assignment, without the modification of logic

function.
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Figure 2.11: Maximum and minimum of power consumption of 1-bit full adder for

various probabilistic parameters of input yo and cg.
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Figure 2.12: Architecture of finite state machine (FSM).

2.3 Models of Power Consumption in CMOS Sequential

Circuits and Its Reduction

In this section, the power consumption modeling of CMOS sequential circuits are
described. It is also discussed the power reduction methodologies for sequential

circuits by the state code assignments for each state.

2.3.1 Probabilistic power model of CMOS sequential circuits

Here we consider the sequential circuit as the finite state machine (FSM), as
shown in Figure 2.12. The most part of CMOS circuits’ power consumption is the
dynamic power consumption, caused by charging and discharging load capacitance,
as discussed in the previous section. The dynamic power consumption of sequential
circuits consists of two parts; the power consumption of flip-flops, Prr and that of
combinational logics, Pgic. The power consumption of flip-flops is composed of two
parts; the power consumption by charging and discharging the load capacitance of
flip-flops based on the state transition, Prp(oaq) and that by charging and discharging
system clock lines, Prr(dock)-

Prr(0aq) depends on the number of flip-flops whose outputs have changed, while
Prr(dock) is almost constant for every clock cycle, whether the all or no flip-flops
have made transition.

This fact implies that there is a possibility of reducing power consumption by

load capacitance, Prr(ioad), since the way to assign of the binary state code for each
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Figure 2.13: Charging and discharging load capacitance at every state transition.

state in the transition diagram is not unique; it is often determined to minimize the
complexity of combinational logics.

Assuming that the conditional probabilities of the transition from state ¢ to state
i, p; ; are known, the probabilities of occupying state ¢ at each cycle, ¢; should satisfy

the following equation.
N
%= Pij 4 (2.18)
7=1

Here N is the number of states in the transition diagram. Using the matrix P,
whose (7,j) element is P, ; and the vector q, whose ¢ element is ¢;, the Equation

(2.18) can be described as follows.
q = Pq (2.19)

The solution of Equation (2.19) under the condition of Y ¢; = 1 gives the state
probability of each state, ¢;. The product of ¢; and p; ;, p;; = P, ; - ¢ gives the
transition probability at each clock cycle.

It is notable that the number of flip-flops whose output have changed at clock
cycle is equal to the Hamming distance, d; ; between two state. The expectation of
the number of flip-flops whose output have changed at clock cycle should be equal

to the mean Hamming distance, d, as is described as follows.

Chapter 2 Power Reduction Methodologies for Image Sensors and CMOS Clircuits

23



_ N N
d=2_ > pij-di (2.20)

=1 j=1

This d is expected to be as an index of the power consumption in flip-flops.

2.3.2 Power reduction methodologies for CMOS sequential circuits

The simple methodology of reducing Prr in the sequential circuits is to find the
binary state code assignment for each state which minimizes the mean Hamming
distance, d. There are N! possible assignments of state codes for all N states, and it
is undesirable to try the all possible assignments to find the assignment minimizing
d for N states in practical design.

The alternative way to find the optimal state code assignment is the following

heuristic algorithm.
1. calculate transition probabilities, p; ; and add p; ; and p;;, as p; ;.
2. sort p;; in order.
3. assign “0”(decimal) and “17”(decimal) for state ¢ and j whose p; ; is the largest.

4. assign to the state : whose state code has not assigned yet, as one of the
available state codes whose Hamming distance from state j is minimum, in

order of p; ;.

The simulation results shows that this heuristic algorithm can give the optimal
assignment, with the error of about 4% against the optimum assignment by the
exhaustive method, with the calculation time proportional to about O(N?) against
about O(N!) of the exhaustive method.

The simulation results of power consumption and the number of gates in combi-
national logics by this heuristic assignment compared with both the random assign-
ment and the assignment aiming to minimize the complexity of the combinational
logic[17] are shown in Table 2.1. The results shows about —10% power reduction

against the conventional assignment for minimize logic complexity, and the number
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compared with
random assignment | logic minimize assignment

Power in

flip-flops —40% —30%
Power in
combinational logic — —11%
Total Power — —10%
# of gates — +11%

Table 2.1: The comparison of power in each part and the number of gates by the

assignment for minimum d.

of gates in combinational logic increase about 10%, but the total increase of hard-
ware costs will be smaller than this case, since the number of flip-flops is equal in

each assignments.

2.4 Summary and Conclusion

In this chapter we discussed the power consumption in image sensors, both CCD
sensors and “CMOS” sensors. This chapter also has described the probabilistic
model of power consumption of both the combinational logics and the sequential
circuits. It is shown that these models are adequate to analytically express the
expectation of power consumption. It is also proposed the methodologies to reduce
power consumption of both the combinational logics and the sequential circuits
without modifying the designed functions. The efficiency of power reduction in the
combinational logics is up to about —30% against the conventional random input
signal assignment. The efficiency of power reduction in the sequential circuits is
up to about —10% against the conventional assignment aiming to minimize the

complexity of combinational logics.
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Chapter 3

Tree Structure of Image Signals

for Image Sensors

This chapter will describe the idea of using tree structure of image data for a kind
of data compression. The analytical model of tree structure and its evaluation will
be discussed in section 3.2 and section 3.3. It will be also discussed the decoding
algorithms and its implementations of encoded codes by tree structure in section

3.4.

3.1 Selective Scanning of Image Signals and Tree Struc-

ture

3.1.1 Image scanning for selected areas

The procedure of CCD image sensors to read out the image data is to read out the
all images of photo detectors regardless of its value, which is called “raster scan.”
In the raster scan, all the pixels have be scanned, even in case of the distributed
data with two-dimensional correlation, as shown in Figure 3.1(a), and it will result
in redundant scan steps for the large white areas. It will be very remarkable in
the extreme case of very few pixels are active, which is often caused by taking the
effective pixels of inter-frame difference for movie compression.

On the other hand, when we see something by our eyes, we will make attentions
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Figure 3.1: Sample of distributed image signals with two-dimensional correlation(a),

and the area division for its distribution.

for the restricted area in the view and obtain the detail information from there,
not always get the sharp images of whole area. The application of raster scan for
such the scan for the restricted area will also result in redundant cycles for the

non-interested areas.

3.1.2 Tree structure of image signals for selective scan

In such case of the image in Figure 3.1(a), one of the idea to reduce the redundant
cycle is to divide the areas according to whether the divided areas contain the
interesting data or not, for example, as shown in Figure 3.1(b).

Here we propose to apply the tree structure for image signals. The tree contains
nodes, which have b nodes in the lower level and connected to the node in the higher
level, and the nodes in the lowest level have b pixels, whose value is binary, in its
lower level. The all connections between two nodes have three signal channels; the
start signal to order the scan for its lower node, completion signal to inform the
finish of its scan for its higher node, and wvalue signal to inform its value for its
higher node. (They are summerized in Figure 3.2.) We define the functions of each

nodes as follows.

o [t has the value of logical-OR of its lower b nodes. The node in the lowest
level has the value of logical-OR of the b pixels.
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Figure 3.2: Signals of the nodes in the tree structure.

o [t returns its value when it receives start signal from the node in the higher

level.

e When its value is “17, it implies that there are at least one “1” in its lower
level, and executes the scan by activating start signals of its lower b nodes in
order. If the scanned lower node node has returned “17, it will wait for the
finish of the lower node’s scan until it returns completion signal. When the
all scans of the lower b nodes have finished, it returns completion signal to its

higher nodes.

o When its value is “07, it implies that there are no “1”s in its lower level
and all the descending nodes to the pixels, and finishes the scan by returning

completion signal.

e It has (b+ 1) internal states; W for waiting state, and Si(: = 1,2, ...b) for the

state of scanning the ¢-th nodes in its lower level.

For example, the raster scan of 4 x 4 pixels as shown in Figure 3.3(a) will proceed
in order as shown in figure, and it will make a 16 bits code, which is equal to the

number of pixels. (Note that white pixels or nodes represent “0” and gray pixels or
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Figure 3.3: The two procedures of image scan; (a)conventional raster scan, (b)scan

using tree structure.(The square and the circle represents the pixels and scanning

circuits, respectively. The numbers in the figure represents the steps of scan.)

nodes represent “1”7.) On the other hand, the scan using the tree structure of the
nodes defined above, as shown in Figure 3.3(b) will proceeds as the following steps.

(Note that b = 4 is assumed in this case.)
1. First the highest nodes 1 is scanned, and it returns “1”.

2. Next, the scan proceeds to the second level, the node 2 at first. The node of

2 returns “0”, and no more scan for its lower level are needed.

3. The scan proceeds to the node 3, and it returns “1”7. According to this value,
the following four pixels are scanned in order, 4, 5, 6, and 7, and then the scan

for node 3 has finished.

4. Next, the node 8 and 9 are scanned in order, and both of them return “0”,

and then the all scans have finished.

In the above procedure of scan using tree structure, we obtain 9 bits code, which is
shorter than that of the raster scan. This scan procedure using tree structure (we

call “tree scan” afterward), will have the following advantages.

o The scan step for the area containing all 0s are drastically skipped, which is a

kind of data compression.
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e Only the signal path from the nodes or pixels scanned to the outside of image
sensor is activated, and most of signal pathes rest are not activated, which will

be effective for power reduction.

It is also notable that the more the tree scan step proceeds to the lower level, the
smaller divided areas, or precise details, are scanned. This characteristic of tree
scan gives the idea of executing the scan of the needed resolution for the needed

sub-areas, or “adaptive resolution scan”, which will be discussed in section 4.2.

3.2 Model and Analysis of the Scan Procedure of Tree-

Structured Image Signals

3.2.1 Model of tree structure of image signals

We consider the model of tree structure discussed in the previous section as shown
in Figure 3.4. Here b is the number of nodes connected under one node, and N is the
number of levels, and p; is the probability that the node in [-th level has the value
of “17, and the number of pixels is expressed as b". Note that pg is the probability
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that the pixel has the value of “1”7, or it is active. The node in [-th level has the
value of “1” when at least one of b nodes in its lower level has the value of “1”7, and

then p; should satisfy the following equation.

p=1-(1=p) (3.1)

Solving the Equation (3.1), p; is expressed as follows.
pr=1-(1—po)" (3.2)

3.2.2 Mean code length of tree-scan

Here we can calculate the expectation of the number of steps in the procedure of

the tree scan, or the expectation of code length L as the following procedures.
1. First, the node at the highest level, [ = N is scanned, and L = 1.

2. If the node at the highest level has the value of “1”7, the b nodes in [ = N — 1
are scanned, and L=1%b.

3. The following scan are executed just for the nodes whose value is “1” in b

nodes at [ = N — 1, which are b- py_y nodes, and L =L +b-b-pn_y.

4. The following scan are executed just for the nodes whose value is “1”7 in b

nodes at [ = N — 2, which are b - py_y nodes, and L = L+ b-b*- pn_s.

Iterating the procedures above, the expectation of code length, L is derived as
follows.

N
T=1+3 611

=1

=1+ g:bN"“{l —(1=po)} (3.3)

=1
The relations of L and the active probability of pixel, py are shown in Figure 3.5
for various b, in case of the number of pixels, 4" is 1,024. The results in Figure
3.5 indicates that the tree structure with the number of branches, b is 4 gives the

shortest code length for all pg, and thus we treat the tree structure with b = 4, we
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Figure 3.5: The relations of mean code length,L and the active probability of pixel,

po for various b.

call “1:4 tree structure” afterward. It is also indicated that L of 1:4 tree scan is
shorter than the length of raster scan, 1024, in case of smaller py than 0.24. (These
results were derived not only for 1,024 pixels, but also for the more pixels.)

The number of branches, b and the number of levels, N are correlated through
the number of pixels, n, as n = b, or N = log, n. Using this equation, Equation
(3.3) can be easily extended to the case of the various b as follows.

[logy, 7]
L=14 > dosmHi (1 —py)'} (3.4)

I=1
Figure 3.6 shows the optimum b which gives the shortest L for given py. For large
po, the scan steps will be executed for almost all nodes, and the case which the
total number of nodes is small, or b is large, gives the shortest L. For small po,
the optimum b for various pg is between 3 and 4, and it indicates the properness to
employ 1:4 tree structure in terms of minimizing L.
In Equation (3.3), we assume no spatial correlations between pixels, but the pixels

in usual images are expected to have distributions with the spatial correlations. The
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Figure 3.6: The optimum b which gives the shortest L for various pg, and L.

tree scan for two dimensional images is executed for the smaller divided areas as
the step of scan proceeds to the lower level, and we can say that this procedure has
a characteristic of gathering the pixels in the target sub-areas at each step. It is
expected that L will be smaller for real images with spatially correlated pixels, than
the case without spatial correlations as derived in Equation (3.3), or the white noise
images containing very high spatial frequency.

We have generated the random images whose spatial power spectrums are propor-
tional to 1/f", where f is the spatial frequency, and carried out the procedure of 1:4
tree scan for them. Note that the images with larger n contains the less component
of higher spatial frequency, as shown in Figure 3.7. Power spectrum P(f) of two

dimensional images p(x,y) is defined by the following equation.

P = PO+ B)) o | [ plar e dady (3.5)

The random images whose power spectrum P(f) = 1/f" are given by invert Fourier
transform of €%/ / f, where §; is the phase of each frequency components, and they
should be determined randomly.

The results of calculating L for various images are shown in Figure 3.8. (The
number of pixels is 2'° = 65,536.) It is known that the spatial power spectrum

of usual real images has a tendency to having between 1/f~ and 1/f72, and the
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(a)
Figure 3.7: Sample of random images with various spatial power spectrum. (a)l/f°,

(b)1/f~1, and (c)1/f2.
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Figure 3.8: Calculated L for the images with various spatial power spectrum.
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Figure 3.9: ITU-T facsimile standard images

possibility was indicated that L using 1:4 tree structure will be shorter than that of
the raster scan, even in case of pg is larger than 0.5, or the more than half of pixels
are black in usual real images.

The history of the idea applying quad tree structure for image signals is very
old[18], but the efficiency applying quad tree for image signals was derived in terms

of the image encoding efficiency discussed in above.

3.3 Experiments of Tree-Scanning for Images

In this section, the simulation results of 1:4 tree scanning for various real images
are shown, with comparing the other scanning methods; the raster scan or run-length

compression.

3.3.1 Tree scanning results for binary still images
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Table 3.1: Scanning results for ITU-T facsimile standard binary images. (L is the
1:4 tree code length per pixel, H,q is the run-length entropy per pixel, and pg is the
ratio of black pixels.)

Lio Hio
Name po | [bit/pix] | [bit/pix]
CCITT-1 | 0.037 | 0.175 0.178
CCITT-2 | 0.045 0.159 0.240
CCITT-3 | 0.080 | 0.310 0.304
CCITT-4 | 0.141 0.573 0.452
CCITT-5 | 0.075 | 0.296 0.327
CCITT-6 | 0.049 | 0.188 0.269
CCITT-7 | 0.105 | 0.460 0.534
CCITT-8 | 0.450 | 0.753 0.313

The 1:4 tree scan was carried out for the standard binary images for the evaluation
of facsimile given by ITU-T (formerly CCITT) as shown in Figure 3.9.

The run-length compression is often used to scan binary images by one line, and to
encode for the obtained binary bits. Some encoding code for run-length compression
are known, for example MH (modified Huffman) code which is employed in G3
facsimile standard, and the lower bound of compression efficiency by one dimensional

run-length compression is given by the following run-length entropy per pixel, H,q.

N N
Hyo=H,/T ==Y Pilog, P, | 3 iP, (3.6)
=1 =1

Here P; is the relative frequency of run whose length is ¢, H, is the run-length
entropy, and 1" is the mean run length.

The scanning results are shown in Table 3.1 with the comparison with run-length
compression. Table 3.1 shows that 1:4 tree scan is more effective especially in case of
smaller pg, which is just 1/2 to 1/7 against that of the raster scan. It is also notable
that 1:4 tree scan is often more effective than run-length compression in most cases,

especially in case of pg is small.
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Table 3.2: Scanning results for inter-frame difference of movies. (Lq is the 1:4 tree
code length per pixel, H,q is the run-length entropy per pixel, and pg is the ratio of
black pixels.)

Lo H,qo
name pot | [bit/pix] | [bit/pix]
MissAmerica | 0.011 | 0.055 0.106
TableTennis | 0.114 | 0.454 0.584
FlowerGarden | 0.172 | 0.601 0.724
Neck 0.017 | 0.067 0.125
Rail 0.036 | 0.122 0.149

3.3.2 Tree scanning results for moving pictures

We carried out the 1:4 tree scan for inter-frame difference of some example movies.
It is one of the most simple algorithms for movie compression to take inter-frame
differences and scan just the pixels which have differences. Some example movie
sequences are digitized to binary images, and the scan was carried out for the inter-
frame differences, which is just exclusive OR of pixels in two succeeding frames.
The scanning results are shown in Table 3.2 with the comparison of run-length
compression. Here “MissAmerica”, “TableTennis”, and “FlowerGarden” are the
standard of movies, and “Neck” and “Rail” are the sample movies captured by
Hatori-Aizawa Laboratory, University of Tokyo, and the cuts of movies are shown
in Figure 3.10. In “MissAmerica,” the upper half of a lady is shown, and she talks
with the motion of the body slowly. In “TableTennis,” the view of table tennis game
is shown, and it has two drastical scene change, with zoom out. In “FlowerGarden,”
the view of the garden is shown, and the whole scene moves slowly by the move of
camera. In “Neck,” the toy of moving rabbit is shown, and its head and hands are
moving quickly. In “Rail”, the toy of train is shown, and it moves slowly.

Table 3.2 indicates that only a few percents of pixels should be scanned, and 1:4
tree code length is about 1/14 to 1/8 over that of the raster scan. It is also indicated
that the 1:4 tree code length is about 1/2 at maximum over that of the run-length
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Figure 3.10: Scene cuts of used sample movies
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Figure 3.11: Example of 4 x 4 memory cells and the selection signal lines.

compression.

3.4 Decoding procedure of tree-scanned image signals

The encoded code by 1:4 tree scan can be decoded to binary two dimensional
images, of course, since 1:4 tree scan is reversible procedure. Assuming that the
decoded binary images are stored in two dimensional array of memory cells, and
they are selected by the selection signal lines controlled by the external controller,
as shown in Figure 3.11. The memory cells at (7, ;) are selected when both column
select line ¢; and row select line r; are activated, and the binary data is stored for
all of the selected memory cells. This architecture of memory cells is similar to that
of the conventional data memory, such as DRAM, but the difference is that more
than two select signal lines can be activated so as to select the areas.

For example, the 1:4 tree code of 101101000 can be decoded by the following

procedures, as shown in Figure 3.12.

1. First bit of 1:4 tree code, “1” represents the logical-OR of whole area, and all

the memory cells are selected to be stored “17, as shown in Figure 3.12(a).

2. The following bit of code, “0” represents that the logical-OR of the upper-left
2x2 areais “07, and it is stored to this area with activating the corresponding

select lines, as shown in Figure 3.12(b).
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Figure 3.12: Example of decoding procedure of 1:4 tree code.
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Table 3.3: States of automata in the decoding process shown in Figure 3.12.
1:4 tree code‘l 01101000

upper(s2) (WA BBBBBCD

lower(sl) |[WWWABCDWW

3. Next bit of 1:4 tree code of “1” are stored to the upper-right 2 x 2 area,
as shown in Figure 3.12(c). This bit means that there are at least one “1”
bit in this area, and the decode procedure for 1 x 1 area in the upper-right
2 x 2 subarea are processed in order of upper-left, upper-right, lower-left, and

lower-right, as shown in Figure 3.12(d), (e), (f), and (g).

4. The following two bits of “00” represent the lower-left and lower-right 2 x 2
area as all 0, and they are stored, respectively, as shown in Figure 3.12(h) and
(i).
Note that in Figure 3.12, white squares and gray squares are the memory cells whose
value is “0” and “17, respectively, and the values of “1” or “0” on the top side and
the left side of the memory cell plain represents activated or negated state of column
and row select lines, respectively. The value at the upper-left corner in each step is
the 1:4 tree code according to each step.

The decoding process discussed above is implemented by making automata for
each level, as shown Table 3.3. The upper automaton can select the area by the
unit of 2 x 2 memory cells, and the lower automaton can by 1 x 1 memory cells. W
represents the state of selecting all of its area, and A, B, C and D represents the states
of selecting upper-left, upper-right, lower-left, and lower-right subarea, respectively.
For example, the pair of two automata’s states, (s2,s1)=(B,A) represents that the
selected area is in upper-right 2 x 2 area by s2=B, and the precise position in this
2 x 2 area as the upper-left 1 x 1 memory area by s1=A, which is just corresponds
to the state in Figure 3.12(f).

The selection lines of memory cells are implemented by using the ra, rb, ca, and

cb signals defined in Table 3.4 as follows.

r0 = ra2 && ral
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Table 3.4: Truth table for select lines.

state | ra rb ca «cb
W 1 1 11
A 10 1 0
B 10 0 1
C 0 1 10
D 0 1 0 1

rl =ra2 && rbi
r2 = rb2 && rat
r3 = rb2 && rbi
c0 = ca2 && cal
cl =ca2 && cbi
c2 = cb2 && cal

c3 =cb2 && cbl

Here the number following ca, and so on, represents the order of automata, for
example ca?2 represents the ca signal according to the state of automata s2, and

&& represents the logical-AND operator.

3.5 Summary and Conclusion

In this chapter, a concept of applying the tree structure for image signals is pro-
posed. The image scan for tree structure including the nodes, which have logical-OR
of lower nodes, can implement a kind of data compression by skipping the redundant
scan step for white sub-areas. The size of sub-areas scanned can be changed dynam-
ically according to the scanning step, the lower level of tree structure represents the
higher spatial resolution. It is also derived that the quad tree structure is the most
adequate to treat the image signals, which we call “1:4 tree structure.” The 1:4 tree
scan is more effective for some sample images than the raster scan, and than the

run-length compression in most cases.
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The decoding algorithm of 1:4 tree code is also discussed, ant it can be imple-
mented by using the state automata and selection lines, with the array of memory

cells, which can be selected simultaneously.
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Chapter 4

Applications of 1:4 Tree Sensor in

Image Processing

Our eyesight has the functions of not only just “looking at” the objects, but
also “watching” them, for example, making attentions to the restricted objects, or
having the intensional adaptivity in dark field. Some approaches for implementing
these functions in the solid-state image sensors are studied, and most of them take
approaches of implementing the structure of the retina using electronic circuits[3].

In this chapter, the previous studies for implementing the functions of the eyesight
in electronic circuits are summerized at first. The efficiency and the way to apply
the 1:4 tree scan for implementing some functions of the eyesight, mainly in terms
of various adaptivities are discussed in section 4.2 and section 4.3.

It is also discussed the applications of 1:4 tree scan for the movie compression
implemented on image sensors, mainly in terms of inter-frame differences and motion

compensation, which are often used in conventional movie compression, such as

MPEG, section 4.4.

4.1 Previous Approaches for the Functions of Eyesight

Figure 4.1 shows the structure of the typical retina in the creatures’ eyes. The

retina mainly consists of the following elements.
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Figure 4.1: Cross-sectional view of the retina’s structure.(From [3])
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e Photo receptors(R), which convert the light signal to the electrical signal, and

are often weakly connected each other.

e Horizontal cells(H), which receive the signal from the photo receptors, and
connect them each other. This function implements the smoothing of the

images.

e Bi-polar cells(FB and IB), which take the differences of the signal from photo
receptors and that from horizontal cells. This function implements a kind of

edge detection.

The functions implemented in the retina, the smoothing and the edge detection, are
called “early vision problem,” and they have been studied for a long time as the
pre-processing of image signals.

One of the most previous works in computational sensors is “silicon retina”, as
introduced in section 1.2. It implements the smoothing of received images by the
resistor networks, as the horizontal cells in the retina.

One of the other studies for “silicon retina” is “foveated” image sensors[19], as
shown in Figure 4.2. In this sensor, the photo receptors and transfer CCDs are
placed like the concentric circles, which is very similar to the placement in the
retina, which has the characteristics of higher spatial resolution at the center part.
It is also notable that the obtained data from this image sensor will be invariant
against the rotation of the objects.

As seen above, most of approaches for implementing the functions of eyesight are

made by implementing the structure of the retina in electronic circuits[20, 21].

4.2 Adaptivity for Spatial Resolution

4.2.1 Spatial adaptivity of eyesight

We will usually see the objects, with making attentions just to the area we have

interests. In this case, we will obtain the detail information for the areas of interests,
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Figure 4.2: Photograph of the foveated CCD retina[l9].
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Figure 4.3: Samples of the original images(a)(a’), and the images with making

attentions to the restricted area(b)(b’).
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Figure 4.4: Area division by the step of 1:4 tree scan. (a)unit of 4 x 4 pixels , (b)unit
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of 2 x 2 pixels, and (c)unit of 1 x 1 pixel. (The gray circles in this figure represents

the higher nodes for each sub-area.)

and less information from the other areas, such as just the intensity or the infor-
mation of objects’ existence, which will be mosaicked images as shown in Figure
4.3(b)(b").

This fact is expressed as follows; the higher spatial resolution for the areas of

interests, and the lower for the other areas, for example by the unit of 8 x 8 pixels.

4.2.2 Implementing spatial adaptivity using tree sensor

It is notable that the 1:4 tree scan proceeds from the nodes in the higher level to
the nodes in the lower level, and to the lower the scan proceeds, the higher spatial
resolutions will be obtained, since the nodes have the logical-OR, or summerized
information of their lower nodes, as shown in Figure 4.4.

This procedure can be implemented by adding the functions for each node, to
select whether proceeding the scan normally, or finishing the scan regardless of its
value. The nodes for the areas of interests should continue its step of scan normally,
and the nodes for the other areas should finish its scan to return the summerized
information of its sub-area.

The procedure of “spatial adaptive scan” by 1:4 tree structure is expected to be
the efficiency of a kind of data compression, by skipping the redundant scan for the
areas of no interests. For example, the conventional 1:4 tree scan of the digitized
image in Figure 4.3(a) and (a’) give the 1:4 tree code of 59,061 and 42,953 bits,
respectively, where the images have 256 x 256 = 65,536 pixels. (Note that the
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Figure 4.5: Sample of gray scale image with partial uniformity.

pictures in Figure 4.3 are illustrated as gray scale images for readers’ convenience.
These images are processed after digitizing to binary images in this study.) On the
other hand, the extended 1:4 tree scan to obtain the mosaicked images in Figure
4.3(b) and (b’) give the 1:4 tree code of 1,581 and 8,177 bits, respectively, which is
about 1/27 and 1/8 of the conventional 1:4 tree code, respectively. Note that the
scan for the mosaicked areas is proceeded to the resolution up to 8 x 8 and 4 x 4
pixels for Figure 4.3(b) and (b’), respectively. These results indicate that 1:4 tree
scan can implement a kind of data compression according to the attentions for the

images of interests.

4.2.3 A concept of using spatial adaptivity for still image scan

In the still images, whether they are gray scale or binary, there are two parts of
areas; the areas whose pixels have almost the same intensity, and the areas whose
pixels have much difference intensities. Here we express the “uniform” areas for the
former, and the “ununiform” areas for the later. Since the pixels in the “uniform”
areas will have almost the same intensity, the scan for the all pixels are not needed;
just the scan of the summerized (mean) intensity of the areas is needed, while the
complete scan will be needed for the “ununiform” areas to obtain the informations
for the details.

This procedure can be implemented by the 1:4 tree scan, by the partially stopped
scan for the “uniform” areas, and the complete scan for the “ununiform” areas. This
methodology can be expressed as that it uses “uniformity” as the criteria of interest.

Assuming that the intensity of each pixel should has the analog value, the “uni-
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Figure 4.6: Models of the nodes which have two values; mean intensity, 7 and the

standard deviation of the intensity, o.

formity” of the area can be defined by the standard deviation of intensity in the

areas, o as follows.

o= 130 -7 (41
y= iiyi (4.2)

Here the y; is the mean intensity of each four sub-areas, and 7 is the mean intensity
of all four sub-areas, and the models of this equation are shown in Figure 4.6.
The procedure considering the uniformity of the images using the hierarchical

structure of this y; and o for each node, can be implemented by the following

procedure.
1. Scan the uniformity value, o of the node, as shown in Figure 4.7(a).
2. If o is smaller than the threshold value, gy, it implies that the area of the node

will be uniform enough, and it finishes the scan just by returning the mean

intensity, 7, as shown in Figure 4.7(b).

3. It o is larger than oy, it implies that the area of the node will contain variations
of pixels’ intensity, and it continues the following scan for the lower nodes, as

shown in Figure 4.7(c).
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Figure 4.7: The procedure of scan considering the uniformity of each area.

Figure 4.8 shows the example of the above procedure. The original gray scale
image with 256 x 256 pixels is shown in Figure 4.8(a), and the reconstructed image
using the scan considering the uniformity of each area discussed above is shown
in Figure 4.8(b). In Figure 4.8, the just nodes whose o is larger than oy = 10 are
scanned normally, for the smaller sub-area of 16 x 16 pixels. (Note that the intensity
depth of the image is 256) Seen in Figure 4.8(b), the objects with low uniformity,
such as the man or the poster on the wall, are scanned to the detail, while the areas
with high uniformity, such as the gray background or the table tennis court, are
scanned with lower spatial resolution.

The number of scan steps is 19,660, which is about 1/3 of the conventional raster
scan, and the signal-to-noise ratio (SNR) of the reconstructed image, defined by the
following equations, is 31.4dB,

2552
X v 7

o 3 bl — )y

r=1y=1

SNR[dB] = 10 log,,

(4.3)

where M and N are the number of pixels in horizontal and vertical direction, re-
spectively, and p(x, y) and p’(x, y) are intensity at (x,y) in the original and reference

image, respectively.
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Figure 4.8: Sample of gray scale image(a), and the reconstructed image using the

scan considering the uniformity of each area(b).

This result indicates one possibility of the spatial adaptive scan with a kind of

data compression maintaining the quality of the images, using 1:4 tree structure.

4.3 Adaptivity for Intensional Resolution

4.3.1 Intensional adaptivity of eyesight

Our eyesight has the function to see the objects both in the bright condition and
the dark condition, or have the adaptivity for the intensity of the field. This function
is implemented by having two photo receptors in the retina; the rod for the dark-
field without the sense of color, and the cone for the bright-field with the sense of
color[3].

One difficulty of receiving the photo signals by the electronic device is that the
range of intensity of the field is broad up to 5 decades, and it is difficult to keep
the high dynamic range for such a broad range of intensity by using the simple
photo-electronic converter. It is known that the sensitivity of the photo receptor in

the retina is proportional to the logarithm of the input intensity, which can keep the
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Figure 4.9: A simple circuit of photo-electronic converter(a), its equivalence cir-

cuit(b), and its output with the light of small and large intensity(c).

high dynamic ranges[3]. Some studies for the photo-electronic converting circuits
with the logarithmic sensitivity[22, 23, 24], and some of them intend to obtain the
more wide dynamic range by selecting the gain of photo-electronic converting circuits

corresponding to the light intensity[24].

4.3.2 A concept of gray-scale scan using 1:4 tree with intentional adap-
tivity

Figure 4.9 shows a simple circuit of photo-electronic converter. The charge in the

junction capacitance of the photo diode is cleared by the reset signal at first, and

then the charge is integrated in the capacitor by the photo current, I po0. Since the

photo current is proportional to the intensity of light, the output voltage Vi will

expressed as follows;
Vout = C'+ Lohoto -t x [ - 1, (4.4)

where ¢ is the time of integration, and [ is the intensity of light. Using the Equa-
tion (4.4), the time until V,,, reaches the threshold voltage, V; is estimated to be
proportional to /7!, and we can obtain the information of the light intensity by this
time.

The flag indicating that V, has reached V; will be activated at the local areas
in the focal plain, since the distribution of the intensity is expected to be local

in two dimensional focal plain, as shown in Figure 4.10. It is the case which can
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Figure 4.11: Controlled V; to keep the interval time of V, to reach V.

be efficiently scanned by the 1:4 tree scan, where the pixels of “1”7 are distributed
locally, as shown in section 3.2.2. The flag once scanned should be cleared, since
the pixel whose V, has reached V; is not need to be scanned any more.

One problem of the above technique is that V, for the higher intensity will reach
V; rapidly, while that for the lower intensity will rise very slow, and this fact will
result in the rush of flags at the early terms in integration time.

One concept to solve this problem is to control V; according to the terms in
integration time, as shown in Figure 4.11. The V; will be set small at the early
terms in integration time to keep the interval time long, while V; will be set larger
at the middle term in the integration time, and V; will be set small again at the
later term for the lower intensity.

Assuming that the slope of V, is proportional to the light intensity [, as V., =
kIt. The integration time until V reaches to V; is expected to have the equal
interval, for the intensity of the equal interval, and the intensity and the integration

time of ¢-th brightness, I; and t;, respectively, will expressed as follows.

I =1y +iAl (4.5)
t=to — iAt (4.6)

V, for the intensity of I;, Vj is expressed as the V at the time of #;, as follows.
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Vi = klit; = k(1o + iAD)(t — iAY) (4.7)

Using this equation, V' is expressed as the function of integration time, by elimi-

nating ¢ from the all equations, as follow.

Al AT — IGAtN? (AT + [)At)?
(t_io) (Al + ToAt)® (4.8)

Vill) = —k <7 OAT ATAL

The interval of the integration of time to reach a threshold voltage will be equal by
changing V;(t) according to the integration time, as derived in the Equation (4.8).

This control will make the almost constant number of pixels at each scanning term.

4.4 Applications for Movie Compression

4.4.1 Inter-frame difference of movies and movie compression

The differences of pixels between successive two frames in moving pictures, which
is called inter-frame difference, have the values when there were some motions of ob-
jects in the scene, and most of the pixels will have no difference except the restricted
area where motion occurred. One of the simplest, and most important technique
to compress the movie data is to take the inter-frame difference, and to read out
just the value of pixel whose value has changed between two frames, which is called

“effective pixel.”

4.4.2 Implementing scan of inter-frame difference using 1:4 tree

The ratio of the effective pixels in inter-frame difference is expected to be small
enough, except the special case, such as when the scene has changed. The scan for
the effective pixels using 1:4 tree structure will make a high efficiency, since 1:4 tree
scan is suitable for the images containing a few effective pixels, whose value is “17,
as shown in section 3.3.2.

This function can be implemented by modifying the pixels in 1:4 tree structure
to have the value as the inter-frame difference, by adding the memory to keep the

value in the previous frame, with modifying the nodes for binary images.
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Figure 4.12: 1:4 tree structure for scanning inter-frame difference.

Here we consider the method to extend the above compression methodology for
gray-scale movies. One of the simplest algorithms for gray-scale movie compression
using inter-frame difference is “Conditional Replenishment Method” as the following

procedure.

1. take the inter-frame difference; the arithmetical subtraction of the values of
pixels in the successive two frames. (The value of pixel in the previous frame

is stored in the memory.)

2. if the difference is smaller than the threshold, the scan for this pixel will be

skipped.

3. if the difference is larger than the threshold, the value of this difference is read

out outside the sensor.

4. the stored value in the memory is replaced by the value of the pixel in the

current frame when scanned.

We can apply the 1:4 tree scan and conditional replenishment method by adding

the analog signal pathes as follows.

e cach pixel has the flag which indicates that it has the larger inter-frame dif-

ference than threshold; “1” for effective pixels.

o the flags are scanned by the conventional 1:4 tree structure.
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Table 4.1: 1:4 tree scan code length per pixel, L and mean SNR of reproduced im-

ages, SNR using conditional replenishment method for various threshold of intensity,

0.

=5 6 =20
name L SNR| L SNR
MissAmerica | 0.474 41.1 | 0.115 32.5
TableTennis | 0.774 41.7 | 0.345  30.7
FlowerGarden | 1.137 44.8 | 0.984 30.8
Rail 0.113 444 | 0.030 38.3

Neck 0.313 425 | 0.126 35.5

e when the scan step has proceeded to each pixel, the analog difference is read
out, through the analog signal path along to the scan path from the top to
the pixel.

An example of the above procedure is shown in Figure 4.12, where the squares and
the circles represent the pixels and nodes, respectively, and black circle is the node
whose value is “1”7. The gray curve represents the analog signal path for the analog
inter-frame difference, from the pixel to the outside of the sensor, and the thick line
between nodes represents the current 1:4 tree scan path. The analog signal path will
be easily implemented by the transfer gates by the pair of n-channel and p-channel
MOSFETs.

Table 4.1 shows the results of the above procedure for some sample movie se-
quences, where L is the mean 1:4 tree code length per pixel for the scan of effective
pixels whose difference between two frames is larger than §, and mean signal to noise
ratio (SNR) over all sequences of the reproduced image by conditional replenishment
method over the original images.

In most cases, the larger § gives the shorter 1:4 code length and worse SNR, and
we can select 6 for the purposes. In the sequence of “FlowerGarden,” the whole
area of images moves slowly, and the ratio of effective pixels is constantly very large,

which results in the larger L than the raster scan.
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Figure 4.13: The simplest methodology for motion compensation.

4.4.3 Motion compensation and movie compression

Another of the most important techniques for movie compression is “motion com-
pensation,” which is the prediction of the motion. The error between the pre-
dicted image by the motion compensation and the practical frame will be read
out, using the conditional replenishment method, if needed. The standard movie
compressions, such as MPEG, employ both the inter-frame difference and motion
compensation[25].

The simplest methodology to calculate the motion compensation, which is often

done in the conventional movie compression, is as follows, as shown in Figure 4.13.

e scan the images and store the buffer memory.

o create the moved image to various directions with the various distances for
divided sub-areas, from the stored previous frame, and calculate the difference

between this moved image and the practical image.

e choice the direction and the distance to minimize the difference for each sub-

area, and they are compensated motion.
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Figure 4.14: Pixels connection for motion compensation in 1:4 tree

This procedure is very complex, and the motion compensation is one of the most

complex operations for movie compression.

4.4.4 Implementing motion compensation using tree sensor

The motion compensation is implemented using 1:4 tree structure by adding the

following functions as shown in Figure 4.14.

e The pixel has the value of difference between the value in the current frame
and that in the previous frame, but it is used the value in the previous frame
of the neighbor pixel from the selected distance and direction, instead of the

current pixel.

e The node in the 1:4 tree structure has the value as the mean of the connected
four nodes’ value. The value of one node represents the mean of values in the

all sub-area under it.

e The nodes according to the size of area needed for motion compensation are
scanned from the outside, and this scan is iterated by changing the distance

and direction for the motion to be compensated.

o Select the direction and the distance to minize the difference, for each sub-

areas, and they are compensated motion for each sub-area.
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Assuming that the pixel should has the mean value of the lower four nodes, the
scanned value at any step gives the mean difference at the sub-area lower of the
node, and we can select the block size of motion compensation by selecting the scan
step.

Figure 4.15 shows the samples of simulation of motion compensation, using the

standard movie, “MissAmerica”.

The SNR between the practical image and the predicted image by compensated

motion using the above algorithm is shown.

In case of Figure 4.15(a), SNR for the two size of sub-areas for independent motion
compensation is shown, whole area of “1 of [256x256]” and 16 x 16 sub-areas of 16 x 16

size as “256 of [16x16]”.

In Figure 4.15(b), the experience results by changing the searching distance are
shown, searching just the neighbor pixel, d = 1, and the pixels within 15 pixels,
d < 15.

The comparison of the changing the searching directions is shown in Figure 4.15(c),

with 8 directions of “8Dir” and 32 directions of “32Dir”.

The simulation results shows that the more the range of searching directions and
distances or the smaller the size of sub-areas, the prediction by compensated motion

will be more precise.

It is indicated that in case of very high frame rate, for example 1ms per frame, the
motion will occurred within at least one pixel, since the object may not move with
the faster velocity[26]. In such case with scanning with very high frame rate, the
motion will be restricted to within one pixel, and then it will be enough for precise
motion compensation the search range of just one neighbor pixels and 8 directions.

It will be can easily implemented by adding the signal paths between one pixel
and the 8 neighbor pixels and the memory to store the pixel value in the previous
frame, and the global signal to select the direction to be moved in Figure 4.14.

Table 4.2 shows the mean 1:4 tree code length per pixel for the effective pixels,
L and the mean SNR of reproduced images, SNR using conditional replenishment

method. Here the conditional replenishment method is carried out for the difference
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Table 4.2: 1:4 tree scan code length, L per pixel and mean SNR of reproduced

images, SNR using conditional replenishment method after motion compensation.

=5 6 =20
name L SNR| L SNR
MissAmerica | 0.364 41.3 | 0.046 34.8
TableTennis | 0.753 41.4 | 0.296 30.7
FlowerGarden | 1.097 42.9 | 0.809 29.9
Rail 0.116 44.3 | 0.030 37.3

Neck 0.321  42.0 | 0.093 35.5

between the original image and the predicted image, which is generated from the
previous image using the compensated motion within 5 pixels and 8 directions.

In most cases, the 1:4 tree code length and SNR are better than those without
motion compensation, but SNR is worse than without motion compensation in some
cases, since the precision of motion compensation is not enough for these movies
captured in slow frame rate of about 30ms/frame. Assuming high frame rate, the

precision of motion compensation will be enough to keep enough SNR.

4.5 Application for Visual Tracking

In this section, the simple algorithm of visual tracking using 1:4 tree structure is
described. The methodology of masking target image used for selecting targets in
visual tracking is described at first, and the visual tracking algorithm using image

masking is described next.

4.5.1 Image masking using 1:4 tree structure

Here we consider to scan just for the restricted area in images, and the other area
should be white, as shown in Figure 4.16. The original image is Figure 4.16(a),
and here the target area drawn gray in Figure 4.16(b) in the original image is to be

scanned as shown Figure 4.16(c). We assume the bitmap image, we call “window”

Chapter | Applications of 1:/ Tree Sensor in Image Processing 64



RN
(@) (b) (c)

Figure 4.16: Samples of original image(a), target area to be masked(b), and the

masked image(c).

here, as the raster image of “1” for the target area and “0” for for the other area,
and the resolution of the “window” can be assumed independent on the original
image, for example 4 x 4 in Figure 4.16(b). The 1:4 tree code for this “window” in
Figure 4.16(b), here we call “window code” is obtained as follows, with the order of

level in 1:4 tree structure /.

Level(l) 12223 23
Windowcode‘l 0 0 1 010l 1 1010

Here we extend the functions of the nodes in 1:4 tree structure as follows.

o Refer the bit of window code corresponding to the level [ of the conventional

1:4 tree scan for the original image.

o [f the corresponding bit of window code is “0”, it implies that the lower level
than the current node is the area out of the target, and it returns 1:4 tree code

of “0” since no more scan steps are needed.

o [f the corresponding bit of window code is “17, it implies that the area is in
the target area. The following 1:4 tree scan steps for the lower level are carried

out, and the corresponding level of window code is also descended.

o If the 1:4 tree scan step has reached the lowest level, the scan is executed for
each pixel in target area, and scan steps are carried out regardless of the bit

of window code.
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For example, in case of Figure 4.16(a), the extended 1:4 tree scan steps proceeds as

follows. (C' is the current bit of 1:4 tree code)

1. First, since the bit of window code for [ =1 is “17, the usual 1:4 tree scan is

executed, and we obtain C' = 1.

2. The scan proceeds to [ = 2, and the corresponding bit of window code is “0”.
No more scan steps for the lower level is needed, since this area is out of target,

and we obtain €' = 0.

3. The next step for [ = 2 is also out of target, since the corresponding bit of

window code is “0”, and C' = 0 is obtained.

4. The next bit of window code is “1”, and it implies that the following scan steps
are in the target area, and we obtain ' = 1 at first. Because the following
four bits of window code are “0101”, the second and the fourth 2 x 2 areas
(upper-right and lower-right, respectively) are the target area, while the first
and the third (upper-left and lower-left, respectively) are out of target.

5. The first 2 x 2 area is out of target, since the corresponding bit of window

code is “0”, and we obtain C' = 0.

6. The second 2 x 2 area is in the target area, since the corresponding bit of
window code is “17, the usual 1:4 tree scan steps are executed in order, and

we obtain C'=1-0011.

7. The third 2 x 2 area is also out of target, and we obtain €' = 0. The last 2 x 2
area is in the target area, and we obtain C'=0, since the all pixels in this area

is “0”, and here the scan steps for [ = 3 have finished.

8. The scan step should back to [ = 2 again, and since the corresponding bit of
window code is “1”7, we obtain ' = 1, and the following procedures for the

lower level are executed similarly, and we obtain ('=1-0011-0-0-0.
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Here the following 1:4 tree code is obtained.

Level(l) 1222334 33234 333
1:4TreeCode‘100101001100110011000

The image masking procedure described above can be executed by referring only
the corresponding bit of window code in order to decide whether usual 1:4 tree scan

steps should be carried out or not.

4.5.2 Visual tracking algorithm using 1:4 tree structure

The motion in the movies is detected simply by taking inter-frame difference, if
no motion predictions or motion compensations are executed. The simple visual
tracking algorithm is to trace only the moving objects. The moving objects include
moving pixels, which are “effective pixels” in the successive two frames. Here we
consider the visual tracking algorithm as follows, by determining the target area

based on the motion.

o [f there are effective pixels in the area corresponding to the window code of
“07, it implies that the new motion has occurred in the non-target area, and
this area should be added to the target area. The window code of current “0”
should be replaced as “1-0000”, if the corresponding level is not the lowest,
while the current 0 in window code should be changed to “1” if the corre-

sponding level is the lowest.

o [f there are no effective pixels in the area corresponding to the window code

of “0”, no motions have occurred in the non-target area, and the window code

should no be modified.

o [f there are no effective pixels in the area corresponding to the window code
of “17, the motion in the target area has stopped, and this area should be set
non-target area. The corresponding bit of window code should be replaced
as “0”, and the bits for the lower level also should be replaced as “07, if the

corresponding level is not the lowest.
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Figure 4.17: Steps of the visual tracking using 1:4 tree scan and window code for

masking. (The area surrounded by bold line represents the target area.)

o [f there are effective pixels in the area corresponding to the window code of
“17, some motion have occurred in the target area, and window code should

not be modified.

Figure 4.17 shows the steps of visual tracking using the algorithm discussed above.

The visual tracking steps are follows.

1. Figure 4.17(a) indicates the start frame. There are no target areas, since no

motions have occurred.

2. Figure 4.17(b) indicates the following frame. The point at the lower-left area
has begun to move, and the areas of the motion are set as the target area,

which are represented by surrounded area by bold lines.

3. In the following frame in Figure 4.17(c), the point at the upper-right area has

also begun to move, and both of the motions are traced by the target areas.
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4. In Figure 4.17(d), the point at the lower-left area has stopped moving, and

the corresponding area is set out of target.
5. Ome-shot noise has appeared at the upper-right area in Figure 4.17(e).

6. In Figure 4.17(f), temporary appeared noise has not be traced, since it has

disappeared before the window code was modified.
The visual tracking algorithm discussed above has the following characteristics.
o The number of target area is free from restriction.

e Only the successive two frames are used, but motion compensation has not

been implemented.
o The targets are disappeared if they have stopped.
o The targets can be traced regardless to their direction or velocity.
e One-shot noise which will disappear within one frame is neglected.

o There are only two modifications of window code; “0” to “1-0000”, and “1-
xxxx” to “0”. These modification will be implemented without the huge global

pixel memory.

4.6 Summary and Conclusion

In this chapter, some applications of 1:4 tree structure for image processing are
discussed.

The spatial adaptivity is easily implemented by the 1:4 tree scan, since the lower
the 1:4 tree scan proceeds, the image with the higher spatial resolution is obtained.
It is also discussed the methodology to scan the gray-scale still image considering the
local uniformity, and the possibility is shown that this methodology can compress

the image about 1/3, with maintaining the quality of the image.

Chapter | Applications of 1:/ Tree Sensor in Image Processing 69



It is also discussed the applications of 1:4 tree structure for movie compression.
It is indicated that the two most important techniques in movie compression, inter-
frame difference and motion compensation will be implemented effectively by mod-

ifying the conventional 1:4 tree structure.
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Chapter 5

Implementation of Image Sensors

with 1:4 Tree Structure

In this chapter, the implementation of the 1:4 tree structure discussed in chapter
3 will be discussed.

It will be discussed the implementation of the 1:4 tree structure in CMOS circuits,
mainly aiming the low power operation by activating the target area selectively in
section 5.1. In the following section 5.2 will describe the alternative implementation
of 1:4 tree sensor by placing the pixel select circuits external of the pixel plain. It
will be discussed the architecture and its circuits for the decoder of 1:4 tree code in
section 5.3.

In the section 5.4, the functions and the circuits for each pixel will be discussed,
aiming the intelligent image sensor. It will be discussed the concept of the image
sensor driven by the received photo energy for the ultra low power operation in th

following section 5.5.

5.1 Image Sensor with Tree Structure of Node Automata

5.1.1 Circuit of node automaton

In order to implement the function of nodes discussed in section 3.1, the node

is described as the finite state machine whose state transition diagram is shown as
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Figure 5.1: Signals of the nodes in the tree structure.

Table 5.1: State transition diagram for the node automata of 1:4 tree structure.
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Figure 5.2: Circuit of node automaton.

Table 5.1.

Here the state W represents waiting states, and the state SA, ..., SD are the states

of scanning lower nodes A, ..., D, respectively.
T is the transition signal to the automaton, and TA, ..., TD are the transition signals
to its lower nodes A, ..., D, respectively. CA, ..., CD are the completion signals of the

scan from the lower nodes A, ..., D, respectively. VO is the logical-OR of VA, ..., VD,
and V and E is the output value and completion signal of automaton, respectively.
These signals are summerized in Fig.5.1.

The designed circuit of the node automaton is shown in Figure 5.2. The tree
structure containing a number of the conventional sequential circuits will consume
much redundant power especially in clock line, since the most of the node automata
have no transition except the nodes along the scan path. In the designed circuit in

Figure 5.2, the clock signals for flip-flops are provided only in case of the flip-flops
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have made state transition, in order to reduce the redundant power consumption.

The integration of photo detectors and signal processing circuits in computational
sensors, will result in the reduction of the ratio of the photo detectors’ area to the
pixels’ area, which is called “fill factor.” This is a main reason why the functions on
computational sensor are restricted to the simple signal processing, such as early vi-
sion problems. The number of transistors in many studies on computational sensors,
will keep less than about 50, to maintain a large fill factor[5, 7, 8].

The number of transistors of the circuit in Figure 5.2 is 142. In case of the 1:4 tree
structure, the node automata will be shared by the four sub-areas, and the effective
number of transistors per pixel will be smaller than this number. Assuming the
number of branches as b and the number of levels as IV, the total number of pixels,

Npixel and the nodes, nyeqe are derived as follows.

Npixel = bN (51)
N N
" —1 Npixel — 1 Npixel
ode = bl_l _ _ pixe ~ pixe 52
finod ; b—1  b—1  b-1 (5:2)

Thus the effective number of the transistors of node automata in 1:4 tree per pixel
is derived as 142+ (4 —1) ~ 47, which is expected to be reasonable to keep the large
fill factor.

It is also notable that the signal pathes for values in the circuits of Figure 5.2
are implemented by the transfer gates, which will be easily extended for the analog

signal pathes.

5.1.2 Layout of node automata

The node automata and pixels should be placed in the two dimensional focal
plain, since the 1:4 tree image sensor are implemented using the conventional CMOS
technology. A possible layout is shown in Figure 5.3. The pixels are placed with the
equal intervals, and the nodes at the lowest level is placed at the center of the four
neighbor pixels, and the nodes for the upper nodes are also placed at the center of
the four sub-areas. This layout can be implemented for any number of levels, by

creating the magnified self-similar cross-shaped node automata.
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Figure 5.3: Possible two dimensional layout of the 1:4 tree structure.

As shown in Figure 5.3, since the upper nodes can occupy the larger areas, the
upper nodes can have the larger signal drivers to drive the longer signal path, which

is reasonable in order to minize the delays[27].

5.2 Alternative Implementation of Tree-Structured Image

Sensor

5.2.1 Alternative architecture of tree sensor

The direct implementation of 1:4 tree sensor using the tree structure of node
automata cannot avoid the problem of low fill factor intrinsically.

Here we propose the alternative architecture to implement the 1:4 tree scan, using
the decoder architecture discussed in section 3.4. In each step of decode, the pixels
are selected according to the selected sub-areas, for the values to be stored, while
the scan will be executed for such selected sub-areas by reading the logical-OR of
in the sub-areas alternatively. For example, the 4 x 4 binary image shown in Figure
h.4(a), the 1:4 tree scan proceeds by the following steps. (Here the number at the
top side and the left side of pixel plain in Figure 5.4 is the column and row select
lines, respectively, and the pixel whose column and row select lines are both 1, is
selected. The logical-OR of selected pixels is shown at the upper-left corner of the
pixel plain.)
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Figure 5.4: Example of 1:4 tree scan step using external address selectors
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1. First, the logical-OR of whole pixels should be read out. The whole pixels are
selected by the row and column address lines, and the logical-OR of the all

selected pixels is read out, as shown in Figure 5.4(a).

2. Next, the scan proceeds to the upper-left 2 x 2 sub-area, and the pixels in
this sub-area are selected, as shown in Figure 5.4(b). The logical-OR of these

pixels is 0, and no more detail scan is needed for this sub-area.

3. The scan proceeds to the upper-right 2 x 2 sub-area as shown in Figure 5.4(c).
Since the logical-OR of these pixels is 1, the more detail scan for each 1 x 1

sub-area (or pixel) is proceeded in order, as shown in Figure 5.4(d), (e), (f),

and (g).

4. The following two steps of scan return 0 as the logical-OR of lower-left and

lower-right 2 X 2 sub-areas, respectively, and now the all scan step has finished.

The logical-OR of the selected pixels can be made by the circuit as shown in
Figure 5.5, where PRB and PRW are the signal of precharging each bit line of one
column and word line, respectively, and ¢ is the clock of output latch for v. r0 and
r1 are row select lines which indicate the selected rows in pixel plain, and <0 and
cl are the column select lines.

The scanning procedures at each step are follows, as shown in Figure 5.6.
1. precharge the each bit line and word line by keeping PRB and PRW as low.
2. set r0,r1, c0 and c1 according to the state of selection.

3. make PRB as high, and the each bit line will be discharged if there are at least

values of pixels, v of “1”7 at the selected row.

4. make PRW as high, and the word line will be discharged if there are at least

one discharged bit line in the selected column.

5. latch the value of word line by the latch clock ¢.
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Figure 5.5: Architecture of pixel plains to make the logical-OR of the selected pixels.
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Figure 5.6: Timing chart of scan procedure of each step
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Figure 5.7: An example of scan steps using the pixel plain circuit in Figure 5.5.

(The bold lines are charged lines)
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Figure 5.8: Architecture of 1:4 tree sensor using external address decoders

An example of scan steps with the state of each signal line are shown in Figure
5.7. In case of Figure 5.7(a-1), ...(a-3), the left half of four pixels are selected by
(ro,r1)=(1,1) and (c0,c1)=(1,0). The bit lines are precharged in Figure 5.7(a-1),
but the left bit line is discharged since upper-left pixel whose value is “1” is selected
in Figure 5.7(a-2). Since the left bit line is selected by c0, the word line is discharged
in Figure 5.7(a-3), and logical-OR of selected pixels is read out as “1.”

In the other case in Figure 5.7(b-1), ...(b-3), the lower half of four pixels are
selected by (r0,r1)=(0,1) and (c0,c1)=(1,1). The bit lines are precharged in Figure
5.7(b-1), and they are not discharged, since there are no discharge pathes from each
bit line to ground, as shown in Figure 5.7(b-2). The word line is not also discharged
since there are no discharged bit lines in selection, and the logical-OR of selected
pixels is read out as “0.”

The whole architecture of implementing these procedures is shown in Figure 5.8.
The “scan sequence controller” makes selection signals of pixels based on the logical-
OR of all the selected pixels, and “row and column address decoders” make address
selection signals for pixels along to the currently selected sub-areas.

The problem of low fill factor because of the placed node automata in pixel plain
will be solved by this architecture, which we call “external address decoder” archi-

tecture afterward, with implementing completely the same functions of 1:4 tree scan
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Figure 5.9: Architecture of selection controllers for pixel plain.

Table 5.2: States of automata in the decoding process shown in Figure 5.4.
upper(s2) (WA BBBBBCD

lower(sl) |[WWWABCDWW
1:4treecode‘1 01101000

discussed in the previous section.
It is also notable that the external controller of scan procedure and address de-
coders are completely identical with those for the decoders of 1:4 tree code discussed

in section 3.4.

5.2.2 Circuit of controller

The selection procedure of pixels discussed above is implemented by the hierar-
chical structure of controllers which correspond to each size of sub-area, as shown
in Figure 5.9. Each controller has output of ra and rb for the selection of the upper
half and the lower half of its sub-areas, respectively, and ca and cb for the selection
of the left half and the right half of its sub-areas, respectively.

For example, the scan procedure shown in Figure 5.4 can be implemented by two
level automata, and their states should be transient as shown in Table 5.2. Here s1
and s2 are the automata indicating 1 x 1 and 2 x 2 sub-areas, respectively, and state
W represents selecting all of its sub-area. The state A, ...D represent the selecting

upper-left, upper-right, lower-left, and lower-right of its sub-area, respectively. For
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Figure 5.10: Selected pixel by the states of (s2,s1)=(B,A)

example, the states of (s2,s1)=(B,A) in the fourth step in Table 5.2, the upper-left
1 x 1 area (or pixel) which is indicated by s1=A, in the upper-right 2 x 2 sub-area
which is indicated by s2=B, as shown in Figure 5.10.

The logical-OR of the selected pixels’” value is given back to each controller, and
the controllers make transition according to its current state and the value, as shown
in Table 5.3. Here the state of W represents the state of selecting the whole of its sub-
area, and A, B, C, and D represents the state of selecting the upper-left, upper-right,
lower-left, and lower-right of its sub-area, respectively. Ti and Co is the transition
and the completion signals as inputs, respectively, and To and Co is the transition
and the completion signals as outputs, respectively, and V is the logical-OR of the
selected pixels’ value in the pixel plain.

The designed circuit of the controller is shown in Figure 5.11. It is notable that
the new signal SC is added, to control the scan process in order to implement the
spatial adaptive resolution scan, discussed in section 4.2. If SC is low, the scan is
proceeded as usual 1:4 tree scan, while the scan step for this controller no longer

proceeds to its lower level if SC is high; it returns the completion signal immediately.

5.2.3 Circuit of address decoder

The select lines for each pixel are decoded according to Ra, Rb, Ca, and Cb of each
controller. For example, the row select line for the top row, r0, is activated when

Ra0, ...Ran are all 1, since Ra represents the selection of upper-half in each subarea.
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Figure 5.11: Circuit of the controller for the external address decoders.
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Table 5.3: State transition diagram of the controller in each level for the external

address decoder of 1:4 tree sensor.

Inputs Outputs
V Ci Ti|S|S’|Ra Rb Ca Cb Co To
0 - T IW| W 1 1 1 1 1 0
1 - T |wlal1l 1 1 1 0 7
-0 tlalal1l 0 1 0 0 1
-1 t|AlB|1 0 1 0 0 17
-0 7 |/B|lB|1 0 0 1 0 1
-1 t|BlCc|1 0 0 1 0 17
-0 tlclcloOo 1 1 0 0 1
-1 tlelp|lO 1 1 0 0 1
-0 ft|p/D|O 1 0 1 0 1
-1 T |plw|O0O 1 o0 1 1 1
Ra0———
RbO0——— Row Select Lines
Ral—— Decoder
Rbl—
Ll

Figure 5.12: Functional block of row decoder for four rows of pixel plain.
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Figure 5.13: Architecture of 1:4 tree code decoder

The four row select lines of pixels, r0, ...
r3, as shown in Figure 5.12 are decoded as the following equations, which is similar

to those discussed in section 3.4.

r0 = Ral && Raod
r1 = Ral && RbO
r2 = Rbl && Rald

r3 = Rb1 && RbO

Note that && represents the logical-AND. The equations in case of N levels, which
can select 2%V rows of pixels, are easily derived by extending the above equations for
using N-input AND gates, and the column select lines are also implemented by the

same way.

5.3 Circuits of Memory Cell Array for Decoding 1:4 Tree
Code

The controllers and the address line decoders designed in section 5.2 are also used
to implement the decoder of 1:4 tree code. The architecture of 1:4 tree code decoder
is shown in Figure 5.13, and the “scan sequence controller” and “row and column

address decoders” are completely identical to those in 1:4 tree sensor using external
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Figure 5.14: Architecture of memory cell plains to implement the decoders of 1:4

tree code

address decoders described in section 3.4.

The architecture of memory cell plain for the decoder, alternatively the pixel plain
in Figure 5.5 is shown in Figure 5.14. Here c0, c1 and r0, r1 are column and row
select lines generated by the controllers and the address decoders designed in the
section 5.2, respectively. v and /v is the value to be stored for the selected areas,
and its inverse, respectively, and CK is the clock signal to store the values for the
memory cells.

This architecture is similar to that of the conventional SRAM, while more than

two memory cells can be selected in this decoder architecture.

5.4 Functions and Circuits of Pixels for On-Sensor Image

Processing

5.4.1 Pixel circuit for the inter-frame difference

Figure 5.15 shows the designed pixel circuit with the functions of making inter-
frame difference for movie compression, as discussed in section 4.4.

The photo signal is received by the photo diode, and the photo current is converted
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Figure 5.15: Circuit of pixels with the functions of making inter-frame difference.

e EQ

Figure 5.16: Pixel circuit for taking analog inter-frame differences

by the load transistor controlled by Vref, as the dark and bright light generates the
logical low and high, respectively. The signal is latched by the former D-latch,
controlled by CK1. The output of the former D-latch is transferred to the later
D-latch after reading the output of D, which represents the difference of the two
D-latchs’ outputs. Keeping CK2 as low after reset sequence, the output D is equal to
the output of the former D-latch, which is just equal to the output of photo signal.

Figure 5.16 shows the pixel circuit for taking analog inter-frame differences for
movie compression. Here Vref and Vb are bias voltage for load transistor and source
follower, respectively. The clocked inverter at the center of figure is equalized by
EQ, and then ¢. and /¢. are provided for the clocked inverter to compare the input
with the inverter threshold voltage. If the input is higher than inverter threshold
voltage Vi,,, the output goes to low, while it goes to high if the input is lower than

Viny. The output of source follower at the previous cycle, V. is stored at the upper
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Figure 5.17: Pixel circuit for the scan of intensity by referring the charge-up time

capacitor, and Vdif = Vj,, — Vj; is given, where Vj is the effective difference to be
detected between the current output of source follower, V,, and V. If V, is larger
than V°+ Vj, the output of clocked inverter goes to 1, and this output is latched to
the upper D-latch using ¢, and /¢;. Next the Vdif of Vi, + Vipeta i given, and the
output of clocked inverter goed to 1 when V, is smaller than V° — V;. This output
is stored the lower D-latch using ¢, and /¢3. Thus the output D is 1 if the absolute
value of difference, |V, — V| is larger than Vj, which indicates the effective difference

in the successive two frames.

5.4.2 Pixel circuit for the gray-scale converting

In this section, we consider the pixel circuit for the scan of intensity by referring
the charge-up time using 1:4 tree structure, discussed in section 4.3.2. Figure 5.17
shows this pixel circuit. The photo current is charged to the junction capacitance of
photo diode, and the output voltage of the junction capacitance is compared by the
following differential amplifier with the reference voltage Vt. Vb is the bias voltage
for the differential amplifier, and Vsw is used to shutdown the amplifier when it is
not used. At the first step of scan, the later D-latch is cleared by Reset signal, and
the output of the differential amplifier is transferred to the former D-latch using ¢ 4
and /@ 4. The output of pixel D goes high if the output of photo-electronic converter
is higher than reference voltage Vt, and the time from the reset sequence up to D
goes high represents the intensity of light. The output D is scanned by 1:4 tree

structure, and it is cleared after the scan, by transterring “1” of the former D-latch
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Figure 5.18: Block diagram of the power supply system using the energy of laser
diode and optical fiber. (From [28])

to the later D-latch using ¢p and /¢gp.

5.5 Light-Powered Image Sensor for Ultra-Low Power Op-

eration

The conventional image sensors are operated by the external power supply. This
section describes a concept of the image sensor operated by the power of received
light.

Some previous studies of the methodologies to supply the power for image sensor
using the laser diode and optical fiber are discussed, as shown in Figure 5.18[28].

The current of photo diode is expressed as follows,
I =1 (e?mhsT=1 1y [ (5.3)

where I, and [, is the saturation current and the photo current, respectively, and
V' is the given voltage of the photo diode. ¢, n, kg, and T is the elementary charge,
n-value, the Boltzmann’s constant, and the operation temperature, respectively.
Assuming I, = 1pA, I, = 20pA, n = 1, and T" = 300K, the supplied power by
the photo diode and the operation voltage, and the results shows that one photo
diode has a ability to supply about 0.1pW. Assuming that the consumed energy
per each step of 1:4 tree scan as 100pJ, which will be estimated in section 6.1, the
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Figure 5.19: Calculated supplied power by the photo diode and the operation volt-

age.

operation frequency is estimated as 0.1pW-100pJ=1kHz, which is expected to be
enough operation frequency for the ultra-low power applications.

Figure 5.20 shows a concept of the architecture of 1:4 tree structure using the
current mode operation. Each node selects the pixels, by closing the current paths
to the upper, and the sum of the photo currents for the selected areas is generated.

One of the problems to implement such a circuit in Figure 5.20 is the power supply
for the selection controllers. A possible solution is to place two photo diodes for each
pixel; one for signals, and the other for power supply for the selection controllers,

as shown in Figure 5.21.

5.6 Summary and Conclusion

In this chapter, the circuit implementations of 1:4 tree structure are discussed.
The circuit of node automata for the 1:4 tree structure are described, which has
the advantage of lower operation by the gated clock. The reasonable way of two

dimensional layout of nodes is also described, which is also reasonable to minize the
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Figure 5.20: Architecture of 1:4 tree structure using current mode operation.

\/N Photo Diode for Power Supply of Controllers

Scan Controll Switch

Photo Diode for Signal Current Source

Figure 5.21: Pixel layout for light-powered 1:4 tree sensor
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signal delay, since the upper node automaton can occupy the larger area for the
larger signal driver.

It is also described the alternative architecture of the 1:4 tree sensor, the archi-
tecture of placing the pixel selection controllers outside the pixel plain, which has
the advantage of keeping the high fill factor. The architecture of decoders of the 1:4
tree codes to two dimensional raster image is also described, which can easily imple-
mented by using the address select controllers identical with the external-addressed
1:4 tree sensor.

It is also discussed the circuits and the functions of pixels, in order to have the
functions more than simple photo-electric conversion. The idea and implemenatation
of the pixels for inter-frame difference and gray-scale conversion are discussed.

The concept of the 1:4 tree sensor driven by the power of received light is also

discussed.
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Chapter 6

Design and Evaluation of 1:4 Tree

Sensors

In this chapter, the designs and the evaluations for the manufactured 1:4 tree
sensors are described. The characteristics of photo diodes fabricated the used CMOS
1.5um process is discussed at first.

The prototype systems of the 1:4 tree image sensor using FPGAs will be described
in section 6.2. It will be described the design and the evaluation of the 1:4 tree image
sensor having the tree structure of node automata in the following section 6.3.

The design and the evaluation of the 1:4 tree sensor with the architecture of
placing address selector externally will be described in section 6.4.

The design and the evaluation of the decoder of 1:4 tree code will be described in
the section 6.5.

6.1 Design and Evaluation of Photo Diodes

We have designed the photo diode TEGs (test element groups) to estimate the
photo current. The designed TEG chip in 2.3mm x2.3mm using CMOS 1.5um tech-
nology is shown in Figure 6.1'. The designed photo diodes are shown in Figure 6.2.

!The VLSI chip in this study has been fabricated in the chip fabrication program of VLSI
Design and Education Center(VDEC), the University of Tokyo with the collaboration by Nippon
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Figure 6.1: Chip photograph of the designed photo diode TEGs

N-well (cathode)

P+ diffusion (anode)
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100um x 100um
(a) (b) ()

Figure 6.2: Designed photo diodes of tree types. (a)small diode, (b)small comb-
shaped diffusion diode, and (c)large diode.

Three types of photo diodes are designed; the small one whose size is 36 gm x 100pgm
shown in Figure 6.2(a), the one of same size with the comb-shaped p+ diffusion in
order to obtain the larger edge length of diffusion area shown in Figure 6.2(b), and
the large one whose size is 100gm x 100gm shown in Figure 6.2(c).

The characteristics of photo diodes are shown in Figure 6.3. Here the intensity of

light is measured by exposure meter in exposure value (EV), defined as the follows,
E =208, (6.1)

where F is the illuminance in lux?, C is the correction coefficient determined ex-

Motorola and Dai Nippon Printing Corporation.
21[lux] is defined as the illuminance at the distance of 1m from the light source of 1[cd]. 1[cd]
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Figure 6.3: Measured characteristics of fabricated photo diodes. (a)small diode,
(b)small comb-shaped diffusion diode, and (c)large diode.
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Figure 6.4: Relation of the normalized photo current per area and the normalized

light intensity

perimentally which is 330, and S is the film sensitivity used in the exposure meter
which is ISO400 in this case. The distance between exposure meter and light source
is 3cm.

Seen in Figure 6.3, the photo currents for the photo diode(a) and (b) in Figure
6.2(a) and (b), respectively, are almost the same, and the reason is that the depletion
layer between teeth in comb-shaped diffusion area in photo diode (b) is overlapped,
and the distribution of depletion layer, which is the area photon generates the pair
of electron and hole, is identical with that of photo diode (a).

It is also indicated that the intensity of light increases twice, the photo current is

also increase about twice, and the photo current is almost proportional to the size

is defined as 1/60 of the light intensity of the black body whose temperature is the melting point
of platinum, 2045K.
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Figure 6.5: Configure of the 1:4 tree structure using five FPGAs.

of the diffusion area. The relation of the normalized photo current per area and the
normalized intensity is shown in Figure 6.4, and it indicates that the photo current

is proportional to both light intensity and size of diffusion area.

6.2 Prototype System for 1:4 Tree Sensor using Node Au-

tomata

6.2.1 Prototype implementation 1:4 tree sensor using FPGAs

We have developed the prototype system of the 1:4 tree sensor using FPGAs(Field
Programmable Gate Array). We have employed the FPGA of XC4025[29] , which is
the production of Xilinx Inc., which has logic blocks whose logical functions can be
defined by the configure ROMs outside. The developed prototype systems consists
of five FPGAs, four for the lower sub-trees, and one for the top node, as shown in
Figure 6.5, where the number of pixels is 1,024 = 2!° with the 6 levels of 1:4 tree
structure. Figure 6.6 shows the photograph of the developed prototype system.

The function of the pixel is emulated by having the flip-flops as the pixel value,
which can be set serially from outside using shift registers, as shown in Figure 6.8.
The image data captured by the video camera are transferred to the PC, then the
PC transfers them to the prototype system serially.

The 1:4 tree scan for the prototype systems is executed, with the clock signal from
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Figure 6.6: Photograph of the developed prototype system for 1:4 tree sensor.

the another PC; this PC is prepared to receive the 1:4 tree code and decode it to
two dimensional images, too.

The configure of this system is described in Figure 6.7(a), with the photograph in
Figure 6.7(b).

6.2.2 Evaluation of prototype system

Figure 6.9 shows the decoded images from the 1:4 tree code generated by the
developed prototype system, from the image captured by video camera. The proper
operations of the developed prototype system are observed, and it is also shown
that 1:4 tree code length can be smaller than that of the raster scan, 1024. The
operation of the developed prototype system with the clock frequency up to 1IMHz
is observed, which is restricted by the ability of the clock generator. The operation
with the higher clock frequency is expected, since the number of inter-connection

between FPGAs is very small.
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Figure 6.7: Model of the developed prototype system of 1:4 tree sensor(a), and its
photograph(b).
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Figure 6.8: Architecture of serial shift registers to emulate the pixels
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Figure 6.9: Four sample images decoded from 1:4 tree code generated by the devel-

oped prototype system. The code lengthes are also shown below.
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Figure 6.10: Layout of the pixel(a) and the node automata(b) in the designed 1:4

tree sensor.

6.3 Design and Evaluation of 1:4 Tree Sensor using Node

Automata

6.3.1 Design of 1:4 tree sensor using node automata

The 1:4 tree image sensor with the tree structure of node automata has been
designed, by using the circuits of node automata designed in Figure 5.2, with the
pixel which can take inter-frame difference, as designed in Figure 5.15. The layouts
of the each pixel and the each node are shown in Figure 6.10, using CMOS 1.5um
technology, and the whole layout of the chip is shown in Figure 6.11. The chip
photo graph of the fabricated chip is also shown in Figure 6.123. The chip size is

3The VLSI chip in this study has been fabricated in the chip fabrication program of VLSI
Design and Education Center(VDEC), the University of Tokyo with the collaboration by Nippon
Motorola and Dai Nippon Printing Corporation.
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Figure 6.11: Whole layout of the designed 32 x 32 pixels 1:4 tree sensor.
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Figure 6.12: Chip photograph of the designed 32 x 32 pixels 1:4 tree sensor.
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Figure 6.13: Model of scan path to from the top node to the pixel. L is the length
of the edge in whole chip.

7.2mmx7.2mm, and the number of transistors 104,784, with the fill factor of about
20%.

6.3.2 Evaluation of 1:4 tree sensor using node automata

The power consumption of designed 1:4 tree sensor is estimated by the model
and the simulations. In the designed node circuit, the clock signal is provided just
along the scanned signal path, which is expected to be suitable to reduce power
consumption.

Assuming the number of pixels is n X n and the length of edge in whole chip is

L, the activated signal scan path from the top node to the pixel is shown in Figure

Chapter 6  Design and Evaluation of 1:4 Tree Sensors 104



6.13. The length of this scan path, L;, is derived as follows.

N
L
Li=Y 5 % 270V~ Lxn (6.2)

I=1
This scan path is activated at every step of 1:4 tree scan, and the power consumption
per step by charging and discharging this scan path is expected to be proportional
to n.

Assuming the number of branches as b, the number of transitions of each node
through all the scan steps until finish, is equal to (b+ 1) for the nodes whose values
are “1”, while no transitions occur in the nodes whose values are “0”. Total number
of transition of nodes in whole tree structure, V,.q. 18 expressed as follows,

N
Nnode — (b + 1) Z bN_lph (63)

=1
where p; is the probability that the node at the level [ has the value of “17.

The expectation of power consumption per scan step, N, oqe, 1s derived by dividing

Niode by the mean code length L, as follows.

Nnode - Nnode/z

N
(b+1)3 6" "p
_ =1 ~ b—l_]‘ 64
N ~ b ( . )
1‘|‘ZbN_l+1pl

(=1

In case of 1:4 tree, assuming b = 4, Nyoqe is derived as 5/4. In the designed circuit
of node automaton shown in Figure 5.2, the expectation of the number of flip-flops

per each transition is derived as follows.

I+14+24242 8
++5++:g (6.5

Thus the total expectation of the number of flip-flops which make transitions in the
whole 1:4 tree structure is derived as 5/4 x 8/5 = 2, which is constant through all
the scan steps.

The total power consumption per scan step, U, is expressed the sum of the

constant part, U} and the part proportional to n, U} - n, as follows.
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Table 6.1: Power consumption of 1:4 tree structure per scan step

Image # of pixels | Code length || U[pJ/bit]
4x4 21bit 19.5
4x4 21bit 19.8
4x4 13bit 19.1
[] |
8x8 41bit 244
8x8 53bit 24.6
8x8 29bit 24.2
1616 93bit 32.5
1616 117bit 34.7
1616 61bit 32.5
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Figure 6.14: Layout of the designed address select controller.
Upree = Us + Uln (6.6)

Table 6.1 shows the calculated power consumption of 1:4 tree structure per scan
step, using the simulation results of spice for the circuits of 1:4 tree structure
consists of node automata and voltage sources as the value of pixels. The load
capacitance of each node is determined to be proportional to 2, where [ is the level
with assuming the standard 1.5pm CMOS process, and the total number of levels,
N is N = 2 for 4 x 4 pixels, N = 3 for 8 x 8 pixels, and N = 4 for 16 x 16 pixels,
respectively.

The two part of power consumption in Equation (6.6) is derived as Ul = 14.4pJ
and Uf = 1.26pJ, respectively. Seen above, it is shown that the power consumption
in 1:4 tree structure is proportional to O(n), while O(n?) for CCD raster scan image
sensor, which is expected to be small enough for larger n.

Because of the design mistake in pad assignment suitable for LSI tester, the mea-

surement of the fabricated chip has not been carried out yet.

6.4 Design and Evaluation of 1:4 Tree Sensor using Exter-

nal Address Decoders

6.4.1 Design of the 1:4 tree sensor using external address decoders

The 1:4 tree image sensors using the external address decoders have been designed,
by using the circuits of the controller and the address decoders designed in Figure
5.11, which is shown in Figure 6.14.

The two types of pixels are designed; the pixels with the function of taking inter-
frame difference, as shown in Figure 6.15(a), and the compact pixels without taking

inter-frame difference, which has only one latch to hold data, as shown in Figure

Chapter 6  Design and Evaluation of 1:4 Tree Sensors 107



Figure 6.15: Layouts of the designed pixels for the 1:4 tree sensor using external
address decoders. (a)pixel with taking inter-frame difference, (b)simple, compact

pixel without taking inter-frame difference.

o

W DQ-[DQ]D_D\/\] D Q

Vvref — = = Vvref — =

CK1 CK2 CK
(a) (b)

Figure 6.16: Circuits of pixels used for the 1:4 tree sensor using external address de-
coders. (a)pixel with taking inter-frame difference, (b)simple, compact pixel without

taking inter-frame difference.
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6.15(b). The circuit of each pixel is shown in Figure 6.16.

Two chips are designed using CMOS 1.5um technology; 64 x 64 pixels chip with
the function of taking inter-frame difference using the pixels in Figure 6.15(a), and
128 x 128 pixels chip without the function of taking inter-frame difference using the
pixels in Figure 6.15(b). Whole layouts of the designed chip are shown in Figure
6.17 and Figure 6.18, respectively.

The chip photographs of both chips are shown in Figure 6.19 and Figure 6.20,
respectively?.

The chip size of the 64 x 64 chip is 4.8mm x4.8mm, and the number of transistors
is 120,045, with 64 x 64 = 4,096 pixels which have the functions of taking inter-frame
differences.

The chip size of the 128 x 128 chip is 7.2mmx 7.2mm, and the number of transistors
is 207,661, with 128 x 128 = 16,384 pixels which have the simple photo-electron

conversion function without taking inter-frame differences.

6.4.2 Evaluation of the 1:4 tree sensor using external address decoders

The power consumption in the 1:4 tree architecture using external address de-
coders should be larger than that of the 1:4 tree sensor designed in section 6.3, since
the long pixel select lines across the pixel plain is activated at scan step, while the
only one signal scan path is activated in the 1:4 tree sensor as discussed in section
6.3.2.

The power consumption in the 1:4 tree sensor using external address decoders is

composed of the following parts.
e power consumption of charging and discharging each bit line, B;.
e power consumption of charging and discharging each row select line, R;.

e power consumption of charging and discharging the word line, W.

4The VLSI chip in this study has been fabricated in the chip fabrication program of VLSI
Design and Education Center(VDEC), the University of Tokyo with the collaboration by Nippon
Motorola and Dai Nippon Printing Corporation.
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Figure 6.17: Whole layout of the designed 64 x 64 1:4 tree sensor using external

address decoders, with taking inter-frame difference.
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Figure 6.18: Whole layout of the designed 128 x 128 1:4 tree sensor using external

address decoders.
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Figure 6.19: Chip photograph of the designed 64 x 64 1:4 tree sensor using external

address decoders, with taking inter-frame difference.
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Figure 6.20: Chip photograph of the designed 128 x 128 1:4 tree sensor using external

address decoders, without taking inter-frame difference.
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Figure 6.21: Relation of the selection probability of the bit lines or the row select
lines, P;, and the probability of the pixels being “17, pg

e power consumption if the scan sequence controller, Upgy.

The probability of each bit line B; or row select line FF; being selected, P is derived
as dividing the frequency of selection through all the scan steps by the number of

scan steps as follows,

N
Z 2N-|—1—lpl
P = (=1

N \ (6.7)
1_|_ Z 4N+1_lpl

=1

where p; is the probability of the node at the level [ being “1” derived in Equation
(32)asp=1—(1- p0)4l, where pq is the probability of the pixel being “1”7. The
relation of Py and pg is shown in Figure 6.21, with the results of the Monte-Carlo
switch level simulation, for the various size of pixel plain, 16 x 16, 32 x 32, and
64 x 64. The relative frequency of the bit lines or row select lines being selected is
lower for the larger pg, since the number of scan steps increases rapidly.

It is also derived the probability of the bit in 1:4 tree code being “1”, P; as dividing
the total number of the nodes whose value is “1” by the number of scan steps as

follows.
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Figure 6.22: Relation of the probability of the bit in 1:4 tree code being “1” and the
probability of the pixels being “17, pg

(6.8)

The relation of P; and pg is shown in Figure 6.22, with the results of the Monte-
Carlo switch level simulation, for the various size of pixel plain, 16 x 16, 32 x 32,
and 64 x 64. The probability of the bit in 1:4 tree code being “1” is smaller for the
smaller pg.

Using these probabilities, the probabilities of charging or discharging signal lines

are derived as follows.

e The bit line B; is discharged when it is selected and at least one pixel at the
selected rows is “17, and the probability is expressed as P,{1 — (1 — po)™*},

since n Py is the expectation of selected rows.

e The bit line B; is charged when it is discharged at the previous scan step, and
it is also selected at the current scan step, and the probability is expresses as

P, P{1 — (1 — po)™=}.
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Figure 6.23: Relation of power consumption per scan step and the number of pixels

at one edge, for various images

o The row select line R; is charged and discharged by the probability of selection,

P, at the every scan step.

o The word line W is discharged when the bit of 1:4 tree code is “17, and the
probability is expressed as Pj.

o The word line W is charged at the pre-charge cycle if it is discharged at the

previous scan step, and the probability is expressed as P;.

The load capacitance of the bit lines and the row select lines and the word line are
proportional to their lengthes, and they are proportional to the number of pixels at
one edge, n. Thus the expectation of power consumption at each scan step, P is
expressed as the sum of each power consumption as follows.

P14 P){1 = (1 = po)nPy}

2
nP; x nCROVdZd + P; x nCWOVde + Upsm (69)

P=nx

2
nCBO‘/dd

The power consumption for some sample images is calculated by spice simulation,
since the active probability of pixels have spatial correlation in these cases, which
can not be derived by the Equation (6.9), that is derived by assuming no correlation
among pixels. The load capacitance of bit lines, row select lines, and word line is

assumed to be proportional to the number of pixels at one edge using the standard
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Table 6.2: Power consumption of 1:4 tree structure using external address decoders

per scan step

# of | Code
Image pixels | length || U[pJ/bit]

4x4 21bit 38.5

4x4 21bit 40.5

4x4 13bit 43.0

8x8 41bit 55.1

8x8 | 53bit 57.5

8x8 29bit 62.6

16 x16 | 93bit 89.5

16x16 | 117bit 95.5

16 x16 | 61bit 101.1
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Figure 6.24: Photograph of the developed prototype system for 1:4 tree code decoder.

1.hpm CMOS process. The simulation results are shown in Table 6.2. The relation
of power consumption per scan step and the number of pixels at one edge is shown
in Figure 6.23, with the curve-fitting results using least mean square (LMS) method.
It is expected to be proportional to O(n%#1), which is expected to be small enough
than that of CCD image sensors for the larger n.

Because of the design mistake in pad assignment suitable for LSI tester, the mea-

surement of the fabricated chip has not been carried out yet.

6.5 Design and Evaluation of Tree-Code Decoder

6.5.1 Prototype implementation of tree-code decoder

We have developed the prototype system of the 1:4 tree code decoder using FP-
GAs(Field Programmable Gate Array). We have employed the FPGA of XC4025,
which is used in section 6.2.1, and one for memory cell arrays, and the other for
address decoders and controllers. The number of memory cells is 32 x 32 = 1,024,

and the decoded image is serially read out.
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Figure 6.25: Original image(a) and the images under decode(b), (¢), (d), and the
completely decoded image(e).

The photograph of the prototype 1:4 tree code decoder is shown in Figure 6.24.

The 1:4 tree code to be decoded is given by PC, with the system clocks, and it
is decoded to binary image by the developed prototype system. The binary image
is again transferred to PC serially. The image under decode procedure can be also
read out serially, since each memory cell is set its value according to the decoding
step, which is more detail at the decode step for lower levels. Figure 6.25 shows the
original image and the images under decode, and the completely decoded image.

The operation frequency of the developed prototype system is up to IMHz, which
is restricted by the speed of PC.

6.5.2 Design of full-custom tree-code decoder

The decoder of 1:4 tree code has been designed, by using the circuits of the

controller and the address decoders, which are identical to those used in the 1:4
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Figure 6.26: Circuit of memory cell for the 1:4 tree code decoder

tree sensor using external address decoder, used in section 6.4. The circuit of the
memory cell is shown in Figure 6.26. The memory cell has coupled inverters to
store the value of raster image, and one D-flip-flop for the shift register in order
to shift out outside the decoded image. The decoded image is given by V and its
complementary as /V, and they are stored to the coupled inverters using clock CKL,
if the row of this pixel is selected by r. The selection of columns is done by the
signal generation circuit placed at each column, as shown in Figure 5.14. The stored
image is transferred to D-flip-flop at the positive edge of CKS by keeping S as low
and /S as high. The transferred image is shifted out outside by the clock of CKS
with keeping S as high and /S as low. Data input Di is connected to the data output
of the previous stage in shift register, and data output Do is connected to the data
input of the next stage in shift register, respectively. Data output Do of the final
state in shift register is the serial output of the decoded image.

The layout of the memory cell used in this decoder is shown in Figure 6.27, which
is implemented by the circuit described in section 5.3.

The whole layout of the designed 64 x 64 decoder of 1:4 tree code is shown in
Figure 6.28, which has the functions of read out the rasterized image serially, and

can be cascaded for the decoding of the larger raster images, as shown in Figure
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Figure 6.27: Layout of the memory cell for the decoder of 1:4 tree code.

6.29. In this case, one decoder chip is used as master, and the address select signals
are send to the other slave chips. The other tree decoder chips are used as slave,
where only the address decoders are used to select memory cells. One level of the
controller in one of the slave decode chips is also used to generate the address select
signals for the extended number of levels. The serial inputs and serial outputs of
the decoded images in each chip is connected in order, so as to form a large shift
register.

The chip photograph of the designed decoder of 1:4 tree code is shown in Figure
6.30%. The number of transistors is 110,024.

There was a fatal design mistake in the fabricated chip, one connection in serial
shift registers is lost, and the measure and evaluation of this chip has not been done

yet.

6.6 Summary and Conclusion

In this chapter, the designed chips of the 1:4 tree sensors and the decoder of 1:4
tree code and their prototype systems using FPGAs, are described. It is shown

>The VLSI chip in this study has been fabricated in the chip fabrication program of VLSI
Design and Education Center(VDEC), the University of Tokyo with the collaboration by Nippon
Motorola and Dai Nippon Printing Corporation.
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Figure 6.28: Whole layout of the designed 64 x 64 decoder of 1:4 tree code.
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Figure 6.30: Chip photograph of the designed 64 x 64 decoder of 1:4 tree code.
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that the 1:4 tree sensor using the external address decoder can integrate about 16
times pixels in the same size of chip, compared with that using tree structure of
automata. It is also shown that the decoder of 1:4 tree code can be implemented
by using the external address decoder designed for the 1:4 tree sensor with external
address decoders.

The evaluations of them, mainly in terms of the power estimation are also de-

scribed.
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Chapter 7

Conclusions

The followings are the conclusions through this thesis.

Chapter 2

The power consumption in CCD image sensor is estimated as proportional to the
cubic of the number of pixels in line, which will be one of the most serious problems
in mega-pixel CCDs.

The probabilistic model of power consumption for both combinational logics and
sequential circuits are described.

It is also described the power reduction methodologies for both combinational
logics and sequential circuits without modification of their function.

The power consumption of combinational logics, 1 bit full adder as an example,
is expected to be reduced up to —30% by optimum input assignment for logically
symmetric input terminals.

The power consumption of sequential circuits is expected to be reduced up to
—10% by the binary state code assignment minimizing the mean number of transi-
tion at each clock cycle, against the conventional state code assignment minimizing
the complexity of combinational logics. In this case, the number of transistors in
combinational logics increases about 10% by minizing power consumption against

minizing the complexity of combinational logics, while the total number of transis-
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tors increase less than 10%, since the number of flip-flops is the same.

Chapter 3

A method of using tree structure for image signals is proposed, which is effective
especially for the image containing many 0s by skipping redundant scan steps for
the large area of Os.

It is also derived that the optimal number of branches in the tree structure is 4,
which we call “1:4 tree structure”. The expectation of code length using 1:4 tree
structure is shorter than that of the raster scan in case of less than quarter of the
pixels are “1” in random white noise image, but in the practical image containing
about half of “1”7 pixels can be scanned by 1:4 tree scan with the shorter code length
than that of the raster scan.

It is also indicated that the code length by the scan using 1:4 tree structure is
shorter than that of run-length compression, especially in case of containing many
white pixels.

The methodology for decoding the 1:4 tree code is also described, where the
partially decoded images represent the rough images corresponding to the current

level of 1:4 tree structure.

Chapter 4

Some concepts and implementations are described for the applications of 1:4 tree
sensor for various adaptivities of images as our eyesight has, and the algorithms used
in movie compression, and visual tracking system.

The spatial adaptivity for scanning images is implemented by 1:4 tree scan with
stopping the scan steps to the lower level, since the sub-areas corresponding to the
nodes in the lower level represent the part of image with the higher spatial resolution.
The selection whether the rough scan or the detail scan for each sub-area should
be executed, is determined according to the interests for it. One of the criteria

determining the spatial resolution for each area is the partial uniformity of image,
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and the detail scan is executed for the sub-area with low uniformity, while the rough
scan is executed for the sub-area of high uniformity. This scan method indicates
one possibility of compressing images with maintaining the quality of image.

It is also described the intensional adaptivity for image signals using 1:4 tree
structure, since the charge time of junction capacitance by photo current is concerned
with the light intensity. The spatial distribution of the pixel whose output voltage
reaches to the threshold voltage at each charge time, gathers spatially, which is the
case that 1:4 tree scan can be executed efficiently.

The applications of 1:4 tree scan for two important algorithms used in movie
compression, inter-frame difference and motion compensation, are described.

The 1:4 tree scan is used for the scan of flag indicating the pixels has a effective
difference in successive two frames, which is the case that 1:4 tree structure can scan
efficiently, and the analog value of difference can be read out by the other signal
path.

The motion compensation within one pixels, which is expected to be suitable
assuming high frame rate, can be implemented by adding the interconnections among
neighbor pixels and the selector of them to each pixel. It is also notable that the
motion compensation using this algorithm can be executed for any size of sub-areas,
since the node automata has the mean value of its lower sub-areas.

It is also described the visual tracking algorithm using 1:4 tree structure, which

can scan just for the areas containing moving objects with masking the other areas.

Chapter 5

The implementations of 1:4 tree structure in CMOS circuit are described. In the
designed node automata, the clock signals are provided just along the scan path,
which is expected to be suitable for low power operation. The two dimensional
layout of node automata and pixels that can be extended for any number of levels
are described, by placing the magnified cross-shaped node automata for the higher
level, which is also suitable for minizing the signal delay.

The alternative implementation of 1:4 tree structure is also described, by plaicing
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address decoders indicating the pixels to be scanned outside the pixel plain. The
1:4 tree sensor using this architecture is expected to achieve the higher fill factor
and higher integration of pixels in image sensor.

The architecture of decoder for 1:4 tree code is also described, which is imple-
menting the identical address decoders and controllers used in the 1:4 tree sensor
using external address decoders.

The circuits of pixels are also described, which implement taking inter-frame dif-
ference, and gray scale scan considering charge-up time by photo current.

It is also described the concept of light-powered 1:4 tree sensor for ultra low power

operation.

Chapter 6

The design and evaluation of 1:4 tree sensors using node automata are described,
for both prototype system using FPGAs and full custom chip using 1.5pm CMOS
technology is discussed. The designed chip contains 32 x 32 pixels in 7.2mm x7.2mm
chip, and its power consumption at each scan step is expect to be proportional to the
edge size, which is smaller enough than CCD image sensors in mega-pixel sensors.

The photo current of photo diodes is also measured, and the photo current of the
photo diode with 36pum x 100um is about 1pA, and it is proportional to both light
intensity and area of photo diode.

The design and evaluation of 1:4 tree sensors using external address decoders are
described. The designed 1:4 tree sensor using external address decoders can integrate
about 16 times of pixels against using node automata. The power consumption of
1:4 tree sensors using external address decoders is estimated using spice, which is
proportional to O(n®®*), where n is the edge size of pixel plain, that is expected be
small enough for mega-pixel image sensors.

The designs of 1:4 tree code decoders are also described, both in prototype systems
using FPGAs and full-custom chip using 1.5um CMOS technology are described,
and the operation of the prototype systems is checked.
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