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P-Tensor Product in

Haipeng Peng, Yaqi Mi, Lixiang Li

Abstract—The dimension matching is a tough problem in the
vector and matrix computations. In the traditional mode, there
is only one way to calculate the angle between the 1-D plane and
the 3-D vector, it is the projection. However, there are a number
of lines on the plane, and taking only the projection to represent
the plane is kind of a narrow choice. Furthermore, in the matrix
multiplication, the dimension restriction is strict. In order to solve
these problems, this paper defines a new model called P-tensor
product (PTP), which cannot only define the inner product of two
vectors with unmatched dimensions but also give a new way to
solve the problems in the matrix operations. Aiming at decreas-
ing the large storage space of the random matrix in compressed
sensing (CS), the PTP can reconstruct a high-dimensional matrix
by using a matrix, which can be chosen as any kind of matrix.
Similar with the traditional CS, we analyze some reconstruction
conditions of PTP-CS such as, the spark, the coherence, and
the restricted isometry property. The theorems proposed in this
paper have a broad sense, and they possess a good universal-
ity for various tensor product CS methods. The experimental
results demonstrate that our PTP-CS model can not only give
more choices to the types of Kronecker matrix and decrease
the storage space of the traditional CS but also maintain the
considerable recovery performance. Besides, the proposed PTP-
CS model can improve the signal transmission efficiency in the
Internet of Things.

Index Terms—Compressed sensing (CS), Internet of Things
(IoT), matrix, tensor product, vector.

I. INTRODUCTION

N THE conventional data sampling system, the classical

Nyquist—Shannon sampling theorem states that if the signal
is of limited bandwidth and its sampling frequency is twice as
the highest frequency, then the original continuous signal can
be completely reconstructed from its samples. As a new signal
processing technology, the compressed sensing (CS) breaks
through the limitation of the Nyquist—-Shannon theorem and it
has attracted much attention [1]-[3]. In view of the sparsity
of the signal, the CS can obtain the valid information through
a nonadaptive sampling method and reconstruct the original
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Fig. 1. Structure of WSN. The user can send the data information to the
administration node by the computer. Then the administration node can send
the data to the Internet, the satellite, or the mobile communication network.
Subsequently, the data may be sent to the sensor nodes in the sensing field
through the gateway node.

signal by a nonlinear method. For the signal processing, the CS
can remove the redundancy, save the vital information of the
image and further reduce the dimension of the data [4]. The CS
provides a useful way in signal encryption, which is necessary
for virtual property security. Furthermore, the CS can be used
in many fields, such as, radar imaging [5], magnetic resonance
imaging [6], and multileaks identification [7].

As a significant concept in recent years, the Internet of
Things (IoT) has attracted quiet a lot of attention. The IoT can
collect large numbers of information on time during the con-
nection procedure. It includes the sensing layer, the network
layer and the application layer. The wireless sensor network
(WSN) is a part of sensing layer, and it can collect a large
amount of data and transmit them. However, the sensors in
the WSN have limited energy. Therefore, transmitting a large
amount of data in an efficient way is a problem that requires
an urgent solution. The CS can solve this problem well, i.e., it
can distort the redundant data and transmit the signal fast [8].
As is shown in Fig. 1, the data information from the user are
sent to the sensor nodes in the sensing field. During this pro-
cedure, the data should be transmitted to the administration
node and some networks, the satellite, the gateway node, the
Internet, and the mobile communication network. If the data
needed to be transmitted is extremely large, then it would cost
a lot of time and energy. Especially for the sensor with limited
energy, a large amount of data is likely to be transmitted unsuc-
cessfully. In the traditional CS, although the signal can be
compressed before transmission, the storage space needed by
the measurement matrix is quiet big. Hence, reducing the stor-
age space of the measurement matrix in the CS is an important
topic in the field of WSN.

In the CS, the design of the measurement matrix also gain-
ing popularity. The key procedure of CS is to “compress”
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the original signal to a lower-dimensional space by multi-
plying it with the measurement matrix, which should ensure
less data collection, higher adaptability, easier implementation,
and better optimization. In view of the above requirements,
Do et al. [9] proposed the structurally random matrix (SRM).
Although the SRM can improve the quality of the compres-
sion, it is hard to be implemented because of its high complex-
ity. Gan [10] proposed a block CS model called Bayesian CS,
which divided the image into B x B nonoverlapping blocks.
Then each block was observed by an orthonormal and inde-
pendent identically distributed (i.i.d) Gaussian matrix [11].
In this way, the storage space of the measurement matrix is
reduced and the speed of CS is improved. Peng et al. [12]
proposed an effective method based on Chaotic CS (CCS),
which only stored the matrix generation parameters so as to
save the storage space. It is found that the random matrix
is highly adaptable, and is easily obtained when it is chosen
as the measurement matrix. However, the size of the origi-
nal signal is comparatively large. Furthermore, the restriction
of the traditional matrix multiplication is severely significant.
For instance, the traditional multiplication among the matrices
should satisfy the condition of dimension matching or com-
plete the operation by an intermediate matrix. That is, the
random measurement matrix requires a large storage space.
Therefore, it is important to break the limitation of the matrix
multiplication.

In view of the dimension matching problem,
Zheng et al. [13] proposed a new framework called shift-
invariant dictionary learning, which mainly focused on global
patterns rather than shift-invariant local patterns. In 2008,
Cheng et al. [14]-[16] proposed a matrix product called the
semi-tensor product (STP), which has been widely used in
various fields, such as Boolean networks [17] and linear
algebra [18]. Especially, Xie et al. [19] applied the STP
into the CS called semi-tensor product CS (STP-CS), which
had broken through the restriction of the traditional CS on
matrix dimension matching and obtained good results in the
decrement of the matrix storage space. When STP-CS was
applied to IoT, Peng et al. [20] obtained a good performance
in the encryption and saved the storage space of the secret
key. However, the STP has an evident limitation in the
calculation of the inner product between two vectors with
different dimensions, i.e., the definition of the inner product
between two vectors is a vector rather than a certain number.
Furthermore, it does not define the angle between them.
Therefore, there is an urgent requirement to develop new
definitions of these concepts for the vectors with different
dimensions, i.e., it is important that the concept or the model
of STP should be extended to a more general case.

In this paper, we propose a new matrix operation called
P-tensor product (PTP), which is more flexible and more
general in solving the problem of the dimension matching
between two matrices. In the definition of PTP, the matrix with
smaller size can be enlarged to a larger size by making the
Kronecker product with matrix P, which can be chosen as any
kind of matrix rather than only the identity matrix. Moreover,
we extend the PTP to other vector operations, such as the
inner product and the included angle between two vectors
with unmatched dimensions. It breaks through the traditional
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Fig. 2. CS using the PTP. The original image x is compressed by the mea-
surement matrix, which is a product of two matrices. In the CS, By making
the PTP of the matrix P, the original low-dimensional measurement matrix &
can be enlarged to a high-dimensional matrix, so that the storage space which
is required by the measurement matrix is reduced. After transmitting in the
signal channel, the image is reconstructed.

concept of the angle between two vectors under different
dimensional spaces, and we define a new inner product and
an angle between two vectors with different dimensions in
P-transform (i.e., the transform uses the matrix or vector
P to make two matrices or vectors that have the matched
dimensions and then continue the next step, such as the
multiplication between the matrices and the calculation of the
inner product).

When PTP is applied into CS, the proposed model PTP-CS
provides a method to observe the high-dimensional original
signal by the low-dimensional random matrix. Hence, the stor-
age space of the random matrix is reduced significantly. As is
shown in Fig. 2, the original image x will multiply the (® Q P).
Here, the (® ® P) is the PTP of the original measurement
matrix . In this way, the PTP-CS has more choices of the
matrix P than the STP-CS and it has the opportunity to adjust
the properties of the final measurement matrix. The storage
spaces of PTP-CS and STP-CS have little difference. After
the compression by the measurement matrix, the image will
be transmitted on the signal channel to the terminal. Then the
signal can be reconstructed by the proposed recovery algorithm
based on the iteratively reweighted least squares (IRLSs). As
a method of signal processing, similar with [20], the PTP-
CS can be used in IoT and it provides a more efficient way
for the communication theory. Compared to the existing CS
schemes, the PTP-CS has a lower requirement of the storage
space and it can get a similar as well as more stable recovery
result. Furthermore, the conditions of the measurement matrix
are analyzed in a broad sense, and we give three theorems
of PTP-CS, which can be used to analyze other existing CS
models, for example, the STP-CS. The advantages of PTP and
PTP-CS are listed as follows.

1) New Tensor Product Model Overhead: We define a
new inner product operation and a new angle between
two vectors with unmatched dimensions in P-transform.
Meanwhile, the PTP can break through the restrictions
of the traditional matrix multiplication and the STP
operation.

2) Good Universality and Low Storage: The theorems of
the PTP-CS can be used in a broad sense. They can be
used to analyze other CS models and optimize the com-
pression method. Moreover, through the PTP-CS, the
low-dimensional measurement matrix can be extended
to the high-dimensional matrix and then can be used to
compress the signal.

3) New Reconstruction Model: In view of the PTP-CS, we
propose a new model based on the IRLSs. It is found
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that the proposed model has a good performance in the
signal reconstruction.

II. FUNDAMENTAL KNOWLEDGE
A. Compressive Sensing

Suppose x € R"*! is a k-sparse discrete signal in the orthog-
onal basis ¥, ® € R™" is the measurement matrix, and it
is dependent with W, the normalized model of CS can be
denoted as

y=ox (D

where m < n, y € R™!, x is sparse or sparse on an orthogonal
basis, that is,

x=WUs 2

where W € R"™" is also called the sparse matrix. Obviously,
for x in the time or space domain and s in the W domain, x
and s can represent the signal equivalently [21]. The signal
X is k-sparse, that is, there are k nonzero rows in s (k <K n).
From (1) and (2), we get

y=&x = ®¥s = Os 3)

where ® = ®W is called the sensing matrix. CS includes
three parts, i.e., the signal sparse representation, the design of
measurement matrix, and the reconstruction algorithm. Now
we begin to illustrate these three aspects.

1) Signal Sparse Representation: The sparsity is that there
are many zero elements in the signal so that the signal can be
sampled and compressed effectively in the transform domain.
Suppose the signal x is k-sparse, then we can construct the
original signal from k values of these m measurements, where
x € R" and k < m < n. Due to the sparsity in a certain orthog-
onal basis, the discrete cosine transform (DCT) matrices and
the discrete wavelet transform (DWT) matrices are often used
as the sparsity matrix. In 2008, Rauhut et al. [22] decomposed
the sparse signals by constructing the redundant dictionaries,
and the CS was generalized from the orthogonal basis space
to the redundant dictionary.

In the practice, DCT and DWT are easy to be implemented.
In this paper, we use the DWT matrix as the sparsity matrix.

2) Conditions of Measurement Matrix: The design of mea-
surement matrix has attracted much attention in recent years.
The measurement matrix ® € R™ " (m < n) measures
the original signal x to obtain the vector y. For a k-sparse
signal x, in order to ensure the accuracy of the recovery,
the matrix & must satisfy the following restricted isometry
property (RIP) [23] denoted by 82, i.e.,

(1=82)1xl13 < Pxl3 < (1+8%) 13 4)

where 6,? € (0, 1). The sufficient condition to recover the sig-
nal is §y; < V2-1 [24]. Cai et al. [25] gave its exact value
8 < 0.307. The commonly used measurement matrices are
Gaussian matrix [26], Bernoulli matrix, Toeplitz matrix [27],
the chaotic matrix [28], etc. In addition, the random matrix,
such as Gaussian matrix and Bernoulli matrix, can satisfy
RIP with a high probability [3]. Candes and Tao [29] proved
that the i.i.d Gaussian random matrix was a universal ® in
CS whereas it was uncertain and wasted the storage space.
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Therefore, how to reduce the required space of CS is an
important problem to be solved.

Due to the difficulty of RIP verification, the performance of
the @ is usually evaluated by the spark property, namely, the
solution of the minimum of linear correlation vectors in the
matrix. As for the k-sparse signal x, if and only if spark(®) >
2k can we obtain the exact approximation of the signal with a
minimization /p-norm optimization problem. Another impor-
tant property is the coherence [30]. The coherence coefficient
w(®) shows the redundancy of the information in ®. The
coherence coefficient is denoted as

(@i, )]

®) = max ——————
1(®) |2iin lill2 ] ],

)

where ¢; is the ith column of ®. Evidently, ||¢il, = 1,
€ [/[n — m]/Im(n — 1)], 1], and the lower boundary of the
coherence is called the Welch bound [3], [31]-[33]. i can mea-
sure the similarity between two column vectors. If u is large,
at least two column vectors are similar to each other. On the
contrary, if © is small, the columns of & are almost orthogo-
nal. Other low-rank approaches (for example, the non-negative
method) are widely studied in recent years [34]-[38].

The conditions of & include three aspects, i.e., simple to
achieve, low storage and good adaptability. In this paper, we
propose a new model PTP-CS, which can reduce the memory
space required by @ and is easier to be implemented. In addi-
tion, it ensures a good observational performance and has a
good adaptability by our simulation results.

3) Reconstruction: The reconstruction algorithms include
the greedy iterative algorithm and the algorithms based on
Bayesian framework as well as convex optimization. The
greedy iterative algorithm aims to find each nonzero coeffi-
cient through local optimization in each iteration, including
matching pursuit (MP) [39], orthogonal MP (OMP) [40],
stagewise OMP (StOMP) [41], and other various improved
algorithms of OMP [42]. Although these algorithms have
fast speeds to reconstruct the signal, they have a dramatic
demand of the measurement matrix. Meanwhile, they may be
unsuitable for some CS models, i.e., they cannot give sta-
ble recovery performances. The algorithms based on Bayesian
framework mainly consider about the time correlation of the
signal and they have high accuracies, such as BCS [43],
expectation-maximization [44], sparse Bayesian learning[45],
and so on. The convex optimization algorithm turns the
nonconvex problem into the convex problem to recover the
original signal. The typical method is basis pursuit, which is
based on the minimal /;-norm. Chen et al. [46] gave the solv-
ing process in detail. Moreover, there is another method called
FOCUSS [47], [48] based on [,-norm (0 < p < 1) [49]. In
this paper, we mainly focus on the reconstruction algorithms
based on the convex optimization.

For the reconstruction algorithms based on the convex
optimization, the problem of recovering the k-sparse signal
x from the observed value y, namely, the solution of the
nonzero sparse minimization problem, can be transformed into
the following lp-minimization:

x* = argmin ||x||, subject to y = ®x. (6)
X
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The [p-norm is NP-hard while the /;-norm is convex.
Therefore, the solution of (6) is converted to obtain the
following /1-minimization when @ satisfies RIP:

x* = argmin ||x||; subject to y = Px. (7
X

In the STP-CS model, Wang et al. [50] used the IRLSs
minimization [51], [52] to reconstruct the signal and obtained
a good result. Different from the STP-CS reconstruction model
in [50], in this paper, we propose a new reconstruction model
based on /,-norm (0 < p < 1) which combines the IRLS.
It can be seen that the proposed reconstruction model can be
applied well to PTP-CS.

B. Kronecker and Tensor Products

The Kronecker product is a special type of tensor product.
Definition 1 [53]: Let the matrices ® € R™*", P € RP*Y,

® = [¢1, ..., ¢y, then the Kronecker product of ® and P is
defined as
onP P Yl
P 0P P
OPRP = (pP,...,p,P) = : . :
(/)m. 1P ‘ﬂrr;Z P (Pm.n P

(3
Thus, ® ® P is a matrix with size mp x ng, i.e., R™" x
RPX4 — RXn4,
Property 1: Let ® € R™*", P € RP*9, then

PRP=(P®1,) [, P). ©)
Property 2: If ® and P are both invertible matrices, then

@eP) =0 lgpP. (10

Property 3: The transposed matrix of the Kronecker
product is

PP =" P. (11)

The tensor product is always used in the high-dimensional
space, and it is a multilinear mapping for n vector spaces,
namely

T Th x T x oo x Tl — qhxhxexy (12)

The tensor product can be used for Tucker decomposi-
tion [54], [55], which is a high-dimensional principle compo-
nent analysis. Actually, the Kronecker product is also called
tensor product most of the time due to a little difference
between them. Aiming at the first-order tensor and the second-
order tensor, we mainly focus on the vector and the matrix
tensor products in this paper and consider the Kronecker
product and the tensor product, on the whole, are same.

C. Generalized Permutation Matrix

Definition 2: If there is only one nonzero element 1 in each
row and each column, then the square matrix is called the
permutation matrix.

The permutation matrix D has the following properties [56].

1) (Duxv)T = Dyxy.

2) D'D =DpDT =1.

3) DT =D 1.
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From the above properties 2) and 3) of the permutation
matrix D, we can find that the permutation matrix is the
orthogonal matrix.

Definition 3: 1f there is only one nonzero element in each
row and each column, then the square matrix is called the
generalized permutation matrix which is denoted by g.

Obviously, it has the same properties with the permutation
matrix. Furthermore, a square matrix is g if and only if it can
be represented as a product of a permutation matrix and a
nonsingular diagonal matrix, that is,

g=D-A (13)

where A is a nonsingular diagonal matrix.

III. P-TENSOR PRODUCT COMPRESSED SENSING
A. P-Tensor Product Model

The concept of PTP is a new mathematical matrix opera-
tion, which can break through the limitation of the dimensions
of two vectors or matrices. Above all, it gives a more accurate
definition of the inner product of two vectors with unmatched
dimensions, and then we define the angle between them under
the P-transform. Here, we give the standard definition of
the PTP.

Definition 4: Let o = [ay, a2, ..., a,] be a n-dimensional
row vector, and let A = [by, b, ..., b,,]T be a p-dimensional
column vector. If n is a factor of p, i.e,, p =1t x n, P € R,
then we have

n
P
axi = (aP)r* e R
k=1

(14)

P
where ax A is called the PTP of the vectors « and A. Here,
A=0N A% ), M e R i=1,2, ..., n Otherwise, if
p is a factor of n, i.e., n =t X p, then we have

P
P
AN = Zak(ka) e RV,
k=1

15)

Similarly, kia is also the PTP of « and A. Here, « =
(@' a?, ... o), at e RV, i=1,2,...,p.

Definition 5: Let o = [ay, a2, ..., ay] be a n-dimensional
row vector, and let A = [by, by, ..., bp]T be a p-dimensional
column vector. If n is a factor of p, ie., p=txn, P € RIX!,
then we have

(o, Mp =Y (axP)r*

k=1

(16)

where (o, A)p is called the P-inner product of the vectors
o and A.

Definition 6: The cosine value of the angle between the
vectors « and A is

(Ol, )">P
IPI - lleell - NIAl
where cos (o, A)p is called the cosine value of the vectors

a and A in the P-transform, i.e., this transform uses the
matrix or vector P to make two matrices or vectors having

cos (o, A)p = (17)
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the matched dimensions and then continue toward the next
step, such as the multiplication between the matrices and the
calculation of the inner product.

Equation (17) gives a new way to calculate the angle of
two vectors with different dimensions. For example, let « =
A Dya=@a 0 0 DI, P=( 0),then (a,A)p =1
and cos (@, M)p = 1/2. (a, A)p = 1 is called the inner prod-
uct of the vectors o and A under the P-transform, and the
cos (a, A)p = 1/2 is called the cosine value of the vectors o
and X\ under the P-transform.

By the above new definitions of the inner product and the
angle between two vectors, we can further get the included
angle between two vectors with different dimensions. For
example, the traditional angle between a line and a plane can
only be obtained by_)the vertical projection. Let a plane y be
x =1, the vector OA = (1 1 1) is a ray from the origin
to the point A, then the angle between the OA ani) the plane
y requires to be changed to the angle between OA and the
projection line, which is projected to y. However, by the P-
transform, we can extend the dimension of x = 1 and get a line
on the plane y by x® P, whg)e P=(0 1 2)T.By (17), we
can get the cosine value of OA and x = 1 in the P-transform.
As is shown in Fig. 3, the line /; is the traditional projection
of the line / in plane y. Meanwhile, we can define other lines
on plane y by a proper P to get the angle between the plane
and the line. The P-angle is a new definition for two vectors
which have unmatched dimensions. If n = p, it is the inner
product of the traditional vector.

Evidently, the inner product defined in the STP is different
from the traditional inner product. As is mentioned in [19],
the inner product of two vectors is also a vector rather than
a certain value. So it cannot be used to calculate the cosine
value of the vectors, which is not defined in the STP. It seems
like a special inner product with the vector form and has no
relationship with the calculation of the angle between two vec-
tors. Therefore, the PTP is a good way to calculate the inner
product, the cosine value and the angle between two vectors
with unmatched dimensions.

Definition 7: Let ® € R™", x € R’*4, the least common

P
multiple of n and p is ¢, i.e., t = lcm{n, p}. Note that y = dxx
is the PTP of ® and x, so we have
W=(ehX), (18)

where @ is the ith row of ® with dimension n, ¥/ is the jth
column of x with dimensionp,i =1,2,...,m,j=1,2,...,q.

Evidently, y is a matrix made up by m x g blocks. If P =
I1x1, then it is the traditional multiplication. Furthermore, the
PTP of two matrices can be defined in another way as

P
D % x = (P ® Pixi/n) - (X ® Pijpxn) (19)

where [ and h are random positive integers. Now we take P
as a square matrix for convenience. Remark that & >, x is
n=tp and ® <, x is p = tn, where ¢ is a positive integer. So
the PTP of two matrices can be written as

P :CD(x®P),

D = x
b xx=
(¢ ® P)x,

20
(O] <t X. ( )
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~

Fig. 3. P-angle of the vectors with different dimensions. The red line /{ with
the mark square (0J) is the traditional projection of the black line / under the
plane y. Three different lamp bulbs represent different lights, including the
green line /» with the mark star (x), the blue line /3 with the mark triangle
(A), and the yellow line /4 with the mark circle (o). These dotted lines with
different marks on the plane y are the projections of three lights with different
colors. All of the projections can be defined by our method.

Suppose F, G, and Q are matrices with proper dimensions,
some rules among them can be given as follows.
Property 4: The distributive rule is given as

P P P
Fx(IG £ hQ) = IFXG + hFx Q,

p p LheR 21
(IF £ hG)xQ = IFxQ £ hGxQ.
Property 5: The associative rule is given as
P _\P2 P P
(FMG)IXQ:FIX(GD(Q). (22)

P P
Property 6: FxG and G F have the same eigenvalues, and

P P
r(FxG) = tr(GxF).
Property 7: If PT = P, then we have

T
P P
(F X G) =G xFT.
Property 8: If F, G, and P are invertible, then we have
P \7! P!
(FD(G) =G xF L
In the above analyses, we only focus on the left matching

of the matrices. Similar with (20), the right form of PTP can
be defined as

(23)

(24)

D =, x 25)

Oxx =
(P® d)x,

P (P Qx),
) <t X.

In order to distinguish these two types of PTP, we denote

<I>>1:x as the right PTP and we denote <I>l>12x as the left PTP.
The right PTP can satisfy Properties 4-8 as mentioned above.
Furthermore, let ® € R™*" x € RP*4, if ® >, x, then we can
get the relationships of these two types of PTP as follows:

P P
Dxx =D x Wi gxx X Wy g) (26)

and

P P
Dixx =D X Wiy p1Xx X Wy q. 27
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Oppositely, if & <; x, the corresponding properties can be
obtained similarly. In (26) and (27), W, ; is the transposition
matrix, and it can be defined as follows.

Definition 8: Let Wy, 1 € RP™P!, each row and each column
of the matrix W are labeled by the double indices (i, ), the
columns are arranged by Id(i, j; p, ) and the rows are arranged
by Id(J, I; t, p). The element in the [(/, J), (i, /)] is

I, I=iandJ=j

28
0, else. (28)

Mm&wn=:

Evidently, W[, , = W, = Wi,.0.

If P=1, it is the STP.

Furthermore, when we take the product operation of the
traditional product and Kronecker product or PTP, Kronecker
product cannot satisfy the associative rules, which is incon-
venient for the theoretical studies, i.e., for the matrices F, G,
and Q with proper dimensions, we have

FRG)-Q#F®(G-0) (29)
while the PTP can satisfy the associative rules, i.e.,
P P
(FD(G) - Q=Fx(G- Q). (30)

This property of PTP is convenient for the applications, and
PTP can overcome the insufficiencies of Kronecker product.
When PTP is applied to the PTP-CS, we can get the definition
of PTP-CS as follows:

P
y=dxx 31

where @ is the original measurement matrix and x is a k-sparse
signal. The matrix P can be any kind of invertible matrices.
Here, we adopt the matrix P as the Gaussian random matrix
and the generalized permutation matrix. The Gaussian ran-
dom matrix is subject to normal distribution with mean 0 and
variance 1.

B. Spark

As is mentioned in Section II, the spark is an important
property in the CS. So we give a corollary of the spark in the
PTP-CS, and further give a theorem with a detailed proof.

Corollary 1: If P is an invertible matrix and spark(®) >
2[kn/q], then for each measurement y € R™a/" there is at

most one k-sparse signal x € R? so that y = @:;x, where [ - ]
is a floor function.

Here, the floor function is an integer-valued function in
which the fractions are rounded down. So we can get the
maximal integer that is not bigger than the input value.

Theorem 1: Let P is an invertible matrix, for each measure-
ment y € R4/™ _if there is at most one signal x € X so that

P
y = ®xx, then spark(®) > 2[kn/q].
Proof: For (31), we have

BRI :(quxn@P%x%)'qul' (32)

By the definition of the tensor product, (32) can be con-
verted as

yma = [(‘Dmm ®1g> : (In ®P%)] " Xgx1- (33)
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Note that P;X g= W ®P(g/n). Equation (33) can be written as
y=<d>®1%>-P/-x. (34)
If P is invertible, by Property 2 we obtain
Pl=r'er! (35)
Evidently, P’ is also invertible, thus
Ply=—p-l. <q>®1%) P ox (36)

Note that 7 = P! - (@ ® Iigjn) - P/, ¥ = ® ® Ijg/n), We
can get T ~ Y.

Because T~ Y, T and Y has the same linear correlation.
For the right part of (36), similar with [19], we can prove
spark(®) > 2[kn/q] by contradiction. Note that t = 2[kn/q],
then spark(®) < 7. ® = (¢1,¢2,...,9n), Where @; is the
column vector with dimension n. Hence, there is a nonzero

vector x € X, such that )" = 0 by using the definition of
-1
) (37

the sparsity.
Note

where B; is a column vector with dimension mqg/n. By inserting

((g/n) — 1) zero vectors into ¢;, we can get

q_1 q
<I>®Iz=<ﬂ?,ﬂ},...,ﬂ1" s Bl B

—— T
Bi=|0i1,0,...,0,02,0,...,0,...,0m0,...,0) . (38)
N— S——

,3{ is obtained by moving the first element to the (j+ 1)th ele-
ment of each bracketed part, where j =0, 1,2, ..., (g/n) — 1.
Obviously, for any j we have

T .
> Blxi=o0.
i=1

By (37) and (39), we obtain

(39)

<<1>®Ig)~(xl,...,xl,...,x,,...,xT,O,...,O)T:0 (40)

where x; = (x1,...,x7), i = 1,2,..., 7, and the number of
each element is g/n.

Let X = (X1,...,X1,...,X¢,...,%,0,...,007, then X €
X (zq/n)- There exist X1, X2 € X(rq/2n) s0 that X = X; — Xo.
Because 1 is an even integer, we have (P®I(y/n))- (X1 —X2) =
0 and ® x X| = & x X5. In addition, (tq/2n) = (kn/q)(q/n) <
k, X1, X, € X. It is obvious that this conclusion contradicts
the assumption, so we have spark(®) > 2(kn/q). As a result,
we prove the theorem that if P is invertible and there is at

P
most one signal x € Xy such that y = ®xx, then spark(®P) >
2(kn/q). |

C. Coherence

The coherence is another important condition of the mea-
surement matrix. Here, we give a theorem of the coherence
in the PTP-CS, and further we give a detailed mathematical
proof.

Theorem 2: u(® ® P%) = max{u(®), u(P/n))}-
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Proof: Let ® ® Py = C, by (5) we have

Ci, Cj
W(©) = max M (41)
1=i#i=n lleilla | ¢,

By (8), we have
(p]]P ¢]2P (plnP
©2P  ¢nP vl

@oP)=| : : (42)

OmP omP mnP?

Note that P(y/ny = (p1,p2, - .-, P(g/n)), Where p; is a column
vector with dimension (¢/n) andi =1, 2, ..., (¢/n), then (42)
can be expended as

DR Py
n
P11P1 (ﬂllp% $12P1 (PIZP% P1nP1 (plnp%
$21P1 (/’21]7% $22P1 9022]7% P2nP1 (/’an%
V’m'lpl (pml.P% (/’mépl (me.P% wmz’zpl (ﬂmn.P%
(43)

Select two different column vectors from ® ® P/, ran-
domly and calculate their inner product. There are g columns
in the ® ® Py/n), so the selection can be denoted as Cg
by the theory of permutation and combination, i.e., there
exists ([g(g — 1)]/2) cases in the selection and we can obtain
([g(g — 1)]/2) values of inner products. Finally, we can find
the maximum of the ([¢(¢ — 1)/2) values of inner prod-
ucts. Here, suppose ¢; = (@1epf, 92eDfs - - - » Pmepy) and ¢; =
(P1dDPr> ©2aPrs - -+ » wmdpr)T, the inner product of the column
vectors ¢; and ¢; is the maximum of all ([¢(g — 1)]/2) inner
products, and their inner product is defined as

(cir i) = @1epr - @rap} + @2epf - 9200}

4 A Omepy - <PmdPrT- (44)

Let @, = (01, 92, ..., @) Where @; is a column vector
with dimension m and j = 1, 2, ..., n. Extracting the common
factor, we have

(ci. ci) = (@e. 0a) - pr. Pr)- (45)
By (45), (41) can be converted as
2O |(ge. @a) - (pr. pr)| 46)

= max .
1= EE0=n [1ells - Igalla - [prll, - Iprll2

According to the definition of the coherence, we should
discuss the following three cases of (46).

) etdf+r

u(C) = w(®) - u(P). (47)

2) e=d,f #£r.
We can easily get ([[(¢e, @a)l]/[ll@ell2 - l@all2]) = 1, so

[(pr. )l

€ = X .
T Tyl Tl

(48)

3) e£d,f=m.
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Similarly, we have

[{@e, va)l

n(C) = —_—.
I<e#d<n ||@ellz - ll@dlla

(49)

Because the coherence of any matrix satisfies u €
[v/[n — m]/[m(n — 1)], 1], we should eliminate case 1) e #
|

d,f # r, which is defined by (47). In a word, u(® ® Py/n))

max{u(P), u(Pg/m)}
In [19], the coherence is also analyzed, which is

M@ ® 1) = pu(®P). (50

In the PTP-CS, if the matrix P is the identity matrix, namely,
P =1, then u(® ® P(4/n)) can be transformed as

@@ Pa) = pu(®®Ia)
= max{u(®), ule)}
= u(P).

Equation (51) implies that the coherence of the measure-
ment matrix in STP-CS is a special case of the coherence in
PTP-CS. It proves that the PTP-CS is a generalization of the
STP-CS once again, and the PTP-CS provides more choices
for the measurement matrix. So it has a better universality in
the CS.

By [57], we have the relation between the spark and
the coherence of an arbitrary matrix & as spark(®) >
1 4+ (1/u(®)). So we can get the following corollary by
Theorem 2.

Corollary 2: If k < (1/2)(1+[1/u(®P)]) and k < (1/2)(1+
[1/w(P)]), then for each measurement vector y € R™ there

(SD

P
exists at most one signal x € Xy such that y = dxx.

D. RIP

Here, we will present a theorem of the RIP in the PTP-CS.

Lemma 1 [58]: If the matrices X, Xp,...,Xy sat-
isfy the RIP of the sequence k, which is denoted as
8k (X1), 6k (X2), ..., 8r(Xy), then

M
G @X2®- - ®@Xu) < [ [(1+8(X)) — 1.

i=1

(52)

Theorem 3: Suppose the measurement matrix & satisfies the
RIP of a sequence k, which is denoted as 82’ 0 < 6,? < 1),
meanwhile, the matrix P satisfies 8 (0 < 8/ < 1). Then

. PPy
® ® Py satisfies 8, ®ar and we have

¢'®Pq/n <

8, <(1+87)-(1+8)—1 (53)

namely,

QRPg/n

8 <8280+ + ¢ (54)

E. Reconstruction

We will give a new algorithm by the IRLSs [46] based on
l,-minimization. Because of the discontinuity of /p-norm [59],
it is an NP-hard problem to get the /p-minimization directly. As
for the signal reconstruction, the authors in [60]-[62] recov-
ered the signal by getting the /{-minimization and using the
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IRLSs minimization. In the iteration process, we get the vec-
tor weight of next iteration by convex optimization, and it
runs until it satisfies the stopping criterion. Compared with
the /;-norm, the /,-norm can obtain a more accurate result
with less measurements. Also, if there is some noise in the
signal, the [,-norm can keep a good performance in the
reconstruction [63].

Here, we begin to present more details about the proposed
reconstruction algorithm based on the IRLS in the sense
of PTP. Let the measurement matrix ® € R™"(m < n).
Obviously, ® is row full rank denoted as rank(®) = m. || x| is
the lp-norm of x € R?, then ||x||, < k. We obtain the following
equation of the linear system:

P
y=dxx (55)

where y € R"™/9 Because m < n, (55) has infinitely
many solutions for any y. Let the set of all solutions be
f» = o7 y).

Based on the /,-minimization with 0 < p < 1, we optimize
the above problem, and let ||x||, be the /,-norm of x. Then

1
q »
argmin [lx[| , = E x|
X ;
i=1

The approximate solution of /,-minimization can be con-
sidered as

(56)

4
2

(57)

1 /3
arg min x|, = ;(lez + (71+’0)
. i=1

In the iteration process, we define the function for the /,-
minimization as

q q
P 2—p 5
L,(x,w,0) = E[X;xizwi + X;(azw; + Twlp 2>:|
= 1=
(58)

In (58), note w is the weight vector and w € RY. Let the
initial value of w be w©® = (1,...,1), op = 1. The update
equation of w is

2—p
2 o
W = ((x§">) + an”ﬂ) . (59)
So we can obtain
x"*D = arg min L, (x("), w, an). (60)
xef ()
In the iteration process, o, can be updated as
(n+1)
r(x
Optl = min(an, @) (61)
q

where k is an RIP sequence that the signal x can satisfy, in
other words, it can be considered as the sparsity of the signal
x. r(x) is the absolute value of each component in the vector
x, and it obeys the descending order, namely, r(x); > r(x)2 >

- > r(x)g = 0. r(x" D)y is the (k + 1)th component of
x"*D and it is sorted by the decreasing order. The terminal
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Algorithm 1 PTP-CS Reconstruction Algorithm
Input: Signal x.
Initialize: w©@ = (1,---, 1), 00=1, 29 =(1,---, 1)
Qutput: The original signal x
1) Set x as k-sparse, x € R7, y € R™1/4 a5 the measurement
vector
2) for each column i iny
3) while o satisfies the condition, we2 set
4) update w(”) <« (()cl@)2 Lot )Tp;
5) get H, < (1,1),

P P P
6) update x("“) < (OxHN) . [Ox (dxHT)T ! . y;
re ) );

7) update 0,41 < min(oy, 7

8) end while
9)  return x"tD
10) end for

condition of the iteration is o, = 0, and we can get the sparse
solution.
Let H, € RY be a diagonal matrix, and we have
1

H4 , —
L1 Wl(n)

(62)

where H;; represents the ith diagonal element of matrix H,
andi=1,2,...,q. Equations (56)—(62) are the main process
of IRLS cited in [51].

In conclusion, we can get the solution of (55) as follows:

XD =H. (@@P) - [(@®P)-H- (2®P) 1"y (63)
Based on Properties 2 and 3, (63) can be converted as

vt = @epT| feor m-@en V]|

(64)

H=[@ep H] - {(¢®P)-[(¢®P)-HT]T}_1 -y (65)
T 777!

LD <¢§HT) -|:<1>§((1>>12HT) } . (66)

In order to reconstruct the original signal x, the key point
is to get the matrix H, in the IRLS. According to above
derivation process, we find that the H, can be obtained by
using (59), (61), (62), (66). As a result, we summarize the
main process of the reconstruction method in Algorithm 1.

According to [51], for the nth iteration in Algorithm 1 with

n > 0, we have
E (x(")
1)
— P m)r2
P (Wi ) ﬂ
(67)

") s On)

/2)[2< f")) W 4 Z<sz<n) n

i=1

(n
where w;
the monotonicity of £,(x",
Ep(x(n+l)1w 9 Gn+l)
< ﬁp (x(n—H)’ W(n), Un—i—l)
= ACp (x(n—H), W(n)» on)

< £,

) S0, ()CE"))2 > 0, 0, > 0. Similarly, we can get
w™ 5,) by [51] as follows:
(n+1)

o)
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where 0 < p < 1, and the algorithm is converged, namely

lim (+® — x<”+1>> =0.

n—oQ

(68)

F. Compressed Sensing of High-Dimensional Signal

The high-dimensional signal, for example, the video signal,
is different from the traditional image signal. The video adds
the time dimension to the signal flow. In brief, the video signal
is composed in a manner of frame-by-frame. So when it comes
to compressing the video signal, we should focus on compress-
ing every frame image in the video. There are some methods to
process the video signal, for instance, the Kronecker product in
CS can be suitable for various types of signal structures [58].
Moreover, the generalized tensor compressive sensing (GTCS)
gave a further study of the Kronecker product in CS [64], [65],
and Friedland et al. proposed a unified framework for CS with
higher order tensors. The GTCS not only keeps the intrinsic
structure of the tensor data, but also has a lower computational
complexity for the signal reconstruction.

The Kronecker product [58] can expand the sparse basis to
a high-dimensional one as

V=YW - -QWy

={Y1®¥2®---QYn,¥i € Uy, 1 =i =N} (69)

where ; is a sparse basis of the video signal. Suppose that
the video signal is X, whose size is N; x Ny x N3. According
to the form of the sparse basis defined in (69), we can expand
the video signal X as

vec(X) = <VeC(U1)T, e vec(UN3)T)T e RMVN3 (70

where vec(U;) is the expansion of the ith frame image.
Therefore, the Kronecker product in CS can be expressed as

V1 \IIN3 0 R 0
V2 0 \IIN3 . 0
VN3 0 0 \I]Ng,

Lemma 2 [58]: Let ®;, W; be the bases or frames for RV
where i =1, ..., N, then

N
PP ® @O, W@ @Wy) = [ [ (@, w).  (72)

i=1
By (72), we can see that the Kronecker product only focuses
on compressing the whole video signal rather than every frame
image. For each frame of the video signal, the storage space
of the measurement matrix is very large. So for the high-
dimensional signal, the PTP-CS provides a method to save the
storage of each measurement matrix. In the Kronecker CS, the
measurement matrix ®; (i =1, 2, ..., N) can be expressed as
(®;® P) (i =1,2,...,N), where ®; can be enlarged by
making the tensor product with the matrix P. Then by using
the PTP-CS, similarly with Lemma 2, we give the following

theorem.

Theorem 4: Let ®;, W; be the bases or frames for RV, and
O = (P;®P),i=1,....N, then p{(®;®P)® - ®
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(Py®PN). ¥ ®--- Q@ Wy} =

N
[ [n(@;® Pi. wi).

i=1

(73)

Proof: The proof is omitted since it is similar with that
of Lemma 2. ]

IV. EXPERIMENTAL RESULTS

In order to evaluate the performance of PTP-CS in signal
recovery, we compare the PTP-CS with the traditional CS, i.e.,
the measurement matrix ® has the matching dimension with
the dimension of the signal, and the recovery method is OMP.
Furthermore, we pay more attention to compare the difference
between PTP-CS and STP-CS. Meanwhile, we analyze the
time and the storage complexity of the PTP-CS model. In addi-
tion, we choose the original matrix ® of PTP-CS as Gaussian
matrix in the following experiments. We will analyze the
proposed model by visual comparison and give more recovery
performances of the signals. In the following experiments, we
denote the image compression ratio m/n as 0 and we define
the dimension reduction multiples of the measurement matrix
d as n.

For image signals, we choose different types of pictures with
different sizes to test the performance of the proposed model.
The recovery performance of the image signal is evaluated by
peak signal to noise ratio (PSNR), which is defined as

PSNR = 101 —(2'5_1)2 74
= 101gl s (74)

where £ is the bit of each pixel and it is selected as 8 com-
monly, that is, the gray scale is 255. In this experiment, we
set & = 8. The mean square error (MSE) is used to measure
the error between the original image and the recovered image.
Its mathematical definition is

m—1n—1

MSE = —— 3 3" (0G.)) - RG, j))?

mXn
i=0 j=0

(75)

where m, n denote the width and the height of the image,
O(i,j) is the gray value of the original image, and R(i,)) is
the gray value of the recovered image. For 1-D signal, we will
analyze the relationship between the recovery performance and
the dimension of the measurement matrix.

The recovery performance of the signal can be measured as
the following relative error:

/
_ =y

76
llxl2 7o

where x is the original signal, x’ is the recovered signal and
| - |l2 is the lr-norm of vector.

In terms of signal recovery, the IRLS based on [,-
minimization has a good reconstruction performance when p
is fairly large. Therefore, we set p = 0.8 in the experiments.
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Fig. 4. Recovered images by different CS models. The original image is
the image Lena which is the same as that in Fig. 2. The size of the original
image is 256 x 256. (a) PTP-CS method, where the original measurement
matrix ® and the matrix P are adopted as Gaussian matrix. (b) PTP-CS, where
the original measurement matrix ¢ is selected as Gaussian matrix and the
matrix P is adopted as the generalized permutation matrix. (¢)—(f) Traditional
CS method. The sparse images observed by the Gaussian matrix, the Bernoulli
matrix, the Toeplitz matrix, and the chaotic matrix, respectively. The sizes of
these different types of measurement matrices are 192 x 256, and the recovery
method is OMP.

A. Visual Comparison

Suppose that the compression ratio 6 equals to 0.75, i.e.,
for a picture with size 256 x 256, the dimension of the
measurement matrix is 192 x 256. n (the dimension reduc-
tion multiples of the measurement matrix @) equals to 4,
i.e., for a 192 x 256-dimensional matrix, the dimension of
this matrix is reduced to be 48 x 64. That is, the stor-
age space needed by the measurement matrix is reduced
dramatically.

In the experiment, first, we use the DWT to make the orig-
inal image be sparse. Then for the traditional CS, the sparse
image is observed by Gaussian matrix [26], Bernoulli matrix,
Toeplitz matrix [27], and the chaotic matrix [28] in turn and it
is reconstructed by OMP at last. In the PTP-CS, we select the
original measurement matrix ® as Gaussian random matrix,
then enlarge its dimension by ® ® P, and reconstruct it by our
model finally. Fig. 4 shows the visual results of our model and
the traditional four CS models.

Evidently, in aspect of visual results in Fig. 4, the PTP-
CS has the same performance as the traditional CS when P is
selected as different types of matrices. For each type of the CS
model, we run the experiment for 50 times to obtain the mean
values of PSNR. And we get the mean values of PSNR that are
36.9440, 37.0238, 30.8170, 30.8917, 31.3666, and 30.9748. In
which the first two values belong to the PTP-CS, where P is
a Gaussian matrix and P is a generalized permutation matrix,
respectively. Moreover, the last four values belong to the tra-
ditional CS in which the measurement matrix is a Gaussian
matrix, a Bernoulli matrix, a Toeplitz matrix, and a chaotic
matrix, respectively. The sizes of these different types of mea-
surement matrices are 192 x 256. In conclusion, the PTP-CS
can ensure a similar performance with a PSNR value higher
than 30 dB.
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TABLE I
PSNRS OF IMAGE RECOVERY FOR DIFFERENT TYPES OF
MATRICES WITH DIFFERENT 1

0 maximum(dB) minimum(dB) mean(dB)
N Gaussian| g Gaussian g Gaussian g

0.25 | 22.5787| 22.5169| 6.3698 | 6.1050 | 16.3619| 15.9039
16 | 0.5 28.7600 | 30.2680 | 22.3381 | 23.2418 | 26.4795| 26.7151

0.75 ] 37.4620| 36.3172| 31.8318| 32.1375| 34.9089| 34.8229

0.25 | 21.6755| 22.6516| 8.0949 | 8.6762 | 13.9530| 16.6849
8 0.5 28.5110 | 28.4920| 26.2418 | 26.2664 | 27.4114| 27.8872

0.75 ] 36.5978 | 36.4131[ 35.2088 | 34.3530| 35.7890| 35.7383

0.25| 19.4140 | 21.5296| 9.2974 | 9.0465 | 14.3978 | 15.6644
4 0.5 [ 29.4151| 29.5317| 27.2450| 27.5953 | 28.8031| 28.7376

0.75 | 37.0238 | 36.9440 | 35.6981 | 35.3792| 36.2517| 36.3167

0.25 | 19.8594 | 20.6405| 11.4373| 9.7635 | 15.2074| 15.8026
2 0.5 | 29.5485| 29.5041] 29.1387 | 28.5285| 29.3115] 29.1774

0.75 | 36.7877| 36.8371| 36.4490| 36.2658 | 36.6033 | 36.4800

0.25| 21.7260 | 21.4394 | 8.8370 | 10.8076 | 14.3978 | 15.2267
1 0.5 | 29.7367 | 29.6226 | 27.2450| 28.9099 | 28.8031| 29.3201

0.75 ] 37.0238 | 36.8933| 35.1563 | 36.3452| 36.2517| 36.5710

B. Quantitative Analysis of 2-D Image

In order to verify the effect of 1 and the choice of matrix P,
we set 6 as 0.25, 0.5, 0.75 for the image with size 256 x 256,
and we select  as 1, 2, 4, 8, 16. If n = 1, it converts to the
traditional CS. In every experiment, ® is Gaussian matrix and
P is Gaussian matrix or g (i.e., the generalized permutation
matrix). We also take the image Lena as the experimental
image, whose size is 256 x 256, and we repeat the experiment
for 50 times. In order to investigate the performance of the
PTP-CS method, Fig. 5 shows the PSNRs of two types of P
with different n and 6, n in Fig. 5(a)—(e) equals to 1, 2, 4,
8, and 16, respectively, the matrix P in the left five pictures
of Fig. 5 is Gaussian matrix and in the right five pictures of
Fig. 5 it is g. Obviously, we can see from Fig. 5 that the PSNR
is unstable with the increment of 7, and the types of matrix P
have little influence on the recovery performance. Its reason
is that, as we have inferenced in Section II, the coherence
coefficient ; depends on the matrix with bigger size for these
two types of matrices in the tensor product. Since p(g) is O
calculated by (5), u(® ® g) only depends on p(®P) of the
Gaussian matrix which is subjected to the normal distribution
with mean O and variance 1. Meanwhile, it is clear that smaller
0 makes the result of the PSNR less stable.

Table I shows the maximum, the minimum, the mean val-
ues of PSNR for 50 experiments under different values of 7
and 6, where g is Gaussian matrix and the generalized permu-
tation matrix, respectively. The method is PTP-CS. The first
column in Table I is the values of 7, which are selected as 16,
8, 4, 2, 1, respectively. The second column in Table I is the
values of 6, which are set as 0.25, 0.5, 0.75 for each value
of 7, respectively. The remaining six columns of Table I list
the maximum, the minimum, the mean values of PSNR cor-
responding to the values of n and 6 when the matrix P is
Gaussian random matrix and g. Although in Fig. 5 the recov-
ery results of the image fluctuate significantly as n is big, we
can see from Table I that the minimum of n has a slightly
different result, and its big difference is about 5 dB.

In order to compare with the traditional semi-tensor CS [19],
in the PTP-CS, we set P as the identity matrix and we set ® as
the Gaussian matrix, then we take the image Lena (256 x 256)
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Fig. 5. Value of PSNR varies with n and 6 as well as two choices of P
in the 50 experiments. The method is PTP-CS. The original image is the
image Lena (256 x 256). The left five pictures are the results of P as the
Gaussian matrix, and the right five pictures are the results when P is selected
as the generalized permutation matrix. (a) n = 1, (b) n = 2, (¢) n = 4,
(d) n = 8, and (e) n = 16. Three curves in each picture correspond to the
values of 6 with 0.25, 0.5, and 0.75, respectively. The x-coordinate in each
picture represents the number of the experimental times. The y-coordinate
represents the value of PSNR in each experiment.

for the experiment. Here, we also take n as 1, 2, 4, 8, 16 and we
select 6 as 0.25, 0.5, and 0.75, respectively, which is a similar
process with the above experiment. The experiment has been
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VARIANCES OF THREE CS MODELS WITH DIFFERENT 7 AND 6

TABLE 11

n 0 Gaussian | g STP
0.25 | 51.7343 44.1460 | 34.9061

16 [ 05 6.1643 6.6790 2.6539
0.75 | 1.6100 27210 1.3853
0.25 | 28.8479 29.0261 | 28.0550

8 0.5 1.5103 2.5074 3.4768
0.75 | 0.4970 0.4473 0.5179
0.25 | 19.2769 16.1878 | 20.6556

4 0.5 0.3027 0.2799 0.2628
0.75 | 0.0822 0.0938 0.1333
025 | 11.7415 8.9553 15.3943

2 0.5 0.0822 0.0292 0.0415
0.75 | 0.0320 0.0268 0.0337
0.25 | 8.1302 16.1878 | 8.5201

1 0.5 0.0354 0.2799 0.0188
0.75 | 0.0177 0.0938 0.0161

repeated for 50 times. We also record the values of PSNR for
the STP-CS method during 50 experiments. Then we calculate
the variances of STP-CS and PTP-CS in different values for n
and 0, which is shown in Table II. The first column of Table II
is the values of n (the dimension reduction multiples of the
measurement matrix ®) which are selected as 16, 8, 4, 2, 1,
respectively. The second column of Table II is the values of 6
(the compression ratio of the image signal) which are set as
0.25, 0.5, 0.75 for each value of 7, respectively. The remaining
three columns of Table II list the variances of PTP-CS as P
is Gaussian matrix and g, and the variances of STP-CS under
different values of n and 6.

From Table II, we can find that if the values of 1 are selected
as 2, 4, 8 in the PTP-CS method, STP-CS has a little big-
ger variance than PTP-CS, i.e., the PSNR values obtained
from STP-CS method have higher dispersion degree than those
obtained from the PTP-CS method, since the variance value
measures how far a set of (random) numbers are spread out
from their average value. That is, the randomness of the STP-
CS method is higher than that of the PTP-CS method. In order
to make the difference more clear, we record the PSNRs for 50
times in the experiments of STP-CS and PTP-CS. As is shown
in Fig. 6(d) and (e), we can easily find that the PTP-CS method
has a better performance in stability than the STP-CS method.

Meanwhile, in Fig. 6, we can compare the recovery perfor-
mances of the PTP-CS and the STP-CS from the visual aspect.
Fig. 6(a) is the original image Pepper with size 256 x 256,
Fig. 6(b) is the recovery image of PTP-CS and Fig. 6(c) is the
recovery image of STP-CS. 6 is 0.75 in PTP-CS and STP-CS.
It seems that the PTP-CS has a better performance.

Actually, the reason why the PTP-CS has a better
performance than STP-CS can be explained by the theorems
given in Section II. The Gaussian matrix is a kind of random
matrix, which is different in each generation. The STP-CS only
expands the dimension of the original measurement matrix
without changing the properties of the matrix, including the
spark, the coherence, and so on. Therefore, the properties of
the final measurement matrix for the STP-CS only depend on
one random matrix. There is no doubt that the randomness of
STP-CS is stronger than that of PTP-CS. Unlike in the STP-
CS, both the original measurement matrix and P are Gaussian
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Recovery results of the image Pepper (256 x 256) as n = 4, and two models are PTP-CS and STP-CS. In the PTP-CS, P is the Gaussian matrix.

(a) original image, (b) recovery image of PTP-CS when 6 is 0.75, (c) recovery image of STP-CS when 6 is 0.75, (d) three curves of PSNR in PTP-CS, these
curves correspond to different & whose values are 0.25, 0.5, and 0.75, respectively, and each curve shows one value of PSNR in one experiment, and (e) three
curves of PSNR in STP-CS, and these curves correspond to different & whose values are 0.25, 0.5, and 0.75, respectively.

matrices in the PTP-CS, and the coherence is impacted by two
matrices. So the randomness of PTP-CS is reduced to some
extent compared with STP-CS.

Moreover, we want to reduce the difference or the gap
between the original signal x and the reconstructed signal y,
in STP-CS, it can be denoted as

x§rpes = argmin|[(® ® Dx — yl|2. (77)
And in PTP-CS, it can be denoted as
Xprpes = argmin||(® ® P)x — || (78)

When the original measurement matrix @ is known, the
(® ® I) is known in STP-CS, whereas in PTP-CS the final
measurement matrix, i.e., the (® ® P) is still unknown. So
the PTP-CS has the opportunity to adjust the coherence value
of the final measurement matrix. By some optimization algo-
rithms, the PTP-CS can find a better P to make its column
correlation smaller. In the near future, we will study its
optimization method to find better P.

Through Theorem 2 and the above experiments, the tensor
product of the measurement matrix can be generated by many
different kinds of matrices. The smaller the coherence wu is, the
better recovery results we can get. Hence, if we can calculate
the p of two tensor matrices, we can predict the approximate
recovery result.

For various types of images, besides the image Pepper, we
choose the image Vampire with size 256 x 256 to simulate
additionally 50 times, for the sake of adding variation to the
analysis. Suppose n (i.e., the dimension reduction multiples
of the measurement matrix @) is 1 and 4, respectively. When
n is 1, the PTP-CS degenerates to the traditional CS. In this
experiment, let the original measurement matrix and P be the
Gaussian matrices. Fig. 7 shows the recovery images of the
image Vampire, where n is 4 and 6 is 0.75, the method is
PTP-CS, and Fig. 7(c) also shows the fluctuations of PSNR,
respectively. It can be seen from Fig. 7 that from the visual
aspect, the PTP-CS performs well on various types of images.
For other types of images, we simulated for many times and
obtained similar results. Table III lists the maximum, the min-
imum and the mean values of PSNR for the image Vampire in
50 simulations in detail, where 1 has two values, i.e., 1 and 4.
We can see from Table III that although it is unstable when
n is 4, the maximum, the minimum, and the mean values of
PSNR are similar with those of the traditional CS.
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Fig. 7. Recovery results of the image Vampire (256 x 256) as n = 4, where
P is the Gaussian matrix. (a) original image, (b) recovery image when 6 (i.e.,
the compression ratio) is 0.75, and (c) three curves of PSNR, which corre-
spond to different & whose values are 0.25, 0.5, and 0.75, respectively. The
x-coordinate in the (c) represents the number of the experimental times, and
the y-coordinate in the (c) represents the value of PSNR in each experiment.

TABLE III
PSNRS OF IMAGE Vampire WHEN 6 AND 1 HAVE DIFFERENT VALUES

maximum(dB)
n=4 n=1
20.3184 | 19.6010
31.5262| 32.0433
46.2541] 46.4838

minimum(dB)
n=4 n=1
7.7257 | 12.5732
26.9700 | 29.5698
40.6949 | 44.4215

mean(dB)

n=4 n=1
15.6285| 16.6170
29.6222] 30.8814
43.8152| 45.5455

Name| 60

0.25
Vampire | 0.5
0.75

Meanwhile, we choose the images Cameraman, Baboo,
Barbara, and House (256 x 256) for the performance test.
Here, the P is g (i.e., the generalized permutation matrix), 6
is 0.75 and n is 4. The experiment repeats 50 times for each
image. As is shown in Fig. 8, four images in the top row are the
original images, four images in the middle row are the recov-
ery images with 6 0.75, and four pictures in the bottom row
show the curves of PSNR for each type of image under differ-
ent values of 6. Since the experiment is repeated 50 times for
each pictures, three curves in Fig. 8 (i)—(1) contain 50 points,
which are the values of PSNR in every experiment. In a word,
no matter what type or size the images are, the PTP-CS can
recover the image signal to a good extent compared with the
traditional CS.

It is worth testing the performance of PTP-CS on vari-
ous types of images with different sizes. Therefore, we adopt
another image Lena with size 512 x 512. The original mea-
surement matrix and P are selected as the Gaussian matrix
for a case of study. Table IV lists the maximum, the mini-
mum and the mean values of PSNR of the image Lena (512
x 512) with different 6 and 7. Compared with the traditional
CS as n = 1, we can see from Table IV that the maximum and
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Recovery results of the images Cameraman, Baboo, Barbara, and House (256 x 256) as n =4, and P is the generalized permutation matrix. Four

original images (a)—(d) with sizes 256 x 256 are placed in the top row. (a) Cameraman, (b) Baboo, (c) Barbara, (d) House. The middle four images (e)—(h)
are the recovered images of these four original images in the first row. The value of # in the images (e)—(h) is 0.75. The bottom four pictures (i)—(l) display
the values of PSNR under three values of 6 for each type of image. There are three curves of PSNR in each picture, which correspond to different & whose
values are selected as 0.25, 0.5, and 0.75, respectively. The x-coordinate in the (i)—(1) represents the number of the experimental times, and the y-coordinate
in the (i)—(l) represents the value of PSNR in each experiment. (i) PSNR curves of the image Cameraman, (j) PSNR curves of the image Baboo, (k) PSNR

curves of the image Barbara, and (I) PSNR curves of the image House.

TABLE IV
PSNRS OF THE IMAGE Lena(512 x 512) WITH DIFFERENT 6 AND 7

n [ maximum(dB) minimum(dB)| mean(dB)
0.25 | 22.5169 6.1050 15.9039
16 | 0.5 30.2680 23.2418 26.7151
0.75 | 36.3172 32.1375 34.8229
0.25 | 22.6516 8.6762 16.6849
8 0.5 28.4920 26.2664 27.8872
0.75 | 36.4131 34.3530 35.7383
0.25 | 21.5296 9.0465 15.6644
4 0.5 29.5317 27.5953 28.7376
0.75 | 36.9440 35.3792 36.3167
0.25 | 20.6405 9.7635 15.8026
2 0.5 29.5041 28.5285 29.1774
0.75 | 36.8371 36.2658 36.4800
0.25 | 21.4394 10.8076 15.2267
1 0.5 29.6226 28.9099 29.3201
0.75 | 36.8933 36.3452 36.5710

the mean values are quiet the same whereas the value of the
minimum has a small gap. Fig. 9 shows the recovery curves
for repeating 50 times as n = 8, and these three curves in
Fig. 9 correspond to three values of 6. As is shown in Fig. 9,
when the image has a bigger size, the PSNR curve is similar
with those of Fig. 5 when the dimension of the measurement
matrix is reduced. In conclusion, the PTP-CS performs well
for the images with different sizes.
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Fig. 9. PSNR curves of the image Lena (512 x 512) as n = 8. Here, P
is the Gaussian matrix. From the top to the bottom, three values of 6 are
0.25, 0.5, and 0.75, respectively. Each curve shows one value of PSNR in 50
experiments.

C. More Analyses for Reconstruction

In the CS, the recovery results may be diverting with differ-
ent kinds of measurement matrices and different values of 0
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Fig. 10. Effect of the row number of the measurement matrix on the image
recovery for the PTP-CS and the traditional CS with four values of 1. We take
the image Lena for the experiment. The PSNR changes with the row number
of measurement matrices which are Gaussian, Bernoulli, Toeplitz, and chaotic
matrices. (a) n is 1, (b) n is 2, (¢) n is 4, and (d) n is 8.

(i.e., the compression ratio). The compression ratio is related
with the row of the measurement matrix. Therefore, we adopt
four types of matrices and different 6 to investigate the recov-
ery performance of PTP-CS, and we choose the image Lena
with size 256 x 256 for the experiment. We set P as the
Gaussian matrix, and we set the original measurement matrix
@ as the Gaussian matrix, the Bernoulli matrix, the Toeplitz
matrix, and the chaotic matrix in turns. Fig. 10 gives the graph
of the relationship between PSNR and the row number of mea-
surement matrix. With the increment of the row number, the
compression ratio gradually becomes bigger. The x-coordinate
calibration of these four subfigures in Fig. 10 are different,
because the values of 1 as well as the column numbers in the
original measurement matrices are different, and the ranges of
the row numbers of the original measurement matrices are dif-
ferent. In order to show the variation of PSNR with the row
number of the measurement matrix clearly, the x-coordinate
calibration in Fig. 10(a) ranges from 100 to 250, in Fig. 10(b)
it ranges from 20 to 120, in Fig. 10(c) it ranges from 10 to
60, and in Fig. 10(d) it ranges from 5 to 30.

When the value of 7 (i.e., the dimension reduction multiples
of the measurement matrix ®) is set as 1, as is shown in
Fig. 10(a), it degenerates to the traditional CS, four kinds of
matrices perform almost to be similar with the increment of
the row number. When 7 is 2, as is shown in Fig. 10(b),
these four matrices have different results when the row number
is less than 60, and the results of the Gaussian matrix are
the most stable. The result is the same if the row number is
more than 60, while the result of the chaotic matrix remains
unsatisfactory. When 7 is 4, as is shown in Fig. 10(c), the result
of the chaotic matrix is still worse than those of other matrices,
and the results of Gaussian and Bernoulli matrices are more
stable than that of Toeplitz matrix. When 7 is 8, as is shown in
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Fig. 11. Recovery result by OMP. The original image is the image Lena
with 256 x 256 and 7 is 4. These three curves are the PSNR curves with
different 6, which correspond to different 6 whose values are set as 0.25, 0.5,
and 0.75, respectively. The x-coordinate in the picture represents the number
of the experimental times, and the y-coordinate represents the value of PSNR
in each experiment.

Fig. 10(d), the chaotic matrix has a lower PSNR curve whereas
this curve is relatively flat. The performances of Gaussian,
Bernoulli, and Toeplitz matrices fluctuate greatly when their
row numbers are less than 15. When the row number is more
than 15, the result of the Gaussian matrix performs well. In a
word, the Gaussian matrix is the best matrix in comparison to
other three kinds of matrices. It yields a stable result in terms
of image recovery.

In order to investigate the performance of the reconstruction
method, P is selected as the Gaussian matrix with size 4 x
4, i.e., n is 4, the size of the measurement matrix ® is set
as 32 x 64, and we use OMP to reconstruct the image Lena
(256 x 256). The experiment has been repeated for 50 times,
and Fig. 11 shows these 50 values of PSNR in 50 experiments.
We can conclude from Fig. 11 that the OMP is not suitable for
PTP-CS since the OMP produces a worse result and a more
violent fluctuation. Hence, it is necessary to propose a new
reconstruction model for PTP-CS.

The CPU time of PTP-CS is shown in Fig. 12. We record
the CPU time of the whole process, including making the
original image sparse, obtaining the final measurement matrix
by PTP, compressing the original image and reconstructing
the image. Five pictures in each row of Fig. 12 have differ-
ent 1 (the dimension reduction multiples of the measurement
matrix @), which is selected as 1, 2, 4, 8, 16 from the left to
the right, respectively. We record the CPU times when P is
Gaussian matrix or g (i.e., the generalized permutation matrix).
The upper five pictures in Fig. 12 are the curves of the CPU
time as P is Gaussian matrix, and the bottom five pictures in
Fig. 12 are the curves of the CPU time as P is the generalized
permutation matrix g. Three curves in each picture represents
the variation of PSNR under three values of 9, i.e., 0.25, 0.5,
0.75. Because of the randomness of the original measurement
matrix, the CPU time fluctuates for different n. Therefore, we
will continue to study new reconstruction algorithm for further
optimization.
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Fig. 12.  CPU time of PTP-CS. The original signal is the image Lena (256 x 256), and this experiment is performed under different values of 7 and 6,

as well as two choices of P. The above five pictures (a)—(e) are the results of P selected as the Gaussian matrix, and the bottom five pictures (f)—(j) are the
results when P is selected as the generalized permutation matrix. Three curves in each picture correspond to different values of 6, whose values are 0.25,
0.5, and 0.75, respectively. The x-coordinate in each picture represents the number of the experimental times, and the y-coordinate represents the CPU time.
(a) and (f) n = 1. (b) and (g) n = 2. (¢) and (f) n = 4. (d) and (i) n = 8. (e) and (j) n = 16.

D. Quantitative Analysis of Video Frames

As is mentioned in Section III, we can compress the video
signal by frames. We download a video and extract one frame
from each pair of frames in the video, and then compress
them by PTP-CS. Actually, two continuous frames are similar
to each other, and the gap matrix between them is sparse.
So for the video CS, first, we should obtain the gap matrix
between two frames. Second, dispose the first frame as the
regular process of CS, including making the image sparse and
measuring the image. Third, in view of the sparsity of the
gap matrix, we can measure the gap matrix directly without
the sparse process. After transmitting in the signal channel,
we can recover the first frame and the gap matrix, then the
second frame can be obtained by the first frame and the gap
matrix.

In the experiment, the size of two frames is 256 x 256, n is
4, the matrix P is g (i.e., the generalized permutation matrix),
and we repeat the experiment for 50 times. As is shown in
Fig. 13, Fig. 13(a) is the original image of the first frame,
Fig. 13(b) is its recovery image with 6 0.75, and Fig. 13(c) is
the PSNR curves for 50 experiments under different 6, whose
values are 0.25, 0.5, 0.75, respectively. Similarly, in Fig. 14,
Fig. 14(a) is the original image of the second frame, and
Fig. 14(b) is its recovery image with 6 0.75. For 6 of the
second frame, for example, if 6 is 0.75, then it means that the
compression ratio of the first frame and the gap matrix is 0.75
since they are adjacent or continuous frames. In fact, both
of these frames are highly similar to each other. Compared
Fig. 13(c) with Fig. 14(c), it is easy to notice that the PSNRs
of these two adjacent frames have little difference. Without
loss of generality, we can compress the whole video based
on the previous method. In this way, we just focus on com-
pressing gap matrices between the continual frames rather than
compressing and recovering every frame. Given that the gap

matrices are sparse, the time of making the gap matrices sparse
can be reduced. We can deduce that the PTP-CS can recover
the video image well.

In the video compression, the storage space of the mea-
surement matrix in PTP-CS is reduced significantly. In the
Kronecker product CS model, if the compression ratio 6 is
0.75, then the size of the measurement matrix @ is

CD c Rl92><256 (79)
which should match the dimension of the image size. However,
in the PTP-CS, the size of the original measurement matrix
can be

<D/ c R48><64 (80)

and the size of P is

P e RV, (81)

From (79) to (81), it is easy to notice that the storage space
of PTP-CS is much less than that of the Kronecker product CS.

E. Quantitative Analysis of 1-D Signal

Besides the 2-D image signal and high-dimensional video
signal, there is another common signal with one-dimension, for
example, the ECG signal in our daily life. In order to verify the
performance of PTP-CS for 1-D signals, we take a signal with
size 1 x 192, four kinds of measurement matrices are selected
as Gaussian matrix, Bernoulli matrix, Toeplitz matrix, and the
chaotic matrix. We can reduce the dimensions of the matrices
significantly. We set(® ® P), where P is adopted as Gaussian
matrix and g (i.e., the generalized permutation matrix), respec-
tively. The percentage of recovery is calculated by (76), and
if the reconstruction error is less than 0.002, then it can be
considered that the signal is reconstructed successfully. For a
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Recovery results of the first frame (256 x 256), where P is the generalized permutation matrix. (a) image of the first frame, (b) its recovery

frame when 6 is 0.75, and (c) three curves of PSNR, which correspond to different 6 whose values are 0.25, 0.5, and 0.75, respectively. The x-coordinate in
(c) represents the number of the experimental times, and the y-coordinate in the (c) represents the value of PSNR in each experiment.
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Recovery results of the second frame (256 x 256) as n = 4, where P is the generalized permutation matrix. (a) image of the second frame,

(b) its recovery frame when 6 is 0.75, and (c) three curves of PSNR, which correspond to different & whose values are 0.25, 0.5, and 0.75, respectively. The
x-coordinate in (c) represents the number of the experimental times, and the y-coordinate in the picture (c) represents the value of PSNR in each experiment.

randomly selected vector x € R'9? with sparsity 25, let the
columns of measurement matrices n be equal to 192, 96, 64,
48, and we can get the relationship between m and the recovery
percentage.

After simulating the PTP-CS and the traditional CS for 1000
times, we draw the effect of m on the recovery percentage of
signal in Fig. 15. If n equals to 192, it corresponds to the
traditional CS. If n equals 96, 64, 48, it corresponds to the
PTP-CS. Evidently, if P is the Gaussian matrix, as is shown
in Fig. 15(a), the recovery percentage can reach 100% when
n is 192, and m is almost larger than 126. Meanwhile, when
n equals to 96, 64, 48 and m equals to 64, 50, 39, respec-
tively, the recovery percentage can reach 100%. If P is the
generalized permutation matrix, as is shown in Fig. 15(b), the
recovery percentage can reach 100% when n is 192, and m
is almost larger than 126. When the recovery percentage can
reach to 100%, n equals to 96, 64, 48 and m equals to 68, 49,
38, respectively. However, for Bernoulli matrix, the recovery
percentage will descend with fluctuation when m is too large.
Therefore, the PTP-CS achieves a similar result with the tradi-
tional CS in signal recovery, but it requires less storage space
than the traditional CS.

F. Comparison of Storage Space

The block CS (BCS) proposed by Gan [10] is an effective
method to reduce the storage space of the measurement matrix,

the image is divided into small blocks and the size of each
block is B x B. According to the previous PTP-CS model, i.e.,

vty = (@rn ® Pt ) - gt (82)
suppose x; is a vector and it represents the ith block of the
image y, then we have y; = ®pcs - x;, where ®pcs is ¢p X B?
with ¢p = (mB?/n), In BCS, ®pcs is an orthonormal and
i.i.d Gaussian matrix [11]. In this way, the storage space of
the measurement matrix is reduced, and the speed of the com-

pression is improved. Equivalently, the measurement matrix
dpcs can be expressed as

dg 0 - 0
0 Op

Ppes =L@ Pp =] . : (83)
0 0 Op

Furthermore, for a k-sparse signal x € R?*!, the initial

measurement matrix ®g € R™*", and in STP-CS [19], the
measurement matrix ®grpcs can be expressed as

ds 0 --- 0
0 5 --- 0

Dstpcs = Ps ® Iy/n = : (84)
0 0 [OXS
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where n is selected as a factor of g. The PTP CS can be

expressed as

PprpCs = Pp ® Py =

P P
@21P P
(meP (meP

§01nP
(p2nP

OmnP

(85)

where ®prpcs is the measurement matrix, and ®p is the initial
measurement matrix.

From (84) to (85), the STP-CS is similar with the BCS,
so does the PTP CS (PTP-CS). However, due to the incom-
mutability of the tensor product operation and various choices
of the matrix P, these three methods are exactly different.
Since the PTP-CS and the STP-CS use the same mechanism
to reduce the storage space, we decide to compare the stor-
age space reduction among the traditional CS, the BCS, and
the PTP-CS. By comparing the entry numbers of measurement
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matrices among the traditional CS, the BCS, and the PTP-CS,
we can easily find the way of saving the storage space for
the measurement matrix. Suppose that the original signal x is
an image with size g x ¢, obviously, for the traditional CS,
the size of the measurement matrix is m x ¢. In BCS, the
image is divided into small blocks with size B x B, and each
small block will be compressed by the measurement matrix
with size |mB/q] x B. In PTP-CS and STP-CS, the size of
the measurement matrix is mn? /g, where n is a factor of ¢. In
essence, BCS, STP-CS, PTP-CS can reduce the storage space
of the measurement matrix.

In Fig. 16(a) and (b), the original signal is an image with
size 900x900, and m (i.e., the row number of the measure-
ment matrix) is 190, Fig. 16(a) shows the effects of n (i.e.,
the column of the measurement matrix) and Fig. 16(b) shows
the effects of B (i.e., the size of the blocks) on the number of
entries in different measurement matrices. In Fig. 16(a), we
set B as 200, 400, 600, and 800, respectively. In Fig. 16(b),
we set n as 150, 180, 225, 300, and 450, respectively, which
can satisfy that n is the factor of g. The experimental results in
Fig. 16 shows that the traditional CS has the highest demand
of the storage space of the measurement matrix whereas the
PTP-CS and the BCS almost have the same performance.
Unfortunately, we can find that the entries of the measurement
matrix in PTP-CS are not less than those in BCS. Nevertheless,
if each of the block is large (i.e., the value of B is big), the
PTP-CS will have a better performance to save the storage
space of the measurement matrix. In fact, the size of each
block should not be too small. For the size of the block B
and the sparsity of the image signal k, it should satisfy that
B > k. For example, the energy of the image will be focused
on one corner after being made sparse, so the image cannot
be reconstructed if the block is small. All in all, the PTP-CS
seems to be better than other two CS methods.

V. CONCLUSION

In this paper, we define a new multiplication rule called
PTP and apply it to CS. First, we define a new inner prod-
uct and an included angle between two vectors with different
dimensions. Meanwhile, in view of the limitation of the matrix
multiplication, we use the matrix P to change the dimension
and give some basic properties of PTP. Second, in the CS,
we adopt the P as the Gaussian random matrix and the gen-
eralized permutation matrix in the design of the measurement
matrix to reduce the storage space of the measurement matrix.
In theoretical aspect, we make the quality analysis by spark,
coherence, and RIP in a broad sense, which can be used to
analyze other kinds of CS models. For the reconstruction algo-
rithm, we propose a new model based on the IRLSs which is
suitable for the proposed PTP-CS model. We can see from the
experimental results that the PTP-CS has a good performance
on the recoveries of 1-D and 2-D signals, as well as the frames
in the video signal. The PTP not only breaks the conventional
concept of the vector angle and improves the flexibility of the
matrix multiplication, but also significantly reduces the storage
space that the measurement matrix needed in CS. By taking
the randomness of P into consideration, in future work, we
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will verify the performance of PTP-CS in signal transmission
encryption which will mainly focus on P and study the IoT
application. Then, we will complete the concept of the vector
relationship in P-transform. Furthermore, we will optimize the
reconstruction algorithm to reduce the CPU time.

ACKNOWLEDGMENT

The authors would like to thank the Editor and all the
reviewers for their efforts and comments on this paper.

REFERENCES

[1] D. L. Donoho, “Compressed sensing,” IEEE Trans. Inf. Theory, vol. 52,
no. 4, pp. 1289-1306, Apr. 2006.

[2] E. J. Candes, J. Romberg, and T. Tao, “Robust uncertainty princi-
ples: Exact signal reconstruction from highly incomplete frequency
information,” IEEE Trans. Inf. Theory, vol. 52, no. 2, pp. 489-509,
Feb. 2006.

[3] E. J. Candes and T. Tao, “Near-optimal signal recovery from random
projections: Universal encoding strategies?” IEEE Trans. Inf. Theory,
vol. 52, no. 12, pp. 5406-5425, Dec. 2006.

[4] J. Wen, Z. Chen, Y. Han, J. D. Villasenor, and S. Yang, “A compressive
sensing image compression algorithm using quantized DCT and noiselet
information,” in Proc. IEEE Int. Conf. Acoust. Speech Signal Process.,
2010, pp. 1294-1297.

[5] R. Baraniuk and P. Steeghs, “Compressive radar imaging,” in Proc. IEEE
Radar Conf., 2007, pp. 128-133.

[6] M. Lustig, D. Donoho, and J. M. Pauly, “Sparse MRI: The application of
compressed sensing for rapid MR imaging,” Magn. Reson. Med., vol. 58,
no. 6, pp. 1182-1195, 2007.

[71 B. Zhou, A. Liu, X. Wang, Y. She, and V. Lau, “Compressive sensing-
based multiple-leak identification for smart water supply systems,” [EEE
Internet Things J., vol. 5, no. 2, pp. 1228-1241, Apr. 2018.

[8]1 Z. C. Li, H. Huang, and S. Misra, “Compressed sensing via dictionary
learning and approximate message passing for multimedia Internet of
Things,” IEEE Internet Things J., vol. 4, no. 2, pp. 505-512, Apr. 2017.

[9] T. T. Do, L. Gan, N. H. Nguyen, and T. D. Tran, “Fast and efficient

compressive sensing using structurally random matrices,” IEEE Trans.

Signal Process., vol. 60, no. 1, pp. 139-154, Jan. 2012.

L. Gan, “Block compressed sensing of natural images,” in Proc. Int.

Conf. Digit. Signal Process., 2007, pp. 403-406.

E. J. Candes and J. K. Romberg, “Signal recovery from random

projections,” in Proc. SPIE, vol. 5674, 2005, pp. 76-86.

H. P. Peng et al., “Secure and energy-efficient data transmission system

based on chaotic compressive sensing in body-to-body networks,” IEEE

Trans. Biomed. Circuits Syst., vol. 11, no. 3, pp. 558-573, Jun. 2017.

G. Q. Zheng, Y. M. Yang, and J. Carbonell, “Efficient shift-

invariant dictionary learning,” in Proc. ACM SIGKDD Int. Conf., 2016,

pp. 2095-2104.

D. Z. Cheng, H. Qi, and A. Xue, “A survey on semi-tensor product of

matrices,” J. Syst. Sci. Complex., vol. 20, no. 2, pp. 304-322, 2007.

D. Z. Cheng, “Semi-tensor product of matrices and its application to

Morgen’s problem,” Sci. China, vol. 44, no. 3, pp. 195-212, 2001.

D.-Z. Cheng and L.-J. Zhang, “On semi-tensor product of matrices and

its applications,” Acta Mathematicae Applicatae Sinica (English Series),

vol. 19, no. 2, pp. 219-228, 2003.

D. Laschov and M. Margaliot, “A maximum principle for single-input

Boolean control networks,” IEEE Trans. Autom. Control, vol. 56, no. 4,

pp- 913-917, Apr. 2011.

D. Z. Cheng, “Some applications of semitensor product of matrices in

algebra,” Comput. Math. Appl., vol. 52, nos. 67, pp. 1045-1066, 2006.

D. Xie, H. P. Peng, L. X. Li, and Y. Yang, “Semi-tensor compressed

sensing,” Digit. Signal Process., vol. 58, pp. 85-92, Nov. 2016.

H. P. Peng, Y. Tian, and J. Kurths, “Semitensor product compressive

sensing for big data transmission in wireless sensor networks,” Math.

Problems Eng., vol. 2017, pp. 1-8, Mar. 2017.

R. G. Baraniuk, “Compressive sensing,” IEEE Signal Process. Mag.,

vol. 24, no. 4, pp. 118121, Jul. 2007.

H. Rauhut, K. Schnass, and P. Vandergheynst, “Compressed sensing

and redundant dictionaries,” IEEE Trans. Inf. Theory, vol. 54, no. 5,

pp. 2210-2219, May 2008.

[10]
(11]

[12]

[13]

[14]
[15]

[16]

(17]

[18]
[19]

[20]

[21]

[22]



3510

[23]

[24]

[25]

[26]

[27]

(28]

[29]
[30]
(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

(471

(48]

E. J. Candes, “The restricted isometry property and its implications
for compressed sensing,” Comptes Rendus Mathematique, vol. 346,
nos. 9-10, pp. 589-592, 2008.

E. J. Candes, J. K. Romberg, and T. Tao, “Stable signal recovery from
incomplete and inaccurate measurements,” Commun. Pure Appl. Math.,
vol. 59, no. 8, pp. 1207-1223, 2005.

T. T. Cai, L. Wang, and G. Xu, “New bounds for restricted isome-
try constants,” IEEE Trans. Inf. Theory, vol. 56, no. 9, pp. 4388-4394,
Sep. 2010.

E. J. Candes, Y. C. Eldar, D. Needell, and P. Randall, “Compressed sens-
ing with coherent and redundant dictionaries,” Appl. Comput. Harmon.
Anal., vol. 31, no. 1, pp. 59-73, 2011.

J. Haupt, W. U. Bajwa, G. Raz, and R. Nowak, “Toeplitz compressed
sensing matrices with applications to sparse channel estimation,” /EEE
Trans. Inf. Theory, vol. 56, no. 11, pp. 5862-5875, Nov. 2010.

L. Yu, J. P. Barbot, G. Zheng, and H. Sun, “Compressive sensing
with chaotic sequence,” IEEE Signal Process. Lett., vol. 17, no. 8,
pp. 731-734, Aug. 2010.

E. J. Candes and T. Tao, “Decoding by linear programming,” [EEE
Trans. Inf. Theory, vol. 51, no. 12, pp. 4203-4215, Dec. 2005.

S. Foucart and H. Rauhut, “A mathematical introduction to compressive
sensing,” J. Japan Stat. Soc. Jpn. Issue, pp. 111-131, 2013.

S. Datta, S. Howard, and D. Cochran, “Geometry of the Welch bounds,”
Lin. Algebra Appl., vol. 437, no. 10, pp. 2455-2470, 2012.

T. Strohmer, R. W. Heath, “Grassmannian frames with applications to
coding and communication,” Appl. Comput. Harmonic Anal., vol. 14,
no. 3, pp. 257-275, 2003.

L. Welch, “Lower bounds on the maximum cross correlation of signals,”
IEEE Trans. Inf. Theory, vol. IT-20, no. 3, pp. 397-399, May 1974.
X. Luo, M. C. Zhou, S. Li, and M. S. Shang, “An inherently non-
negative latent factor model for high-dimensional and sparse matrices
from industrial applications,” IEEE Trans. Ind. Informat., vol. 14, no. 5,
pp- 2011-2022, May 2018.

X. Luo, J. Sun, Z. Wang, S. Li, and M. Shang, “Symmetric and nonneg-
ative latent factor models for undirected, high-dimensional, and sparse
networks in industrial applications,” IEEE Trans. Ind. Informat., vol. 13,
no. 6, pp. 3098-3107, Dec. 2017.

X. Luo et al., “A nonnegative latent factor model for large-scale sparse
matrices in recommender systems via alternating direction method,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 27, no. 3, pp. 579-592,
Mar. 2016.

X. Luo, M. C. Zhou, Y. N. Xia, and Q. Zhu, “An efficient non-
negative matrix-factorization-based approach to collaborative filtering
for recommender systems,” IEEE Trans. Ind. Informat., vol. 10, no. 2,
pp. 1273-1284, May 2014.

X. Luo, M. C. Zhou, Z. D. Wang, Y. Xia, and Q. Zhu, “An effec-
tive scheme for QoS estimation via alternating direction method-based
matrix factorization,” IEEE Trans. Services Comput., to be published.
S. G. Mallat and Z. Zhang, “Matching pursuits with time-frequency dic-
tionaries,” IEEE Trans. Signal Process., vol. 41, no. 12, pp. 3397-3415,
Dec. 1993.

J. A. Tropp and A. C. Gilbert, “Signal recovery from random mea-
surements via orthogonal matching pursuit,” /EEE Trans. Inf. Theory,
vol. 53, no. 12, pp. 4655-4666, Dec. 2007.

D. L. Donoho, Y. Tsaig, I. Drori, and J.-L. Starck, “Sparse solu-
tion of underdetermined systems of linear equations by stagewise
orthogonal matching pursuit,” IEEE Trans. Inf. Theory, vol. 58, no. 2,
pp. 1094-1121, Feb. 2012.

A. M. Bruckstein, D. L. Donoho, and M. Elad, “From sparse solutions of
systems of equations to sparse modeling of signals and images,” SIAM
Rev., vol. 51, no. 1, pp. 34-81, 2009.

S.Ji, Y. Xue, and L. Carin, “Bayesian compressive sensing,” I[EEE Trans.
Signal Process., vol. 56, no. 6, pp. 2346-2356, Jun. 2008.

H. Zayyani, M. Babaie-Zadeh, and C. Jutten, “Decoding real-field codes
by an iterative expectation-maximization (EM) algorithm,” in Proc.
IEEE Int. Conf. Acoust. Speech Signal Process., 2008, pp. 3169-3172.
D. P. Wipf and B. D. Rao, “Sparse Bayesian learning for basis selection,”
IEEE Trans. Signal Process., vol. 52, no. 8, pp. 2153-2164, Aug. 2004.
S. S. Chen, D. L. Donoho, and M. A. Saunders, “Atomic decomposition
by basis pursuit,” SIAM Rev., vol. 43, no. 1, pp. 129-159, 2001.

I. F. Gorodnitsky and B. D. Rao, “Sparse signal reconstruction from
limited data using FOCUSS: A re-weighted minimum norm algorithm,”
IEEE Trans. Signal Process., vol. 45, no. 3, pp. 600-616, Mar. 1997.
S. E Cotter, B. D. Rao, K. Engan, and K. Kreutz-Delgado, “Sparse
solutions to linear inverse problems with multiple measurement vectors,”
IEEE Trans. Signal Process., vol. 53, no. 7, pp. 2477-2488, Jul. 2005.

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

g

IEEE INTERNET OF THINGS JOURNAL, VOL. 6, NO. 2, APRIL 2019

R. Saab, R. Chartrand, and O. Yilmaz, “Stable sparse approximations
via nonconvex optimization,” in Proc. IEEE Int. Conf. Acoust. Speech
Signal Process., 2008, pp. 3885-3888.

J. M. Wang, S. P. Ye, R. Yue, and C. Chen, “Low storage space for
compressive sensing: Semi-tensor product approach,” EURASIP J. Image
Video Process., vol. 2017, 2017, p. 51.

I. Daubechies, R. Devore, M. Fornasier, and C. S. Giintiirk, “Iteratively
reweighted least squares minimization for sparse recovery,” Commun.
Pure Appl. Math., vol. 63, no. 1, pp. 1-38, 2010.

M. Chakraborty and R. Nath, “Performance of IRLS algorithm in com-
pressive sensing,” in Proc. Int. Conf. Workshop Emerg. Trends Technol.,
2011, pp. 320-323.

R. Bellman, Introduction to Matrix Analysis, 2nd ed. New York, NY,
USA: McGraw-Hill, 1970.

L. R. Tucker, “Extension of factor analysis to three-dimensional matri-
ces,” in Contributions to Mathematical Psychology. New York, NY,
USA: Rinehart & Winston, 1964.

L. R. Tucker, “Some mathematical notes on three-mode factor analysis,”
Psychometrika, vol. 31, no. 3, pp. 279-311, 1966.

J. Brewer, “Kronecker products and matrix calculus in system theory,”
IEEE Trans. Circuits Syst., vol. 25, no. 9, pp. 772-781, Sep. 1978.

D. L. Donoho and M. Elad, “Optimally sparse representation in general
(nonorthogonal) dictionaries via /; minimization,” Proc. Nat. Acad. Sci.
USA, vol. 100, no. 5, pp. 2197-2202, 2003.

M. F. Duarte and R. G. Baraniuk, “Kronecker product matrices for
compressive sensing,” in Proc. IEEE Int. Conf. Acoust. Speech Signal
Process., 2010, pp. 3650-3653.

G. H. Mohimani, M. Babaie-Zadeh, and C. Jutten, “Fast sparse repre-
sentation based on smoothed /[y norm,” in Proc. 7th Int. Conf., 2007,
pp- 389-396.

G. Prisco and M. D’Urso, “Maximally sparse arrays via sequential
convex optimizations,” IEEE Antennas Wireless Propag. Lett., vol. 11,
pp. 192-195, 2012.

S. E. Nai, W. Ser, Z. L. Yu, and H. Chen, “Beampattern syn-
thesis for linear and planar arrays with antenna selection by con-
vex optimization,” IEEE Trans. Antennas Propag., vol. 58, no. 12,
pp- 3923-3930, Dec. 2010.

B. Fuchs, “Synthesis of sparse arrays with focused or shaped beam-
pattern via sequential convex optimizations,” IEEE Trans. Antennas
Propag., vol. 60, no. 7, pp. 3499-3503, Jul. 2012.

R. Saab and O. Yilmaz, “Sparse recovery by non-convex optimization—
Instance optimality,” Appl. Comput. Harmon. Anal., vol. 29, no. 1,
pp- 3048, 2010.

S. Friedland, Q. Li, and D. Schonfeld, “Compressive sensing of sparse
tensors,” IEEE Trans. Image Process., vol. 23, no. 10, pp. 4438-4447,
Oct. 2014.

Q. Li, D. Schonfeld, and S. Friedland, “Generalized tensor compressive
sensing,” in Proc. IEEE Int. Conf. Multimedia Expo, 2013, pp. 1-6.

Haipeng Peng received the M.S. degree in system
engineering from the Shenyang University of
Technology, Shenyang, China, in 2006, and the
Ph.D. degree in signal and information process-
ing from the Beijing University of Posts and
Telecommunications, Beijing, China, in 2010.

He is currently a Professor with the School of
Cyberspace Security, Beijing University of Posts and
Telecommunications. He has co-authored 60 papers.
His current research interests include compressive
sensing, information security, network security, and
complex networks.

Yaqi Mi received the B.S. degree in computer sci-
ence and technology from the Zhejiang University of
Finance and Economics, Hangzhou, China, in 2016.
She is currently pursuing the M.S. degree in com-
puter technology at the Beijing University of Posts
and Telecommunications, Beijing, China.

Her current research interests include compressed
sensing and signal processing.



PENG et al.: P-TENSOR PRODUCT IN CS

Lixiang Li received the M.S. degree in circuit
and system from Yanshan University, Qinhuangdao,
China, in 2003, and the Ph.D. degree in signal and
information processing from the Beijing University
of Posts and Telecommunications, Beijing, China,
in 2006.

She is currently a Professor with the School of
Cyberspace Security, Beijing University of Posts and
Telecommunications. She has co-authored over 100
papers. She visited the Potsdam Institute for Climate
Impact Research, Potsdam, Germany, in 2011. Her
current research interests include compressive sensing, swarm intelligence,
and network security.

Dr. Li was a recipient of the National Excellent Doctoral Theses Winner,
the New Century Excellent Talents in University, the Hong Kong Scholar
Award Winner, and the Beijing Higher Education Program for Young Talents
Winner.

H. Eugene Stanley received the Ph.D. degree from
Harvard University, Cambridge, MA, USA, in 1967,
under the supervision of T. A. Kaplan and Nobelist
J. H. Van Vleck.

In 1979, he became a University Professor, and
in 2011, a William Fairfield Warren Distinguished
Professor with Boston University, Boston, MA,
USA, where he is currently a Professor of physics,
chemistry, biomedical engineering, and physiology
and also the Director of the Center for Polymer
Studies. His current research interests include sta-
tistical physics, complex systems, and economics.

Dr. Stanley is a member of the National Academy of Sciences.

3511

Yixian Yang received the M.S. degree in applied
mathematics and the Ph.D. degree in electronics and
communication systems from the Beijing University
of Posts and Telecommunications, Beijing, China,
in 1986 and 1988, respectively.

He is the Managing Director of the Information
Security Center, Beijing University of Posts
and Telecommunications. He has authored or
co-authored over 300 high-level papers and
20 monographs. His current research interests
include coding and cryptography, information and

network security, and signal and information processing.
Dr. Yang was a recipient of the Yangtze River Scholar Program Professor,
the National Outstanding Youth Fund Winner, and the National Teaching




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


