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ABSTRACT

Nowadays, the vector coprocessor (VP) istaken asa potential solution for multimedia data processing and control
applications. Due to partial re-programmability and hardware sharing, field programmable gate array (FPGA)
offers a novel platform to implement it. The prime objective of this study stems from creating an efficient VP
architecture for vector detection. The reconfigurabl efinite state machine (FSM) based structures are investigated
to devel op such techniques. A reconfigurable FSM-based architectureis designed for simultaneousdetection of m-
bit long n-vectorswithin abit-stream. A particul ar state encoding technique is devel oped to reduce the chip area
and to enhance the processing speed for the proposed architecture. A complete mathematical foundation is made
for defining the state transitionsand output function in such FSM. The proposed techniquesintroduce a sol ution to
overcome the issue of operating with different length vectorsin VPs asthey provide flexibility in two aspects (i.e.
m and n).

Keywords: Field programmable gate array (FPGA), reconfigurablefinite state machine, state encoding technique,
Vector coprocessor, vector detection based controller.

I. INTRODUCTION

Vector coprocessors (VPs) have proved their significance in the field of multimedia data processing [1]-
[2]. VPs are investigated in the applications, which involve sequence matching and MINMAX operations,
such as digital image processing, pattern recognition [ 3], network intrusion detection [4] and fuzzy control
[5], [11]. An FPGA-based platform i.e. Xilinx ZYNQ 7000 ZC702 System-on-Chip (SoC) is considered
for implementation of the applications as mentioned earlier. FPGAs come with an advantage of partial
programmability and hardware sharing during the run-time execution of an application, which offers high
processing speed and reduced power consumption [6]-[7].

To develop such applications using VPs mainly involve the simultaneous detection of input vectors
within a serialized bit stream generated by the central processor unit and to produce outputs associated with
it [9]. This issue becomes tedious when input vector set and its output matrix become fuzzy ( i.e. always
changing over time) [5].

An accurate, stable and reconfigurable design is required to solve the problem of vector detection in
VPs. An efficient utilization of hardware is also needed to make it viable. Therefore, the reconfigurable
FSM model isconsidered to design it [12]. In areconfigurable FSM, the states are configured to perform a
particular operation [13].

FSMs furnish a beautiful framework to solve control problems, which involves a sequential operation
[14]. Unlike regular sequential circuits, the state transition of an FSM is more complicated. The design of
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FSM typically starts with an abstract graphic description, such as a state diagram. A state diagram consists
of nodes and one-directiona transition arcs. A node symbolizes a unique state of the FSM, and an arc
signifies a transition from one state to another [15].

An FSM-based detection of desired vectors is discussed using binary search tree technique and shown
inFig. 1. (i) The desired vectors should be arranged in ascending or descending order. (ii) According to the
occurrence of switching, a column-wise separation and partition of bits are performed. It is similar to
creating a unique input/output tree [16]. (iii) Default states for input O (if a state is not defined for 0) and 1
(if astateis not defined for 1) are defined. Then, the state diagramis formed. During simultaneous detection
of multiple vectors, the occurrence of overlapping of vectorsleads the FSM to go in an unpredictable state,
which results in failure [ 14]. This problem is solved by resetting the FSM at every m™ clock cycle. All the
desired vectors are detected only in the states present in the last column, at the occurrence of a particular
input.

The creation of a reconfigurable state of an FSM for a vector detection necessitates, selecting the
required states, input-output combinations and possible transitions between them [12]-[13]. It resultsin a
state-space explosion. The computations required defining areconfigurable state, increase with the growing
complexity of astate diagram, because state reconfiguration depends on certain conditions and inputs [13].
The mentioned complexity upsurges as per increase in (n, m) values. Furthermore, data dependent control
specifications become monotonous to be expressed through FSM at abstraction level. A particular state
encoding technique is developed to maintain design tradeoffs such as logical depth, chip area and power
consumption for this model [15], [17]. During sequential operation of an FSM, temporal transient faults
(soft errors) lead system to go in an unpredictable state. The concept of state protection [18] by replicating
the frequently visited states has been implemented to make the system more reliable.

The proposed technique requires less number of embedded memory blocks (EMBs) [19] for
implementation usng FPGAs. The proposed method also providesa complete framework to design adaptive
control systems, as it provides adaptability in three aspects i.e. the length of the vector, the number of
vectors and precedence based output selection.
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Figure1: FSM for detection of 4-bit long constant vectors 0000, 1100, 1011 and 1010

[I. PROPOSED ARCHITECTURE
The proposed VP architecture for vector detection consists of three fundamental blocks as shown inFig. 2.

The crossbar switch isused asin [10]. It arranges m-bit long n-vectors vectors in ascending order i.e.
V14, v2, V3,....... .vnwith its corresponding k-bit long outputs i.e. r[1],r[2],r[3],......., r[n] . Priority is
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assigned based onthe weight (i.e. value) of the vector while designing the crossbar switch. Itisalso considered
that a higher value of the vector leads to more precedence. So, the output vectors of crossbar switch i.e.

da[1], da[2], da[3],..........., da[nd], da[n] are arranged in ascending order.

The reconfigurable FSM is used to detect desired n-vectors of m-bit length which are arranged in
ascending order. It produces user defined output combinationsi.e. out[1], out[ 2],....., out[ k] on detection
of desired vectors from the input bit-stream.

An m-bit counter is used in the proposed architecture for the generation of a reset signal at every m™"
clock period. In this way, the problem of overlapping of vectors is overcome while simultaneous detection
of multiple vectors.

Proposed Architecture
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Figure 2: Proposed VP architecture using reconfigurable FSM for vector detection

The proposed reconfigurable FSM model for detection of m-bit long n-vectors i.e.
da[1], da[ 2], da[ 3],..........., da[n-1], da[n] from a serialized bit-stream is presented in Fig. 3. Variable
x[n-1][m1] isused to detect the switching (i.e. 0to 1 or vice versa) between two adjacent vectors. Variable
Z[n][m] is used to compare a particular bit value of the vector w.r.t. O.

A particular state encoding technique is developed, in which two types of states have been considered
such as (i) conventional state and (i) Initial and default states [17, 18]. States present only in the first and
second column are considered asthe initial and default states. Rest of the statesisregarded as conventional
states.

A conventional state consists of two parts i.e. configure bits ([log,nEk ) and difference bits
([log,(m-2)Eg). So, the required number of state encoding bits to define a conventional state is obtained

by Eq. (2).

Required number of sate encoding bits, p

= [log, n [log, (m-2) 2 €y
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Figure 3: Proposed reconfigurable FSM model for detection of m-bit long n-vectors

The configure bits are used to set up the states of the FSM row-wise in the direction top to bottomin a
column. Configure bits are assigned depending upon the row-wise switching between two adjacent vectors.

Configure bitsfor the leading stateinacolumn (i.e. s ) istakenas [0 0O

bits of the states,,, are ¢, C,, G, ....... ,C, and the state s, are ¢, ¢, CY,

between configure bits of states,,, and sS4, are defined by Eq. (2).

Cl C'l
CZ C' 2
CS C' 3
= X[n-1][m] e
_Ck_kxl _C'k_kxl
+ x[n-1][m] e [binaryequ ivalentof (n-1)],

0], - Let the configure
,Cy - S0, the relations

)

For proper operation of the proposed detector, any two states of adifferent column can never beidentical.
Difference bits are introduced to confirm this particular condition. It creates a distinction between the
states of the FSM column-wise in the direction MSB to LSB. Let the difference hits of the state s are

df,, df,, dfs,....., dfy. So, the difference bits of the state s, are defined by Eq. (3).
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ot
df,
df,
= [binary equivalent of (m-3)[

3

df

L g_gxl

For all conventional states, the last two bits present in the LSB should be 1 because they are preserved
for defining the initial and default states.

The following set of objectives has been formed to define initial and default statesfor the states present
in the first and second column:

1. All the states present in column 1 should act as the initial state.

2. The default state for input O (i.e. states which are not defined for input 0) should always be
0o ..0001,.

3. The default state for input 1 ( i.e. states which are not defined for input 1 ) should aways be
[0 0o ..0010],,.

4. Theinitial and default states are the frequently visited states. So, they should be replicated to avoid
soft errors[18].

The objectives as mentioned earlier are obtained by combined operation of Eq. (4), Eg. (5), Eq. (6), Eq.
(7) and Eq. (8).

yaxX[A][ 1]+ X[ 2][1]+ X[ 3][1]+.......+x[n-1] [ 1] 4)
U=y ey, ®)
U= Yoy, (6)
(v,] [0 0 O ... 0] [ x[1171]
v, 100 .. 0 X[ 2][1]
v, 110 ... 0 X[3][1]
= X +U,
(7)
Vol 12121 . 1_nx(n71) _x[n-l][l]_(nfl)xl
[w, ] 11 1 .. 1] [ x[2][1] ]
W, 011 .. 1 X[ 2][1]
w, 001 ... 1 X[ 3][1]
= X +U;
)
W), 1000 o, lxnuml
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For al the state, present in column 1, the next state function for input O (i.e. n0s,,) and input 1 (i.e.
nls,,) isdefinedby [0 0 ... 0 0 0 1], and[0 O .. O O 1 O, respectively.

For al the state, present within the column 2 and the column (m-1), the next state function for input O
and input 1isgiven by Eq. (9) and Eq. (10) respectively. The idea liesin updating the next state function as
per the occurrence of switching between two adjacent vectorsrow-wise. Thisupdating processis performed
in the direction top to bottom (in the case of input 0) and bottom to top (in the case of input 1).

For states, located in the m™ column, the next state function for input 0 and input 1 can be either a
default state or an initial state. Hence, for these states, the next state function is given by Eq. (11) and Eq.
(12) respectively. Here, any non-existing value of x[n][m] is considered to be 1.
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All outputs of the proposed detector are defined for the states, present in the m™ column at the arrival of
the unique input. The output vectors are considered to be zero for the rest of the states.

Let r[1],r[2],r[3],......., r[n] @€ the output vectors associated with the vectors vi, v2, v3,....... , VN
respectively. The output vectors are either user defined or can be defined using precedence among
vectors (i.e. da[1], da[2], da[3].,.........., da[n-1], da[n] ). Each output vector consists of [log,n[Ek
bits to maintain design tradeoffs. One k-bit long variableout[k] (i.e. output function) is used for

the representation of the output vector during vector detection. Hence, the output function is defined by
Eq. (13).
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I[I1. EXPERIMENTAL RESULTS

Experiments have been conducted to observe the performance of the proposed system for the various
combination of (m, n). The simulation results have been obtained using Xilinx ISE Design Suite as shown
inFig. 5 (Note: All variable contains their usual meaning). Hardware implementations have been performed
for the proposed system using Xilinx ZYNQ 7000 ZC702 System-on-Chip (SoC); which validates the
simulation results. Various parameters regarding the hardware implementation of the proposed system
with its percentage usage have been presented in Table |. Static power dissipation is found to be 0.081W
(for the typical process) and 0.136W (for the commercial process) for the various combination of (m, n).

The proposed vector detection method is investigated for image watermarking. In this experiment, 1
bit/pixel binary watermark of size (64 x 64) and 8hits/pixel gray scale cover of size (256 x 256) isconsidered
as in [20]. The comparison results are shown in Fig. 4. Here, the cover image is partitioned into (4 x 8)
blocksi.e. proposed VP with m=8 and n=4 is considered. The watermark image is partitioned into (2 x 2)
i.e. proposed VP with m=2 and n=2 is considered. MATLAB is used for conversion of integer image data
to binary. Implementation results show that the proposed VP requires only 10% of memory elements as
compared with [20]. But, due to anumber of feedback loops used in the FSM, latency acts as a tradeoff for
it. Consequently, the maximum operating frequency is found to be 20.78 MHz.
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Figure 4: Performance comparison based on hardware implementation
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V. CONCLUSION

A design technique to detect m-bit long n-vectors using a reconfigurable FSM-based vector coprocessor
(VP) isproposed. The proposed vector detection method offersreduced consumption of embedded memory
blocks (EMBs) for its operation. It provides 90% reduction in EMBs requirement as compared with [20] in
image watermarking applications. It also makes the system, tolerant to soft errors because state protection
[18] isintroduced inthe proposed state encoding scheme. The hardwarerequirement (i.e. LUT consumption)
to implement the proposed system varies approximately by 14% and 40% as per increase in the value of m
and n respectively. The proposed techniques can be used to create VPs with a reduced hardware using
reconfigurable processing fabric (RPF) for applications, such as image processing, word spotting [3] and
network intrusion detection.

Tablel
Per for mance of the proposed system for the various combination of (m, n)

S No. (mn)  Number Number  Number Number Maximum Maximum Memory Number  Average

of 4-input  of occupyed of Sclice of bonded Operating  Path Usage of Fanout
LUTs Sices Flip IOBs Frequency Delay (MB) BUFG of Non-
Flops (MH2) (ns) MUXs  clock Nets

1 (4,3) 212(2%) 122(2%) 21(1%) 30(12%)  30.598 6.916 212.804 1(4%) 3.92
2 (4,4 389 (4%) 215(4%) 25(1%) 38(16%)  23.327 8.36 216.9 1 (4%) 3.82
3 (4,5) 968 (10%) 513(11%) 34(1%) 46(19%) 20.161 9.569 228.164 1(4%) 4.14
4 (5,3) 273(2%) 157 (3%) 26(1%) 36 (15%) 29.63 6.92 214.852 1 (4%) 3.82
5 (5,4 524 (5%) 289 (6%) 31(1%) 46(19%) 22.742 8.715 221.572  1(4%) 3.88
6 (5,5) 1160 (12%) 631(13%) 53(1%) 56(24%)  19.842 11.836 268.036 1 (4%) 4.2
7 (6,3) 373(4%) 212(4%) 30(1%) 42(18%)  29.296 8.193 216.9 1 (4%) 39
8 (6,4 681(7%) 375(8%) 36(1%) 54(23%) 22.667 8.112 224772 1(4%) 3.85
9 (6,5) 1336(14%) 723 (15%) 53(1%) 66(28%)  18.797 9.273 271.876 1 (4%) 4.17
10 (7,3) 448 (4%) 254 (5%) 35(1%) 48(20%)  26.991 8.13 218.948 1 (4%) 3.67
11 (7,4 831(8%) 457 (9%) 42(1%) 62(26%)  20.961 10.758  229.252 1 (4%) 3.73
12 (7,5) 1506 (16%) 809 (17%) 56 (1%) 76(32%)  18.039 8.293 274.948 1 (4%) 4.1
13 (8,3) 539(5%) 302(6%) 39(1%) 54(23%)  25.983 8.696 222596  1(4%) 3.79
14 (8,4) 955(10%) 524 (11%) 47(1%) 70 (30%) 20.78 9.576 263.684 1(4%) 3.75
15 (8,5) 1735(18%) 939 (20%) 71(1%) 86 (37%) 18.33 10.049 286.532 1 (4%) 4.13
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Figure 5: Simulation results for the proposed system in the case of (4, 4)
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