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Abstract

This master thesis presents an innovative embedded JPEG compression scheme
with mixed-signal near-sensor 2D DCT processing, implemented on the CMOS im-
ager System On Chip (SoC) MANTIS developed at UCLouvain. The goal of this
work is to enable efficient image compression while minimizing power consumption
by working in the analog domain.

The thesis begins with an in-depth explanation of the JPEG compression al-
gorithm and definition of image quality metrics. Subsequently, the focus shifts
towards exploring approximations of the 2D DCT suitable for analog implemen-
tation. These approximations are meticulously detailed, taking into account the
unique characteristics and constraints of the analog voltage mode MAC units with
programmable weights embedded in MANTIS.

The proposed compression scheme is implemented on the SoC MANTIS devel-
oped at UCLouvain, leveraging its capabilities and highlighting his limitations for
future improvements. Simulation results are presented to demonstrate the effec-
tiveness of the scheme. The achieved image compression ratio is 3.39 bits per pixel
(bpp) while maintaining an average Peak Signal-to-Noise Ratio (PSNR) of 27dB
and consuming only 266 pJ/pixel, validating the scheme’s energy-efficient design.

The findings of this thesis contribute to the field of embedded image process-
ing, particularly in the context of mixed-signal near-sensor architectures. The
successful implementation on the SoC MANTIS developed at UCLouvain demon-
strates the feasibility and practicality of the proposed scheme. It offers a promising
solution for achieving high-quality image compression with reduced power con-
sumption, opening doors for various applications in areas such as wireless imaging
systems, resource-constrained devices, and Internet of Things (IoT) applications.
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Introduction

The increasing need for small mobile devices with low-power images or videos
acquisition capabilities, such as wireless capsule endoscopy [27] or environmental
monitoring [[7], has led to the development of hardware providing near-sensor image
compression. The Discrete Cosine Transform (DCT) is widely used as first step
in image and video compression standards including JPEG [35], H.26x and MPEG.

In this work, we implement a complete compression scheme of the JPEG stan-
dard with the Mantis CMOS imager SoC featuring near-sensor processing capa-
bilities developed at the ECS group of UCLouvain leveraging analog domain volt-
age mode switched-capacitors amplifiers (SCAs) MAC units, with programmable
weights, used to perform the DCT. The signals in the analog domain are digitized
with successive approximation registers (SARs) analog-to-digital converters (ADC)
for further processing in the digital domain. We achieved a compression ratio of
3.39 bits per pixel (bpp), while maintaining an average Peak Signal-to-Noise Ratio
(PSNR) of 27 dB with a power consumption estimated at 266 pJ/pixel. We also
explored the possibility to embed the quantization and Huffman coding steps of
the JPEG algorithm in software on the ARM Cortex-M4 processor on-chip, which
showed poor results.

We first detail the JPEG algorithm. Then, to provide a comprehensive evalu-
ation of our implementation, we compare our results with state-of-the-art analog
and digital implementations available in the literature in chapter 2. Then we pro-
pose a way of approximating the DCT specifically tailored for constrain of voltage
mode analog implementation. We perform an in-depth analysis and observe the
impact on image quality of those approximations. We then present the hardware
of MANTIS and quantify the limitations, for performing the DCT, of the embed-
ded SCAs and ADC. This serves as a foundation for building minimal hardware
requirements. We finally discuss possible hardware and software improvements.

The work is structured as follows:

o Chapter 1 describes the complete JPEG compression method.
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Chapter 2 describes the state of the art of near-sensor analog image com-
pression based on the DCT. We give a brief description of common imple-
mentation with their advantages and disadvantages.

Chapter 3 highlights analog considerations to perform the DCT and impact
of non idealities on the image quality then we describe the impact of the
coefficients resolution and how we can approximate the DCT with low bit
resolution coefficients.

Chapter 4 presents the mixed-signal hardware circuits from MANTIS SoC
that we will use for the implementation and the actual implementation. We
finally discuss the results, limitations and possible improvements of the com-
pression scheme.

Chapter 5 discusses possible improvements.

12



Chapter 1

JPEG

JPEG [B5] is a lossy compression method which typically achieves a compression
ratio of 10 without introducing humanly perceptible losses and thus maintaining
good image quality. The JPEG compression scheme for colored image, as described
in the corresponding ISO/IEC 10918 standard [4], can be broken down as:

Raw image
from sensor

Color space
conversion

Chroma
downsampling

>

Block splitting —>» DCT —>

Quantization

>

Entropy coding j

Compressed
image

Recovered
image

Color space
conversion

le—

Upsampling

le—

Image

reconstruction

o IDCT o

Dequantize

le—]

Decoding

|

1. Color space conversion: RGB to YCbCr

2. Chrominance downsampling

3. Block splitting

4. discrete cosine transform (DCT)

5. Quantization

6. Entropy coding

We will now explain each step of the JPEG in more detail.

13
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1.1 Color space conversion

The JPEG algorithm works with images in the YCbCr color space, where Y is
the luminance, Cb the blue chrominance and Cr the red chrominance. This repre-
sentation strongly decorrelates the color from the intensity channels, which allows
further independent processing.

Typical color image sensors use a color filter array (CFA) on top of the monochrome
image sensor for color separation. Instead of capturing three color samples, typi-
cally RGB, at each pixel location, a mosaic pattern samples only one color at each
grid location. A common CFA is the Bayer filter mosaic [8] as shown in figure 2
for which green elements are twice more frequent, which is similar to the human
eye color sensitivity.

Figure 1.2: Bayer filter mosaic on top of monochromatic image sensor array|[IT]

To retrieve the 3 color components at each pixel location we need to perform in-
terpolation with the surrounding pixels to retrieve the 2 missing color components,
this process is called debayering or demosaicing. Multiple debayering algorithms
exist [22] to either output an image in the RGB or YCbCr|I1]] color space. These
algorithms are mostly implemented digitally [6, 5] some are given as digital IP
such as the PG286 from Xilinx [45]. However, there are currently no analogic
debayering algorithms in the literature. Other approaches exist, such as moving
the debayering step after the decompression and not before. However, this ap-
proach should not use the DCT for compression since the Bayer filter induces high
amplitude variations between adjacent pixels. This introduces high frequency com-
ponents in the image which will lead to poor compression performances if *dct is

14



used. In [46, 44] a novel method replaces the DCT and IDCT with an all phase
discrete cosine biorthogonal transform (APDCBT) and an all phase inverse dis-
crete cosine biorthogonal transform (APIDCBT), this type of approach could be
implemented in the analog domain similarly to the DCT implementation given in
this work.

1.2 Color downsampling

Medical studies have shown that the human eye is less capable of discerning col-
or/chroma differences than intensity /luma differences[l]. This particularity of the
human vision allows the downsampling of the chroma component with no visual
difference perceived by the viewer.

Typically, the chroma channels are downsampled by a factor 2 and is expressed
as 4:2:2. This notation refers to a:

e 4: 4x4 luma reference block
e 2: 2 chroma samples for the first luma row
o 2: number of changes of chroma for the first and second row

with 4:4:4 representing the full chroma resolution. A visual representation of color
downsampling can be seen in

4:2:2 4:4:4

ol 3 n

+ +
1 2 3 4 J=4 1 2 3 4 J=4

2 a=2 .z 3 a=4
ernen L
1

2 b=2 1 2 3 b=4
12 horizontal resolution, full horizontal resolution,
full vertical resolution full vertical resolution

Figure 1.3: Color downsampling example 4:4:4 and 4:2:2 (Image from [37])

To represent the actual implementation and hardware in this work, further
development will ignore the color components and only consider a grayscale image.

15



1.3 Block spliting

8X8 block

Figure 1.4: Block spliting of Lena 64x64 grayscale in 8x8 blocks

In this step, each component of the original image is split in blocks of 4X4, 8X8
or 16X16 pixels. This is represented in figure 4 where a 64X64 pixels grayscale
image is split in 64 blocks of 8X8 pixels. Further processing is always done per
block.

1.4 discrete cosine transform (DCT)

The DCT is used in the JPEG scheme for his high energy compaction capabilities
on natural images. The DCT was first introduced in 1974 [5] as a tool for image

compression and image processing. We will in the following paragraph describe
the 1D and 2D DCT in different forms.

1D DCT: Matrix form
The 1D DCT is given by:

N—-1 1
DCT: Yk:anCOS{%(n+§>k] for k=0,...N—1 (1.1)
n=0

1, = 1
IDCT: $k=§Yb+ZYnCOS[%<n+§>k] fork=0,..N—-1 (1.2

n=1

16



with 2 € RY the signal vector.

2D DCT

We can extend the one-dimensionnal definition to two dimensions by first comput-
ing a 1D DCT in one dimension, then computing the DCT in the other dimension.
For N; and N, representing the first and second dimension respectively, the 2D
DCT can be expressed as:

Ni1—1 [Na—1 T 1 - 1
2D DCT: Y}Clv@ - Z Z Lny,ny COS LVQ <n1 * 2> kQ] o8 []Vl <n2 + 2) kl

n2=0 \n;=0
1.3)

(
3o+ s e[ (1))
(

1.4)

Ni—1 N>—1 [

= Z Z Ty my COS

n1=0 ngo=0

2D DCT: Matrix form We can also define the two-dimensional DCT in matrix
form using the product of cosine relationship ™ and some algebra. We consider the
same amount of samples in each dimension such that Ny = Ny = N we can then
define the coefficients of the NxN matrix C', as

1
= =0, 0<g<N-1

Crg = 1 V/3 m(2g+1) ! —1= (1.5)
Vrcos Tt 1<p<M-—-1, 0<¢g<N-—1

Some interesting properties of the coefficient matrix C':
« Orthogonality C~! = O7 if C is square

o Periodicity due to the periodicity of the cosine function, we can observe
that the term: |cos (%) | can only take N — 2 different values. Thus,

C has only N — 1 different absolute value coefficients. Or 2(N — 1) different
coefficients if we consider the sign

2 2
 Range —UN < Cpy < ”N

We can then express the DCT and IDCT as

2D DCT: Y =CXC7 (1.6a)
2D IDCT: X =C'YC (1.6b)

1

oS acosb — cos(a+b)-§cos(a—b) [i 2}

17



For the case N=8 we can observe that the matrix is constructed with only 7
different coefficients? :

a a a a a a a a
b ¢ d e —e —d —c —=b
f 9 -9 —f —f -9 g [
C— ¢c —e —b —d d b e —c (1.7)
a —a —a a a —a —a a
d —b e ¢c —c —e b —d
g =f f -9 -9 [ —f g
e —=d ¢ b b —c d —e |

2D DCT: Tensor form Starting with the matrix form of the 2D DCT given in
equation 77 we can observe that each term of the DCT of X, Y}, , can be expressed
as

Yog =22 ;X (1.8)

=1 j5=1

With each «;; being the product of two coefficients of the C' matrix. We obtain
these coefficients by inspection of the Y matrix.

The previous expression can be reformulated as the Frobenius inner product [3Y]
of two (NxN) matrices. A containing the «;; coefficients and X.

YZD,q = <A7X>F (19)

To ease further mathematical development, let us first quickly introduce the
Einstein notation[38].

Einstein Notation The Einstein notation or the Einstein summation notation
is a useful convention when manipulating high dimensional vectors or, more for-
mally, tensors. Let us see a simple example: translating the dot product with the
Einstein notation.

18



Let a € R3 and b € R?, the dot product of those two vectors can be expressed
as:

3
CLTb = Z (Iibi = Cllbl + (lzbg + a3bg (110)
i=1
With the Einstein notation this become

a’b = a;a’ (1.11)

Which simply means: The repeating lower and upper indices means the summation
of the product of coordinates along this axis. This can be extended to higher
dimensions. Some useful properties of the Einstein notation:

« indices contraction Y, = A,, X" € RY with A,, € RY and X € RM. Re-
peating lower and upper indices reduces the dimension of the output tensor.

o A, XY= AmX,S

Knowing this, we can now reformulate expression 04 as, following the same

development we can construct the A;qij used to compute the IDCT

2D DCT: Yy, = Apyij X9 (1.12a)
2D IDCT: X, = A/ .Y (1.12b)

PqLj

With:
o X;; € RY*N the input two-dimensional signal or image block
o Y,, € RVN the output of the DCT of Xj;

o Apyj € RVXNXNXN Thig tensor contains the N? (NxN) matrices A used to
compute each coefficients of the DCT of X.

e And with the indices: i,j,p,q ={klk € Zand 0 <k < N — 1}
From previous consideration of the C' matrix we can conclude that:
o Periodicity Since the coefficients in tensor A are constructed as the prod-

N-(N-1)
2

uct of two coefficients of the matrix C', A has only different

coeflicients in absolute value.

2 2
« Range N < Apgij < N

19



2D DCT coefficients tensor A
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(b) IDCT coefficient tensor A’ for N=8

Figure 1.5: DCT and IDCT coefficients tensors
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For N = 8 we can visualize the inverse and direct coefficient tensors in figure 3.

Both ways of computing the 2D DCT gives the exact same output. We can
observe the output of the 2D DCT of a whole picture in figure I8 with a close
look at the DCT coefficients of a block.

Figure 1.6: DCT of 64x64 Lena

3In this context we use an euclidean metric, this identity will be incorrect for a different
metric. See [40] for further information.
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1.5 Quantization

The quantization step is the main source of information loss in the JPEG algo-
rithm. While previous steps only changed the representation of the original image
without loss of information, the quantization step looses information by reducing
the number of bits used to represent the DCT coefficients. We can formulate the

quantization step as:
Y,
qi; = 1.13
-2 (L13)

with

| ]: the "round to nearest integer" operator;

Y;; the (i, 7) term of the DCT;

Qi; the (i,7) entry of the quantization matrix Q;

¢i; the quantized value.

Similarly we can define the dequantization as:
Y= Qy (1.14)

The quantization matrix is defined to give more importance to low frequency values.
The human eye is less capable of distinguishing rapid variation of brightness, this
allows us to reduce the amount of information contained in the highest frequency
components of the DCT. A typical luma quantization matrix is shown in figure
2.

0 [ 0

60 4 0 0 [ ) 0 0

700 0 0 0 0 ) 0 0

DCT values Quantization matrix Quantized DCT values

Figure 1.7: Quantization of one DCT block

Different quantization matrices are applied to the chroma components. Finding
good quantization coefficients is context dependent and requires fine-tuning[3,
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26). The quantization matrix will influence the compression ratio of the image, a
quantization matrix containing only ones will produce a near lossless image after
decompression, while a quantization matrix with large coefficients will produce a
highly compressed but low quality image.

1.6 Entropy coding

The last step of the JPEG compression is entropy coding. The goal of entropy
coding is to reduce the amount of bits necessary to encode the same information,
there is no information loss during this step. First, the DCT values are reordered
in a zigzag sequence, as depicted in figure 8. Then, as described in the JPEG
ISO standard [35], differential entropy coding is performed for the DC components
and amplitude coding for the AC components of the DCT.

s

-6

8
9

*10 =3

i

Figure 1.8: Zigzag reordering of Y € R¥® to ZZ € R

O el

1.6.1 Differential coding of the DC terms

The DC’s components are encoded differentially as the difference between the
actual DC component and a predictor (PRED). The predictor is the DC component
of the previous block of the same channel.

DIFF = ZZ — PRED (1.15)
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The first predictor value is initialized at PRED = 0.
The computed difference is then encoded as a bitstring, following this structure:

SSSS AAAA (1.16)

Amplitude in nbits bits

Size: amount of bits (nbits) to represent the amplitude

The size part of the code (SSSS) is an Huffman prefix code and represents
the amount of bits necessary to store the amplitude part of the code (AAAA).
The amplitude can either be positive or negative, negative values are encoded as
DIFF — 1. Thus, the most significant bit of AAAA is 1 for positive values and 0
for negative.

The prefix codes or Huffman codes are build with the following constraints:
e Bi-unique: Each code represents uniquely each symbols

e Minimum length: Each prefix code is selected such that the most frequent
symbols are encoded with the shortest prefix codes.

We can build a binary tree following these constraints, the whole process of
building the tree will not be discussed in details since we will use the computed
Huffman codes given in the JPEG ISO standard[35].

For the DC term, each possible size or symbol, from 0 to 11, is represented by
a Huffman code[l7] and is given in the column "Code word" of table G, a part
of the table is represented as a tree in figure G, For example, the amplitude 2
will be encoded as the bitstring:

2 —0b011 10 encoded data length = 3 + 2 = 5bits (1.17)

2 in binary representation

Huffman code corresponding to 2 bits
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0 0 00
1 11 010
2 32.2,3 011
3 744 100
1 15..,8.8,..15 101
5 “31..-16,16..31 110
6 ~63..,-32,32,..63 110
7| -127..-64,64,.127 1110
8| -255..-128,128,..255 11110
9| 511..256,256..511 111110
10 | 1023..512,512..1023 | 11111110
11 | 2047..1024,1024..2047 | 111111110

Table 1.1: DC Huffman codes

Figure 1.9: DC Huffman code tree, with
path for 2 bits length amplitude in red

For this example, if the raw data was encoded as an 8 bit type, we observe
that the encoded data uses less bits than the raw data.

1.6.2 Amplitude coding of the AC terms

All the AC coefficient are run-lenght encoded in zig zag order, and are encoded as
a bitstring following this structure:

(RRRR SSSS) AAAA (1.18)

Amplitude in nbits bits

Zero run lenght

The composed prefix code word RRRRSSSS contains the run length and the

number of bits used for the amplitude encoding:

e SSSS, similar to the DC terms encoding, gives the amount of bits used to

represent the amplitude of the non-zero AC coefficient. From 0 to 15 bits.

« RRRR give the amount of preceding zero coefficient from 0 to 15.
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In the JPEG ISO/IEC 10918-1 256 code words are given representing each combi-
nation of run length and size [35].

For example, we can encode a simple zigzag sequence with this encoding
scheme:

AC

_ssss [AaaaA R
Bitstring — [0 71100 " EG_—_—

The final bitstring uses only 13 bits.

Special symbols

Once the block is completely encoded or if there are no non zero coefficient left a
special symbol, end of block (EOB), is added to the bitstring. In the JPEG ISO
standard the correspond to the code 0b1010.

Decoding

Since we have access to the binary tree defining the Huffman codes for the DC
and AC coefficients, we simply read the bitstring as a path of the DC or AC tree
until reaching a leaf. The leaf will give information on how to read the coefficient.

1.7 Image quality metrics

To assess the quality of a compression scheme, we need to use a metric that can
quantify the quality of the reconstructed image after compression. Two metrics
are commonly used:

 peak signal-to-noise ratio (PSNR)[42]

o structural similarity index measure (SSIM)[43, 36|

PSNR The *psnr is a logarithmic quality metric which is based on pixelwise
mean square error (MSE) between the two images. Given a grayscale image I and

26



a reconstructed image K of size m x n, the PSNR is defined as:

|_|

m—

1
MSE = — K] (1.19)
mn =0 7=0
MAX
With MAX(7) the dynamic range corresponding to 2bt—4ePth — 1 Tf the image has

a bit depth of 8 bits, the dynamic range is 255.

A PSNR between 30dB and 40dB is considered good quality for lossy compression.
Above 40dB it is considered near lossless, while below 30d B corresponds to a visible
degradation of the original image.

Similarly, we can define the PSNR of an RGB colored image as:

MSEnen =5 — 3 ZZ cii — Keij]” (1.21)

ce{rgb} =0 j=0

MAX(I)?
PSNRRGB =10- lOglo (]\“(E')> (122)

SSIM the SSIM gives a measure of the similarity between two images. The
SSIM is evaluated on M, (N x N) windows of the original and reconstructed
image, respectively /; and Kj, it is defined as:

(QMIjMKj + 01) (QUIjKj + Cz)

M) = (g, v a) (o, + oy + )

(1.23)

With the terms:
* WK;,pr;: the mean pixel value of the current window j
* OK,,01;: the standard deviation
 0k,1,; the covariance of K and I;
o ¢ = (k- MAX(I))?, o = (ko - MAX(T))? with k; = 0.01 and ky = 0.03

Finally we compute the SSIM of the whole image as the mean SSIM (MSSIM) by
taking the mean of the SSIM of each block. Considering that the image is split in
M blocks the MSSIM is given as:

MSSIM(L, K) M Z SSIM(I;, K;) (1.24)

J=1
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The MSSIM ranges from 0 to 1. With 1 meaning a perfect match between the two
images, generally a SSIM above 0.97 is considered good quality.

Now that we have discussed the JPEG compression scheme, we will discuss
the existing hardware, either analogic or digital, implementations in the literature
with a focus on power consumption.
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Chapter 2

Analog and digital 2D-DCT in
the literature

2.1 Energy consumption

From the previous description of the JPEG stages, we can estimate the power
consumption breakdown of each stage based on the operations performed by each
of them. We can model each stage by the model given in [30, 25|, these mod-
els give us some insight on which operation is the most power hungry/needs the
most processing, but they are a very weak approximation of the effective power
consumption since it is very dependent of the type of either hardware or software
implementation. We can estimate the total energy consumption £, as:

Ep = Euu + E;+ E.. + Epuyy (2.1)

With Eye, By, E.., Epyy the energy consumed for the DCT, quantization, zig-zag
and Huffman coding that we will estimate later on.

DCT We recall from previous section, the 2D DCT is given as
Y =CXCT with Y,C, X € RV*V (2.2)

There are N? coefficients in Y, each requires N multiplications and (N-1) addition
two times or N MAC operations. We can then estimate the energy consumption

2
of the DCT of an image of resolution k£ x k which has <§> blocks of size N x N

as:

k

Eger =2 <N>2 N%(N - enac) (2.3)

with ey ac the energy required to perform a multiplication then an addition.
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Quantization Two operations are performed on each coefficient of the DCT Y:
division and rounding such that the total energy consumption of this step is:

1\ 2

E, = <> N2(ediv + €rounding) (24)
N

with:

e eg4;p the energy required to perform a division;

* Erounding the energy required to perform a rounding.
Zig-zag This operation is is a simple rearrangement of the (N? — 1) AC coeffi-
cients from low to high frequencies. Each AC coefficient is shifted to its position,

thus we consider a shift operation. The total energy consumption of this step is
then:

L 2
E,, = <N> (N? — 1egy, (2.5)
with:

e ey, the energy required to perform a shift operation

Huffman encoding We have the two different energy models for the AC and
DC coefficients:

EHuff,DC = (2efetch + ewrite + ed)
EHuff,AC = m(2€fetch + e'write)

with:

efetcn, the energy required to perform a read in memory;

eq the energy required to perform a subtraction;

ewrite the energy required to perform a write in memory;
« m amount of couples (RUN LENGTH, AMPLITUDE) of the current block.

We can see that we have two fetch and one write operation. From the previous
description of the Huffman encoding, we have to look into two tables in order to
correctly encode a value. The first fetch is needed to find the category of the coef-
ficient, corresponding to the number of bits required to store the coefficient. The
second fetch is required to read the effective Huffman code corresponding to (RUN
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LENGTH, AMPLITUDE) for AC coefficients and to the difference of amplitude
between near block for the DC coefficients.
For the whole image we have the total energy consumption of the Huffman encod-

ing step: e
k/N

Enurr = Y Enuprpcs + Erugrac (2.8)
j=1

Total Energy consumption Considering the DCT is computed on a digital
processor, we can define the energy of each operation as the product of the amount
of cycles required for this operation by the energy consumed per cycle?.

(2.9)

€operation = 1VcycleCeycle

From the ARM documentation on cycle per operation for cortex-M4 processors [3]
we have the cycle count per operation given in table 2. With the information in
table 201 and the model to estimate the power consumption of the JPEG algorithm,
considering that a load and store in memory is performed for each MAC operation
of the DCT and taking the worst-case Huffman encoding without any run length,
thus m = 63, we obtain an estimate of the cycle count for a single block of each
stage in table 222

Multiply then accumulate float | VMLA.F32 3
Divide float VDIV.F32 14
Load memory float VLDM.32 1
Store memory float VSTM.32 1
Substract float VSUB.F32 1
Move float VMOV 1

Table 2.1: Cortex-M4 operations cycle counts

DCT 2560 68.95 1575936 62.13
Quantization 896 24.13 164554 31.02
Zig-Zag 64 1.72 786739 0.37
Huffman 193 5.20 9324 6.49

Table 2.2: Cycles count estimation and proportions comparison from literature

Using the power consumption model[30, 25| given above and comparing with
the power consumption of a digital implementation[21, 30] ? found in the liter-
ature, we summarize the results in table Z22. With these results we obtain an
approximate power consumption repartition per stage in Fig. 0. From this plot

'In practice, a memory access will consume more than a mathematical operation per cycle.
2Measurements come from the average of multiple ARM processor
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62.13% W ZigZag

O 2D DCT

O Entropy coding
O Quantization

0.38%

Figure 2.1: Power repartition estimation

we can clearly see that the DCT and the quantization step dominate since the
first requires a lot of multiply and accumulate (MAC) operations and the second
requires division operations. With these results in mind, we will further focus on
the 2D-DCT step and we will discuss how it can be implemented in the analog
domain to reduce power consumption and compare it with different digital imple-
mentation. A few example, and their performance, of 2D DCT processor found
in the literature are given in table EZ3. Comparing the performance of each im-
plementation is quite difficult since they all approach the problem differently and
with different constrains. Furthermore, they often do not give sufficient details to
correctly evaluate the power consumption of their implementation.

2.2 Implementation comparisons

We will now discuss in more details implementations of the 2D-DCT in the digital
and analog domains. Table PZ3 regroups some interesting example, and their per-
formances, of 2D DCT core found in the literature. We defined the two figures of
merits FOM;, the processing energy required per pixel, and FOMy, FOM; scaled
to the smallest technology of 65nm, as:

Energy per frame

FOM,; = 1000 2.10
! Frame resolution ( )
1
FOM, = — FOM; (2.11)
«
180nm

With ag.18um—s65nm = = 2.77 and g 35m—65nm = 9.384.

65nm
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Digital

The three digital implementations approach the computation of the DCT differ-
ently, either by using an algebraic integer implementation which simplifies the
DCT to simple integer addition and bit shifts [24] without multiplications for
(21, 37]. Or by approximating the DCT with an coordinate rotation digital com-
puter (CORDIC) algorithm [34] in [33]. In either case, their power consumption is
significantly higher than any of the 5 analog implementation. We will not further
discuss digital implementations but explore in more depth the analog ones.

Analog

(6, 20] As seen in the previous sections, the DCT, in each of its form, consists
only of MAC operations, this operation is achieved in the analog domain by one
of the following way:

o Current mode: current mirrors for multiplication and Kirchhoff’s current law
(KCL) for addition [I4, 29, D¥]

« Charge mode: addition and multiplication with switched capacitor (SC) cir-
cuits [19, IJ]

» Voltage mode: multiply and add realised with opamp amplifiers[32]

o Other approaches like translinear[23] or time-based|[16] are not discussed in
this work.

Each mode is represented in Fig. 2 with its transfer function. Fig. P2Z2a demon-
strates a voltage mode MAC unit in a single cell. In Fig. 220 only the multiplica-
tion is performed but addition could be handled in a similar way by loading capac-
itors indepently then connecting them together to perform charge sharing between
them which would results as the addition of the charges. Fig. demonstrates a
current based approach where each current source can be seen as a current mirror,
multiplication is done by scaling of the transistors by the same coefficients needed
for the multiplication as shown in Fig. 223 while addition is simply performed with
KCL.

Each way has its own advantages and inconvenient that we gathered from the
literature in table 24

Also, the algorithm used to compute the 2D-DCT has an impact on the ana-
log implementation. Mainly the most common 2D-DCT algorithms found in the
literature are

34



. b1 P2
. Vin f Vout
Vvin,n 4{ }J Vout _]_ Cl _]_ 02
o v 1l [
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(a) Voltage mode (b) Charge mode

Figure 2.2: Simple analog MAC units

lin

M1 1:1 |

lout = @+ Uip

| M2a:l

Figure 2.3: Curent mirror multiplication

o Precise with class AB current mirrors

o simple
o Higher bandwidth/speed

Linge o o

*Iout

n
Tout = Zi:l Iin,i

(¢) Curent mode

« ratio of capacitors

e Mismatch in current mirrors
« Higher power consumption due to
current sources

o Switching error
¢ Small capacitor sensitive to missmatch

e Need an OTA (Noise,
bandwidth,...)

Table 2.4: Comparison of analog MAC units implementations

« Row/column separation algorithm: implemented in 2 stages 1D-DCT core
with a transposing analog memory in between as depicted in Fig. P24 [29,

28, 9, [I¥]

 Direct 2D-DCT: directly compute the 2D-DCT in a single stage [14]

In table 23 we compare the two algorithms and their analog implementations
from the literature. In short, the two stages implementations require less area, are
more prone to cumulative errors while single stage are more robust to errors but

require more area.
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1D DCT N Transpose

Pixel input =
column Analog memory

1D DCT Row —>»2D DCT

\ 4

Figure 2.4: 2 Stage analog 2D DCT

e No cumulative errors

e smaller area Single stage

» Sequential » Higher area
e Prone to cummulative errors | More operations
N3 N*

Table 2.5: Comparison of 2D-DCT algorithm and implementation ( block size
N x N)

From the results gathered in table 3, and 24 we can see that multiple
attempts to perform the 2D-DCT in the analog domain have been tried, with either
good PSNR or low power consumption. By comparing the FOM;, and PSNR in
table 23 of each implementation, we can see that the voltage mode approach offers
a good trade-off between image quality and power consumption but no recent
research has been conducted in this direction. In the following sections we will
describe an implementation of the 2D-DCT in voltage mode with MANTIS by
first exploring some approximations of the 2D-DCT and their impact on image
quality. The approximation that we will discuss will use the fact that we can
diminish the amount of unique coefficients to compute the DCT such that it will
reduce the area required to store these coefficients. This tradeoff will be later
studied.
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Chapter 3

2D-DCT approximation

3.1 Data set description

In this work, we used the six well-know grayscales standard images in Fig. B
with a resolution of 128 x 128 pixels and a bit depth of 8 bits.

aboon

ailboat Boat

Figure 3.1: Picture data set of 128 x 128 grayscale pictures
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3.2 Weights quantization

In Section "4 we have shown two ways to compute the 2D-DCT. Let us call them
the matrix and tensor form. Equations are recalled just below.

Matrix Tensor

9D-DCT Y =Ccxc’ Vg = Apgis X7
2D-IDCT X =0TyC Xpg =AY

Pqij

The coefficients tensors C' € RV*N and A € RNVXNXNXN which are real numbers
respectively comprised in C,, € [—0.5,0.5] and A,,; € [—0.25,0.25]. Since they
cannot be represented with an infinite precision, they must be quantized in some
way. Let us observe the impact of quantizing the coefficients by reducing the
amount of bits to represent them.

We considered a mid-tread and mid-rise uniform quantization with 1 to 10
bits, plus 1 bit for the sign. The major difference between these two types of
quantization is that the mid-rise one does not include zero as a possible step. For

8-7
N = 8 we have respectively 8 and — = 28 different values. We represented the

two types of quantization in Fig. B0 for the tensor approach.

Code Code

® Inputvalue
011 PP o1y s-e20e

® Assigned value
— Decision

010, 010

001 001

Real Value 000, Real Value
-0.2 -0.1 0.1 0.2 0.2

110) 110

(a) (b)

Figure 3.2: Mid-tread (B2&) and mid-rise (B22H) uniform quantization for the 56
unique coeflicients of tensor A quantized with 241 bits. In blue the real coeflicients
and their assigned code. In red the retrieved real value after quantization. The
code is given as a 3-bit string with 1 as MSB for negative value and 0 for positive
ones

With these modified coefficient values by the process of quantization, we have
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to evaluate the performance of the new transformation with the approximated
coefficients tensors or A. First, we briefly describe how the quality of the approxi-
mation can be measured.

Methodology to estimate the approximation quality

We know that the DCT has a high energy compaction capability, and this is a qual-
ity we would like to preserve even with approximation. We can follow the method-
ology suggested in [I5], in which the spectral structure is assessed. We consider
each row of the coefficient matrix C' as the coefficients of a FIR filter. Similarly for
the tensor representation we can change the tensor A to a two-dimensional tensor
T € RV**N? by flattening each N x N filter to a row of the reconstructed matrix
as shown in Fig. B4. The resulting matrix is given in Fig. B33.

|". o o A

| 0.2

II III III III III
0.15

0.1

0.05

|" . O
: ﬁl r. |f: l.l 005

-0.15

-0.2

Figure 3.3: T € R®*6%4 the flattened tensor A for N = 8, each row corresponding
to a filter.

Then we can obtain the transfer function related to each row of T’

64
Hy(w,T)=> Tipexp(—jnw) k=1,..,64 (3.1)

n=1

with w € [0, 7].
We define an energy-related figure of merit as the square of the difference norm of
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Figure 3.4: Method to flatten each N x N in A to a row of matrix T

the original DCT coefficients and their approximation.
Di(w, Th, Ty) = |Hy(w, T1) — Hy(w, Tz)|? (3.2)

Where T7 is the original tensor and 75 the approximation. This gives us an idea of
how well the approximation retains the spectral property of the original transform.
In Fig. B3 we compute D, for an approximation with 1, 2 and 6 bits for some
values of k, we can observe that the 6 bits is nearly exact as the original while the
1 and 2 bits present some differences.

We can finally define the total spectral error quantity as

5(Ty, Ty) = f: /07r Dy(Ty, Ty)dw (3.3)
k=1

Simulation

With this metric we can evaluate each quantization method with respect to their
resolution in B8 where we can see that the mid-tread better preserves the spectral
structure at low resolution compared to the mid-rise one. Also, we can observe
that the total error § decreases with the number of bits used for the approximation.
The metric 0 does not mean anything by itself, and should be used to compare
different approximations. For the purpose of setting a reference, we compute the
total spectral error of the original 2D DCT matrix 7" with the following transform
matrices; a constant matrix equal to 0.25, a random matrix uniformly distributed
between 0 and 0.25 and a zero matrix. Those transform have large total spectral
errors of respectively: 992.73, 465.83 and 201.06. This helps support ¢ as a good
metric to evaluate the quality of an approximated transformation.
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Figure 3.5: Spectral structure comparison: Dy, in function of w for 1-,2- and 6-bits

2D DCT approximation.
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Figure 3.6: Total spectral error ¢ for mid-tread, mid-rise and low quantization
scheme with respect to 2D DCT coefficients quantization resolution in bits.

Furthermore, after some experimentation with the placement of the decisions
steps in the quantization we were able to obtain slightly better performances on
average with the quantization scheme given in BZ7H. This proposed quantization
scheme has smaller quantization steps closer to zero, which avoids having too many
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values assigned to zero, at the compromise of a larger error at extreme values.

COdOﬁW COdD% ® |nput value
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02 0.1 0.1 0.2 -0.2 -0.1 0.1 0.2
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Figure 3.7: Mid-tread (B=Za) and low (B=2H) uniform quantization. The quantiza-
tion step is smaller for the low method resulting in less values assigned to zero and
more to the last step.

Conclusion

Increasing the amount of bits used to represent the coefficients past a certain point
does not have a large impact on the spectral structure of the 2D DCT, and even a
low resolution yields acceptable performance. We can safely guess that the energy
compaction of the DCT will not be impacted either when using low resolution
coefficients. We will strengthen this assumption with the following developments.
From now on, we will use the quantization scheme given in Fig. B7H.

3.3 Hard thresholding

We will now see the impact of hard thresholding high frequencies components of
the 2D-DCT to zero. The idea behind hard thresholding is that high frequency
components contain little information, which can be discarded. In practice, we
keep the n first coefficients of the 2D-DCT in zig-zag order and set the remaining
coefficients to zero, this corresponds to coefficient tensor Ayt , similar to the one
given in B3R.
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Figure 3.8: Coefficient tensor Ayt s keeping 28 coefficients matrices correspond-
ing to the 28 lowest frequencies terms of the 2D-DCT and setting the remaining
coefficients to 0.

3.3.1 Simulation

To measure the impact of hard thresholding on image quality, we compute the
forward 2D DCT with the hard threshold tensor Ay, on the test images, then
we compute the inverse 2D DCT with the full inverse tensor A’. We can then
observe the evolution of PSNR and SSIM in Fig. BT, where we can see that with
half the coefficients of the DCT discarded we keep a good image quality with a
PSNR of 35.5 dB and 95.5% SSIM. We can also observe, in Tab. B, that the
degradation in PSNR between the 241 bits and 1041 bits coefficients resolution
is negligible.
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Figure 3.9: Evolution of average PSNR and SSIM for different hard thresholding
level and bit resolution approximations

33.24 94.6
35.11 95.5
35.74 95.8
35.91 95.8

Table 3.1: PSNR and SSIM for n = 32 coefficients with 1-,2-,3- and 10 bits
coeflicients resolution.

3.3.2 Conclusion

From the previous results we can see that we can keep a PSNR above 30 dB with
only the 15 first zig-zag coefficients approximated with only 241 bits. From now
on, unless told otherwise, we will be working with n = 32 coefficients and tensor
A = Aprse with a resolution of 2+1 bits.

3.4 Noise

The previous sections have covered approximations and considerations which are
useful for an analog implementation. However, in the analog domain we have to
deal with additional non-idealities such as noise, mismatch and process variations
that lead to small variations around the expected values. This section is dedicated
to an analysis of their impact on the coefficients of tensor A and, in turn, the
consequences on the quality of the reconstructed image in order to budget the
maximal tolerated error.

44



We can consider two approach for modeling the perturbation of the coefficients:

1. Per coefficient error

2. Fully random error

In a first case, we consider that the same coefficients in A are subject to random
but systematic errors. We add an error term to each of the 56 unique coefficients.
This could represent the error caused by process variation in the DAC used in a
DCT unit where identical coefficients are also impacted in an identical way, i.e.
with the same error.

In a second case, we add an error tensor E € RV*N*XNXN t4 the coefficients
tensor A. In that case, identical coefficients can have different noise values. This is
a more general consideration of errors as we do not make the previous assumption
that the same coefficients will have the same error term. This representation is
more realistic in the case where multiple DCT unit work in parallel and the error
is not systematic.

We consider an additive gaussian error with zero mean e ~ N (0, 02) of variance
o? thus we construct the noisy tensor in the first case with the noisy coefficient:

With the UNIQUE operator returning the unique values contained in A.

For the second case we add a noise tensor to the coefficient tensor. Taking the 2D
DCT transform in a single matrix 7" as described in Fig. B=33.

T,=T+FE with E ~N(0,0%) € RN*V (3.5)
Thus the impact on the error term on the reconstructed image will be”
X' =T'Y =TT+ E)X =X+ TTEX (3.6)

. E .
We can see that an error term is added to theggreé%rgrducted image.

3.4.1 Simulation

To evaluate the impact of an error term we perform an analysis with the Monte
Carlo[tl] method with 50 random samples?. Let us first define the tolerance ¢
such that each coefficient lies with 95% (20) confidence within that tolerance. For
example if a,, & 1% it means

an=a+e~N <a, (0'(;1@)2) (3.7)

Tt is worth recalling that T is orthonormal such that T-' = T7.
2The random sampling is performed for each block.
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Remark: sum of IID random variable

Beforehand we can prove that the fully random approach will have less impact on
the PSNR than the per coefficient approach, we will briefly discuss this.

First we know that each term of the 2D-DCT can be obtained as the sum of
product of a coefficient ay;; with a pixel z;;:

8 8
Yk = Z Z Qi T4 (3.8)
i=1j=1

From the fully random approach and knowing that the mean and variance of a
random variable X multiplied by a constant K is given as E[K X] = K - E[X] and
V[KX] = K?-V[X] we have:

QA kij * Tij ™~ N (an,kijxija (l’ij : 0)2) (3-9)

Since the random variables a, j;; are independent we have that the mean and
variance of the sum of independent Gaussian variable is the sum of individual
mean and variances such that:

g8 8
Yn,k = Z Z Qn, kijLij ~ N (Z A kijLij, o’ Z 33@2]> (3-10)
i=1j=1

For the per coefficient approach, for ease of development let consider a single
coefficient a,, = a + e ~ N(a, 0?) such that:

8 8 8 8
Yn,k = Z Z Qn kijLij = Ank Z Z Lij (3-11)
i=1j5=1 i=1j5=1

We can take a,, out of the sum since we have the same error term added to the
same coefficient, thus the distribution become:

8 8
e Y2 iy ~ N (s Y iy 0* (Y wiy)?) (3.12)
i=1j=1

By comparing the distributions given in B12 and B0, they have the same mean
as expected bu the variance is a bit different. From the Cauchy-Schwarz inequality

we have that )
doa? < (Z ZL‘) (3.13)

This explain why we have better performances with the fully random approach.
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Figure 3.10: Monte Carlo Simulation with 50 draws of PSNR and SSIM for differ-
ent tolerance values. We do not hard threshold the coefficient and infinite PSNR
was clipped to 150dB.

Results

The results of the Monte Carlo simulation are gathered in Fig. BT10. As expected,
we can see that the PSNR and SSIM for the fully random approach is a bit higher
than the per coefficient approach for the same tolerance level. Furthermore, the
bit resolution has a big impact on the sensitivity of an error term. High resolution
approximations are nearly insensitive to error terms while low resolution approx-
imations are more sensitive. For 5% tolerance with 2 bits resolution we obtain
PSNR of 53.82dB, which we can consider as good performance.

Also, we have only considered stochastic error since systematic errors could be
compensated by a calibration phase for example by adapting the coefficients of the
inverse DCT.
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3.5 Results summary

We can combine the approximation and hard thresholding for a chosen tolerance
level to observe the cumulative effects on PSNR and SSIM. The results are shown
on Fig. BTN, We can see that the degration of PSNR caused by considering a
tolerance level of 5% on the coefficients value with hard thresholding with n = 32
is negligeable, it decreases the PSNR and SSIM by less than 1%. We could increase
considerably the tolerance on the coefficients without degrading the image quality
as shown in Fig. B2 for a 2 bits resolution and n = 32.

PSNR SSIM
36 0.96 )
——Hard thresholding
35.5 0.955 ——Hard thresholding+noise
% 35
S, s 095
o 345 5
G 34 N 0.945
o
335 0.94
33
2 4 6 8 10 2 4 6 8 10
bits [#] bits [#]

Figure 3.11: PSNR and SSIM of combined hard thresholding with n = 32 and
t = 5% tolerance.
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Figure 3.12: PSNR and SSIM of combined hard thresholding with n = 32 and
t = 5% tolerance.

Finally we can observe qualitatively the impact of hard thresholding and noise
in Fig. B13. With a tolerance of t = 5% for the middle image we can observe little
degradation of the image, edges are less sharp and there are some graininess with
a relatively strong PSNR of 39dB. For the third image, with a PSNR of 35.58dB,
with ¢ = 30% we can clearly see graininess on the zoomed image. The degradation
of image quality is more noticeable.

Further analysis will be focused on the actual hardware implementations, and
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in the next chapter we will introduce MANTIS, an SoC with SCAs MAC units.

PSNR=39.83db SSIM=39.83% for n=32 t=5% PSNR=36.58db SSIM=88.75% for n=32 t=30%

Original

Figure 3.13: Original image and 2 compressed decompressed images with 2 bits
approximation and n = 32. The middle image has t = 5%, the third has t = 5%.
The second row is a zoom on the blue box of the full size images.
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Chapter 4

Hardware implementation with
MANTIS

MANTIS is an SoC built at ECS group at UCLouvain, a high-level diagram of the
chip is given in Fig. ETH.

A
128x128
Imagexsensor Cortex-M4 3T pixel array
£ 128H x 128V
LMEM | DMA controller £
PL230 e
AHB bus4 4 4
v \Z
Analog core lm:gnet:jl:?or
| PMEM - DMEM-*%
DCMI JTAG SPI By ]
| master slave | GPIO || master j (8kB)——(8kB)
[ 4
R
(a) MANTIS SoC high level diagram (b) MANTIS SoC layout

It features:
o An 128 x 128 image sensor composed of an array of 3T APS pixels.

o An analog core capable of performing MAC operations with eight switched-
capacitor amplifier (SCA) working in parallel on 16 x 16 blocks of pixels of
the image sensor with configurable 3+1 bits multiplicative coefficients. It is
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driven by a digital controller. It also embeds 8 SAR ADC’s. The LMEM
allows to store 32 16 x 16 coefficients matrix used in the MAC units.

« A program and data memory (PMEM and DMEM) of 2000 words of 32 bits
(8kB)

e A local memory (LMEM) used to store the coefficients of the analog core for
the MAC operations. It has a size of 512 words of 64 bits (2kB).

e A Cortex-M4 processor clocked at 4 MHz.

o A DMA controller which allows memory transfers between peripherals with-
out the need of the Cortex-M4 processor.

e A master digital camera memory interface (DCMI) to transfer the pixels
outside the SoC. Either raw from the image sensor or processed by the analog
or Cortex-M4 processor.

e The processor, the image sensor controller, the memories and all the periph-
erals are connected with an advanced high-performance bus (AHB)[?] which
is an on-chip bus protocol with a 32-bits bus width allowing fast transfers.

We will now describe in details the analog core, how we will use it to perform
the 2D-DCT and its limitations.

4.1 Analog core

The analog core contains 8 independent MAC units each one made of a single-ended
SCA (Fig. B2) and 16 programmable capacitors (C;) for the multiplication (Fig.
ARa) and a variable feedback capacitor (Crp) to tune the gain (Fig. E8H). We
can control the operation of the SCA handle positive and negative weights. Since
the OTA is single ended, the zero is the common mode voltage Vo = Vpp/2 and
we can consider values below V), as negative and above as positive.

4.1.1 Switched-capacitor amplifier

In Fig. B2, we can see an SCA composed of an OTA, 16 input signals (V)
with their respective programmable capacitors C; and phase control signals ¢ ;,
¢2,; controlling addition or subtraction and finally the variable feedback capacitor
Crp. The programmable capacitors are controlled digitally with by a 4-bits weight
WI3:0] which activates or deactivates transmission gates to binary-scaled unitary
capacitors as shown in Fig. B8. The MSB W3] gives the sign of the weight,

51



gbl,sc

Ve
Crp ! b1
(™

Te
\e A

¢1,1 ¢2,1

Vvin,l o—

C
¢1,16 1(;
Vin,16 o—

$216 Veu

|||—\—

Figure 4.2: MANTIS switched capacitor amplifier

positive for W[3]=0 or negative for W[3]=1, and it will influence the control signal
¢1,; and ¢9; of the corresponding input. The three LSBs control the value of C;
between 0 to 7C,,.

¢1,sc

Vem
_T ) C[F |B /¢1,sc
x H ®2,5¢

v y >

Vout

Veu

Figure 4.3: MANTIS switched-capacitor amplifier with a single input
To explain the working principle of the SCA either for addition or subtraction
we will use a simplified SCA with a single input as depicted in Fig. =3 with

the timing diagram of the signal ¢1, @2, ¢1 5. and ¢y 5 given in Fig. B4 either for
addition or subtraction.
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Figure 4.4: Timing diagrams for addition and subtraction with SCA. With a clock
of 4 MHz.

Starting from the circuit in Fig. B3 we will observe the evolution of charges
between the phases knowing that charges are conserved between phases? to deter-
mine the output voltage. We recall that the amount of charges that a capacitor
can hold is given by:2

Q =CAVy (4.1)
We also make the following assumptions to simplify the development:

o We do not consider charge injection cause by the switches.

o The OTA is considered ideal: No offset voltage and infinite gain.

These assumptions are detailed in appendix [Al

Addition

Before the first phase we enable the OTA. During the first phase, the reset phase,
we charge the node Vaprprn— to Vs and we connect Cy to Vi,.

Then during the second phase, the sampling phase, V;, corresponds to the analog
pixel, such that the charges at node Vipprv— in Cy and Cpp become:

Q(t=Ty)=—-Cy (Vin — Veu) (4.2)
Qrp(t=T,)=0 (4.3)
The third phase consists in connecting the sampling capacitor C; to ground and

transferring its charges to C'rp such that the charges contained in each capacitors
become:

Qit=1T5)=C1-Vou .
Qre(t=T5;)=—Crp - (Vou — Vour) (4.5)

'Without considering the charges injected by the switches.
2We expect the phases to last sufficiently to charge completely the capacitors.
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Figure 4.5: Three phases of operation for addition with SCA.
By conservation of charges at node Vayprv— between the two stages, since during

the transition period all switches are open and no charges leak outside this node,
we have to fulfil:

Qra(t=Ty ) +Qi(t=Ty) = Qrp(t =T ) + Q1(t = Ty') (4.6)
0—Chr- (Vin —Vem) = =Cra - Vour — Vour) + C1 - Vou (4.7)

Which leads to the final expression of V,;

C
Vour = Verr + ——Vin (4.8)
C’FB

Subtraction

Subtraction is obtained by first setting C; to ground and Crp to Vops. This lead
to the following charges being stored in the capacitors

Qi(t=Ty) =Cy - Veu (4.9)
Qrp(t=T) =Cpp- AV, =0 (4.10)

During the last phase, we load C with V;,, and connect Crpg to V,,;. Doing so,
we know that the charges stored in each capacitors at ¢ = T3 are

Qt=T5)=-Cr (Vi — Vou) (4.11)
Qrp(t =15 ) = —Crp - (Vou — Vou) (4.12)
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Figure 4.6: Three phases of operation for subtraction with SCA.

As for the adder, the charges at node Vayprn— are conserved between phases
2 and 3 such that

0+ Cl : VCM = —01 : (‘/;n - VCM) - C’FB : <Vout - VCM) (4'13)

Which leads to the final expression of V,;

‘/;ut = VCM - C,CF’lBV;n (414)

Multiple inputs

We can connect multiple inputs with their capacitor to the negative input node of
the OTA as in Fig. B2. For each input, we either perform an addition or subtrac-
tion by changing their respective control signals ¢; and ¢o with the multiplexers
shown in Fig. B=8a. The resulting output voltage is thus given by

16 if 1
Cheii _ 1 ifxis 0
i = + Wiil3]) - =2V, .;  with
Vout.j = Vour ;:1:0( kjil3]) Cpg ™ ! o(z) {—1 ifxis1
(4.15)

Equation B3 performs the MAC operation on a single row of the coefficient matrix
k with a 16 x 16 pixels block, which correspond to a single element yqo ; as presented
in Fig. B10. In the next section we will see how we can accumulate all the rows
by storing each partial result on a sampling capacitor.
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Figure 4.8: Coefficient and feedback capacitors

4.1.2 Sample and hold

Since now we have only seen the computation of a single row, to compute the 16
rows we store intermediate row results on capacitors as show in Fig. B9. The
image sensor controller controls the switches sequentially until the 16 rows are
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stored on each capacitor C,. Then the controller closes all the switches such that
the voltage V,,; become by charge conservation®

1 1 16 16 ijz
‘/out - Z ‘/out,j VCM + = Z Z ijl 3]) ’ 7‘/;%]4' (416)
16 16 := i Crp
¢1,sc
Vem
- Cra g,
e £
¢2 1 ¢2,sc
V'm 1 06— x o -

\ out to SAR ADC

out,16

Cie p \ out,1
®1,16 bl r L

Vin,16 o— v
br16 o

Figure 4.9: Switched capacitor amplifier with charge sharing

1™
T

4.1.3 SAR ADC

The output voltage V,.;, after charge sharing, is digitized with an 8-bit SAR ADC
in the image sensor controller. The data is then further processed in the Cortex-M4
processor or transfered with DMA to the DCMI.

We do not consider any noise in the SAR ADC, such as comparator noise,
thermal noise and internal DAC noise.

4.1.4 Analog core controller

The controller works in a row-wise fashion as shown in Fig. B-10. Each coefficients
matrix are stored in sixteen 64-bit word in the LMEM, since each weights are 4-bit

3Example for 2 capacitors:

1. Before: Q1 = C,V; and Q> = C, V5

Vi+Vs
2

2. After: Qf = (Q1 + Q2) = 2C, Vo such that Vo, =
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long, the 64-bit word corresponds to the 16 coefficients of one row of the filter. We
define the block column and row € [0, .., 7] as the index of a 16 x 16 blocks in the
image sensor as shown in Fig. B—TT.

We can describe the controller operation with the pseudo code given in Algo. .

Algorithm 1 MAC operations controller
ypart (e R8><16

y+ 0€R®
for i =0to 7 do > Each vertical blocks
for k =0 to nyys do > Each coefficient matrix
for [ =0 to 15 do > Each row of block
yfmt—i— = Wiy X Vipa > Compute each partial DCT
end for
y =1,y > Charge sharing
TO REG(ADC(y)) > Writes the eight 8 bits results to register
end for
end for

1. The 8 MAC units work in parallel to perform the MAC operations row by
row and stores each partial results on the sampling capacitors.

2. When the 16 rows are computed, the results are digitized in parallel by eight
8 bits SAR ADCs which write the digital values in a 64 bits register, each 8
bit corresponding to the results of a block of the image.

3. For the same block row, we compute each filters with their coefficients stored
in the LMEM.

4. Once all filters are computed for the first block row we perform the same
operation for the next block row and so on for the remaining 6 rows.

Remarks The feedback capacitor is also programmable but we can only pro-
gram it at the beginning of the acquisition. Such that Crp is constant for every
coefficient matrix.

4.2 Analog core limitations and non idealities

Now that we have seen the general operation of the analog core, we will discuss
some non idealities and hardware limitations specific to the MANTIS analog core
architecture.
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Figure 4.10: MAC operation of coefficients W), with a 16 block. With the &
operator corresponding to a row-wise MAC. Indices are given in hexadecimal rep-
resentation.

4.2.1 Weights and saturation

We recall the output voltage equation of a single row MAC operation

16
C
Vour = Ve + > o(Wi[3]) - C—vn (4.17)
i=1 FB

With the implemented programmable capacitors shown in Fig. EZ8 we have the
possibility to select the following values:

o Cz S [O, ,7] . Cu
e Cpp € [1,,8] 4.0,

%

Thus the ratio
Crp

ranges in:

G ¢ [0,1/32,...,7/32, ..., 7] (4.18)
CFB

We know that the dynamic range of V,,,; at the output of the SCA is limited by the
power rails Vg and Vpp of the OTA such that V,,; € [0V, 1.2V]. Thus, knowing
Vem = Vpp/2 = 0.6V, the SCA will not saturate if the following conditions are
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Figure 4.11: Block decomposition of the 128x128 image sensor

respected:
16 C.
0<Vem+> o(Wi3])+ —Vip; < 1.2 (4.19)
i=1 Crp
16 C.
—0.6 <> o(W;[3]) - 5 Vin: < 0.6 (4.20)
i=1 FB

Knowing that V;, ; are voltages comprised between 0 and 1.2V corresponding to
pixels intensities and considering normal operation without over or under exposure
we can expect that most acquired pixels will be at 0.6V, we can confirm this
assumption by observing the cumulative histogram of the images data set shown
in section B, where we scaled the 8-bit amplitudes comprised between 0 and 255
to a linear voltage comprised between 0V and 1.2V. The mean and median pixel
intensity are respectively 0.60V and 0.63V.

Considering a constant filter by setting all the weights to the third smallest
possible positive value of 3/32 we see that we will hit the upper boundary of the
previous condition.

3
16+ 55 0.6=0.9 £ 0.6 (4.21)

We will thus saturate the output and we will have an undesired behaviour of the
MAC unit. This will be a limiting factor in order to obtain good results to compute
the DCT.
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Figure 4.12: Cumulative histogram of the 6 images presented in section BT with
the 8-bit depths amplitudes scaled between 0V and 1.2V.

4.2.2 SAR ADC consideration

Since now we were working with real values since we considered all the previous
steps to be performed in the analog domain. But once the DCT is computed
we need to go to the digital domain for further processing, this is done with an
analog-to-digital converter (ADC).

The ADC has a finite resolution such that there will exist a difference between
the analog signal and the quantized signal. This is called the quantization error as
shown in Fig. B13. For an ideal ADC the maximum quantization error depends
only on the resolution of the ADC (V) and the full scale range (FS) and is given

as:
FS

Q= ON+1

(4.22)

4.3 2D DCT with mantis

Let us first see how we compute the DCT with Mantis, we have seen that the
output voltage at the output of the MAC unit is given by

16 16 Ck 'i
V:Jut VC’M -I' Ti Z Z Wk]z . C_j‘/gn,ji (423)
] 1i=1 FB
We can rearrange the previous equation to look like:
16 16
Vour = Verr =D aiji Vinji (4.24)
j=1i=1
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Figure 4.13: 3 bits ADC quantization error highlight

O
16 Crp “
From the tensor form of the 2D DCT, Y,, = A,4;; X’*, we can rewrite tensor
A as N? coefficient matrices A* € RN with k corresponding to a unique pair of
indices (p, q) of tensor A,, = A* with p,q € [0,.., N] and k € [0,..N?].

with oy = o(Wi;i[3])

N N
YE =33 Ab -z with AF e RV, (4.25)

j=11i=1
We want to match the colored terms in equations and B3, therefore we define

A the 3-bit approximation of tensor A with quantization shown in Fig. B14

kE o Ak _
Al Al == (4.26)

and knowing that the programmable capacitors Cjj; and Cpp written in term of
the 3 LSBs of W and S

i = 32 Wil - €. (127)
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Figure 4.14: 3-bit approximation of the coefficients in A with the corresponding
digital code

such that

1o 2 Wi 1]

1
— - o(Wi;(3)) - 1. <E72n=0(2m - S[m]) + 1)

16

(4.29)

Qs =

The orange term corresponds to the approximation Afz if the weight of the
feedback capacitor is set to its maximum value of 7, resulting to Crg = 32 - C,,.
The division by 4 is required since the quantization scheme considers values ranging
between 0 and 1/4 = 0.25.

Selecting S = 0b111 and Wy,; as the digital code of the approximated coefficient

/Alfz we will have

16 16
Y =16 (Vow — Veur) = ZZA’“ inji (4.30)
j=1l:=1
In practice we construct the tensor Ak € R16¥16 g the up-sampling by two in

each direction of the 2D DCT coefficient tensor for 8 x 8 blocks. This is equivalent
to down sampling the 128 x 128 image by average pooling of size 2 x 2 to an 64 x 64
image. So it matches the developments done in the previous chapters.
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4.3.1 ADC and saturation impact on image quality

Following the development made in chapter B we can simulate the impact on image
quality of performing the 2D DCT with MANTIS by considering saturation of the
SCA and quantization error.

Let first consider a more general case with two degrees of freedom:

o The ADC resolution;
o A programmable feedback capacitor.

The first allows to control the resolution of the digitized signal V,,; and the
programmable feedback capacitor allows to control row wise saturation as was
previously discussed in section 2711 Increasing the feedback capacitor will reduce
the risk of saturation, such that in the analog domain we have

16 16 S0 2 Wisll]) Cu
Voww = Vorr + 76 3 > 0 (Wisi3 . - )Gy, (4.31)
] 1i=1 ngp - Ly

with the feedback capacitor given by Crp = ngp - C, with ngpp a positive
natural number which is, for MANTIS, a multiple of 4 between 4 and 32. The
saturation condition of a single row become

16 27 QZWZ l
—0.6 <> o (W;[3]) - Zlon’”[]vn <0.6 (4.32)
j— FB
16 2
—0.6nrs <> o(W;[3]) - <Z QZW,@-[ZO Vini <0.6-npp (4.33)
=1 =0

Ideally we should not saturate for the worst case of pixels and coefficients, V;,; =
1.2V and 27 2'Wyi;[l] = 7 Vi and finally W,[3] = W3[3] Va # b. Therefore we

can find the ideal npp as

Which corresponds to a feedback capacitor at least 7 times bigger than the one
already included in the SoC. Let us simulate the impact of saturation on image
quality, for this simulation we consider the 64 3-bit approximation of 2D DCT
filters without additive noise. We can observe the results of the simulation in
figure BET3. We observe two distinctive trends, for npp < 40 the SAR resolution
has no influence on image quality. Thus the saturation of the SCA dominates the
degradation of image quality. For npp > 40 we see that for each SAR resolution
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Evolution of PSNR for different ADC
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Figure 4.15: PSNR and SSIM evolution with respect of feedback capacitor and
SAR ADC resolution. For 3+1 bit coefficients approximation and 64 filters.

we reach a peak then the image quality decreases. This means that the saturation
of the SCA does not dominate the degradation of image quality, but the limiting
factor is the SAR resolution. After the peak, the image quality decreases, this is

> 2 Wi 1]

explained by the fact that if npp is too large, the term Vin,i will not

nrpB
cover the full scale comprise between —0.6 and 0.6V such that increasing ngp for a
constant SAR ADC resolution is equivalent to loosing resolution of the SAR ADC
since the input of the ADC does not cover the full scale range.

Unfortunately we see that with 3-bit coefficients approximation on MANTIS
with an 8-bit SAR ADC and a maximum of nrpg = 32, even with 64 filters which is
greater than the actual maximum amount of 32 filters that MANTIS can handle,
the performances are quite low at around 20.3dB and we can conclude that the
limitation is caused by the saturation of the SCA and not the SAR ADC resolution.
But as we have seen in chapter B, we can decrease the resolution to 2 bits, which
in this context is similar to multiplying nrg by two. We obtain decent results with
64 filters as shown in Fig. B0@. With an 8-bit ADC and npp = 32 we have a
PSNR of 33.06dB and 96% SSIM. We can finally observe in Fig. B2 the impact
of hard thresholding with an 8-bit SAR ADC and npp = 32. With MANTIS, we
can at most use 32 filter, which correspond to hard thresholding of the 32 highest
frequencies filters, we have a PSNR of 27.74dB and 91% SSIM.
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Figure 4.16: PSNR and SSIM evolution with respect of feedback capacitor and
SAR ADC resolution. For 2+1 bit coefficients approximation and 64 filters.
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Figure 4.17: PSNR and SSIM evolution with respect of the amount of filters for
2+1 bit coefficients approximation and 8-bit SAR ADC.

4.3.2 Results summary

To summarize we have three sources of degradation on the reconstructed image,
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« Hard thresholding @
e SCAs saturation

« 8-bit SAR ADC

As stated previously, even though MANTIS handle 16 x 16 pixels block, we
perform the 2D DCT on 8 x 8 block by up sampling the coefficients which is similar
to downsampling the original 128 x 128 pixels image to a 64 x 64 pixels image as
shown in Fig. BI8.

Original 128X128 Downsampled 64X64

Figure 4.18: Downsampled image

In Fig. 19 we can observe qualitatively the cumulative degradation caused by
each step. The hard thresholding already sets the PSNR to 30.67dB. Then there
is little degradation caused by the SCAs saturation, the PSNR decreases only by
0.33dB. Finally the 8-bit SAR ADC decreases the PSNR by 2.59dB to 27.75dB.
From these results we can conclude that we need at least 32 filters, we can tolerate
some saturation to an extent but the resolution of the ADC becomes critical if we
want to maintain sufficient precision while preventing saturation.

4.4 Digital implementation

MANTIS integrates a Cortex-M4 processor which allows further processing of the
results of the analog MAC units. We utilized this processor to perform the two

4In appendix B we performed the simulations and impact of hard thresholding for 64 x 64
image pixels. Results are a bit lower than for 128 x 128 images discussed in chapter B.
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1. Hardthresholding: PSNR=30.67db 2. Saturation: PSNR=30.34db 3. 8-bit SAR ADC=27.75db

Figure 4.19: Impact of non-idealities

last steps of the JPEG algorithm; quantization and Huffmann encoding.

Why quantizing before encoding? The goal of quantization is to reduce the
amount of bits necessary to reprensent a value. For example, if we quantize the
8-bit integer 255 by 16. Originally we would need

255 =0b11111111 (4.35)
255
Quantized {1_6w = 16 = 0b00011111 (4.36)

While 255 needed 8 bits, the quantized value,16, could be represented only by its 5
MSBs. Without quantization, we will have a lot of integer covering the whole 8-bit
range, such that entropy coding those values will not have the expected behaviour.
We will end up with encoded data larger than the raw data! For example, if we
had not quantized the value 255 which is at least represented with 8 bits.
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The way the data is entropy encoded in the JPEG algorithm would result in a
bitstring looking like:

255 — 0b 11110 1111 1111 encoded data length =4 + 8 = 12bits  (4.37)

255 in binary representation

Huffman code corresponding to 8 bits length

Which is significantly greater than the original 8 bits. Without quantizing,
such cases are more frequent.

From the previous remark we see that quantization is sometimes necessary if
we want to compress the raw data depending on the condition of operation. In
our case, we can observe the histogram of the 2D-DCT performed with mantis in
Fig. 20, where we can see that most values are centered around 0, thus we can
expect that huffman encoding on the raw data will be able to compress data.

50

Frequency [%]
w
o

-20 0 20 40 60 80 100
digitized value of 2D-DCT

Figure 4.20: Histogram of raw centered 8-bit 2D DCT values.

4.4.1 Description of the digital implementation

In order to encode the raw data coming from the analog core we have to store the
raw data in the DMEM which is available to the Cortex-M4 processor. Therefore
we configure the DMA to transfer one of the two 64-bit register containing the
eight 8-bit raw DCT values corresponding to one filter applied to the eight blocks
of a row to a buffer, img_fragment, allocated in the DMEM . The DMA works in
a Ping-Pong fashion, filling img_fragment 64-bit by 64-bit with the content of one
64-bit register then the other. It is triggered by an interrupt request (IRQ) gen-
erated by the image sensor controller when one of the 64-bit register is filled. For
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timing constrain reasons, we first completly stores the full 2D-DCT in the buffer
before quantization and encoding, such that the size of img_fragment corresponds
to ngis - 8 - 8 = 1984 bytes for ngis = 31°.

Once the buffer is filled, we perform quantization and entropy coding as de-
scribed in the JPEG ISO. The encoded data is then sent trough the DCMI. The
pseudo code is given in Algo. B, where we can observe that the code is split into
three main functions wich respectively:

e read_block: reads the img_fragment and reconstruct the actual block.
« quantize: quantize the values of the DCT. B

e encode_block: Entropy coded the block and sends it to the DCMI.

Algorithm 2 Embedded pseudo code
img_ frag < malloc(ngys - 8 - 8) > Image buffer

function ENCODE( )

for row =0 to 8 do > Each row
for col =0 to 8 do > Fach column
block <— READ_ BLOCK(img__frag,row, col) > Read
block <— QUANTIZE(block) > Quantize
ENCODE_ BLOCK (block) > Huffman
end for
end for

end function

function bMA__1RQ( ) > Fill buffer by DMA
img_frag[i] « IMAGE_SENSOR_DOUT > Each pixels
if i< 1+1==ngys -8 8 then > Filled
ENCODE( )
end if

end function

The complete C code is given for reference in appendix O included with a
custom Python Huffman decoder.

®Due to an hardware bug we can not have 32 filters.
Sin practice this is performed during read_block for optimization
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Memory constrains The embedded program and data memory are only 8kB,
we had to be careful while implementing the firmware to respect these memory
constrains. Some basic rules were followed to reduce the usage of PMEM:

o Constants, such as Huffman codes, were encoded with the smallest data type
possible.

o All unnecessary functions, such as printf, were carefully commented.

o We used the optimization flag -0s in which tries to generate the smallest
compiled code.

With these optimizations, we could obtain a compiled code of 5252 bytes which fits
the 8kB PMEM. Similarly we had to be careful while allocating dynamic memory
in order to not overflow the DMEM.

4.4.2 MANTIS power consumption estimation
We can distinguish three modes of operation:

o RAW: the raw data coming from the analog core is sent through the DCMI
without processing.

e Huffman without quantization: we encode the raw data without quantiza-
tion.

o Huffman with quantization: We encode the quantized data.

The whole digital part of the SoC is designed with the Cadence software’s
stack, since we were not able to have access on time to the physical chip, we have
performed power consumption analysis with the Cadence simulation stack. Since
the analog core is not simulated physically, only the behaviour is simulated, we
have to make some assumptions from results obtained with analog design tools
such as Eldo.

MAC unit

A single MAC unit was simulated with Eldo for a single block of an 16 x 16 ran-
dom image with voltages uniformly distributed between 0V and 1.2V and the
coefficients of the 2D DCT 2 bit approximation. Running at 4MHz with typical
process corners and a temperature of 25 °C we obtained an average power consump-
tion of pavgmac = 9.43uW. The MAC unit needs 6 clock cycle to operate correctly,
we can then estimate the energy consumption of a single MAC operation as

N, cyc, MAC

Eniac = 7
CLK

* Pavg,mac — 1415PJ (438)
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wich corresponds to multiplication and addition of 16 pixels by 16 coefficients. A
single pixel will thus on average require Epix = 1/16 - Eyjac = 0.88pJ/pizel.
Analog core

In practice, we estimate the analog core and the required bias and reference current
sources generation with the values given in table 1 @

Image sensor and analog core 197.77
MAC units 2.33
Reference current sources 0.05
Bias voltage generation 19.7

Table 4.1: Average power consumption of analog core circuits.

Digital parts

To estimate the power consumption of the digital parts of the SoC, we used activity
annotation on post route physical simulations. Then to extract the power reports
we used Innovus report_power tool, which gives the internal and switching power
consumption.

RAW For the raw mode, there is no processing on the pixels done by the Cortex-
M4, the data is simply sent to the DCMI. We obtained, from the simulation, the
results given in table B2. It requires 266.64p.J/pixel and 6.2ms to compute the
first 31 filters of the DCT and transmit the 31 -8 -8 = 1984 bytes to the DCMI.
Even though there is no entropy coding, we can consider this mode as a lossy
compression scheme such that we achieved to store an image of 64 x 64 = 4096
pixels on 1984 bytes. Resulting in a bits per pixel (bpp) measure of 3.3875bpp and
a PSNR of 27.75 dB.

Huffman encoding without quantization For this mode of operation, we
have to distinguish two phases of operation: the first phase, the acquisition, fills
the buffer img buffer while the second phase, the encoding, reads the buffer
and encodes it in order to send it to the DCMI. For the acquisition stage, the
image sensor and the analog core are powered on, this phase lasts 6.2 ms. Dur-
ing the encoding phase, only the Cortex-M4 needs to stay on, the image sensor
and controller are powered off, such that we can consider that they do not draw

"Values obtained thanks to the designer of Mantis, Martin Lefebvre.
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Internal 366.12 2257.13 137.76
Switching 122.74 756.69 46.18
Image sensor and analog core 200 1233.00 75.26
Image sensor 197.77 1235.58 74.80
MAC units 2.33 14.42 0.88
Reference current sources 0.05 0.31 0.02
Bias voltage generation 19.7 121.45 7.41
Total 708.61 4368.58 266.64

Table 4.2: Average power consumption for raw pixels sending with 31 filters with
a duration of 6.2ms .

current during this phase. The encoding lasts in average 54.77ms. The power
simulation results are gathered in table EZ3. Such that the total energy consump-
tion is 1497.06pJ /pixel for a processing time per frame of 61.57ms. It achieved a
compression rate of 1.705 bpp while maintaining the image quality to a PSNR of
27.75dB.

Internal 269.84 1673.01 102.11 273.47 16681.67 1018.17
Switching 67.14 416.27 25.41 72.04 4394.38 268.21
Image sensor 197.77 1235.58 74.80 0.00 0.00 0.00
MAC units 2.33 14.42 0.88 0.00 0.00 0.00
Reference current sources 0.05 0.31 0.02 0.00 0.00 0.00
Bias voltage generation 19.7 122.14 7.45 0.00 0.00 0.00
Total 556.73 3451.73 210.68 345.51 21076.05 1286.38

Table 4.3: Average power consumption and energy consumption for 2D DCT with
Huffman encoding.

During the encoding phase, we can distinguish three main steps, as was previ-
ously discussed in algo. B. For this mode of operation, we only have the two steps
read_block and encode_block that are called for each block which for each block
lasts 87us and, on average, 768.80us®. Such that the processing time of the en-
coding phase is respectively 10.16% and 89.83% for these two functions. Knowing
that we can evaluate the power consumption repartition of each step, in the pie
chart in Fig. B0 and table B4. To estimate the power consumption of the 2D
DCT, we consider the total energy consumed during the acquisition phase and we
subtract the energy consumed by the image sensor. To estimate the duration of
the 2D DCT we consider that it takes 6 + 8 = 14 cycles to compute the 2D DCT
with the SCA and digitize its result with the 8-bit ADC.

8These values were obtained by measuring the average duration of the function calls.
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81.26%

2D DCT 135.882 218.75!
Read block 130.7 339.64
Encoding 1165.68 3003.26

Figure 4.21: Power repartition, Table 4.4: Summary of energy per pixel and du-

no quantization. ration for each step.

Huffman encoding with quantization First we can observe the impact of
quantization on PSNR, SSIM and bpp in Fig. B222. Therefore we define a quality
factor (QF) ranging from 1 to 100 which apply a scaling factor on the quantization
matrix given in the JPEG ISO. Such that a QF of 1 correspond to a matrix full
of 255 and an QF of 100 correspond to a matrix full of 1, the first quantizing all
elements of the 2D DCT to 0, the second keep the elements as is. We see that
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Figure 4.22: Impact of quantization on PSNR, SSIM and bpp

even tough we gain in compression we lose quickly in image quality, the choice of
the necessity of a quantization and the value of a quality factor will depend on the
required tolerance on image quality. In our case, introducing a quantization will
decreases the too much the quality of the image. We will still study the impact of
quantization done in the Cortex-m4.

Starting with the results of previous paragraph, the quantization function lasts
536.58us per block resulting in an added processing time of 2097.1ns/pixel But,

16 cycles SCA and 8 cycles ADC for 16 pixels at 4MHz
2We consider the power consumption of the acquisition phase without taking the image sensor
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since there are less bits to encode per block, the encoding function is quicker.
For example with a QF of 80%, the average encoding step per pixel is only
699.52n.s /pixel.

M read_ block
@ 2D DCT
Qe
& 2D DCT 135.88 218.75
19.6% Read block 130.7 339.64
Quantization 724.57 2097.1
Encoding 241.69 699.52

Figure 4.23: Power repartition, Table 4.5: Summary of energy per pixel and du-
with quantization. ration for each step QF=80%
We can see in Fig. B223, that the quantization steps dominates. But since we re-
duce the amount of bits transferred, the overall energy consumption decreases
compared to the encode mode without quantization. With also the consequence
of loosing image quality.

Results summary We summarized the results in table EG.

. 266.64
1.71 | 27.75 61.57 1497.06 16.24
0.9 22.5 54.67 1232.84 18.29

Table 4.6: Results summary for the 3 different modes of operations.

We can see that we can operate MANTIS with different embedded firmware in
order to tune the tradeoffs between energy consumption, compression ratio, PSNR
and image per second. Current state of the art [9] ultra-low power transmitters
achieve as low as 7 pJ/bit for -33 dBm of radiated power. With the encoding
scheme implemented in the Cortex-M4, comparing the RAW mode with the mode
with the mode with quantization we can reduce the amount of bits by a factor 3.384
while consuming 966.2 pJ/pixel more. For the case of a 64 x 64 image, we save 10
199 bits for the additional cost of 3.957u.J, compared with the 71.4nJ that would
have been necessary to send the 10 199 bits with an ultra-low power transmitter.
But with the raw mode, achieving a 3.39 bpp requiring 1.092u.J to process a 64 x 64
image then 0.097u.J to send the compressed image, compressing the image instead
of sending a full 8 bit depth 64 x 64 image that would have required 2.294u.J thus
we divide by two the energy required to send the uncompressed image.
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Chapter 5

Possible improvements

In the previous chapters we have seen a few limitation with the MANTIS SoC that
have contributed to degraded performance in the context of 2D DCT. MANTIS
was not originally built to compute the 2D DCT, thus specific requirements in
order to do so were not met by design. The main limitations are coming from

e The amount of coefficient matrices limited to only 32 filters, and thus 32 2D
DCT coefficients.

e Saturation in the SCAs.

« 8-bit SAR ADC.

5.1 Hardware improvements

As we have seen in chapter B and B, using a 9-bit ADC with a feedback capaci-
tor 25% bigger than the current one in the SCA and doubling the LMEM from
4kB to 8kB to be able to store the 64 coefficients matrix of the 2D DCT would,
according to our simulation, increase the PSNR to at least 38.78 dB. Doing so,
would also increase the effective area of the chip and also increase the power con-
sumption, first because doubling the amount of filters, doubles the times the SCAs
need to operate, increasing the resolution of the ADC also increases its power con-
sumption since it requires a higher resolution DAC thus more capacitors to charge.

We could also consider a more appropriate hardware architecture, in MANTIS,
the SCAs have 16 input and we have seen that saturation occurs, leading to degra-
dation of the resulting image after decompression. In fact, the saturation depends
on the coefficients matrix if we have a lot of big coefficient in the same row, the
SCA will saturate. Increasing the amount of input of the SCAs would benefit
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from the symmetry of most 2D DCT filters, a matrix with a big coefficient row
has often an opposite row that will prevent the SCAs to saturate. Increasing the
amount of input will furthermore increase the parallelization of MAC operations,
but will have a huge cost in area since each input would need its programmable
capacitor and the logic to control them. For example, increasing to 64 inputs each
SCA would require 336 more unit capacitors and 576 NMOS and PMOS. But it
will also decrease the amount of sampling capacitor required by 4, gaining 12 unit
capacitors. But from the development we have done, we have seen that we could
store the coefficients of the 2D DCT on only 2 bits, doing so would remove 4 C,,, 2
NMOS and 1 PMOS per programmable capacitor. For our hypothetical 64 input
SCA with 2-bit programmable capacitors the balance would require 160 NMOS,
224 PMOS and 68 C, more per SCA. Increasing the amount of input of the SCA
does seem a costly solution in area without guaranteeing the all filters will not
cause saturation. Another solution to prevent saturation would be to increase the
feedback capacitor, using 2-bit programmable capacitors we save 64C,,, 32 NMOS
and 16 PMOS. Such that the saved space would allow to add 2 bits of control, 2
transmission gates and 8 C, , allowing the feedback capacitor to reach 40C,, which
is sufficient to prevent saturation on almost all filter, as we have see in chapter @.
The remaining space can be used to increase the resolution of the ADC, resulting
in better performance. Another solution to prevent saturation would be to divide
problematic filters in sub filters. For example, a filter with constant row values
could be split in two, resulting in a filter with the same constants values for the
first eight columns then we set the remaining 8 columns to zero. Then, we use
the complementary filter with the eight first column set to zero and the last ones
to their original value. This could prevent saturation at the cost of using more
filters and thus reducing the amount of different filters available or increasing the
processing time. It also adds some overhead at the post processing step.

5.2 Software improvements

Apart hardware considerations, some software improvements could be done in or-
der to achieve better performance. In chapter B, we have seen that the quantization
step performed in the Cortex-M4 dominates the power consumption but allowed
better compression. We could investigate ways to perform the quantization step in
the analog domain by dividing the coefficient matrices by the value of the quantiza-
tion matrix corresponding to this frequency. This would require better control of
the feedback capacitor between the computation of each filters, currently MANTIS
can not change the feedback capacitor during the acquisition. Furthermore, more
investigation could be conducted in order to optimize the firmware in the Cortex-
M4. Currently, before performing the entropy coding, we rearrange the image
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fragments in blocks similarly to the actual JPEG description given in the corre-
sponding ISO standard. We could investigate a more optimized way of entropy
coding in order to utilize the current arrangement of pixels instead of changing it.
Since MANTIS computes the values of each filter per row for the eight columns,
a differential entropy coding, instead of amplitude, seems the most appropriate
since we can benefit from the fact that adjacent block will have similar 2D DCT

values for the same frequencies.
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Chapter 6

Conclusion

During this work we have evaluated the possibility of performing the first step of
the JPEG compression scheme, the 2D DCT, in the analog domain. Novel approxi-
mations adapted to the constrains of analog processing were given with estimation
of the impact on image quality. A working implementation was proposed on the
MANTIS CMOS imager SoC achieving a compression ratio of 3.39 bpp while
maintaining an average PSNR of 27dB and consuming only 266 pJ/pixel which
correspond to FOM, = 12.51 pJ/pixel as defined in chapter B. Compared with
results found in the literature, gathered in chapter B, it may look like we performed
worse than previous implementation but we have to recall that most results do not
take in consideration the control logic required to perform the DCT. In Chapter
A, we dedicated our discussion to the power consumption reduction achieved by
implementing near-sensor compression, as opposed to the transmission of raw data
with an ultra-low power transmitter. We concluded that near-sensor compression
resulted in a energy reduction of up to two times when compared to the energy
consumption associated with raw data transmission.

The current interest in mixed-signal near-sensor processing for machine learn-
ing applications is undeniable. The development of the MANTIS SoC initially fo-
cused on its application as a convolution core in this context. However, leveraging
the capabilities of MANTIS for image compression introduces a new functionality
on the same hardware platform. This expansion of MANTIS’s capabilities offers
the potential for discovering novel applications beyond its original purpose. For
example, in the fields of biomedical research or environmental monitoring, where
power constraints are often a critical consideration, an SoC similar to MANTIS
could, in a first phase, be used for event detection then, using the same hardware,
enter a recording phase with compression with no added cost.

Furthermore we have discussed throughout chapter B,@ and B possible hardware
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and software improvements that could greatly increase the performance of the
system but will need further research to evaluate them properly.
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Appendix A
MANTIS SCA OTA

Addition

Vem
CFB CFB

Vour + Vos Veu + Vos
(a) Phase 1 (b) Phase 3

Figure A.1: Two phases of operation for addition with SCA with non ideal OTA.

We will see that the transfer function of the OTA is insensitive to OTA offset
and gain. As shown in Fig. [Tl the OTA has a finite gain A and an offset
voltage Vpg such that during the first phase V;, corresponds to the analog pixel
and Vapprn— is given by

A
Vampin- = TH(‘/CM + Vos) (A1)
such that the charges at node Vaypry— in C) and Crp become:
Qi(t=T5)=—-Cy- (Vi = Vampin-) (A.2)
Qrpt=Ty)=—Crp- Vor — Vampin-) (A.3)
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After phase 1,the charges contained in each capacitors become:

Qi(t=T5)=C1r- Vampin- .
Qr(t=T3)=~Crp - (Vour — Vamrin-) (A.5)
By conservation of charges at node Vapprv— between the two stages, since during

the transition period all switches are open and no charges leak outside this node,
we have to fulfil:

Qret =T, )+ Qi(t =T, ) = Qrp(t =T5 ) + Q1(t =T3)
(A.6)

—Cri - (Verr — Vamupin-) — Cr - (Vin = Vampin-) = —Crp - Vow — Vamrpin-) + C1 - Vaupin-
(A7)

Which leads to the final expression of V,;

C
Vour = Verr + ——Vin (A.8)
C'FB

Similar development could be done for subtraction.
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Appendix B

64 x 64 Images

Partial analysis of 64 x 64 pixels images. All the development are similar to the
one explained in the main text.

B.1 Hard thresholding

SSIM
LT ™ l\‘“’b 0% -~ — 1 bits
o 0.8 ! — 2 bits
2 = 0.6 ! — 10 bits
- 1
g B 04 :
wn )
o 0.2 i
0 :
0 20 32 40 60 0 20 32 40 60
n coefficients [#] n coefficients [#]

Figure B.1: Evolution of average PSNR and SSIM for different hard thresholding
level and bit resolution approximations with an 64 x 64 image
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17

18
19
20
21
22
23

Appendix C

Code

C-code used to quantize and Huffmann encode values.

C.1 dct.c

*

x The confidential and proprietary information contained in this

* * X ¥ X ¥ X *

* X X X *

X% % ¥ ¥

file may

only be used by a person authorised under and to the extent
permitted

by a subsisting licensing agreement from ARM Limited.

(C) COPYRIGHT 2010—2013 ARM Limited .
ALL RIGHTS RESERVED

This entire notice must be reproduced on all copies of this file
and copies of this file may only be made by a person if such
person is

permitted to do so under the terms of a subsisting license
agreement

from ARM Limited .
SVN Information

Checked In : $Date: 2013—03—27 23:58:01 40000 (Wed,
27 Mar 2013) $

Revision : $Revision: 242484 $

Release Information : Cortex—M System Design Kit—rlp0—00rel0
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24

25 #ifdef CORTEX M3

26 #include "CMSDK CM3.h"
27 #else

28 #include "CMSDK CM4.h'
29 #endif

30

31 #include <stdio.h>

32 #include <inttypes.h>

33

34 #include "wart_stdout.h'
35 #include "CMSDK_ driver.h"
36 #include "dma.h"

37 #include "huffman.h'

3s #include "conf.h'

39

10 // ————— Parameters to be modified

1 #define DS 1

12 #define S 16

13 #define NFILTS 10

aa [/

45

46

17 #define NROWS 128

18 #define DATA SIZE BYTES (((NROWS/DS)—16)/S + 1) // In the DCT case,
8 bytes

19 #define DATA SIZE_WORDS ((DATA_SIZE BYTES>>2) + ((DATA_SIZE BYTES %
4) = 0)) // In the DCT case, 2 words of 4 bytes (= 8 bytes)

50

51 #define N_ROW_BLOCKS NROWS/S

52 #define N_COL_BLOCKS NROWS/S

53

51 #define IMAGER_DMA CH 0

55 #define DMA CH NSAMPLES  DATA SIZE WORDS

56 #define DMA CH R 5 // Not used here, should be more than

DMA_CH_NSAMPLES

ss #define N_WORDS NFILTS+«NROWS/S 2

59

60 extern pl230_dma_data_ structurex dma_ struct;

61 uint8_t ping = 1;

62

63 uint32_t ximage_ fragment;

64 uint32_t ximage_ptr;

66 uint32_t transfer count = O0;
67 uint32_t ntransfers = 0;

68

6o int main(void)
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90
91
92

93

94

96

97

98

99
100
101
102
103
104
105
106
107
108

109

110

ECS_ initMCU () ;
ntransfers = DATA SIZE BYTES x NFILTS;

// Initialize UART

UartStdOutlInit () ;

//printf ("Image sensor test — DCT mode\n") ;

//printf("%d words, %d bytes\n", DATA SIZE WORDS, DATA_SIZE BYTES) ;

// Write image sensor config. registers
CMSDK IMAGE SENSOR—>MODE = 1;
CMSDK_IMAGE_SENSOR—EXPOSURE = 1024;
CMSDK IMAGE SENSOR—TREAD PIX = 2;

CMSDK IMAGE SENSOR—>NBITS ADC = 8;

CMSDK IMAGE SENSOR—->NFILTERS MAC = NFILTS;
CMSDK_IMAGE_SENSOR—TWRITE MEM = 3;
CMSDK_IMAGE_ SENSOR->DOWNSAMPLE = DS;;
CMSDK_IMAGE_SENSOR—STRIDE = S;

CMSDK IMAGE SENSOR—GAIN. MAC = 7;

CMSDK IMAGE SENSOR—TENABLE DRS OTA = 12;
CMSDK_IMAGE_SENSOR—OFFSET MAC 0 = 0xF1349A86;

// Initialize DCMI

CMSDK DCMI Initialize (8, 2, 1, (uint32 t) (DATA SIZE WORDS-1), 0);
//DATA_SIZE_BYTES

// 1st argument is the number of bytes to transmit (here, 128
pixels of 1 byte)

// 2nd argument is PIXCLK CTRL (0 for always on, 1 for manual, 2
for auto)

// 3rd argument is ROW_RFEADY AUTO (0 for manual row_ready
generation , 1 for automated)

// 4th argument is ROW _READY ADDR (defines the address at which the
row_ready signal is generated)

// 5th argument is DMA IRQ ENABLE (0 to disable DMA IRQ, 1 to
enable DMA TRQ)

//printf ("DCMI configured\n") ;

// Allocate memory (DMEM) for the feature maps
image fragment = (uint32_t%) malloc (N WORDS«sizeof (uint32_t));
//printf ("image fragment: %x\n'", image_ fragment);

// Initialize DMA

dma_data_ struct__init () ;

dma_ pl230_init ((uint8_t) IMAGER DMA CH) ;

image ptr = image_ fragment;

dma_ channel cfg_init ((unsigned int) CMSDK IMAGE SENSOR_DOUT, (
unsigned int) image_ptr, &dma_struct—>Primary [IMAGER DMA CH] ,
DMA CH R, 2, DMA CH NSAMPIES) ;

image ptr = image ptr + 2;
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112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

142

143
144
145
146
147

148

149
150

151

153

154

dma_ channel cfg init ((unsigned int) (CMSDK IMAGE SENSOR DOUT +
DATA SIZE. WORDS) , (unsigned int) image_ ptr, &dma_struct—>Alternate
[IMAGER_ DMA_CH], DMA_CH R, 2, DMA_CH NSAMPLES) ;

//printf ("dma_struct: %x\n", dma_struct);

//printf ("DMA configured\n") ;

// Enable IRQs from the image sensor (DMA + image sensor)
NVIC_ ClearPendingIRQ (DMA_TRQn) ;

NVIC_ EnableIRQ (DMA_IRQn) ;

//printf ("DMA IRQ enabled\n") ;

//NVIC_ ClearPendingIRQ (IMAGE_SENSOR, IRQn) ;
//NVIC_EnableIRQ (IMAGE SENSOR._IRQn) ;

//printf ("Imager IRQ enabled\n");

// Activate DCMI
CMSDK_DCMI_ Activate() ;

// Launch a capture
CMSDK IMAGE SENSOR—>CAPTURE = 1
CMSDK IMAGE SENSOR—>CAPTURE = 0

b

)

// Idle
while (1){
) — WFI()

return 0;

}

void read_block(uint8_t * img, jpec_block_t * b){
/* Reads blocks coming from the camera module in the format:
— N ROW_BLOCKS 1 byte value for each NFILTS
— Repeated N_COL_BLOCKS time
Ex: (4 col blocks, 2 row blocks, 2 filters (fl,f2), fi
corresponding to the output
of the filter fi for the block at this position)
| Fist row | Second row
[1st filt |2ndfilt |
fIf1f1£1£2f2€2f2Ff1F1F1£f1£2f2£2¢2
Output will be the block
If the quality factor is to high, it is more efficient to just
send the raw data without huffman coding.

*/

for( int i =0 ; i<NFILTS; i ++){

b—>zz[i] = (int8_t) ( (img[i*N_ROW_BLOCKS]—128)/jpec_qzr[i
]+0.5) ;
}

b
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156 void compress(void){
157 int i = 0;
158 int temp = 0;

o // Init of the block

161 jpec__block_t xb = malloc(sizeof (xb));
162 b—>zz = malloc(sizeof (uint8_t)«NFILTS);
163 b—>len = NFILTS;

165 // init of the state

166 jpec__huff state t *state = malloc(sizeof (xstate));

167 state—>nbits = 0;

168 state—>dc = 0;

169 state—>buffer= 0;

170 state—>output_buffer = (uint8 t *) malloc(8*sizeof (uint8_ t));
set__buffer to_zero(8,state);

173 uint8_t * img = (uint8_t *) image_ fragment;
174 for ( uint8 t row=0; row <N ROW BLOCKS; row ++) {
175 for (uint8_t col=0; col <N_COL BLOCKS; col ++){

176 read_ block (img+col+NFILTS«N_COL_BLOCKS*row, b);
177 huff encode_block_ impl(b,state);

179 }

181 /* Send the remaining content of the buffer to the DCMIx/
182 if (state—>output__buffer_ size > 0){

183 uint32_t * first_word = state—>output_ buffer;

184 uint32_t * second_word = state—>output_buffer+4;
185 CMSDK__DCMI_ WriteDataIn (0, =first__word);

186 CMSDK_DCMI_WriteDataln (1, #second_word) ;

187 }
188
189

190 }

191

192 void DMA_Handler(void)

193 {

194 /* Write DMA configuration registers in DMEM x/

195 image ptr = image ptr + 2;

196 if (ping) {

197 minimal dma_channel cfg((unsigned int) CMSDK IMAGE SENSOR_ DOUT, (
unsigned int) image_ ptr, &dma_struct—>Primary [IMAGER DMA CH|, 2,
DMA CH NSAMPLES) ;

198} else {

199 minimal dma_ channel cfg((unsigned int) (CMSDK IMAGE SENSOR DOUT -+
DATA SIZE. WORDS) , (unsigned int) image_ ptr, &dma_ struct—>
Alternate [IMAGER DMA CH], 2, DMA CH NSAMPLES) ;
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200
201

202
203
204
205
206
207
208
209
210

211

NN N
¥]

NN NN
O N N N NN
(ST U R

N

1

2 #include
3 #include

}

ping = !(ping);

transfer count+=2;

if (transfer_count =— N _WORDS) {

/* DCMI data transfer s/

compress () ;

//printf ("sx TEST COMPLETED xx\n'") ;

/* Deactivate DCMI %/
CMSDK_DCMI_ Deactivate () ;

/* End simulation =/
UartEndSimulation () ;

void IMAGE_SENSOR,_IRQ_Handler( void)

{

»

//printf ("sx TEST COMPLETED xx\n") ;

/* Deactivate DCMI x/
CMSDK_ DCMI_ Deactivate () ;

/* End simulation x/
UartEndSimulation () ;

C.2 huffman.c

"huffman.h"
"conf.h"

1 #define JPEC_INT WIDTH (int)(sizeof(int) % CHAR_BIT)

¢ #define JPEC_HUFF_NBITS(JPEC_nbits, JPEC_val) \

7

8
9
10
11

12
13
14
15

16

JPEC_nbits = (!JPEC_val) ? 0

JPEC_val)

: JPEC_INT WIDTH —

void huff_ encode_block impl(jpec_block_t *block,

s){
int i = 1;
int val, bits,
int nz = 0;
int j = 0;

nbits;
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63

/* DC coefficient differential encoding x/
val = block—>zz[0] — s—>dc;

s—dc = block—zz [0];

if (val < 0) {

val = —val;

bits = ~val;
telse {

bits = val;

}

JPEC_HUFF_NBITS(nbits , val);
jpec_huff_ write_bits(s, jpec_dc_code[nbits], jpec_dc_len[nbits]);

if (nbits) jpec_huff write bits(s, (unsigned int) bits, nbits);
/* AC coefficients encoding (w/ RLE of zeros) x/

for (i = 1; i < block—>len; i++) {
if ((val = block—>zz[i]) = 0) nz++;
else {
while (nz >= 16) {
jpec__huff_ write_bits(s, jpec_ac_code[0xF0], jpec_ac_len[0xF0
1); /*x ZRL code x/

nz — 16;

}

bits = val;

if (val < 0) {
val = —val;
bits = ~val;

}
JPEC_HUFF_ NBITS(nbits , val);

j = (nz << 4) + nbits;

jpec__huff write_bits(s, jpec_ac_code[]j], jpec_ac_len[j]);
if (nbits) jpec_huff write_bits(s, (unsigned int) bits, nbits);
nz = 0;
¥
}

if (block—>len < 65) {
jpec__huff write_bits(s, jpec_ac_code[0x00], jpec_ac_len[0x00]);
/* EOB marker x*/

}
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79
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88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105

— Details

* %x

/* Write n bits into the JPEG buffer, with 0 < n <= 16.

x — 16 bits are large enough to hold any zig—zag coeff or the

longest AC code

* — bits are chunked into bytes before being written into the JPEG
buffer

x — any remaining bits are kept in memory by the Huffman state

* — at most 7 bits can be kept in memory

* — a 32—bit integer buffer is used internally

x — only the right 24 bits part of this buffer are used

* — the input bits and remaining bits (if any) are left—justified on
this part

x — a mask is used to mask off any extra bits: useful when the input
value has been

* first transformed by bitwise complement (|initial value])

x* — if an OxFF byte is detected a 0x00 stuff byte is automatically

written right after

*/
int n) {

int32_t mask =0
int32 t buffer = 0
int32_t nbits = 0;
int32_t chunk = 0;

)

)

mask = (((int32_t) 1) << n) — 1;
buffer = (int32_ t) Dbits;

nbits = s—>nbits + n;

buffer &= mask;

buffer <<= 24 — nbits;

buffer = buffer | s—>buffer;

while (nbits >= 8) {
chunk = (int) ((buffer >> 16) & OxFF);
jpec_write_byte(chunk,s);

void jpec__huff_ write_bits(jpec_huff state_t *s, unsigned int bits,

if (chunk = OxFF) jpec_write_byte (0x00,s);

buffer <<= 8§;
nbits —= §;
}
s—>buffer = buffer;
s—>nbits = nbits;

void jpec_write_byte(uint8_t val,jpec__huff state_ t* state){

state—>output__buffer [state—>output_buffer size++] = val; /+ Write

value to buffer position x/
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(state—>output_buffer size
uint32_t *x first _word = state—>output_ buffer;
uint32_t * second_word = state—>output_buffer+4;
CMSDK_DCMI_WriteDataIn (0, =xfirst_word) ;
CMSDK_DCMI_WriteDataln (1, #second word) ;

set__buffer to_zero(8,state);

}
}

void set__buffer to_zero(uint8 t size, jpec_huff state t* state){

for

}

(uint8 _t i =0 ; i< size;

state—>output__buffer size =

}
C.3

conf.c

#include "conf.h"

const uint8_ t jpec_dc_len[12] ={ 2,3,3,3,3,3,4,5,6,7,8,9 };

8){

i++){
state—>output_buffer[i] = 0;

0;

const uintl6_t jpec_dc_code[12] = {

0x000,0x002,0x003,0x004 ,0x005,0x006 ,

0x00e ,0x01e,0x03e,0x07e,0x0fe ,0x1fe

Iz

const
67
5?
6?
6,
7,
10,
20,
29,

Iz

const

4

)

10,

0,

16,

0,

16,

0,

16,

uint8 t jpec qzr[64] = {
4, 4, 6, 10, 16, 20, 24,
5, 6, 8, 10, 23, 24, 22,
5,6, 10, 16, 23, 28, 22,
7,9, 12, 20, 35, 32, 25,
9, 15, 22, 27, 44, 41, 31
14, 22, 26, 32, 42, 45,
26, 31, 35, 41, 48, 48,
37, 38, 39, 45, 40, 41,

uint8_t jpec_ac_len[256]
2,2, 3, 4,5, 7, 8,
16,16, 0, 0, 0, 0, 0,
4, 5, 7, 9,11,16,16,
16,16, 0, 0, 0, 0, 0,
5, 8,10,12,16,16,16,
16,16, 0, 0, 0, 0, 0,
6, 9,12,16,16,16,16,
16,16, 0, 0, 0, 0, 0,

b

37,
40,
40,
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0, 6,10,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0, 7,11,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 7,12,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0, 8,12,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 9,15,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0, 9,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0, 9,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0,10,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0,10,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0,11,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0,16,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
11,16,16,16,16,16,16,16,
5 16,16,16, 0, 0, 0, 0, 0
)
const uintl6_t jpec_ac_code[256] = {
0x000a ,0x0000,0x0001 ,0x0004 ,0x000b,0x001a ,0x0078 ,0x00£8 ,
0x03£6 ,0 xff82 ,0 xff83 ,0x0000 ,0x0000 ,0x0000 ,0x0000 ,0x0000 ,
0x0000,0x000c ,0x001b ,0x0079 ,0x01f6 ,0x07f6 ,0xff84 ,0xff85 ,
0xff86 ,0xff87 ,0xff88 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x001c,0x00f9 ,0x03f7 ,0x0ff4 ,0xff89 ,0xff8a ,0xff8b ,
0xff8c ,0xff8d ,0 xff8e ,0x0000,0x0000,0x0000,0x0000,0x0000
0x0000,0x003a,0x01f7 ,0x0{f5 ,0 xff8f ,0xff90 ,0xff91 ,0xff92 |
0xff93 ,0xff94 ,0xff95 ,0x0000,0x0000,0x0000,0x0000,0x0000,
0x0000 ,0x003b ,0x03f8 ,0xff96 ,0xff97 ,0xff98 ,0xff99 ,0xff9a
0xff9b ,0 xff9¢ ,0xff9d ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x007a ,0x07f7 ,0xff9e ,0 xff9f ;0 xffal ,0xffal ,0xffa2 ,
Oxffad ,0xffad ,0xffab ,0x0000,0x0000,0x0000,0x0000,0x0000
0x0000,0x007b ,0x0ff6 ,0xffa6 ,0xffa7 ,0xffa8 ,0xffa9 ,0xffaa ,
Oxffab ,0 xffac ,0xffad ,0x0000,0x0000,0x0000,0x0000,0x0000,
0x0000,0x00fa ,0x0ff7 ,0 xffae ,0 xffaf ,0xffb0 ,0xffbl ,0xffb2 ,
0xffb3 ,0 xffb4 ,0xffb5 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x01f8 ,0x7fc0 ,0xffb6 ,0xffb7 ,0xffb8 ,0xffb9 ,0xffba ,
0xffbb ,0xffbc ,0xffbd ,0x0000 ,0x0000,0x0000,0x0000,0x0000,
0x0000,0x01f9 ,0 xffbe ,0 xffbf 0 xffc0 ,0xffcl ,0xffc2 ,0xffc3
0xffcd ,0xffch ,0xffc6 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x01fa ,0 xffc7 ,0xffc8 ,0xffc9 ,0xffca ,0xffcb ,0xffcc
Oxffed ,0 xffce ,0 xffcf ,0x0000,0x0000,0x0000,0x0000,0x0000
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0x0000,0x03f9 ,0 xffd0 ,0xffd1l ,0xffd2 ,0xffd3 ,0xffd4 ,0xffd5 ,
0xffd6 ,0xffd7 ,0xffd8 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x03fa ,0xffd9 ,0xffda ,0xffdb ,0xffdc ,0xffdd ,0xffde ,
0xffdf ,0xffe0 ,0xffel ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x07f8 ,0 xffe2 ,0 xffe3d ,0xffed ,0xffeb ,0xffe6 ,0xffe7
Oxffe8 ,0xffe9 ,0xffea ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0xffeb ,0 xffec ,0xffed ,0 xffee ,0 xffef ,0xfff0 ,0xfffl ,
0xfff2 ,0xfff3 ,0xfff4 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x07f9 ,0 xfff5 ,0 xfff6 ,0xfff7 ,0xfff8 ,0xfff9 ,0xfffa ,0xfffb ,
0xfffc ,0xfffd ,0 xfffe ,0x0000,0x0000,0x0000,0x0000,0x0000

. I
C.4 huffman_ decoder.py

import numpy as np
> from bitstream import BitStream

jpec_dc_len = [ 2,3,3,3,3,3,4,5,6,7,8,9 ]
jpec_dc_code = |

0x000,0x002,0x003 ,0x004 ,0x005,0x006 ,
0x00e ,0x01e ,0x03e ,0x07e ,0x0fe ,0x1fe

]

jpec_ac_len =

[
47 27 27 3’ 47 57 7’ 87
10,16,16, 0, 0, 0, 0, 0,
0, 4, 5, 7, 9,11,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 5, 8,10,12,16,16,16,

16,16,16, 0, 0, 0, 0, 0,
0, 6, 9,12,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 6,10,16,16,16,16,16,

¥]

WO NN N NN NN NN
o 0 N O U k& W G

16,16,16, 0, 0, 0, 0, 0,
0, 7,11,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 7,12,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 8,12,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, O,
0, 9,15,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 9,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0, 9,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0,10,16,16,16,16,16,16,
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)

)

16,16,16, 0, 0, 0, 0, 0,
0,10,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0,11,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
0,16,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0,
11,16,16,16,16,16,16,16,
16,16,16, 0, 0, 0, 0, 0

; jpec_ac_code = |

0x000a ,0x0000 ,0x0001 ,0x0004 ,0x000b ,0x001a ,0x0078 ,0x00f8 ,
0x03f6 ,0xff82 ,0xff83 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000 ,0x000c ,0x001b ,0x0079 ,0x01f6 ,0x07f6 ,0xff84 ,0xff85 ,
0xff86 ,0xff87 ,0xff88 ,0x0000 ,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x001c ,0x00f9 ,0x03f7 ,0x0ff4 ,0xff89 ,0xff8a ,0xff8b ,
0xff8c ,0xff8d ,0 xff8e ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x003a ,0x01f7 ,0x0ff5 ,0 xff8f ,0xff90 ,0xff91 ,0 xff92
0xff93 ,0xff94 ,0xff95 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x003b ,0x03f8 ,0xff96 ,0xff97 ,0xff98 ,0xff99 ,0xff9a ,
0xff9b ,0xff9c ,0xff9d ,0x0000 ,0x0000 ,0x0000,0x0000,0x0000 ,
0x0000,0x007a ,0x07f7 ,0xff9e ,0 xff9f ,0xffa0 ,0xffal ,0xffa2 ,
0xffa3 ,0xffad ,0xffa5 ,0x0000,0x0000,0x0000 ,0x0000 ,0x0000
0x0000,0x007b ,0x0ff6 ,0xffa6 ,0xffa7 ,0xffa8 ,0xffa9 ,0xffaa |,
Oxffab ,0xffac ,0xffad ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x00fa ,0x0ff7 ,0 xffae ,0 xffaf ,0xffb0 ,0xffbl ,0xffb2 ,
0xffb3 ,0xffb4 ,0xffb5 ,0x0000 ,0x0000 ,0x0000,0x0000,0x0000 ,
0x0000,0x01f8 ,0x7fc0 ,0xffb6 ,0xffb7 ,0xffb8 ,0xffb9 ,0xffba ,
0xffbb ,0xffbec ,0xffbd ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x01f9 ,0 xffbe ,0 xffbf 0 xffcO ,0xffcl ,0xffc2 ,0xffc3 ,
Oxffcd ,0xffecd ,0xffc6 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x01fa ,0 xffc7 ,0xffc8 ,0xffc9 ,0xffca ,0xffcb ,0xffcc ,
Oxffcd ,0xffce ,0 xffcf ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x03f9 ,0 xffd0 ,0xffd1 ,0xffd2 ,0xffd3 ,0xffd4 0 xffd5
0xffd6 ,0xffd7 ,0xffd8 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x03fa ,0xffd9 ,0 xffda ,0xffdb ,0 xffdc ,0xffdd ,0xffde ,
0xffdf ,0xffe0 ,0xffel ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x0000,0x07f8 ,0 xffe2 ,0xffed ,0 xffed ,0xffeb5 ,0xffe6 ,0xffe7 ,
0xffe8 ,0 xffe9 ,0 xffea ,0x0000,0x0000 ,0x0000 ,0x0000 ,0x0000 ,
0x0000,0 xffeb ,0 xffec ,0 xffed ,0 xffee ,0 xffef |0 xfff0 ,0 xfff1 |
0xfff2 ,0xfff3 ,0xfff4 ,0x0000,0x0000,0x0000,0x0000,0x0000 ,
0x07f9 ,0 xfff5 ,0xfff6 ,0x{ff7 ,0xfff8 ,0xfff9 ,0xfffa ,0xfffb ,
0xfffc ,0xfffd ,0 xfffe ,0x0000,0x0000,0x0000,0x0000,0x0000

to_bin = np.vectorize (lambda i,j: *{0:0{1}b} .format(i,j))

class Node(object):

def _ init _ (self ,val = None):
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90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

116

118
119
120
121
122
123
124
125
126
128
129
130
131

132

self .val = val

class NodeTree(object):
def __init__ (self, left=None, right=None,val =None):
self . left = left
self .right = right
self.val = val

def children (self):
return self.left , self.right

def _ str  (self):
if wval:
return str(val)
return str( (self.left, self.right))

def get_val(path,root):
if len(path) == 0:
return root.val

else:
if path[0] = "0":
return get_val(path[1l:],root.left)
if path[0] = "1":

return get_val(path[1:],root.right)

def makeTree(root ,path,val):
if len (path)>0:

if path[0] = ’0:
if root.left = None:
temp = NodeTree ()
else:

temp = root.left
root.left = makeTree(temp,path|[1:], wval)

elif path[0] = ’'1:
if root.right = None:
temp = NodeTree ()
else:

temp = root.right
root.right = makeTree(temp, path[1l:], wval)

if len(path) = 0:
return NodeTree(val=val)
return root

def RemoveFF00(data):

nonon

Removes 0x00 after Oxff in the image scan section of JPEG

oo
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133 datapro = []

134 i = 0

135 while True and i < len(data)—1:
136 b = datal[i]

137 bnext = data[i+1]

138 if b = OxFF:

139 if bnext != 0:

140 break

141 datapro.append (data[i])
142 i 4= 2

143 else:

144 datapro.append (data[i])
145 i+=1

146 datapro.append(data[i])

147 return datapro

148

149
150
151

152 def findDCSymbol (stream ,root):

153 if root.val != None:

154 return root.val

155 else:

156 sel = stream.read (bool)

157 if sel = 0:

158 return findDCSymbol (stream ,root . left)
159 if sel = 1:

160 return findDCSymbol (stream ,root.right)

161 # for dc_code in jpec_dc_ code:

162

163

164+ def get_int(stream, len):

165 #sign = stream.read (bool)

166 if len = 0:

167 return 0

168 val = stream.read (bool,len)

169 sign = val [0]

170 bin_rep = 7’

171 if sign:

172 for bit in wval:

173 bin_rep += str(int (bit))
174 return int (bin_rep,2)

175

176 ellisle:

177 for bit in wval:

178 bin_rep += str(int( not bool(bit)))
179 return —int (bin_rep,2)

180

151 def read_block (stream ,prev_dc=0):

101



188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

207

block = np.zeros (64)

dc_len = findDCSymbol (stream , DCtree)

print (dc_len)

block [0] = get_int (stream, dc_len—1)+prev_dc
coeff count =1

while ( coeff count < 64):
code = findDCSymbol (stream , ACtree)
if code = (0,0): #£OB
break

coeff_count += code[0] # Skip zeros
val = get int(stream, code[l])

block [coeff count] = val+128
coeff count +=1
return block

## Build tree for decoding

DCtree = NodeTree ()
ACtree = NodeTree ()

ac_code_val = []
ac__code_val.append ((0,0)) # EOB

20s for i in range(16):

=

N
[

for j in range(1,11):
if i= 15 and j = 1:
ac_code_val.append ((i
ac_code_val.append ((i,]))
if i = 14 or i = 15:
for k in range(5):
ac_code_val.append ((0,0))

,0)) # ZRL

else:
for k in range(6):
ac_code_val.append ((0,0))

# Building DC tree

for val,path in enumerate(to_bin(jpec_dc_code,jpec_dc_len)):
indices = list (path)
makeTree(DCtree, indices ,val+1)

5 # Building AC tree

for val,path in enumerate(to_bin(jpec_ac_code,jpec_ac_len)):
indices = list (path)
if path != "0":
makeTree (ACtree,indices ,ac_code_val[val])
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231 # Read Hufmman encode file as 8byte uint per line
232 path = " /home/thetheos/Documents/Universite /MA2/memoire/
custom__huff coding mantis/huffman_encoded"
55 f = open(path, "rb")
32 arr = np.loadtxt (path,dtype=np.uint8)
35
236 to__bin_encoded = np.vectorize (lambda i: ’{0:08b}’.format (i))
237 byte list = list (to_bin encoded (RemoveFF00(arr)))

NN N
=~

235 stream = BitStream ()

230 for byte in byte_ list:

240 for bit in byte:

241 stream . write (int (bit),bool)

212 # print (stream)
213 prev_dc = 128
224 for i in range (64):

245 block = read_block (stream ,prev_dc)
246 prev_dc = block [0]
247 print (" Block ", i,block)
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