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Summary

This paper describes the well-known subject — the problem of internal
states coding for synchronous sequential circuits (described by a formal FSM
model). But our aim to search for the “optimal” encoding of the internal states of
a FSM, is especially leading up to VLSI regular structures — FPGA or CPLD.

Our encoding methods are neither based on the minimum number of
internal states, nor on the minimum number of used flip-flops in their hardware
implementation, because these constraints are not suitable for regular structures,
FPGAs or CPLDs. Here different types of evaluations and appropriate
decompositions with respect to other quantitative properties must be performed.
New heuristic algorithms for optimal internal states coding with respect to
space, time, power or reliability demands have to be searched. Therefore this
paper deals with the possibility of the description and decomposition of the
finite state machine (FSM) according its quantitative properties. The aim is to
obtain better placement of a designed FSM to the concrete type and size of the
FPGA.

Several methods of encoding of the internal states are compared with
respect to the space (the number of CLB blocks) and time (maximal working
frequency) characteristics. It evaluates the FSM benchmarks and seeks for such
qualitative properties to choose the best method for encoding before performing
all EDA tool algorithms since these processes could be time consuming. The
new method for encoding the internal FSM states based on the combination of
“one-hot” and “minimum-lengths” methods, called FEL-code is presented.

All results are obtained on the base of many experiments and verified by
several EDA tools performed by author and her PhD, master and bachelor
students.



Souhrn

Ptispévek popisuje zndmy problém — koédovani vnitinich stavii synchronniho
sekvencniho obvodu (popsaného formalnim modelem— kone¢nym automatem).
Hlavnim cilem pii hledani ,,optimalniho* kdédovéani wvnitfnich stavl bylo
zohlednéni cilové implementac¢ni struktury - reguldrni VLSI struktury
konkrétniho hradlového pole FPGA nebo CPLD.

Nase kodovaci metoda neni zaloZzena na miniméalnim poctu vnitinich
stavll ani na minimalnim poc¢tu nutnych klopnych obvodi, protoze tato omezeni
nejsou pro pouZzité struktury vhodnd. Je nutné provést riiznd ohodnoceni a
vhodna rozdé€leni (dekompozice) navrhu s ohledem na kvantitativni parametry
zavislé na konkrétnim navrhovaném obvodu. Vyzkum autorky hledd nove
heuristické algoritmy pro koédovani vnitinich stavii s ohledem na minimalni
plochu, maximalni pracovni kmitoCet, spotiebu i1 spolehlivost. Proto tento
prispévek popisuje rlizné moznosti popisu 1 ¢asteéné dekompozice sekvencniho
obvodu (kone¢ného automatu) podle jeho kvantitativnich vlastnosti.

N¢kolik zakladnich metod pro kodovani vnitinich stavil je srovnano podle
zabraného prostoru (poctu CLB bloki v FPGA) a casovych parametri
(maximalniho pracovniho kmitoctu). ZkusSebni tulohy (benchmarky) pro
sekven¢ni obvody jsou ohodnoceny podle svych kvantitativnich vlastnosti, aby
bylo mozné vybrat nejlepsi metodu kodovani jejich vnitinich stavii bez nutnosti
zkouset rtizné metody pomoci profesiondlnich navrhovych prostiedki, protoze
tento proces muize byt ¢asoveé velmi ndro¢ny. Je prezentovana zcela nova metoda
kdédovani vnitfnich stavit nazvand FEL-code, kterda vhodnym heuristickym
zptiisobem kombinuje kédovani ,,1 z n* a ,,binarni*.

Vsechny dosazené a prezentované vysledky jsou ziskané z mnoha
experimentil a jsou ovéfeny autorkou a jejimi studenty v ramci doktorskych,
diplomovych, bakalaiskych a semestralnich projektt.
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1 Introduction

Today’s hardware implementation base with high integration densities is
getting even more complicated and structural. The Moore’s law says that the
number of transistors on a chip doubles annually [29]. This means not only
quantitative, but also qualitative changes in the digital design process. The
optimization methods are very important due to the possible miniaturization of
chips used in the space or medicine. Regular structures like FPGAs and CPLDs
integrated in a system-on-chip (SoC) design need new design methodology for
hardware-software codesign, new testing methods, and design methodologies
with respect to easy testing (built-in self-test — BIST), methods that enable
dynamic reconfiguration of the part of the designed circuit to save space or to
increase reliability. Formal specification and verification at all levels of this
structural design must be ensured. Reconfigurable hardware is useful in the
design of dependable computing systems for applications such as nuclear reactor
control, fly-by-wire systems, communication platforms, and remote
applications-space stations and satellites, for example. (Dependability comprises
reliability, availability, testability, maintainability and fault-tolerance.), [7], [27],
[28].

Design automation for digital circuits can be divided into three steps:
high-level synthesis, logic design, and physical design. High level synthesis
transforms the behavior level specification into a register-transfer level structure
that implements the behavior [10]. During logic design, the description of a
circuit is converted into a set of technology-specific gates and interconnects.
Each of the gates realizes a particular function. The objective of logic design is
to minimize the active (gate) area, critical path delay, and to assure testability.
The physical design step involves placing and interconnecting the gates. The
goal is to fit the design into as compact area as possible. The design process is
divided into these separate steps to make the process manageable. However, this
approach can result in the loss of optimality. In today’s aggressive designs it is
important to take advantage of all existing opportunities. For example, there are
many arbitrary decisions made during the logic design which create hardship
during the physical design. In a Field Programmable Gate Array (FPGA), where
the routing resources are limited and the role of wiring is more crucial than in
the mask-programmable technologies, it is important to explore all degrees of
freedom which exist in the specification, [30].

When implementing digital circuits with FPGAs, designers are always
concerned with limited and inflexible resources. Additionally, fulfillment of
timing, space, dependability and power consumption constraints is always an
issue. This text describes a series of algorithms and possible improvements
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developed to assist a designer fitting a circuit into an FPGA chip with respect to
the additional pre-conditions. Some of these improvements and algorithms
traditionally used in design process became disadvantageous for FPGAs. In the
traditional circuit design flow, the logic design step is completely separated from
physical design step. There are many arbitrary decisions made during logic
design which create difficulties in the physical design. This is particularly true in
FPGA designs, where the routing resources are limited. It is very important to
explore the freedom between the interaction of the logic and physical design
steps. Fig. 1 describes such schedule from informal system requirements to its
physical implementation (left part), but with the necessary feedback including
testing and verification at all levels of the design process.

) refinement
Informal System Requirement increasing level of detail

\

Initial Specification

v

Intermediate Specification

¥

Final Architectural Description

Intermediate Specification of
Implementation

v

Final Internal Specification

v

‘ Physical Implementation ‘

v

Fig. 1 Block diagram for the design methodology and the design
refinement

An FPGA consists of an array of identical logic blocks, segmented wires,
connection blocks and switch boxes. In a Look-Up Table (LUT) architecture,
each logic block can implement any k-input Boolean function. To interconnect
these logic blocks, we need to program switches inside the connection blocks
and switch boxes. Only a finite number of switches is available, so the routing
resources are limited and inflexible. In order to fit a circuit into an FPGA with a
given size, the realization must not exceed the number of available resources. As
a result, it is almost always beneficial to implement a circuit with fewer rather
than more gates. With limited routing resources on FPGA chips, one of the
essential problems in design is to route all signal networks. However, without



actually attempting to route a chip, a designer is not able to say whether a design
can be fully routed. It is often possible to transform an unroutable into a routable
design by slightly altering its logic structure. The ramifications of these
incremental changes in the logic structure, when most of a circuit is placed and
routed, are relatively easy to predict, [7].

The traditional design flow for FPGAs consists of four steps. In the first
step, logic expression of a circuit is minimized, [3]. Then, a technology mapper
maps the Boolean network into a minimum number of k-input LUTs [6], [10].
Placement and routing then follow, see Figs. 2, 3. During the physical design
process, the logic information of the circuit is no longer used. Only the topology,
typically represented as a graph, is retained.

This paper presents the FSM internal states coding with respect to the
final implementation in some FPGA structure.

Initial Specification Initial Specification
Inputs and outputs Inputs and outputs
True Tables True Tables
|
¥ J
Boolean Equations Boolean Equations -
! y 3
. S
Gate-Level Design Gate-Level Design g
\’ s o
Gate-Level Simulation Gate-Level Simulation
Physical Implementation Physical Implementation
Design Verification Design Verification

Fig. 2 A traditional digital design flow a) and its simplification by the
FPGA design tool b)
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Fig. 3 A traditional FPGA design flow — the gray part from Fig. 2.

2 Motivation and Design Tools

This research was initiated by the problem “how to implement large
sequential circuits into relatively small FPGAs”. There are two ways how to do
it — to optimize the circuitry (that means appropriate mapping to the predefined
regular structure mainly by the optimal selection of internal coding of states), or
to decompose the circuit, [5] to implement it in two or more FPGAs. The results
were partially published in [18] — [24].

Most research reports and other materials devoted to searching for the
“optimal” encoding of the internal states of a FSM are based on the minimum
number of internal states, and sometimes also on the minimum number of used
flip-flops in their hardware implementation [25]. The only method how to get
really optimal results is to test all possibilities. But sometimes “wasting” the
internal states or flip-flops is a better solution due to the speed of the designed
circuit. Most such “optimal” encoding methods are not suitable for regular
structures, e.g. different types of FPGAs or CPLDs, because different types of
decompositions or designs with respect to other quantitative properties must be
performed, other cost functions have to be exploited in appropriate heuristic
algorithms for optimal internal states coding with respect to space, time, power
or reliability demands.

Several types of sequential circuit benchmarks and their internal state
coding were compared to search for the relation between the type of the circuit
(the number of the internal states, inputs, outputs, cycles, branching) and the
encoding method with respect to their implementation in a XILINX FPGA.

EDA tools XILINX FOUNDATION v2.1i, XILINX ISE 5.2i and
ALTERA Quartus II version 2.1 SP1 were used during our experiments. We
have used the benchmarks from the Internet in KISS2 format [31], some
encoding algorithms from JEDI program and system SIS 1.2 [33], [34]. First of



all we classified the FSM benchmarks to know their quantitative characteristics:
the number of internal states, inputs, outputs, transitions (i.e. the number of arcs
in the state transition graph - STG), the maximum number of input arcs, the
maximum number of output arcs to and from STG nodes, etc. We compared
eight encoding methods: “one-hot”, “minimum-lengths” (binary), “Johnson” and
“Gray” implemented in the XILINX FOUNDATION system. “Fan-in” and
“Fan-out” oriented algorithms, the algorithm “FAN” connecting Fan-in and Fan-
out ones and the “two-hots” methods were implemented. The second group of
our experiments studied different FSM decompositions. Our original method
called a “FEL-code” is based on these experimental results and is presented in
the section 3.2. The final results (the number of CLB blocks and maximum

frequency) were obtained for a concrete FPGA implementation (Spartan
XCS05-PC84).

3 Theory and methods

The designed circuits can be described by several ways [1], [4], [8], [10]: by
means of the next-state and output Boolean equations, state and output tables or
by state diagrams. Each of them completely specifies any sequential circuit. All
of these descriptions are based on the model of the finite-state machine (FSM).

Definition 1. 4 finite-state machine (FSM) is a quintuple FSM = <Q, X, Y, 0, >
where
e (s a finite set of states (internal states),
X is a finite set of inputs,
Y is a finite set of outputs,
0 is a next-state function 6: Q X X — Q,
A is an output function .. QX X — Y.

The FSM model assumes that the system time is divided into uniform
intervals and that the transitions from one state to another occur only at the
beginning of each time interval. Therefore, the next-state function ¢ defines
what the state of the FSM will be in the next time interval given the state and
input values in the present interval. The output function determines the output
values in the present state. There are two different types of FSM according the
type of output function. A Moore FSM (which is sometimes called state-based)
has each output symbol assigned to each state, its output function is a mapping
QO — Y. A Mealy FSM (input-based) has the output function A defined as
mapping O x X — Y. It means that the output can earlier react to the input signal
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than a Moore FSM. A Mealy FSM can be transformed to a Moore FSM and vice
versa but their implementation by FPGA can lead to the totally different
quantitative characteristics.

The final result depends on many aspects with respect not only to the
functionality, but also to the quantitative characteristics (delay, maximal
working frequency, space, power consumption, etc.), Moore or Mealy types of
FSM, the state minimization, the state encoding, implementation bases, a FSM
description style. Some of them are contra-productive, e.g. the ‘“one-hot”
encoding method is always better with respect to the power consumption, but it
1s not always good with respect to the number of used memory elements.

3.1 Encoding methods

A “one-hot” method uses the same number of bits as the number of internal
states. This great number of internal variables is its main disadvantage. The
states that have the same next state for a given input, should be given adjacent
assignments ("Fan-out oriented"). The states that are the next states of the same
state, should be given adjacent assignments ("Fan-in oriented"). The states
which have the same output for a given input should be given adjacent
assignments, which will help to cover the 1's in the output Karnaugh-maps;
"output oriented" method.

Very popular and frequently used method is the “minimum-length” code
(also called “binary”) that uses the minimum number of internal variables, and
the Gray code with the same characteristics and adjacent codes assigned to
consequent states. The method “two-hots” uses such a combination of two “1”
to distinguish all states.

Tab. 1. Examples of codes for 6 internal states

Binary|Gray|[Johnson|one-hot|two-hots
St 000 [ 000 [ 000 [000001] OOII
St2[ 001 [ 00T [ 001 [0000I0] OIO0I
St3[ 010 [OIT[ OIT [000I00] T100I
St4] OIT [OI0O[ TIT [00T1000] OTIO0
St5] 100 [ T10[ 110 [0T0000] 1010
Ste] 101 [II11] 100 [100000] 1100

Initial results based on these eight methods and benchmark characteristics
were presented in [18] - [24]. We have found out that the most successful
methods are the “minimum-length” and “one-hot” ones. The “minimum-length”
encoding is better than the “one-hot” encoding for small FSMs and for FSMs
that fulfill the following condition: a STG (State Transition Graph) describing
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the FSM should be complete or nearly complete. If the ratio of the average
output degree of the node to the number of states is greater than 0.7, it is better
to use the “minimum-length” code. On the contrary, the “one-hot” encoding is
better when this ratio is low. Let’s define this qualitative property of the FSM as
a characteristic parameter AN:

Definition 2. 4 FSM characteristic parameter AN - an average node branching
- is defined by the equation

AN = AverageOutEdges/(NumberOfStates — 1)

where AverageQutEdges is an average output number of edges for all nodes and
NumberOfStates is the number of states for a FSM.

Relation of the success on AN, 30 state FSM

120,0

100,0 -

800 /A
60,0

|

—— binary
—=— one-hot

L]
l
40,0 V :
' 1
20,0 |
0,0 ; ‘ —— |
0,00 0,20 0,40 0,60 | 0,80 1,00
Fig. 4. The comparison of ,,minimum-length* and “one-hot” enencoding

with respect to AN

The value AN = 0.7 was experimentally verified on benchmarks and on our
specially generated test FSMs - Moore type FSMs with the determined numbers
of internal states and the determined numbers of the transitions from the internal
states. Our FSM has the STG with a strictly defined number of edges from all
states. This number of output edges must be the same for each internal state. The
resulting format is the KISS2 format — e.g. 4.kiss testing FSM has the STG with
four edges from each internal state (node). The next state connections were
generated randomly to overcome the XILINX FOUNDATION optimization for
the counter design. The relationship between “one-hot” and ,,minimum-length*
encoding methods is illustrated in Fig. 4. The comparison was made for FSMs
with 30 internal states and different branching. The number of transitions from
all states is expressed by AN (axis X). The axis Y expresses the percentage
success of the methods with respect to the space (the minimum number of CLBs
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for all encoding methods and every test FSM is 100%). It can be seen that for
lower branching (smaller AN) the “one-hot” code is always better until
AN=0.7.

3.2 The ,FEL-code« method

Our method combines both the ,one-hot* and , minimum-length*
encoding methods. It is based on the partially FSM internal state decomposition
such as several level, cascade, general, where the number of levels depends on
the FSM properties, [12], [13], [14], [15] and[16]. The global number of states
of the decomposed FSM is equal to the original number of FSM internal states.
The internal states are divided into groups (sets of internal states) with many
connections between states (for these “strongly connected” states the
,minimum-length* encoding is better to use), see Fig. 5. The internal state code
1s composed of the ,,minimum-length* part (a serial number of the state in its set
in binary notation) and the one-hot part (a serial number of a set in one-hot
notation). The number of , minimum-length® part bits is equal to b, where 2” is
greater or equal to the maximum number of the states in sets and the number of
one-hot part bits corresponds to the number of sets.

o
-

Fig. 5. FEL-code basis

The global algorithm could be described as follows:

1. Place all FSM internal states Qi to the set SO .

2. Select the state Qi (from S0) with the greatest number of transitions to
other disjoint states from S0. Take away Qi from S0, Qi becomes the
first member of the new set Sg,0y),

3. Construct the set of neighboring internal states of all members of S,
— Sheighvor- Compute the score expressing the placement suitability for a
state Oj Into Sg,0yp, for all states from S,eignso Add the state with the
highest score to Sy -

The score is a sum of:
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a. the number of transitions from Qj to all states from Sgroup
multiplied by the constant 10;

b. the number of such states from Sgroup for which exists the
transition from Qj into those ones multiplied by the constant 20;

c. the number of transitions from Qj to all neighboring internal
states from Sgroup (i.e. to all states from Sneighbor ) multiplied
by the constant 3;

d. the number of such states from Sneighbor for which exists the
transition from Qj to those ones multiplied by the constant 6;

e. the number of transitions from all internal states from Sgroup to
Qj multiplied by the constant 10;

f. the number of such states from Sgroup the transition exists from
those ones into Qj multiplied by the constant 20;

g. the number of transitions from all neighboring states of Sgroup
(placed in Sneighbor) to Q) multiplied by the constant 3;

h. the number of the neighboring states in Sneighbor for which
exists the transition from those ones to Qj multiplied by the
constant 6;

4. Compute AN (1) characteristics for Sy,

When this value is grater than the “border value” (the input parameter
of this algorithm, in our experiments is usually 0.7) the state Qj
becomes the real member of S,,,,,. Now continue by step 3. When the
ratio is less than the “border value”, state Qj 1s discarded from the Sg,y,
and this set is closed. Now continue by step 2.

5. If all internal states are placed into sets S; and at the same time S is
empty, construct the internal states code:

It is connected both from the binary part (a serial number of the state in
its set in binary notation) and the one-hot part (a serial number of a set
in one-hot notation). The number of binary part bits is equal to b, where
2" is greater or equal to the maximum number of states in sets. The
number of one-hot part bits is equal to the number of sets §;.
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Fig. 6. STG and the Kkiss2 format of the lion benchmark

Example (/ion benchmark (Web-MCNC Benchmarks) border ratio 0.7,

Fig. 6):

1. Place all FSM internal states Q; to the set .S,
So= {st0, stl, st2, st3}
2. For all S, elements compute the number of transitions to next disjoint states

from S):

(st0...1, stl...2, st2...2, st3...1).

12

01

pll

s4

-0 st0st0 O
11 st0st00
01 stO stl -
0-stl stl 1
11 stlst00
10 stl st2 1
I-st2st2 1
00 st2 stl 1
01 st2st3 1
0-st3st3 1
11 st3st21

Choose the state with the highest value and construct the new set S;:

So= {st0, st2, st3}, S; = {stl}
3. Construct the set of neighboring internal states of all members of S; — S,eighpor:

So = {st0, st2, st3}, S; = {st1}, Speighvor = {510, 512}

Compute the score for all states from S,,c;gnpor:

§t0score = 1.10+1.20+2.3+1.6+1.10+1.20+2.3+1.6 = 84
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§2core = 1.10+1.20+1.3+1.6+1.10+1.20+1.3+1.6 = 78
Choose the state with the highest score and add it to S;:

S(): {st2, St3}, Sl = {stO, Stl}, Sneighbor = {st2}
4. Compute AN (1) for the elements from S;:
AN =1.0.
AN 1is grater then 0.7, therefore the state (Jj becomes a real member of ;.
Now continue by step 3.
3. Try to add the state s¢2 into S; and compute the AN. Because AN = 0.66, state
st2 1s discarded from the S; and this set is closed. Now continue by step 2.

At the end all internal states are placed into 2 groups:
S;={st0, st1}, S, = {st2, st3}

Now internal state code is connected from the one bit binary part and the two
bits one-hot parts:

st0 ... 0/01 stl...1/01 st2...0/10 st3...1/10

4 Experiments

4.1 Information about the FSM benchmarks

The conversion program between KISS2 format and VHDL was
necessary to build (because the used benchmarks were in KISS2 format, see
Fig. 6, where the /ion benchmark is described by STG and KISS2, too). We have
implemented the converter K2V DOS (in C++ by compiler GCC for DOS OS).
The K2V _DOS program allows an acquisition of information about the FSM like
e.g.: the number of states (#State), number of inputs (#In), number of outputs

(#0ut), number of transitions - arcs (#Tran), node degree, etc., some of them are
in Tab. 2.

Tab. 2. Our benchmark set and the most important benchmark
properties
Name #State|#In|#Out#Tran|AN Beecount 71 3 4 28]0,381
Bbara 10] 4 2 60(0,300 Cse 16| 7 7 91]0,163
Bbara2 128] 4 2|  852/0,020 dk14 70 3 5 56/0,572
Bbsse 16| 7 7 560,146 dk15 4 3 5 32(0,750
Bbtas 6| 2 2 2410,267 dk16 27 2 3| 108]0,141
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dk17 8 2 3 32|0,375 s1494 48] 8| 19] 250[0,051
dk27 7] 1 2 140,310 sla 20] 8 6/ 107)0,179
dk512 15] 1 3 30[0,143 s208 18] 11 2| 153]0,111
Donfile 24 2 1 96/0,130 s27 6| 4 1 34(0,633
exl 200 9] 19] 138|0,150 s298 218] 3 6[1096 10,023
ex2 19] 2 2 7210,164 s386 13] 7 7 6410,205
ex3 10 2 2 36(0,311 s420 18] 19 2| 137)0,111
ex4 14] 6 9 21]0,088 s510 47| 19 7 770,024
ex6 8 5 8 34(0,429 s8 5| 4 1 20]0,400
ex7 10 2 2 36(0,267 s820 25| 18] 19| 232{0,142
Keyb 191 7 2| 170]0,132 s832 25| 18] 19] 245{0,142
Lion 4 2 1 11{0,500 sand 32| 11 9| 184/0,060
lion9 9] 2 1 25|0,222 scf 1211 27| 56/ 286(0,019
Markl 15] 5] 16 3610,167 shiftreg 8 1 1 160,250
Mc 4 3 5 10{0,333 sse 16| 7 7 56/0,146
modulo12 12) 1 1 24)0,091 styr 300 9] 10 166|0,084
opus 10 5 6 30[0,267 tav 4 4 4 4910,333
planet 48] 7] 19| 115]0,031 tma 200 7 6 4410,100
pma 24| 8 8 7310,087 trainll 11] 2 1 25|0,127
sl 200 8 6| 107)0,179 train4 4] 2 1 14{0,333
s1488 48| 8 19 251{0,051

4.2 The way of VHDL description

The FSM can be described by different ways in VHDL (with different
results), [11]:

e one big process sensitive to the clock signal and to the input signals (one
case statement is used in this process - it selects active state and in each
branch of the case there are if statements, which define next states and
outputs - this is the same method, like the XILINX FOUNDATION uses
for conversion between STG and VHDL, Fig. 7);

o three processes (next-state-proc for implementation of the next-state
function, state-dff-proc for asynchronous reset and using D flip-flops and
output-proc for the FSM output function realization).
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Our K2V _DOS program can generate both methods. The ratio of using one
VHDL process and three VHDL processes for all coding methods and all
benchmarks in % is in Tab. 3. The remarkable result is that the three processes
are about 1.5 better then one process in all cases.

Tab. 3. #CLB for one process / #CLB for three processes in %

Binary|/Gray|Johnson|one-hot/fanin|/fanout/Fan
Average| 156,9 |155,5| 153,7 | 157,1 |115,5| 164,5 {149,6

process ( clk )

begin
if clk’event and clk = "1" then
case state is

when state definition =>
if transition_condition then

—— next_state_setting;
state <= next_state;

—-— output_setting;
output <= ““0000*;

elsif

{next_conditions}

endif;

{next_states}

when others => null;
end case;
end process;

Fig. 7. VHDL description of the FSM by one process

To overcome the XILINX FOUNDATION optimization for the “one-hot”
coding method [32], we have used direct code assignment instead of the
enumerating type. The difference can be seen in Tab. 4 and Fig. 8. Due to the
better results (less number of CLB blocks) for enumerating type for all methods
next we will always use this one.
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Tab. 4

#CLB for direct code assignment / #CLB for enumerating type

in %

binary|Gray

Johnson|one-hot|two-hots|fanin |fanout|/fan

FEL 0,7

Avarage

120,9 1126,9

153,5 | 197,2 | 169,9 [124,9126,0 |126,4

180,5

100,0

1 VHDL process

90,0
80,0
70,0 A
60,0 -
50,0
40,0 4
30,0 |
20,0 4
10,0 4

84,1

90,0

81,0

78,9

78,0
69,0 74,1

0,0

binary

Gray  Johnson one-hot fanin fanout fan

100,0

3 VHDL processes, enumerating type

90,0
80,0 1
70,0 1
60,0
50,0
40,0
30,0 1
20,0
10,0 1

0,0

81,9

86,5

79,4 772 760 783 784

66,4 62,9

& N
\’b{\ O

@

100,0 2

3 VHDL processes, dirrect assignment

3,2

90,0 -
80,0 -
70,0 A
60,0 -
50,0 -
40,0 1
30,0 |
20,0 1
10,0 4

0,0

88,7 86,5 84,1 864

Fig. 8.

1Uyc g for different styles of descriptions
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4.3 Special testing FSMs

The K2V _DOS program system can generate our special testing FSM (for
more precise setting of the “border ratio” AN). We have generated the Moore
type FSM with the determined number of internal states and mainly the
determined number of the transitions from the internal states. Our FSM has the
STG with the strictly defined and the same number of transitions from all states.
The resulting format is the KISS2 format — e.g. 4.kiss testing FSM has the STG
with four edges from every internal state (node). Both the first and also the next
state connections are generated randomly to overcome the XILINX
FOUNDATION optimization for the counter design.

The choice of the AN=0.7 (axis x) can be seen of the Fig. 9a) and b).
There the relationship between ‘“one-hot” and binary coding methods with
respect to the number of internal states and the number of transitions from all
states is represented. It can be seen that for greater branching (the greater AN)
the binary code is better. The border is 0.7. The Y axis expresses the percentage
success of the methods (the minimal number of CLB from all methods for every
benchmark 1s 100%).

120,0 120,0
100,0 e 100,0 —
80,0 1— "vm 20,0 NAVA/\'W
o | Tl | 2N et
40,0 40,0
20,0 20,0
0.0 T T T d 0,0 T T T T T 1
0,00 0,20 0,40 0,60 0,80 1,00 0,00 0,20 0,40 0,60 0,80 1,00 1,20
Fig. 9. a) 20 state FSM and b) 25 states FSM

4.4 FSM internal state coding experiments

Our experiments needed the special software tools - programs for
generating different internal states codes, special testing circuits with predefined
properties, special batches for easier performing of them by the EDA system
with predefined choices from menu and statistical processing of the results. The
results were compared and processed from the different points of view, under
the different criteria:

» number of CLB blocks - # CLB
» maximal working frequency — max(f)
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 IU - index of success with respect to the space (# CLB) and speed

(max(f)):
_ min(#CLB)

W == - *100%

1w, =—*100%

max(f)

» number of the best solutions BS- the minimal number of CLB blocks (or
the maximal working frequency) for the best coding methods for every
benchmark is 100% and the resulted value presented in graphs is average
of this percentage values, Figs. 10 - 13.

The K2V_DOS program can generate different FSM internal state coding
by methods minimum-length (binary), Gray, Johnson, “one-hot”, “two-hots”,
Fan-in, Fan-out and FAN and “FEL-code”. To overcome the impact of the way
of VHDL descriptions we have presented the results for one VHDL process, for
three processes with direct assignment and enumerating type in the relative

values, see Fig. 9.

The comparison for three processes and enumerating type (number of the
best solutions BS for every method) is in Figs. 10 and 11. From all graphs can
be seen that the most important and mainly the most successful are binary or
“one-hot” methods. Only when we have used direct code assignment FANIN
methods can give relative good results (but because the FOUNDATION outputs
optimization is not used). The most successful methods are “one-hot” (53%) and
binary (13%), see Fig 10. According these remarks we have proposed, presented
and implemented our own method “FEL-code” (Sec. 3.2). The comparison for
three VHDL processes, enumerating type and eight coding methods is in Fig.
11, where the best is “one-hot” (43%), second is binary (13%) and third “FEL-
code” (10%).

The K2V _DOS program system can generate our special testing FSMs for
more precise setting of the characteristics AN, Definition 2. The K2V DOS
program can generate different FSM internal state encoding by “minimum-
lengths”, “Gray”, “Johnson”, “one-hot”, “two-hots”, “Fan-in”, “Fan-out”,
“FAN” and “FEL-code” methods.
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fan binary
fanin fanout 8% 13%
7% 7%

Gray

Johnson
3%

two-hots
0%

one-hot
53%

Fig. 10. BS for three VHDL processes, enumerating type

FEL 0.7 binary
10% 13%
fan °

Gray
fanout 9%
79
% Johnson
3%
fanin
7%

two-hots
0%

one-hot
43%

Fig. 11. BS for three VHDL processes, enumerating type with FEL-code

All results have been compared under the different criteria and with
respect to benchmark properties. Mostly the most important benchmark property
1s its size, i.e. the number of its inputs, outputs and internals states. The relative
number of the best solutions for the FSMs with few internal states is in Fig. 12
and for many internal states are in Fig. 13. From those Figures it is clear, that the
minimum-lengths (here binary) is better to use for relatively little circuits and
one-hot for greater ones. The method FEL-code is more successful for FSMs
with more internal states.
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FSMs with few internal states

1000

N3 908 ggs 883 goq

90,0 4

20,0 4

AU, [%]

70,0 4

60,0 4

50,0 4

fan
Gray
two
hots

oo
g
5

fanout
fanin
Johnson
one-hot
own 0,7

Fig. 12. BS for three VHDL processes, enumerating type with FEL-code
(AN = 0,7) for benchmarks with few internal states

FSMs with many internal

100,0 -39.5
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60,0

s
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B jar o s 2 £ ] -1 S
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=

Fig. 13. BS for three VHDL processes, enumerating type with FEL-code
(AN = 0,7) for benchmarks with many internal states

5 Conclusions

A new method for coding internal FSM states was described. This method is
called FEL-code (according to the Faculty of ELectrical Engineering), and it
gives relatively good results with respect to the FPGA implementation. The
results are verified by experimental implementations in real commercial
products — FPGAs from Xilinx and Atmel.

We have performed about 2000 experiments with different types of
encoding and decomposition methods for 50 benchmarks. The comparison of
nine encoding methods is shown in Fig. 14. There is condensed information
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about the average “success” — IU - for all encoding methods. The minimum
number of CLB blocks for a benchmark is divided by the number of CLB blocks
for a particular encoding method. Similarly, the working frequency for a
particular encoding method is divided by the maximum frequency for a
benchmark. These values were computed for all benchmarks for maximum
working frequency (dark columns) and number of CLB blocks (#CLB, white
columns) and expressed as percentage “success” for each encoding method.

100 +

80

60 - W frequency
40 - O#CLB

Fig. 14. The final comparison of all used encoding methods with respect
to IU

We can arrive at the following conclusions based on our encoding and
decomposition experiments:

e the ,,minimum-length* encoding method gives the best results for FSM
with few internal states (5) and for FSM with AN > 0.7 (the state
transition graph with many cycles)

e “one-hot” encoding method is better for other cases and mostly generates
the faster circuits (but the XILINX FOUNDATION uses optimization
methods for “one-hot” encoding)

e “FEL-code” method is universal as combines the advantages of both
“one-hot” and ,,minimum-length* methods. This method is heuristic, the
parameters (AN and the score evaluations) have been experimentally
verified

e other tested encoding methods give worse results in most cases and have
no practical signification

e for such FSM implementation, where the majority of the CLB blocks are
used (e.g. 90%) the “one-hot” methods gives better results mainly with
respect to the maximum working frequency due to easier wiring
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e a different strategy for searching for the partitions — the best FSM
partition is not that one with the minimum number of internal states but
that one with the minimum sets of input and output symbols — could be
used for FPGA implementation.

These conclusions were based on experiments on XILINX
FOUNDATION performed and published 2 years ago in [19] — [24]. The
experimental results performed on the recent XILINX ISE EDA tool have not be
sufficiently compared with those presented above since many qualitative
changes were incorporated into this tool — new types of the final platforms and
new design algorithms were incorporated into the EDA system. According our
recent results we can conclude that the most successful methods still remains
“one-hot” and ,minimum-lengths®“. The average improvement (for all
benchmarks but only for working frequency) is presented in Tab. 5. It can be
stated that the encoding methods offered by the professional EDA system are
better then the outside methods and the AN equals to 0.7 is a rightful value.

Future work needs deeper knowledge about the design processes
performed by professional EDA design tools, experiments with different types
of internal states coding methods closer to the real regular structure which the
designed circuits is implemented into, and decompositions with respect to these
structures [17]. Also the digital circuit must be designed with respect to its
testing, external or mostly internal (BIST structures), with respect not only to the
space and working frequency but also to its dependability and power
consumption [26]. All these aspects must be taken account and accomplished to
the real and future design processes, which must enable formal verifications at
all levels of design process.

Tab. 5. Frequency improvement

Encoding method Average maximum frequency [MHZz] Erequency
Spartan Spartan-II increase [%)]

binary 76,6 145,0 47,2

one hot 80,5 167,1 51,8

FEL-c 0,5 71,3 108,7 34,4

FEL-c 0,7 75,6 128,1 41,0

Classical methodology for digital circuit design is well-developed today.
Both the implementation and the verification processes are well-documented,
[2], [9], [10]. Nevertheless, the basic minimization methods improvements are
actual as well, mainly with respect not only to the gate equivalents but to the
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other parameters which must be fulfilled especially when the regular structures
are used as the final implementation bases. Our results and conclusions will lead
to the shorter design time and the design tools improvements. The work on these
experiments goes on and has to continue. Most important seems to be the
interconnection of all levels of the digital design process with respect to the
different design constraints depending on the final implementation platforms.
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