Synthesis of FSMs on the Basis of Reusable Hardware Templates
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Abstract: - This paper suggests a reusable hardware template (HT) for finite state machines (FSM) and a method
for the synthesis of FSMs based on such a template. The HT is a circuit with a predefined structure that has
already been implemented in hardware (for example, in FPGA). By reprogramming its RAM-blocks we can
implement a different functionality of the FSM. The proposed method permits the translation of a given FSM
specification (that takes into account the parameters of a particular HT) into bitstreams for reloading the RAM-
blocks. Run-time modifications are also permitted with the aid of dual-port memory. Note that the resulting FSM
circuits are very fast and any state transition is performed within one clock cycle. The designed C++ program
provides synthesis, verification and modeling of FSMs. The synthesized circuits were implemented and tested in
Xilinx FPGAs. The synthesis methods considered permit various target requirements to be satisfied, such as
minimizing the complexity of the circuit and the possibility for changes in the circuit functionality.
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1 Introduction

Finite state machines (FSM) are probably the most
widely used components in digital systems. Today
almost all the available automatic design tools that
are included in industrial CAD systems allow FSMs
to be synthesized from their formal specifications [1].
For any FSM specification we can build hardware
and software implementations. The former is usually
very fast but inflexible, which means any
modification implies repeating all the FSM synthesis
steps. The latter can be easily modified but the
resultant FSM is relatively slow and this can be a
problem for a number of practical applications, such
as [2,3]. It is known that a hardware implementation
can be based on a software approach [4], making use
of RAM-blocks, and the proposed approach to FSM
synthesis relies on reusable hardware templates (HT).
The HT is a memory-based circuit with a predefined
structure that has already been implemented in
hardware (for example, in FPGA). Its functionality
can be changed by reprogramming its RAM-blocks.
Available dual-port access to memory allows for run-
time modifications. The considered technique
provides two important advantages: an opportunity to
accommodate the required functionality on a
microchip with non sufficient hardware resources;
possible changes to the behavior depending on
external events that cannot be predicted in advance.
Run-time modifications are considered to be an
attractive way of allowing efficiency in circuit size
[5]. A variety of techniques for run-time

reconfiguration were considered in [6]. Different
practical applications of dynamically modifiable
FSMs were discussed in [2,7,8].

Note that very fast RAM-based configurable logic
blocks (CLB) as well as dedicated embedded RAM
blocks are available within widely used and relatively
cheap FPGAs. Thus it is possible to implement very
efficient circuits based on the suggested method.

The remainder of this paper is organized in five
sections. Section 2 discusses reusable circuits and
suggests a novel architecture of HT for FSMs.
Section 3 describes the synthesis flow for FSMs
based on HTs and gives an example. Section 4
presents a C++ program that interacts with
commercially-available design tools and can be used
for  synthesis, verification, = modeling and
implementation of FSMs. Section 5 discusses
practical examples. The conclusion is in section 6.

2 Hardware Template

The hardware template (HT) is a circuit that contains
elements with functions that can be changed and
which are initially undefined. All the external
connections of elements are fixed and they cannot be
modified. The customizing of the HT is carried out
by programming (reprogramming) its elements with
changeable functions. In order to construct the HT, it
is necessary to estimate all the likely constraints for
future applications. In other words we should define a
class of applications and the constraints for that class.



For a FSM, these constraints might be the maximum
numbers of the input variables (L), the output
variables (Npax), the states (M., and the transitions
from any state; also the maximum size of state codes
(Rimax), etc. Fig. 1 shows an example of a HT for a
FSM. It is composed of two RAM blocks, a FSM
memory and a multiplexer. MRAM permits any input
X(€ {Xg,...,X..1} of the multiplexer to be selected in
such a way that p=x; and the value 1 can be specified
by MRAM. For example if the FSM codes are binary
values of state subscripts and if the input x¢ affects
transitions from the state as, then at the address 101
MRAM forms outputs 1001 which control the
multiplexer 16:1. If for another application the
transitions from as are affected by x; then at the
address 101, MRAM has to form outputs 0011.
Clearly we can provide any correspondence between
states a,...,ayp.; and inputs Xo,...,x;.;. The RIV block
(Replacement of Input Variables) shown in fig. 1 in
the dashed rectangle permits any variable from the set
X={xg,...,XL.1} to be replaced by a single variable p.
State transition RAM (STRAM) enables us to
generate codes for the next states and outputs. For
example, if R=4 and we have the following state

transitions ajoX,=>a; and am;2 —a, then at the

address 10101 STRAM contains the code (Dy,...,D4)
= 0111 and at the address 10100 - the code (Dy,...,D4)
= 0100. Obviously any subset of output signals
Vi,---,yN can be arbitrarily generated in any state
transition.
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Figure 1. An example of a Hardware Template

By modifying the contents of MRAM and STRAM
we can implement any desired FSM behavior within
the scope of the constraints predefined for the HT.
However the HT depicted in fig. 1 has a very
significant constraint: any state transition can only be
affected by a single input variable. An arbitrary state
transition graph can be altered in such a way that
allows this constraint to be satisfied by splitting state
transitions and inserting dummy states as shown in

fig. 2. However in the general case this changes the
behavior of the FSM, increases the number M of
states, and reduces the speed of state transitions.

Figure 2. A fragment of a FSM state transition graph
(a) and splitting transitions (b)

One possible way to resolve this problem is to
increase the number of multiplexers, controlled by
MRAM (i.e. the block RIV will have the same inputs
and more than one output: py,...,pg). However in this
case the size of STRAM W will be equal to
W=2R"%(R+N) and for complex FSMs this requires
lots of hardware resources. Fig. 3 depicts the
proposed FSM HT, which allows this size to be
significantly reduced.
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Figure 3. The proposed HT for a FSM

The main difference is in the decomposition of
STRAM into two blocks that are GSTRAM (STRAM
for Groups) and LSTRAM (STRAM for Local
transitions within the selected group). Table 1 (which
was taken from [9]) presents all the state transitions
in a FSM, where agom and a,, are the initial and next
states in state transitions, X(agom,ai,) 1S a product of
the input variables from the set X = {x,...,x.;} that
cause the transition from agm to ag,, L is the number
of FSM inputs, agom,aw€A={ay,...,am.1}, A is the set
of FSM states, M is the number of states, Y (agom) - 18
the set of active variables in the state ago, from the
set Y = {yi,...yn}, and N is the number of output
variables. An active value of any output variable is 1.
The meaning of all the remaining columns will be
explained later.



Table 1. Structural table of FSM
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Let us designate A(agom) the subset of states that
follow the state agom and suppose that Kgom = [A(afom)|
is the number of elements in the set A(agom). For our
example in table 1 we have A(ag) = {a1,a5,33}, ko=3,
A(a;) = {aj,a3,a4}, k;=3, etc. To calculate the next
state in any state transition, we can: 1) identify the
appropriate group A(agom); and 2) identify the
appropriate state a,, in the group A(agom).

Let us assume that the appropriate group A(agom) has
already been chosen. Now in order to recognize the
proper state we need just intlog,Kg,m bits and this is
significantly less than R. Note that only transitions
within groups are caused by input variables from the
set X={Xo,....X..1}. Any group A(ag,m) can be selected
knowing the state ag,n. Thus for the point 1) above
we need R bits and for the point 2) R+G bits. The
block GSTRAM in fig. 3 has R inputs and permits the
appropriate group A(ag.m) to be selected. The block
LSTRAM in fig. 3 has R+G inputs and allows the
appropriate state transition within the group A(agom)
to be selected. Thus the code K(a,,) for the next state
ay, 1s composed of two parts: Ki(a,) that indicates a
local transition within the group, and K(a,) which
specifies the group itself. The maximum number of
groups can be equal to R and the maximum number
of state transitions within a group can be equal to
intlogyKyax, Where ki.x = max(ko,...,ky.1). However we

can use a special encoding technique that permits
state codes to be assigned in such a way that for
majority of practical applications the size of the codes
will be equal to R (i.e. this size will not exceed the
size that is required for binary state assignment).
Various groups A(ay),...,A(aym.;) can be combined into
a smaller number of groups than M and this gives
additional flexibility for the use of the HT in fig. 3.
The last block in fig. 3 is an output RAM (ORAM)
that permits values of output variables to be
generated for any state. Since we are considering the
Moore FSM model, this task is trivial because output
values depend only on states.

The constraints that define the class of applications
for the HT of fig. 3 are the following: the maximum
number of input variables L., the maximum number
of output variables Ny, the maximum size of the
state codes R,.., and the maximum number of
variables Gy, from the set P = {p,,...,pg}. The latter
can be determined on the basis of the value k.
After the circuit is implemented, the behavior of any
particular FSM within the specified class can be
achieved by loading the RAM-blocks GSTRAM,
LSTRAM, ORAM and MRAM (see fig 1 and fig. 3).
For static modifications RAM-blocks can be replaced
with ROM-blocks. Dynamic modifications can be
provided with the aid of dual-port memory in such a
way that the first port supports the primary
functionality of the FSM and the second port permits
reloading of the RAM-blocks to implement new
functionality.

The HT we have considered requires RAM-blocks
with the following sizes: Woram = 2°xN, Wgstram =
2°%(R-1), Wistram = 28 xr and Woram + Wastram +
Wistram << W.

Let us assume that our HT has the following
parameters: L=16, N=10, R=4, G=2, r=2. It can be
used to implement the FSM from table 1. The RAM
blocks have the following complexity: Woram =
2R><N = 160, WGSTRAM = 2R><(R-I') = 32, WLSTRAM =
2R Cxr = 128, W = 2M9%(R+N) = 896 and (Wopam +
Wastram T Wistram = 320) << (W=896).

3 Synthesis of Template-Based FSMs
In order to synthesize a FSM circuit based on HT it is
necessary to formulate the general requirements and
target for individual synthesis steps. The functionality
of a FSM is described by a traditional state transition
graph [1], which can be presented in table form, such
as that shown in columns agom, Y(atom), X(afomato)s
a, of table 1. The design flow includes mainly the
same steps that were proposed in [4] for RAM-based
FSMs and they are the following:



1. State encoding allowing the decomposition of
STRAM into GSTRAM and LSTRAM as considered
above (see fig. 3).
2. Replacement of input variables from the set
X={Xg,...,Xxr.1} with variables from the set
P={p.,...,.pc} and building the RIV block.
3. Preparing bitstreams for the RAM-blocks
GSTRAM, LSTRAM, ORAM and MRAM.
The first step can be done by reducing the functional
dependency of outputs (which in our case are
D.s1,...,Dr) on inputs (Ty,...,Tr,p1,...,.pc). In other
words, the outputs D;41,...,Dr must not depend on the
inputs py,...,pg. For the second step we can use the
method presented in [10] without any change. The
results of replacement for our example in table 1 are
shown in column P(agem,a,). The succeeding steps
become trivial after the first step has been carried out
(later we will demonstrate this on an example).
The first step is based on a special state assignment.
Consider all codes K(agom,aw) for which ay, € A(agom).
If for given agey bit i ( (r-1) <1 < R ) in all codes
K(agomat0) has values either 0 and don’t care (-), or 1
and don’t care, then bit i does not depend on input
variables. Consider an example:

K(afromyatol) = 0'1009

K(afrom,atOZ) =01-1 15

K(afrom:ato3) =-1-10.
Here, three bits 1 (the left-most bit), 2 and 3 do not
depend on input variables. In other words knowing
just the state ag,m we can calculate values of these
bits. Note that don’t care value (-) can be replaced
with either 0 or 1. Any one of the codes so
constructed is correct. Thus the states in each group
A(afiom), afrom€ {Q0,...,am.1} Must be encoded in such a
way that all their bits r+l,...R satisfy this
requirement. This can be done with the aid of an
encoding table (which looks like a Karnaugh map),
which has 2" rows and 2%" columns. All the rows are
coded by different r-bit Boolean vectors and all the
columns are coded by different (R-r)-bit Boolean
vectors. Fig. 4 presents such a table for our example.

Bits 3 and 4 of FSM code

00 01 11 10

Bits3and | 01| A a a, a
4 of FSM 2 2 6 6

code 11 a 3 a7 a 9

Figure 4. State encoding for FSM in table 1

The rules for filling out the table are the following:
1. All the states from any sub-set A(agom) must be
accommodated within the same column of the table.

2. Any table box can be occupied by just one state.

3. If necessary, any state can be repeated in the table
any number of times and this does not affect the
complexity of future FSM circuits.

4. All FSM states must be accommodated in the table.
Now the code of any FSM state will be composed of r
bits of the row and R-r bits of the column. As shown
in table of fig. 4, A(ag) = {a1,a2,33}, A(a;) = {a,a3,34},
A(ay) = {as,agarag}, etc. The states for each
individual subset A(agom) Were accommodated within
one column of that table. The respective codes were
written in columns K(agom) and K(a,) of table 1.
These codes satisfy our requirement. Bits 3 (i.e. r+1)
and 4 (i.e. R) that do not depend on input variables
appear in bold font in column K(a,). Some states,
such as a;, a,, a4, a5 and ag appeared twice in the table
of fig. 4. All the respective codes must be recorded in
column K(ag,y) of table 1. If any state has more than
one code all state transitions for this state must be
repeated for all these codes. However this does not
make the circuit more complicated. The bits
identified above in bold font will be generated by
GSTRAM and the remaining bits - by LSTRAM.
Column D(agom,ar,) contains active variables Dy,...,Dg
that change the states of the FSM memory assuming
that this memory is built from D flip-flops. Now
information from table 1 can be used to program all
the RAM-blocks depicted in fig. 3. Fig. 5 shows
bitstreams for two MRAMSs that control two
multiplexers. The addresses are shown as decimal
numbers and the output vectors are presented in
binary form.

state code state code .
X, 1 —
Xy M Xy —— M
v o oo
2 0010 2 ol b
3. 0110 P 3- 0000 2
ool NI 4 o101 —
5- 0101
5- 0100 6- 0000
6- 0111 7. 0000
7- 0111 8- 0000
¢ oo S
10-0000 X9 —f 10-0000
3 11-0000 iT
oo M 12-0000
12-0000 | 13-0000
13-0000 14-0000
14-0000 15-0000
15-1000

Figure 5. Bitstreams for programming MRAMS

Fig. 6 exhibits bitstreams for GSTRAM and
LSTRAM. Some addresses (such as 12 for GSTRAM
and 48-51 for LSTRAM) do not appear in fig. 6
because the code 1100 is not used for FSM states (see
fig. 4). Data at these addresses can be of any value.

The bitstream for ORAM is the following: (0-
00000000, 1-10100000, 2-10100000, 3-00000011, 4-
01111000, 5-01111000, 6-00000101, 7-00000101, 8-
01000000, 9-00000100, 10-00000100, 11-01000000,



13-01010100, 14-00000010, 15-00010000), where y,
is presented by the leftmost bit and the number of bits
is equal to N=8.

0-11; 20- 01;40-01;
0-01;5-11;10- 00; %8(1) 21- 0015-8%;
-00; 22- 11;42- 01;
state ! Oljﬁ Ooj” 10f 3-00; 23- 10:43-01;
code 2-01;7-00;13 - 01; 4-11; 24-01; 44- 11;
3-10;8 - 10;14 - 00; g-(l)gg %g-%; jg- H
i R ARl
GSTRAM 9-01° 29-01:53- 10°
10-00; 30- 10:54- 10;
11-00; 31- 10:55- 10;
12-01" 32- 11:56- 00;
13-01; 33-11:57- 00;
state code 14- 10; 34- 11;58-00;
13- 10; 35- 11:59- 00;
Py ————{ 16-01:36- 01:60- 11;
b 17- 00:37- 01:61- 11;
2" 18- 11:38-01:62- 00:
19- 10;39- 01:63- 00.
LSTRAM
Figure 6. Bitstreams for programming GSTRAM and

LSTRAM

Note that combining advantages of the proposed HT
(see fig. 3) and architecture [4] we can additionally
reduce the size of STRAM = GSTRAM + LSTRAM
(see fig. 7). Now GSTRAM forms R-bit code. As
before, the bits D,y,...,Dr enable us to identify group
codes. The other bits are equal to 0 for conditional
state transitions and they form the respective part of
state codes for unconditional state transitions (this is
exactly the same as it was proposed in [4]). Since
variables py,...,pg permit to identify an appropriate
transition within any group they can be mixed with
the respective part of state codes by means of OR
gates. For any unconditional transition LSTRAM
generates bits Dy,...,D; of the code shown in the
respective line of column K(ay,). For any conditional
transition LSTRAM forms bits D,,...D, by
conversion of pi,...pg to the appropriate values,
shown in the respective line of column K(a,). All the
required details were considered in [4]. Thus the size
of STRAM will be equal to 28x(R+r) and this is less
than in HT shown in fig. 3.
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Figure 7. Possible modification of HT

4 Design Tools

All basic steps of FSM design, such as synthesis (see
the previous section), modeling and implementation
are supported by a C++ program, which includes four
basic classes: FSM_memory, RAM_block, Synthesizer
and Hardware_template. These classes provide all
what is necessary for working with blocks of RAM,
with HTs (for instance, translating behavioral
specifications to bitstreams for the RAM-blocks) and
with FSM models. A more complicated stack
memory supports a hierarchical model of FSMs
considered in [8] which can even be used to
implement recursive behaviors, as demonstrated in
[11] and employed in [12]. In order to carry out state
encoding a slightly modified version of method [4]
has been used.

The design tools considered can be integrated with
commercially available CAD systems. Fig. 8 shows
various possibilities for synthesis, verification and
modeling of FSMs.

Other components
of the system

Xilinx
; II Modeling C++
A library of reusable C++ —
H'_I's fpr different Internal model Specification
application problems of the HT of FSM
Implementation S l
C++ Synthesis
of FSM C++

Loading bitstreams
to RAM-blocks MRAM, GSTRAM, Verification

LSTRAM, ORAM of FSM

Figure 8T. The use of software tools for synthesis,
verification, modeling and implementation of FSMs
based on HTs

5 Practical Applications

To estimate how the technique can be used for the
design of practical digital systems, we considered
combinatorial problems. In particular, we focused on
those which can be solved over Boolean and ternary
matrices. Two  distinctive  characteristics  of
combinatorial computations are [13,14]: dealing with
a large volume of data; and using a special search tree
for processing this data. Thus, it is possible to
evaluate the proposed technique by implementing
elementary operations for handling the data and
reprogramming the RAM blocks of a HT to apply the
behavior of different combinatorial problem solvers.
Two well known combinatorial problems have been
considered: the covering problem [15,16] and the
Boolean satisfiability problem [7,17-20]. The
associated algorithms included the following
elementary operations:

1. Checking for orthogonality between rows/columns.



2. Counting the number of ones in rows and columns.
3. Testing if one row/column covers another
column/row.

The results of these experiments have shown that the
proposed hardware template can be successfully
employed for such devices, making it possible to use
the same hardware for solving different problems.

6 Conclusion

The paper suggests a method of synthesis and
implementation of FSMs based on a reusable
hardware template (HT). The basic components of
the HT are RAM blocks, which can be reprogrammed
either before or during execution time, and this
enables the FSM behavior to be changed by reloading
the appropriate bitstreams. Synthesis, verification,
modeling and implementation of the FSM can be
done using the designed and implemented C++
program. The latter takes a specification of the
concrete FSM (in the form of a state transition graph)
and the parameters of the HT that is going to be used.
Each particular HT can be employed for a set of
FSMs that satisfy the predefined constraints
described in the paper. Different HTs can be seen as
library components designed with the aid of
commercially available CAD software. The results of
experiments have shown that the proposed approach
can be directly used for practical applications.
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