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DESIGN OF A RECONFIGURABLE STATE TRANSITION
ALGORITHM FOR FUZZY AUTOMATA
Paolo A. Tamayo, M.S.E.

Western Michigan University, 2005

An Ontologica Controller, a type of supervisory controller used for complex
industrial systems, is usualy characterized by a large global state set. Monitoring the
globa state set of these systems is impractical when the desired goa path is chosen since
the decision on the next state depends only on a small section of the total state space. The
approach is to operate only in a smal moving window of the large state transition path.
The Hybrid Fuzzy-Boolean Finite State Machine (HFB-FSM) is part of the solution to
implement this scheme. The HFB-FSM models the state graph along with plant data and
advises the ontological controller with respect to recovery from faults. The use of
reconfigurable hardware is an attractive implementation for this approach. When specified
properly, reconfigurable implementation can dramaticaly reduce the physical hardware in
the realization while maintaining the computing power of the design. The objective is to
model the ever-changing state graph configurations implementing only the relevant states
that affect the state transitions. The author proposes a reconfigurable architecture that will
support the remodeling of the state graph. This will alow the supervisory controller to
reset the fuzzy automaton in order to model a particular state cluster, as needed. The use
of parameterized components in the design provides for flexibility with respect to

choosing the number of fuzzy inputs and number of fuzzy states.
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CHAPTER 1

INTRODUCTION

Current trends in computing are targeting the costs ofi@@vent and implementation.
Due to these reasons we see the emergence of redeaigie and reconfigurable designs.
The use of reconfigurable hardware is indeed an atteafdature in any systems since it
can dramatically reduce the physical hardware requiredninmglementation while
maintaining the computing power of the design when speégfieperly. If reconfiguration
can be accomplished without affecting the functions amtbymeance of the system, the
hardware implementation can support functions that wouletratise require bigger
hardware components than the actual hardware implemértiedscenario is often seen
in large scale, complex industrial control settings. t@ulers are usually composed of a
two-level structure: a plant control level and a superyigevel. From the name itself, the
plant control level is the control system that hamdlee functions of the plant. The
supervisory control on the other hand deals with théajlstate space of the whole
system. The supervisory control tracks the operatidheplant controls. Monitoring the
operation at this level is impractical if the globtdte space is huge. It was shown by
Fodor [5] that monitoring a small section of the globtdte space is sufficient to
determine the next state of the control path if theent goal state is known. The idea
here is to create a moving window over the statesiian graph of the system and
monitor the control actions in that window. The patid states that are enclosed in the
window is the current active path and states in theadiper[7].

Ontological Control (a special type of supervisory colptis concerned with the
automatic detection of faults based on the violatiohshe ontological assumptions.
Previous literature [9] describes the ontological cdritrdhave a deterministic operation,
i.e. a single state can be selected in any situa@umological control makes sure that



there will always be a next state that will be sigld. The basis of the choice of the next
state is dependent on the defined goal path of the pleugt dentrolled. In recent research

it has been proposed that the controller is enhanceédtiae@ Fuzzy-State-Fuzzy-Output

Finite State Machine (FSFO FSM) [8] to decide onréxt state. Either this next state
will have the appropriate actions to recover fromfthdt and keep the plant on a suitable
goal path or it will indicate a non-recoverable faalthe controller.

The FSFO FSM model was extended to form the Hybrid FBoolean Finite State
Machine (HFB FSM) [3]. This automata design addressesotitelogical control
functions of error detection and recovery. Since titended applications of the HFB
FSM involves a large state set, another recent r&seaiggests an approach using the
property of virtual fuzzy automata to manage the statergsms [10]. This solution,
based on the HFB FSM model, outlines the creatiomefautomata to handle the next
state determination based on the current state arabtiaitions of the inputs. The virtual
fuzzy automata instance is created and information hen dtate transition graph,
conditions for transition, initial state, fuzzy inpudsd other relevant information is
downloaded. The determined next state is then passec teugtervisory controller for
processing. This research is based upon the virtual futpynata approach to implement
the HFB FSM model. The author aims to establish twmdwork for the creation of the
virtual fuzzy automaton into hardware. Since reconfigonabf the virtual fuzzy automata
is frequent in the operation of the Ontological Contrble use of reconfigurable
architecture realizes a more maneagable implementatidimle automata into hardware.
This research proposes an architecture to implement raocinfigurable system. The
proposed architecture implements a configuration for MaHipput-Single-Output
(MISO) systems. It will also serve as a generic desigdel to implement Multiple-Input-
Multiple-Ouput (MIMO) systems.

The objective of this research is summarized asvistio



1. Design the architecture of a reconfigurable state tiamsalgorithm for a fuzzy
automata.

2. Systematically establish the framework for a virfuaky automaton.

To map the reconfigurable design into hardware parametiecamponents are utilized.
The design is implemented using, the industry standard, M&ly Speed Integrated
Circuit (VHSIC) Hardware Description Language (VHDL).

Chapter 2 decribes the HFB FSM Model components and #igdithm [1]. A simple
example on model building and inference operation issiisavn. The B Algorithm is the
heart of the implementation of the HFB FSM. The Bdklthm is the operation where the
actual mapping of a fuzzy input value to a unique set of Boolariables is performed to
determine the next state of the HFB FSM.

Chapter 3 describes the detailed design of the architedtbag includes the partitioning
of the design modules and the parameterized components irtidément the
reconfigurable characteristics of the design. Sinceddsgn is actually modular and can

easily be integrated into a larger system, a sectidimes the interfacing requirements.

Chapter 4 describes the testing and verification metbggladf the design. A previously
developed software implementation of the HFB-FSM [6]ised to check the hardware
design simulation results. The same set of parameterapglied to both design and the
results are compared. Both results are expected to match.

Conclusion are discussed in Chapter 5. An outline and demdription of some possible

future research directions are also given.

The Appendix shows the design files and the simulaties fised in verification.



CHAPTER 2

REVIEW OF LITERATURE

2.1 Ontological Control

Ontological Control is a contemporary supervisory adréipproach. It concerns about
automated fault detection and identification of some @aai types of faults referred to
as ontological desynchronization, and the recovemn ftbose faults in large, complex
industrial control systems. When the plant that igradied is well defined, there is always
a corresponding control action on every state or prexqhied condition. If some
external factors introduces a new state (not parh@fre-determined conditions) to the
plant, the control action may result in three possblenarios to occur [9]. Case 1: The
resulting control action yields a transition into afethe predefined states; Case 2: The
resulting control action results in an expected modiicabf the plant and ; Case 3: The
plant changes in an unexpected way. The latter oneeisdésynchronization case.
Ontological control must be able to launch a synckadimn procedure to bring back the
plant to one of the pre-defined goal paths. Sources ofndesnization include
unexpected external actions, incomplete plant definii@n some states are not defined
properly) and violations of the ontological assumptigdstological assumptions are the
ones that generate the desired plant outputs. Howeveg dssumptions form the cradle
of the control actions that the system does notlcteesee if they are valid.

It has been proposed in previous literature that the itHyuwzzy-Boolean Finite State
Machine (HFB FSM) can be used to address the probleracovery from ontological
desynchronization [2][3]. Ontological Controller (OC)easthe HFB FSM to do a
recovery when unexpected changes or faults occur ingémton. In other words, the
HFB FSM is used to perform recovery operations on amatbntroller when the recovery

specifications of that controller are known. The gahiglea is that the OC uses the HFB
4



FSM to model the relevant section of the control @gm along with plant data to make
a decision on the next state of the goal path. In daddo that the Ontological Controller
needs to reconfigure the HFB FSM for each of thoseicpéat state clusters of the
control algorithm and then pass the actual plant dathetdHFB FSM. If there is a fault,
the HFB FSM will detect it through a state transitimd advise the OC whether a
recovery is possible from the fault. Since the conéitjans of the critical state clusters
with respect to the ontological desynchronization feeép changing along the goal path,
the OC needs to reconfigure the HFB FSM for everesthister of concern.

2.2 The HFB-FSM Model

The HFB FSM model was first introduced in [3] for ongial control. To address
additional requirements in modeling complex hybrid systeémss extended in [2] (see
Figure 2.1).

Xr —) Zr=Ar k% —N 7
R*=GRs)
W —) . —:_> z
= Ze=DF({Zs) %
Xa | Threshold | Xr | U =f, (Xz, Wy, Xp, v ) —) Us
Threshold Comparator [ V|
Values
State R* Xa =80 YB
Membership — S
Function : Zy = B(Zr) :
Yo =1 (Xo, Wy, Zg, yu., X1, )

&

YB;

STATE
MEMORY

Figure 2.1 Extended HFB-FSM Model [2]

The HFB FSM model is implemented by a Boolean autombhtsed upon two valued

logic. The model is defined by the following formulas:
5



Z: = Xr OR* (2.1)

R* = G(Rs) (2.2)

Ze = DF(Z¢ ) (2.3)

Us = fu (Xe, Wk, Xr, Y& ) (2.4)
Xe = B(X) (2.5)

Zs = B(Z) (2.6)

Y =fu(Xs, Wk, Zs, VB, Xr,) (2.7)

X, W and X, stand for fuzzy, 2-valued (Boolean), and analog inputs associated
threshold values, respectivelyr ¥ the result of the comparison of the analog inputls wi
the associated threshold values. Z and \ stand for fuzzy, defuzzified fuzzy, and two-
valued (Boolean) outputs, respectively. R* is the compdiatj@istic model [4], and is

the operator of composition.

A fuzzy state is made up of a set of crisp states, #i& FHSM stays simultaneously in all
of them, to a certain degree in each. There is a doicrisp state in this state set for
which the degree of the state membership functionThérefore, a fuzzy state is defined

by its dominant crisp (Boolean) state and a state meship function

Sl &, Osk (2.8)

where $¢ stands for fuzzy state k,x Sepresents crisp state k ang ¢ the state

membership function associated with S

Each crisp state of the HFB FSM is characterizednbg\erall linguistic model R or by
a set of linguistic sub-models in the case of multipHrsingle-output (MISO), and

multiple-input-multiple-output (MIMO) systems [2].



In (Equation 2.2), G stands for the matrix of state nasibp functions, where

B B o B Ja
I 29
ﬁlp ﬁzp ﬁ,? gsp

For each fuzzy state of the HFB FSM model, an R* cotgpdsguistic model is created
from the finite set of R overall linguistic models (i = 1, ...,p). Let the HFB F3M in a
fuzzy stateRg, then

R* = max[min(3*, Rs1), ..., minG*, Rep)] (2.10)

wheref,* p,* stand for the degrees of state membership functiombere g, = [3* 3"
,[)’3",...,,Bp"] from Equation 2.9, andRs,...,Rsp are the overall linguistic models in crisp
statesS,...,S, respectively. By modifying the degrees of the statenlbeeship function
(B) on-line, new R* composite linguistic models can betxd under real time conditions.

Xs, Zs, Yg and ¥ stand for two-valued Boolean input, Boolean output and stex¢ and
present state of the variables, respectively. B stafmis the Fuzzy-to-Boolean
transformation algorithm to map a change in the staitéiszzy variable into state changes
of a finite set of corresponding Boolean variables Zhcrisp values of the fuzzy outputs
are obtained by evaluating a defuzzification strategy, DF

This research assumes only a multiple fuzzy input andesingty output implementation
of the HFB FSM. The analog thresholds and digital inpués aamitted. Chapter 3.1
explains the implementation in detail. Future work andapoément of the design can
include these factors, which will be discussed in det&ihapter 5.



2.3 B Algorithm

The Fuzzy-to-Boolean Transformation Algorithm is inmpénted to both inputs and
outputs (Equations 2.5 and 2.6) [8]. The algorithm takes theageeposition of the
maxima, obtained using the Mean-of-Maxima (MOM) defuzaifon method, in the
universal space for the input fuzzy variable or output fuzyable. The universal space
defines all the possible elements of concern in whigrarticular input or output can be
formed. For example, the universal space for a speed ismplefined in the range of 0 to
16 miles per hour. The universal space is then dividedsimbeintervals according to the
number of linguistic variables defined. Figure 2.2 belowwshohe linguistic variables
chosen for the speed. The figure also shows that tlesl speut shows the occurrence of
a maximum membership at 0.8 in three locations. The Mi@Mzzification method takes
the average of the occurrence of these maxima. Hrerfigure the computed MOM value
is 9 (since {8 + 9 + 10}/3 ) which falls in the intervalfast speed.

very slow slow fast t very fast
1 Fil i Y E
D‘S ---------------- E
i
0 E
o 2 3 4 5 B T 8 | o0 11 12 14

Figure 2.2 Mean-of-Maxima Calculation Example

The created sub-intervals are then assigned unique Boolegabers. These Boolean

assignments are then used to detect the current conthabrparticular fuzzy variable.

Based on the location of the MOM we can determine pifesent status of the fuzzy

variable. Collating the MOM of all the fuzzy variablen the system forms the overall

picture of the current condition of the system Thisrinfation is then used to determine
8



the next state transition of the automata of théegysChapter 3.1 explains the MOM
method implementation in detail. In the hardware impfgat@n, only the inputs are used
to determine the next state of the system.

2.4 Model Building and Inference Operation

Based on the linguistic model, an overall fuzzy relabbthe inputs to the output for the
MISO system is created. The linguistic model is thdaledescription of the relations of
the inputs and output. These verbal descriptions are the thét define the behavior of
the output based on the observed inputs and the curremto$tdte system. Often times
there are a number of these rules and they must barahto form the overall rules that
will describe the system. Rule composition or modeldmgl (Equation. 2.1) is the
method of combining all of these rules.

U1 U2 U3 U4 us U6 U7
[ small I medium ) large )

Figure 2.3 Inference Example Intervals Used

To illustrate the operation of the composition leteta simple example. Assume a MISO
system with two inputs, three states and one output. Asdbat the system uses the
normalized universal set for the two inputs and singleuwushown in Figure 2.3. The
linguistic model of the system is shown in Table 2.1eY¥hX, Y and Z variables are the
fuzzy input 1, fuzzy input 2 and fuzzy output, respectively. Gecafip the fuzzy sets are
shown in Figure 2.4.



Table 2.1 Liguistic Model Example

Rules Rule Description

For Crsip State 1

Rule 1 If X is small and Y is small then Z gnall.
Rule 2 If X is medium and Y is large then Zlarge.
Rule 3 If X is large and Y is medium then Znsedium.
Rule 4 If X is large and Y is large then Zl&rge.
Rule 5 If X is medium and Y is medium then Znsedium.
For Crisp State 2
Rule 1 If X is large and Y is small then Z isedium.
Rule 2 If X is small and Y is medium then Z ssnall.
Rule 3 If X is medium and Y is small then Z ssnall.
Rule 4 If X is medium and Y is large then Zlarge.
Rule 5 If X is large and Y is large then Zl&rge.
For Crisp State 3
Rule 1 If X is large and Y is medium then Zlarge.
Rule 2 If X is small and Y is large then Z isedium.
Rule 3 If X is large and Y is small then Z isedium.
Rule 4 If X is small and Y is small then Z gnall.
Rule 5 If X is medium and Y is medium then Zrsedium.
x4 Y1 =,
s e e
R1
U W Ul
Ul Uz U3 U4 Us Us U7 Uil U2 U3 U4 US Us UT Wi W2 W3 WA WS WE W7
X2 Y2 Z3
e e i3
R2
s Lol Lol
U1l U2 U3 U4 U5 U6 UT U1 UZ U3 U4 US US U7 WA W2 W W W5 WE WT

X
@
o
I
ILN
> 0

Ly
>

1 L B St 1
R3
T[]y | I R B B ™
U1 Uz U3 U4 US UB U7 Ut U2 U3 U4 US US U7 W1 W2 W3 WA WS WE WT
x4 Y4 Z4
g >~ >~
1 . ® 1 4 4 4=
R4
Ty [y 1] w
Ul Uz U3 U4 Us UB LT Ut Uz U3 U4 Us Us UT W1 W2 W3 WA WE WEWT
X5 Y5 Z5
A 'y A
14 14 14
R&5
LT v | T R A
U1 U2 U3 U4 US Us UF U1 U2 U3 U4 Us Us U7 WA W2 W3 WA W5 WE WT

Figure 2.4 Graphical Views of Fuzzy Sets in Crisp State 1
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It was shown in the work of Grantner [7] that the furelation Rx1 for X1 and Z1 is

given by the formula:

Rx1=X1xZ1 (2.11)
Rx1(u,w) = min(X1(u), Z1(w)) (2.12)

Where Z1 is the expected fuzzy output based on the obserzadinput X1. Similarly,
generating fuzzy relation Ryl for Y1 and Z1 is achievedepjacing the X1 with Y1 in
equations 2.11 and 2.12.

Figure 2.5 Fuzzy Relations of input X and output Z in CrispeSta

Figure 2.5 shows the graphical representation of the fietation of input X and output
Z. For each pair of Xn and Zn a relation Rn, wherg fnom 1 to number of elements in
the universal set, is generated. To get the overalRuleggregated rule) for input X and

output Z the equation below is used [7]:
11



Rx = Rx1 U Rx2 U Rx3 U Rx4 U Rx5 (2.13)
Rx(u,w) = max(Rx1(u,w), Rx2(u,w), Rx3(u,w), Rx4(u,w), Rx5(u,w) (2.14)

By superimposing each of the fuzzy relation Rx1, Rx2, Rx&} and Rx5 shown in
Figure 2.5 with each other and taking the maximum valud tifeapoints that contains a
non-zero relation, Rx is calculated. The same sequsrmeeration is performed to derive
Ry for input Y. The graphical representation of the agdesbeaules Rx and Ry are shown
in Figure 2.6. Since in the system there are threp staes, two more sets of aggregated
rules (one pair for each remaining state) are genetatd@tle remaining fuzzy relations
given in Table 2.1.

TR W2, W3, - WA, . WG . We, - WT

!

1

T WZ, W3, - WA~ WG - W6, - WT

Figure 2.6 Aggregated Rules Rx and Ry in Crisp State 1

12



After the aggregated rules in crisp states are generagefl2zy state rules or the overall
linguistic model is created based on these crisp stas. rifom equation 2.8, we know
that a fuzzy state is defined by its dominant crisp (B&® state and a state membership
function. To generate the overall linguistic model wedht assign the values of the state
membership functiongse,. A G-matrix, shown in equation 2.9, of degrees of state
membership functions described in [4] is used asgthe(where k ranges from 1 to p
states). For the example p = 3 since there are thages$', here denotes the degree of
state membership to staf Mathematically, the composite overall linguistic moide

defined by equation 2.10.

The choice of the values % is dependent on the modeling of the system behavier. Th
G matrix actually provides a means for the system desitm tune the outputs by
manipulating the elements of the matrix. This can i@wve later in inference that the
fuzzy outputs are generated using the overall linguistic mBdederived from the G
matrix and the crisp state rules.

For our example, the chosen values for the elemetite i matrix are shown below:

10 06 03
G=/04 10 07
05 02 10

Currently, the choice of values is dependent on the fgicin of the system and the
experience of the system designers. As of this writthgre is no formal method of
determining the optimum values for the elements in then&@rix. Notice that the
diagonals are all 1.0. This simply means that therdwiaya one dominant state in any
fuzzy states. All the other states active on thatiqdar fuzzy state will have a degree of
membership defined by their corresponding values in th&atsix. .For example in row 1,

13



state 1 will be dominant and state 2 and 3 will have ttegree of membership at 0.6 and

0.3, respectively.
To calculate the final fuzzy state rules for each fumpyt in each fuzzy state, we simply
perform the operation of Equation 2.9. For the examplengie computations are show

below:

Calculation of the crisp state rules for fuzzy input ghswn below:

[10 10 05 00 00 00 00] [10 10 05 00 00 00 00]

10 10 05 00 00 00 00 10 10 05 00 00 00 00

05 05 05 05 05 05 05| 05 05 05 05 05 05 05
Rx=/00 00 05 10 05 10 10| Rx=(10 10 05 00 05 10 10
00 00 05 05 05 05 05 05 05 05 05 05 05 05

00 00 05 10 05 10 10 00 00 05 10 05 10 10

|00 00 05 10 05 10 10| |00 00 05 10 05 10 10|

[10 10 05 10 05 00 00]
10 10 05 10 05 00 00
05 05 05 05 05 00 00

Rx =00 00 05 10 05 00 00

00 00 05 05 05 05 05

00 00 05 10 05 10 10

00 00 05 10 05 10 10

Where: Rx, Rx, and Rx are for crisp state 1, crisp state 2 and crisp statsfectively.
The fuzzy state 1 aggregated rule for fuzzy input x is compasged

R* x, = max[{min[ Rx ]1.0], min[ Rx ,0.6], min[ Rx ,0.3]},
{min[ Rx, 1.0], min[ Rx, ,0.6], min[ Rx, ,0.3]},
{min[ Rx; 1.0], min[ Rx; ,0.6], min[ Rx; ,0.3]}]
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[10
10
05

R* x, =max;| 0.0

0.0

00

0.0

[10 10
10 10
05 05
10 10
05 05
00 00
00 00

[10 10
10 10
05 05
00 00
00 00
00 00
00 00

10
10
05
00
00
00
00

05
05
05
05
05
05
05

05
05
05
05
05
05
05

05
05
05
05
05
05
05

0.0
0.0
0.0
0.0
05
10
10

10
10
05
10
05
10
10

00
00
05
10
05
10
10

00
00
05
05
05
05
05

05
05
05
05
05
05
05

00
00
05
05
05
05
05

00
00
05
10
05
10
10

00
00
00
00
05
10
10

00
00
05
10
05
10
10

0.0]

00
05
10
05
10
10

0.0]

00
00
00
05
10
10

00][06
00|06
05|| 05
101, 00
05||00
10|00
10| 00

[06 06
06 06
05 05
,/ 06 06
05 05
00 00
|00 00

[06 06
06 06
05 05
/00 00
00 00
00 00

|00 00

0.6
0.6
05
00
00
00
00

05
05
05
05
05
05
05

05
05
05
05
05
05
05

(10 10
10 10
05 05

R*x =| 06 06

05 05
00 00
100 00

05
05
05
05
05
05
05

0.0
0.0
0.0
0.0
05
0.6
0.6

0.6
0.6
05
0.6
05
0.6
0.6

05
05
05
05
05
05
05

00
00
05
06
05
06
06

00
00
05
05
05
05
05

05
05
05
05
05
05
05

03
03
05
10
05
10
10

00
00
05
05
05
05
05

00
00
05
0.6
05
0.6
0.6

00
00
00
00
05
0.6
0.6

03
03
05
05
05
05
05

00
00
05
06
05
06
06

00]
00
05
06/,
05
06
06

00]
00
00
00},
05
06
06

0.0
0.0
05
10
05
10
10

00][03
00|| 03
05|03
06/,| 00
05|| 00
06||00
06||00

03 03
03 03
03 03
03 03
03 03
00 00
00 00

03 03
03 03
03 03
00 00
00 00
00 00
00 00

00]
00
05
10
05
10
10

03
03
03
00
00
00
00

03
03
03
03
03
03
03

03
03
03
03
03
03
03

03
03
03
03
03
03
03

00
00
00
00
03
03
03

03
03
03
03
03
03
03

00
00
03
03
03
03
03

00
00
03
03
03
03
03

03
03
03
03
03
03
03

0.0
0.0
03
03
03
03
03

00
00
03
03
03
03
03

00
00
03
00
03
03
03

In addition, for fuzzy state 1 aggregated rule for fuzzy ippatfound to be:

(10 10
10 10
05 05

R*y, =| 06 06

05 05
00 00
100 00

05
05
05
05
05
03
03
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0.6
0.6
05
10
05
03
03

05
05
05
05
05
05
05

0.6
0.6
05
03
05
10
10

06]
06
05
03
05
10
10

00
00
03
03
03
03
03

0.0]

00
03
03
03
03
03

00]]

00
03
00
03
03
03

00]
00
03
03
03
03
03




The same sequence of operation will be performed wHeulating the fuzzy state 2 and
3 aggregated rule. These rules (2 for each fuzzy statd)entiie one used in the inference
operation to determine the fuzzy output based on the\wab@rzzy inputs. See Appendix
A for the detailed summary of the generated crisp stéés and the fuzzy state rules.

To complete the example, the inference operationog/smext. Assume that fuzzy input

x and fuzzy input y observed the following values:

X=00 00 OO 00O 05 10 10

Y=00 00 00 00 05 10 10

The inferred value of the fuzzy output Z is computed using kxudtl. Where R* is the
aggregated fuzzy rule and-X6 the observed fuzzy input. This form is for the Si$Ee
of system.

For inference in the MISO system, we simply extend Eon&.1 to:

Z = min{(X1 0R*), (X2 0R¥), ..., O%n ORY)) (2.15)

Where n is the number of inputs. Rewriting Equation 2.15chashging X% inputs to X
and Y to represent the two fuzzy inputs we get the fatigwequations:

Zx(w) = max{min[min(X1(u),R&1(u,w)), min(X2(u),R%12 (u,w)),
mMin(X3(u),R*%a13 (U,w)), min(X4(u),R%14 (u,w)), min(X5(u),R%1s (u,w)),
Min(X6(u),R*%a1s (U,W)), Min(X7(u),R%17 (u,w))]} (2.16)

Zy(w) = max{min[min(Y1(u),R}A1 (u,w)), min(Y2(u),Ry12 (u,w)),
min(Y3(u),R%13 (u,w)), min(Y4(u),R}4 (u,w)), min(Y5(u),Ry1s (u,w)),
min(Y6(u),R%16 (u,w)), min(Y7(u),Ry7 (u,w))]} (2.17)
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Where, R%, is the first row of the aggregated rule for fuzzy inpuhXuzzy state 1.
Figure 2.7 shows a graphical representation of the irdereperation for fuzzy input X

using R%;.
X1 R*x1
1
/T;‘ T W .MT»;%% WE W7 Wi W2 W3 W4 WS WE Wr
Ug u1
50 R AP DD AP B
/J/{U bimIEapal Pt ' 7 0 7l
5 /I/ [, us ,"E/
i Uf/ L~ L~ U7 i Z l/ I/ 5

Wi w2 [ w3 w4l W5 PWwe - wr

w1 w2 wa W4 i W5 : WE W7

W1 W2 W3 w4 W5 WE W7

Figure 2.7 Graphical View of Fuzzy Inference

The fuzzy result Zy to fuzzy input Y1 inferred from Rykli®wn along with the Zx
result. The final step of the inference operatiohésrhinimum operation of the two
results to form the fuzzy output Z. The computation resultise Z values:

X=05 05 05 05 05 10 10
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CHAPTER 3

ARCHITECTURE DESIGN COMPONENTS

3.1 Proposed Reconfigurable Fuzzy Automata Architecture Design

The design is based on the computational model describe@Ghapter 2.2. The

implementation is coded in VHDL. As mentioned befohe, teconfigurable aspect of the
design utilized parameterized components in VHDL. To deignfuzzy automata a

multi-fuzzy input single output model is assumed in which hbet system provides

conversion of the analog inputs into its fuzzy repregent. Since the design deals with
the fuzzy inputs and fuzzy output only, the digital inputs dvel @nalog inputs with

threshold are omitted. This makes the design more gesiece the digital inputs and the
analog inputs with threshold are application specific. Egn&.7 becomes:

Ye = fu (Xe, ¥8,) (3.1)

Where X% is the result of the generation of sets of Booleanables for the multi-fuzzy
inputs and ¥ is the result of the generation of set of Booleanal for the fuzzy
output. The generation of the Boolean variables isiechrout by the B-algorithm
(equations 2.5 and 2.6) which will be described in detat.lag is the present state and
Y is the next state of the automata. It is showr ldiat the integration of n number of
fuzzy inputs is easily achieved by extending the ardhitemf the automata.

A composition module earlier designed in [7] is includedhis tlesign to generate the
fuzzy output based on the fuzzy input and the inferenceAslenentioned in chapter 2.2,

the inference rule used is based on the current state @utomata. This means that for
each defined state of the automata an inference rdstablished based on the overall
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model of the system. This operation is defined by equéi@ where R* is the inference

rule and X is the fuzzy input.

I” " STATE
| SET
—— :
Fuzzified Input |
I s
| Vector1 | el o
= S
Fuzzifiedinput| o g - gy B
| >
| Vector2 i i HFB-FSM I NEXT |
| Y —,J |
_________ L INSTANCE E | STATE |
L] . et e -
I5 - ..'\. ———— *
Fuzzified Input |
I
| Vectorn | Arigl ki
PRESENT
STATE (ys)
N F—RX1—»|
i,
4 —RXn-2p
o| | coMPOSITION |(gexs—| RULEBANK
. MODULE | cuys |
L] > L
| "
Rule Building | | <+R*Xp*~—~ | | ___
: Input R ULE HE- - ! Fuzzy |
et : > e | out |
| Operation ‘r_‘ INFERENCE MODULE

Figure 3.1 Reconfigurable Fuzzy Automata Architecture Design

Figure 3.1 shows the architecture of the reconfigurableyfamtomata where the inputs
are represented by-X(where i is from 1 to n) composing the n fuzzy inplach fuzzy
input consists of an array of fuzzified values. Thus eght is actually a fuzzified input
vector. Another input vector (RULE_IN) is provided forerdduilding operation for the
inference module. The “Operation” signal selects énehce or rule building sequence will
be performed. If rule building is selected, the rules fachecrisp state will be built
according to the if-then rules of the inference openatirhe generated crisp state rules
will be sent to the RULE BANK where together witretthe G matrix the fuzzy state
rules are generated and stored. The recorded fuzzy stese(R#Xn) are then accessed
for the inference operation. Please refer to se@idm4 for detailed description on the

inference module.
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3.1.1 Reconfigurable HFB-FSM Module

' mterva
1 Values | : STATE :
Zis I R | SET I
I Fe = : l
Fuzzified Input | i MOM Interval INTERVAL
1 = - H & s
1 Vector :7XF1 i ™ calculation AR Detection LOCATION
o ————
Fuzzified Input | | MOM Interval INTERVAL
| y |- -
I Vector ’_'x'. H Calculation L g Detection LOCATION
L e ) i BN
. L . . LOOKUP | | NEXT |
= . . . TABLE [ [ '® " STATE |
|ty bl e
Fuzzified Input | H MOM Interval INTERVAL
1 n— H L L
| Vector :_x' i || Calculation B Detection LOCATION i
: BOUNDARY i
| Eate 4 DETECTION H
ISt 5| CONTROL e i
_________ | H o———————
i STATE STATE i | PRESENT |
i MEMORY T state |
NEXT i i
STATE | [ I
#/ READY |
I

Figure 3.2 Reconfigurable HFB FSM Model Architecture

Figure 3.2 shows the reconfigurable HFB FSM architectlihe universal state space
chosen for the system dictates the number of elenfentsach vector. On each clock
cycle a member of each of the fuzzified input vectopleced onto its corresponding
input. An external start signal is asserted to inditheestart of sampling of the vector
inputs. The circuit counts the received elements offtizey input vectors until the
samples equal the expected value. This expected value ismhete when the universal
set is defined in the specification stage of the HFRAF®uring the sampling of the
elements of the fuzzy input vectors, the Mean of MaxiiwIOM) operation is also
executing. This scheme makes the MOM value of eachhefftizzy input vectors
immediately available after the completion of the glarg of the elements. The MOM
value is then passed into the Interval Detection lediere the MOM value’s location
(Interval Location) is determined from the pre-definatenvals. The Interval Location
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together with the present state is compared to the lotlp to determine the next state

of the automata.

3.1.2 Mean of Maxima Calculation

- Sample Xk
YES
MAX = Vi
MO but >—j= Total =i
Count =1
NO NO ‘l;ut =
Total = Total +i
Count++
i Xek=[V1,V2 Vi, V]
: whers k = 1 to n
:[vi—.'il. a sampled slsment
': of the wvector
All Tested? : whare i = 1 to 3
me—th- maximam value £rom
: the sampled slements
| found in the wector
YES Etuunt—nmnhl: of occurrences
+ : of MAX
| MOM - calculated mean of maxima
MOM = Total / : L
Count !

Figure 3.3 Mean of Maxima Calculation Algorithm

The calculations of the MOM is done incrementally levhe fuzzy inputs are sampled.
The algorithm is shown in Figure 3.3. The number of sa(les equal to the number of
points in the universal set. The algorithm simply tesish sample (Vi) for a maximum
value and records this value (assigned to MAX). Each tinee maximum value is
received, at a particular fuzzy input, the counter isemented (Count). Also the

corresponding sample count is added to a running sum (T@thn a new maximum
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value is sampled, the new value will be recorded as ¢le maximum number and the
running sum will be reset back to the corresponding saoaplat (Total = i) of the new
value at the same time resetting the counter back @ant = 1).

For example if the current maximum value is 0.7 and the vadue of 0.8 is detected at
sample number 10 of the universal set space of 25 elertiemtsew value will replace the
old one and the running sum will be set to 10. If 0.8 isdoagain at sample number 20
the running sum will be updated to 10 + 20 = 30. The final vafuihe counter that
counts the number of occurrence of the maximum valléeviised as the divisor for the
running sum of the added sample counts. For the exampleaxiihom value 0.8 the
divisor will be 2 since it was detected only at sampimipers 10 and 20. Therefore, the
computed MOM value will be 15. Since each fuzzy input israssl to be available every
clock, the clock signal should be generated in phase mathvailable data samples.

3.1.3 Interval Detection Module

" Fuzzified Input |
] Vector :

__________ Boundary
| Limits
xik — U . "0 l
MOM . . ST
Calculation
anabie enaie _ arable
Yy v * Yy + yy “ Yy v
Comparator | | | Comparator Comparator EgE Comparator
Unit 1 Unit 2 Unit 3 Unit m
| |
| ]
¢ vy - ° *
Encoder
Interval Detection
INTERVAL
LOCATION

Figure 3.4 Interval Location Detection Logic
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The interval detection module is implemented using cascedegbarators (see Figure
3.4). Each comparator compares its maximum limit witt MMOM value. The next
comparator is enabled when the MOM value is equal, ovalis maximum. A value
below the maximum limit does not enable the next coatpa The enable signals are then
encoded to determine the sub-interval where the MOMevéllls. For example, if there
are five comparators and the concatenated enable ssigefils a value of “11000” in
binary, the encoded Interval Location value will belBe range of values of the interval
location is from 0O to the number of boundaries — 1. Tumaber of boundaries determines
the number of comparators implemented to carry outtieeval detection.

The cascaded comparators compares the MOM value witpréhdetermined boundary
limits. These limits are dependent upon the choice ef dfate transition conditions
outlined in Chapter 2. For example, if the boundary lirares modified in such a way that
the widths of the sub-intervals are widened or narrowhkd, state transition can be
modified. Figure 3.5 below shows new interval locatioh$1®M Valuel by modifying
the boundaries.

MOM Valued falls
into Interval 1 MOM
Next State is State X —WYalua1
1 -
II
I'.
0 :
[ Int[;rvs?H )[ Interval2 J
[6-10]
0 6 11
MOom MOM Value falls into
_—Valued Interval 2
1 ¥ MNext State is State Y
(
0 O\
[ Intervall }[ Intarval2 )
[0-3] [4-10]
4 11

Figure 3.5 Modifying the Intervals to Change State Trams€onditions
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To Iillustrate the modification, let us consider the karg limits of 0-5 and 6-10,
respectively, for a universal space with two Boolealnristervals. Let us further assume
that a state transition from the present statedt st is performed if the MOM value of a
fuzzy input falls in sub-interval 0-5, and the MOM evaloatproduces a value of 4.
However, we can effectively change the behavior led system by changing the
boundaries of the first Boolean sub-interval to 0-3. déderthe state transition from the
present state to state x will be modified to a transiio, say, statey.

3.1.4 Lookup Table Module

LOOKUF TABLE ENTRIES

Lookup Lookup Lookup Lookup Lookup
Entry 1 Entry 2 Eniry 3 Entry 4 Entry m
PR%%ES?%T.ETE LILY | LiLq | ot | ikt e o LILY
LILZ | L2 | Lz | Lz LiL2
INTERWAL »| AIL1
LOCATION 4 LL3 | Lis | Lis [ U3 s o d LIS
INTERVAL » AlL2
LOCATION 2
INTERVAL w . o - g g
LOCATION 3 = N_La s L ] s L]
- ° LiLm | LiLm | LILm | LILN #« & LlLn
L]
2 LPS | LPS | LPS | LPS LPS
INTERVAL »! AlLn
LOCATIONN LNS | LNS | LNS |LNS 4 o {LNS
PRESENT o Aps
STATE ]
v v h 4 h 4 v

—D{ COMPARATOR / MUX

h J

r
NEXT STATE

| |
b e e i LR |

Figure 3.6 Lookup Table Implemention [1]

The calculations of the MOM values for each fuzzy infugzy output and of the interval
detections are performed in parallel, as shown in Figuée The resulting interval
locations are concatenated along with the presem &idbrm the composite input vector

to the system. The composite input vector is repredents follows:
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[AILL:AIL2:...:AILn:PS] where AlLi (i = 1, 2,...,n) stads for the ith actual interval

location and the PS stands for the present stateeoHEB FSM. The new composite
input vector is compared with all the entries of theklgp-table. The lookup-table is a
conscise representation of the behavior of the HEBI kvith respect to the defined state
transitions through the dominant crisp states. The-lgpkable entries are given in the

up interval location and the PS and NS stand for theeptesd next states, respectively.
If the composite input vector matches an entry inldlo&k-up table then the designated

next state becomes the present state.

Theoretically, the lookup table can be extended infinitds more and more inputs and
outputs are included into the system the list (or thaluey will simply grow. This growth

of variables creates the problem of completely spagiffhe system. To put it plainly,
more variables means more states. Therefore, ing®rtant to identify the optimal

partitioning of the states in the system state st whll be active during the operation.
These states, together with the conditions for ttiansi in the inputs and outputs, will be
the activated during reconfiguration of the automata. Thischieved through the

programming of the lookup table.

3.1.5 Composition Module

The Composition Module is built from the basic infere@and model building algorithm
designed earlier in previous work [7] also described ini@e&.4. Taking advantage of
the repetitive nature of the algorithm the design impfegee loops to make the code
compact but at the cost of longer combinational deldy® author decided on this
implementation since industrial controllers are usuafigrating in the kHz range upto
lower MHz range. Current technology of reconfigurableicissuch as Xilinx’ FPGA
modules can operate upto 100 MHz which gives a reasonabiatiogefrequency . This
gives the system designer more room to work on tuningntbdule’s clock and the

system clock.
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Unlike the previous work in [7], the implementation o tinodel building and inference
module is separate. It does not take advantage of thth&dihe minimum operation and
maximum operation of the algorithm can be shared by le¢ inference and model
building processes. The reason behind this decisionaisttie model building timing
sequence is different than that of the inference gregquence. Table 3.1 below illustrates
this point. It shows the clock cycle performance ofdelobuilding and inference
processes. In the model building the rules needed to baildgtregated rules are fed into
the module one at a time. This takes Sx7x7x5 clocks girepends on the number of
rules per state and the number of elements in the salvepace. The S factor in the
equation determines the number of times rule buildingosated to establish the rules for
each state. The 1 + K portion is the constant overf@aany operation and another clock
cycle to convert the aggregated crisp state rules to f&tatg rules using the G-matrix to
factor in the state membership. On the other hamdinference operation takes only 7 +
K clock cycles since the rules are already in placeready for use. Only the fuzzy inputs
are fed into the module one value per clock cycle. Sineee are 7 elements it will take
only this few cycles compared to the model building opmmaSharing the min and max
circuit will result in a longer inference operationc&rthe equation becomes (7x7)+ K.

Table 3.1 Inference and Model Building Operation Perform&wmmary.

Type of | Number of | Size of 1 Number of Number Clock Cycles
Operation | Rules per | Fuzzy State| Elements in the Needed
State Rule Universal Set
Inference | 5 X7 7 7+K
“BA&%?rlng 5 X7 7 (SX7XTX5)+1+K
Where: K is the constant overhead cycles when panfa the operation

S is the number of states

The model building implementation (for N number of rulésadSISO configuration) is
based on the algorithm [7] shown in C style coding below

for (i = 1; i <= N; i++) { (3.2)
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for(j=1;j<=P;j++){
temp (u,w) = min(X(u),Zi (wy)),
min(X (u),Z (W2)),...,
,min(X (u),Z (We));
rulg;(u,w) = max(temp(u;,w), rule;.o(u,ws)),
max(temp(u;,Wy), rulei.o;(uj,wy)),...,

...,max(temu;,we), rulei..;(u;,we));

Where X (u) and Z (w;) are elements of the fuzzy inputs and fuzzy output sampled t
create the inference rule.i=1to N;j=1to P;

The intermediate result (teg)pand the resulting rule is a vector of P elements. The
aggregated rule is a matrix of size P x P initiallyteezero at the start of rule building.
From the algorithm the resulting rylds computed row by row. The hardware
implementation of the algorithm uses only one porttfeg X and one port for the;Z
inputs. To effectively compute the rule, teifepw) vector is incrementally built one clock
at a time (1 to P clock cycles). @v;) vector is iterated to each ) inputs.

for i=1;i<=N;i++) { (3.3)
for (j=1;j<=P;j++){
tempX = X(u);

for (h=1;h <=P; h++) {
tempn(u,w) = min(tempX,Z(wh);

I’U|ejh(U,W) = max(temp.(uj,wh), rU|Qi.1)jh(Uj,Wh));
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Where temp(u,w) and rulg(u,w) are the elements of ith vector of the temporary
variable and rule matrix. Equations 3.2 and 3.3 essenyiallys the same rule. The only
difference is that in Equation 3.2, the elements ofrthe of the rule is constructed

parallel while in Equation 3.3 contructs the rule serially

Rule building is performed for every crisp state. For eptani there are 3 states and 2
inputs (MISO configuration), the total rules built is 2 x 6 rules. Each state will have 2
rules (one rule for each input in each state).

After the crisp state rule is constructed, the ruleaissformed into fuzzy state rule (R*)
by applying the G-Matrix. Equation 2.10 is used to perforstiisinsformation. Since alll
the crisp state rules and the G-Matrix are availdigettansformation of the crisp state
rules to fuzzy state rules is done in one clock cydie fumber of fuzzy state rules
contructed is equal to the number of crisp state rules.

The inference algorithm (Equation 3.4 ) is similar te thle building algorithm described
above [7].

for (j=1;j<=P; j++) { (3.4)
ti(u,w) = min(X(y),R* (U ,wi)),
min(X (U), R* (4 ,\Wo)),...,
~omin(X (y), R% (U ,wp));
Z(w) = max(f(u;,ws), Z(ws)),
max(f(u,wz), Z(Wy)),...,

..,max((u;,we), Z(We));

28



Where X (y) and Z (w) are elements of the fuzzy inputs and fuzzy output vectors
respectively, j= 1 to P.

Z(w) is built incrementally every time X jjuis sampled. After the pth cycle, the inferred
conclusion is ready at the output.

To implement the MISO configuration of the design fax dtomposition module a SISO
module is first constructed. The SISO structure is showhigure 3.7. This module
consists of the model building, rule memory and the émfee sub-modules.

| i

A ===
SIS0 Inference Module CRISP STATE
l RULE

Min Min CRISP STATE
SELECT SELECT r RULE
+ G MATRIX
rule;(u,ws)

L 4 L.
Max Max
SELECT SELECT
FUZZY STATE
Z(w;) RULES
f MEMORY (R*)
Z Register REGISTER

iWhere:
SIS0 Model Buikding Module 1i=1to N rules

1] =110 P elements
L J +h =1 to P elements
:
i

I Z(w) i R

Figure 3.7 Basic SISO Module Structure

To implement the MISO Model Building components the B&#0O Module is replicated
depending on the number of inputs (See Figure 3.8). This iraptaion is advantageous
in terms of verification since testing only one arste will verify all the rest. The operation
of the MISO system is working in parallel. All the fyzinputs are sampled at the same
time with the fuzzy output of each SISO component geedrat the same time. Doing

the minimum operation on each fuzzy output determinediritbkinferred result at the
output.
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Figure 3.8 Composition Implementation

3.2 Reconfigurable Components

The main objective of the reconfiguration is to prouvile system the ability to adapt to
the varying clusters of states along the goal path antbttel the plant. The circuit carries
out the comparison of the present composite input vewattnr the entries of a
reconfigurable look-up table. The proposed architectureodottes parameterized
components into the design that add versatility to ti@ementation. The architecture
can be implemented as a module in the system that perfitie state transition decision
of the HFB FSM.
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Table 3.2 Parameterized Components

Component

Description

Number of Fuzzy
Inputs

This defines the number of fuzzy inputs of the systems Value
also determines the number of parallel MOM and IntdDedéction
circuits.

The resolution of the degree of membership is resizabie

Resolution determines the number of bits needed to represent theeder
membership.
Granularity This resizable property depends upon the number of elemehts

universal set.

Boundary Count

This is the number of Boolean sub-intervals. It camdset from
problem to problem.

Boundary Limits

This is the right-most element of each Boolean stdrnal. The tota
number of limits is equal to the Boundary Count.

Number of Fuzzy
States

The number of fuzzy states in the particular stateealustbe
implemented.

The parameterized components of the proposed architeceisimmarized in Table 3.2.

A typical system has multiple inputs. The number of fumpyts will differ from system to

system. The width of the discrete representation efdégree of membership of each

element of the universe of discourse determines tldutes) of the fuzzified data. If the

degree of membership is given by 4-bits then the resaligi1/16. On the other hand, the

number of elements in the universe of discourse detesntlime granularity of the fuzzy

input. This number also represent the constraint omdnaber of possible Boolean sub-

intervals.
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3.3 Interfacing

The author assumes that the design will be interfaceal $gstem using the following

interface signals.

Table 3.3 Interface Signal Definition

Signal Name Signal Description
INPUTS
clk This is the clock signal of the module.
This is a low asserted signal to reset the registersude memories
reset_|
- of the module.
This is the fuzzy input bus ). This is actually a two dimensional
f2yin signal. Each component of the bus is one fuzzy input.fl_Izhg/
values must be sent every clock cycle when “enaldgiasis
asserted.
2busin T_his IS Fhe Z b_us input: Similar to fzyin, this isaks two -
dimensional signal. This signal is dedicated to rule bigldin
This signal defines the operation to be executed. ignsals
together with the “enable” signal, informs the modtiieference or
op model building will be performed.
0. Model Building Operation
1. Inference Operation
This pulse is given by the host to the module to do asioweof the
convert \
crisp state rules to fuzzy state rules.
This enable signal starts the operation specified p¥. “Bhe host
enable must maintain this signal asserted until all the funpyis are sent
to the module.
This pulse signal indicates the start of MOM calculafmrstate
momstart » o
transition determination.
f This input is used in rule building to identify the statehaf current
state :
rule being created.
OUTPUTS
fzyout This is _the parallel fuzzy output _signaIFI_ZAfter the inference
operation, the values seen at this port is the resthiednference.
newstrdy This asserted high output signal indicates that the t&bd decision

is ready at the “fzy nxt_state” port.

fzy_nxt_state

This output signal bus @Y gives the chosen next state value for the
current set of observed inputs (uses one-hot state iraptation
scheme). The width of this signal depends on the nuniber o
specified states.
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3.3.1 Model Building Timing Diagram

A timing diagram of the model building sequence is showigare 3.9. This particular
example shows that there are 3 states for a SISGguoation. The external controller
must assert the “enable” signal with the appropriatel lef/the “op” signal (op = ‘1’) for
model building. The rules are driven into the “fzyin” &abusin” inputs every clock cycle.
Three sets of rules are created (one for each dtata)cycle 2 to cycle 15. Notice that
the “fstate” input signal must be driven to indicate Whaf the state rules is being
currently constructed. The fuzzy state rules are crefabea the aggregated crisp state
rules by asserting the “convert” signal at cycle 18.siCrstate rules are ready for
conversion as early as cycle 16. After the conversidhe crisp state rules into the fuzzy
state rules, the design is ready to perform inferentteneixt state detection.
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Figure 3.9 Model Building Timing
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3.3.2 Inference and State Decision Timing Diagram

In the inference and state decision mode the “fstabel’ “zbusin” signals are don’t care
signals. Figure 3.10 shows an example of the timing ofnidb@e. The “momstart” signal is
asserted for one clock cycle to start the operationile® to the model building sequence,
the “enable” signal must be asserted while valid dataarifzyin” signal is available. The
“fzyout” output data is available one clock cycle aftbe dast “fzyin” data has been
sampled. New state decision is available three cloclegyafter the last fzyin data has
been sampled. The “newstrdy” signal is asserted to tedit@t the new state is ready for

sampling by the host.
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Figure 3.10 Inference and State DecisionTiming
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3.4 System Integration

The reconfigurable architecture is intended to be impksakin systems that utilizes the
HFB FSM functionality such as the ontological or supmmy controllers. A host

controller will reconfigures the hardware as neededodlgh the actual design of the host
system is not the focus of this research a descriptiothe possible implementation and

structure of the system is described in the followinggaphs.

The design proposes simple protocol requirements mentiarteections 3.3.6 and 3.3.7.
The host interface must provide the signals necessaty tule building and inference. In
the inference mode (with next state decision), tlesirdy” signal must be monitored to
detect when the next state information is ready.iffleered output can be sampled at the

same time as the next state information.

I
I Host Data In Xek
I Register/Mux
} Bus Master
I
\_ _______ momstart
op
e —————
1 | enable > v .| Host Data Out
HOST - Register/Mux
1 Processor : Systen
| L Address Bus Interface
[ I FSM >
________ " RECONFIGURABLE
conve
T » FUZZY AUTOMATA |—newstrdy | Titaiface
zbusin
e S Yo—ip FSM
fstate 4
=
——————— |
| Reference
i | Clock clock
y t >
| Clock and : System Clack and
| Reset Logic |  Reset Signal Reset Logic reset |
|
e
HOST INTERFACE
LOGIC

Figure 3.11 Sample System Implementation

The host interface circuitry must also be reconfig@watd take advantage of the

reconfigurable feature of the design. Figure 3.11 shows amp& system configuration
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where the Reconfigurable Fuzzy Automata design is impledeThe Host Interface
Logic (HIL) must be reconfigured together with the desifine reconfiguration can be
performed by the Host Processor where the Ontolo@caitroller (host) program is
executing. Reconfiguration will be performed accordingly ddp® observed values of
the inputs and state of the system.

The design of the HIL must meet the interface requirésnehthe design. The fuzzy

inputs (Xk) will be multiplexed and sent to the design in paraliele data registers that

receives the fuzzy inputs can be assigned addresses @fped) and the data can be
written to the HIL using the System Processor or ustiger system bus master
processing the inputs. A FSM in the HIL can initiatel @ontrol the operation of rule

building and inference. Sampling of the fuzzy outputg &0hd next state information gY

is performed by the FSM and sent to the host programsier

The system bus can be any generic bus that support ¢hesato the HIL. From the
system configuration we can see that the system @legkiency will be much faster than
the clock frequency used in the Reconfigurable Fuzzy Autamat

Reconfigurable devices such as the Xilinx’s Virtex FRGA can be used to implement
such system where an internal CPU and a system bpsowded. The FPGA also

supports partial reconfiguration on the FPGA which isgy \attracted feature that will

take advantage on the reconfigurable feature of the design.

36



CHAPTER 4

DESIGN MODELING AND VERIFICATION

4.1 VHDL Design

To implement the design in a reconfigurable mannenisleeof parameterized components
is widespread in the implementation. There are two waysnplement parameterized
design in VHDL. First is through the use of generics ambisd is through the use of new
data types with constants. From the implementationt pafirview, the use of generics
provides the parameterization of the design that is wetmenake it reconfigurable but
the author chose the use of new data types with casssaice this will make coding
straightforward. Using new data types adds coding vergatiliterwise not possible with
classic coding. This section describes the implememntati the code in detail. It highlights
the components that implements the reconfigurable featithe design.

4.1.1 Parameters Package

The heart of the code is the package named “paramet¥rsAththe declared constants
and parameters specified to implement the design into baedi& found in this package
file. Values of the parameterized components listedaiblel 3.1 are specified in this file.
Starting from the definition of constants that defperameters such as signal width,
number of intervals in the universal set and numbestaties, the new data types are
declared. These data types are specifically created difitafa a reconfigurable
architecture. Synthesizing the design with the specifiadlameters based on the
specification of the system creates the hardware imggiéation. Below is a portion of the
Parameters Package code that implements the width afznginput and the aggregated
signals that are created based on this type.
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--This is the fuzzy input width
constant FUZZY_WIDTH : integer := 4;

-- This is the type that defines a fuzzy value
type FUZZY_VECTOR is
array((FUZZY_WIDTH-1) downto 0) of bit;

-- FUZZY VECTOR in bus form
type FUZZY_VECTOR_BUS is

array((NO_FUZZY_INPUTS-1) downto 0) of FUZZY_VECTO R;

-- data type for rule memory

-- this creates a memory array of FUZZY_VECTOR of s ize FUZzZY_VEC WIDTH
type rule_memory is array((
(FUZzZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) do wnto 0)

of FUZZY_VECTOR,;

-- this creates the array of rule_memory depending

-- on the number of states

type rule_mem_array is array(NO_FUZZY_STATES-1 dow nto 0)
of rule_memory;

As shown later, this implementation facilitates signanipulation especially in generating

signals and modules to implement multiple instances.
The Parameters Package also includes the initializafitine contents of the lookup table

that specifies the conditions for state trasition #ve contents of the G matrix used to
denote the degree of state membership functions.
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4.1.2 HFB-FSM Top Module

This module instantiates the two main components @mibhd and parallel_infsiso.vhd)
of the design. The mibtop component is the instand¢beoportion of the HFB-FSM that
implements the state transition determination modulat thdvises the ontological
controller on the state transition of the systeime Pparallel_infsiso module on the other
hand is the instance of the inference engine includiagstorage for the fuzzy state rules
described in Section 2.4.

4.1.3 Mibtop Module

The mibtop module in turn implements the lookup table,Mia@M calculation, interval
detection and lookup table. Since the lookup table sizep@uwf intervals is variable
from one system to another, the author used the gerstedement to create the instances
of the module. The table size and interval limits t@alen from the Parameter Package.
Below is the code that implements the instances ®fMI®M calculation and Interval
Detection pairs that computes for the interval locatibthe fuzzy inputs.

-- this is the generation of the MOM-sisotop pairs to generate the
-- interval location of each of the fuzzy input vec tors
momsiso: foriin 0 to (NO_FUZZY_INPUTS-1) generate
mom: meanofmax port map (fzy_inpts(i), momstart, clk,
reset_l, done(i), fzymo mbus(i));
stop: sisobtop port map (fzymombus(i),fzyintvl(i ));
end generate momsiso;

NO_FUZZY_INPUTS is a constant defined in the ParameéRarkage that specifies the

number of fuzzy inputs in the system..
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4.1.4 Parallel_infsiso Module

This module was also implemented using the basic infereraxiule for SISO design. To
implement the MISO version the SISO components atameed in parallel using again
the generate statement. The tricky portion of the desigm the implementation of the
SISO portion. The design included the instance of themal@ory component. This gave
freedom in coding since manipulations for easier rulessca performing the min and
max operations is now possible. Another advantageaisetkecution of some repetitive
functions, such as the min and max operations, cantf@med in parallel in one clock
cycle. The drawback of this choice is that the destnug to grow significantly when
more and more rules are added into the design. This mayg@soblem in the device
implementation later. Below is the implementatioraahin operation.

tstate_rule_gen: process(memrule, tmemrule)
begin
foriin 0 to (NO_FUZZY_STATES-1) loop
forjin 0 to (NO_FUZZY_STATES-1) loop

for kin O to (FUZZY_VEC_WIDTH*FUZZY_VEC_ WIDTH)-1) loop
if (memrule(j)(k) > g_matrix((i*NO_FUZZ Y_STATES)+j)) then
tmemrule(i)(j)(k) <= g_matrix((i*NO_ FUZZY_STATES)+j);
else

tmemrule(i)(j)(k) <= memrule(j)(k);
end if;
end loop;
end loop;
end loop;
end process;

Notice that the implementation is a combinationglddhat generates the fuzzy state rules
(tmemrule) from the crisp state rules (memrule) and Ghenatrix (g_matrix). The

operation is actually taking the minimum value betweeerlament in the crisp state rule
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matrix and a constant from the G matrix. The openais repeated in every state since
each crisp state has its rule matrix.

4.2 Verification Strategy

Since the architecture is composed of two major compenenibtop and parallel_infsiso
modules, the verification was also divided into two n@wases. The first phase involved
the verification of the mibtop module. This is the meduhat implements the
determination of the next state based on the obsduezeg inputs and the present state.
The second phase involved the verification of the [ghralfsiso module which is the

inference and model building implementation.

To help in the testing, a software model that implesgatrt of the HFB FSM was used
to counter check the hardware verification resultshBbé inference simulations and the
state transition simulations were run in both hardveane software version of the design.
The hardware verification was performed using “do” fifes simulations on Mentor

Graphics’ ModelSim Simulator.

4.3 Hardware Model with Software Model Verification

4.3.1 Eye-Hand Coordination Example

A software model that implements part of the HFB FSMbeéing used to develop an
Intelligent Decision Support System (IDSS) for Eye-H&ubrdination Assessment. The
initial results of the research were reported in [6]je Doal is to develop an automated
assessment and training procedure for children with agd-boordination problems. This

software model was used to verify the operation of thrlware implementation. By

specifying the same parameters that are being used kypftimare model it is possible to

confirm the hardware implementation works properly. $tae transitions made by the
hardware implementation are compared with the onebitedhiby the software model.
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Figure 4.1 Normalized Universal Sets for Time and Accuhapyts [1]

The universal set used in both the software model aadreébonfigurable hardware
implementation is shown in Figure 4.1. The Boolean stédwals used for the fuzzy
inputs Accuracy (given in percentile) and Time (givenaonasds) are normalized to just
one uniform set to simplify the hardware implementatidocuracy is defined with four
sub-intervals ranging from Below Average to Excellehtievthe Time is also defined with
four sub-intervals ranging from Excellent to Below Aage. The upper bounds for the
sub-intervals are also shown in Figure 4.1. The defudzifsdues for the inputs Time and
Accuracy are shown in Figures 4.2 and 4.3, respectivelysiidte transition graph to be
implemented by the HFB FSM is shown in Figure 4.4. Tiaitestransition graph has been
developed for children of age 5. It is based on experiméntavledge provided by

Occupational Therapy experts.
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Figure 4.2 Defuzzified Time Input in
Seconds [1]
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Figure 4.3 Defuzzified Accuracy Input in
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Figure 4.4 State Transition Graph [1]
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Supporting the whole research project requires a recoriiigusaftware/hardware model,
which can adapt the state transition graph to the aggpdimt is being assessed. The
state transition graph depicts a path to improved handexyelination. Starting at statel
and reaching statel2 without any repetitions indicateigréficant improvement in the
subject’s eye-hand coordination skills, the state ttiansgraph is traversed such that the
next state depends upon the present state and the acaodatigne inputs received in a

trial. Each pair of inputs represents one trial.

The recorded state transitions in the hardware siroolatere tabulated into a file and
compared with the results of the software model. Itdees found that the results of both

the software simulations and hardware simulationsd@mical as shown in Figure 4.5.

State Changes

1 2 3 4 5 6 7 8 9 10 11 12 13
Trials

Figure 4.5 State Visited During Trials [1]

The x-axis shows the trial number and the y-axis shtwe states visited by the HFB
FSM. Initially, the HFB FSM is in state 1. Using thene and Accuracy inputs shown in
Figures 4.2 and 4.3 for trial 1, the state of the HFB FSiMndit change. At trial 2 and

using new values for the Time and Accuracy inputs, the staanged from state 1 to state
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3. The simulation reached state 12 with 13 trials usingTthe and Accuracy inputs
shown in Figures 4.2 and 4.3, respectively.

The look-up table implemented in both the software moaledl the hardware
implementation uses the AND compression of the st#tdse two fuzzy inputs to trigger
a state change. This is one limitation of the curhamtiware implementation of the fuzzy
automaton. Another current limitation of the hardwaré¢hat the fuzzy inputs must be

normalized to the same universal set.

The simulation was performed using the same set of infmb&up table and state
transition graph for both the reconfigurable hardwarégdesnd the software model. No
special test bench was created to check that thegtingiquirements of the hardware
design would meet the system requirements of the IDSSinplits were converted to the
format that the hardware expects. Similarly, the outpluthe hardware design was
converted back to the same format of the output of dfftsvare model to perform the
comparison. For example, the 0.5 input was converted tanOw8x since the hardware
input width used was 4-bits.

4.3.2 Container-Crane Simulation Example

Another example developed to test the hardware desigriteried after the Container-
Crane simulation example given by FuzzyTECH 5.5 [13]. That&ner-Crane problem

(see Figure 4.6) simulates the operation of transferriognéainer van from a ship into a
railcar platform. Due to the heavy weight of the tfamed container a great deal of
feedback is experienced by the crane. This poses a ieprin controlling the transfer

of the container when speed is the issue. Due to a larigene of containers that are
being loaded and unloaded, finding the optimum speed thatowilause any catastrophic
accident is essential.
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The input variables chosen for the problem are thesamigbwing and the distance. The
output variable is the power applied to the crane. To #yntpe problem, the angle of

swing are assigned negative (left swing), zero (statyprma positive value (right swing).

The distance is divided into far, near and almost asecto the destination. The crane’s
power is also classified into medium positive, medium negaind zero representing
movement of the crane to the right, left and no margmespectively. The system is then
assumed to have three states defined by the distartbe abntainer to its destination.

States 1, 2 and 3 are assigned to far, near and closectiesly.

Figure 4.6 Container-Crane Problem [13]

Since all the three variables have three possitleesat is easy to normalize the linguistic
models of the three into one. The normalized univesesiais shown below:

46



Us u7

u1 u2 I:IB U4 u’5
[ low I medium J high )
Angle | negative }[ zero E positive )
Distance [ close ][ near E far )
Power | negative }[ zero ﬂ' positive )

Figure 4.7 Normalized Universal Set for the Containear€rProblem

Angle is in degrees, distance is in feet and power k§lawatt. To develop the linguistic
model, let X be the angle, Y be the distance and Zhbepower. The rule set are
summarized in Table 3.4.

Table 4.1 Defined Liguistic Model for the Container-Cr&mneblem

Rules Rule Description

For Crsip State 1 (far)

Rule 1 If X is zero and Y is far then Z jgositive.

Rule 2 If X is negative and Y is far then Z®sitive.

Rule 3 If X is positive and Y is far then Z jgositive.
For Crisp State 2 (near)

Rule 1 If X is zero and Y is near then Zp®sitive.

Rule 2 If X is negative and Y is near then Zpssitive.

Rule 3 If X is positive and Y is near then Znegative

Rule 4 If Xis zero and Y is close then Zisro.

Rule 5 If X is positive and Y is close then Znggative.

Rule 6 If X is negative and Y is close then Zzisro.
For Crisp State 3 (close)

Rule 1 If X is zero and Y is close then Zisro.

Rule 2 If X is positive and Y is close then Znggative

Rule 3 If X is negative and Y is close then Zzisro.

In State 2, the rules to determine the power whenitiamnag from State 2 to State 3 are
included. In State 1, rules to determine the power wiasitioning from State 1 to State

2 are not included. This is done to illustrate the case aindefined condition occuring in
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the inputs. It will be shown later that the fuzzy outpaotthis case are can still produce a

desirable output due to the influence of the other defuled.r

D =FAR D = HEAR

D = CLDSE

D =NEAR b =CLOSE

Figure 4.8 State Transition for the Container-Crand/Eno

The state transition is illustrate in Figure 4.8. Tlaestransition of the controller will be

determined by the current distance of the containdistdestination. State movement is
only in one direction because of the nature of thelpnobThat is the reason why some of
the fuzzy outputs in table 3.5 are undefined. For exampleemment from State 3 to State

2, by design, should occur.

Table 4.2 Container-Crane State Transition ConditgontsFuzzy Outputs Summary

Present  Next Fuzzy Input (Angle) Fuzzy Input (Distance) Fuzzy Output (Power)
State State

1 1 Medium High High

1 1 Low High High

1 1 High High High

1 2 Low Medium Undefined

1 2 Medium Medium Undefined

1 2 High Medium Undefined

1 3 Low Low Undefined

1 3 Medium Low Undefined

1 3 High Low Undefined

2 2 Medium Medium High

2 2 Low Medium High
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2 2 High Medium Low
2 1 Low High Undefined
2 1 Medium High Undefined
2 1 High High Undefined
2 3 Low Low Medium
2 3 Medium Low Medium
2 3 High Low Low
3 3 Medium Low Medium
3 3 Low Low Medium
3 3 High Low Low
3 2 Low Medium Undefined
3 2 Medium Medium Undefined
3 2 High Medium Undefined
3 1 Low High Undefined
3 1 Medium High Undefined
3 1 High High Undefined
Where High =[0.00.00.00.00.51.01.0]

Medium =[0.00.00.51.00.50.00.0]

Low =[1.01.00.50.0 0.0 0.0 0.0]

Siumulation results are given in Table 3.6. Ten tramstioere performed with the given
Fuzzy Inputs and the fuzzy output values conformed with tles restablished earlier.
Output for state transition 1 to 2 was not defined inrthes. The corresponding fuzzy
output shows that the power to be used was still calcutatbe at positive power (high)

or movement of the crane from left to right.

Table 4.3 Container-Crane Problem State TransitionFarzzy Outputs Results

Present Next  Fuzzy Input Fuzzy Input Fuzzy Output (Power) Deffuzified
State State (Angle) (Distance) Value

1 1 Medium High [0.00.00.00.00.51.01.0] 6.5
1 1 Low High [0.00.00.00.00.51.0 1.0] 6.5

1 1 High High [0.00.00.00.00.51.0 1.0] 6.5
1 2 Low Medium [0.00.00.00.00.50.50.5] 6

2 2 Medium Medium [0.00.00.50.50.51.01.0] 6.5
2 2 Low Medium [0.00.00.50.50.51.01.0] 6.5

2 2 High Medium [1.01.00.50.50.50.50.5] 15
2 3 Medium Low [0.50.50.51.00.50.50.5] 4

3 3 High Low [1.01.00.50.50.50.00.0] 15
3 3 Low Low [0.00.00.51.00.50.00.0] 4
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The deffuzified values of the fuzzy output was obtained migndi&e process is similar to

the B-algorithm discussed earlier. From the calculatddesathe power to the crane
initially applied is positive medium (high) and continued ludistance is near the

destination. When the distance is closing at the agg&tm the power applied now varies
from zero (medium) to negative (low) to adjust the positf the crane.

Again, this simulation is theoretical since the systequirements of the crane setup was

not identified and verified to see that the reconfigwabardware wil meet those

requirements.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This thesis presents an architecture design of a rigooable state transition algorithm for
fuzzy automata, specifically the Hybrid Fuzzy-Booleamt€iState Machine (HFB FSM).
The architecture presented establishes the framewak/iofual fuzzy automaton design.
To realize the reconfigurable hardware implementatibrthe design features of the
industry standard Very High Speed Integrated Circuit (VH3#@jdware Description

Language (VHDL) were utilized. With parameterized compaeat great degree of
versatility with respect to the number of fuzzy inpats well as granularity and resolution
of each fuzzy input is achieved. This represents a a#rgctive property to implement
virtual fuzzy automata for supervisory controllers ofnpdex systems.

For this work a previously developed software model wasl;u®st vectors generated
and comparison performed. The hardware implementation wesied since the
simulation results of the hardware version matchedetbbshe software model.

5.2 Future Work

Current design implementation can be improved in sonasaFérst is the implementation
of the rule memory. Currently, the rule memory isgnéted into the inference engine of
the design. This scheme proved to be efficient in degjgparallel operations but is
limited to some degree in terms of operating clock frequefs the rules increases in
size, delay in the circuit also increases. An optioimplementing the rule memory is to
store it in a memory fashion (i.e. each elemenhérule set is addressable). This scheme,
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although it will require a state machine to controldaldressing, should be acceptable due
to improvement in speed and performance of FPGA techmeslo

Second item that can be further researched is thensgst determination of the elements
of the G matrix. Currently, the elements are chasean ad hoc fashion. The choice of
value is currently dependent on the system and the emperad the designers or experts
on the behavior of the system. These are usuallydbasethe experiences of these
resource persons. If the system behavior can be nibohetaich a way that the G matrix
elements can be derived systematically, it can beryagood tool to tune the operation of
the system.

Next item is the selection of the next state. Tineent implementation uses a comparator
to check for the current observed inputs and the enimiethe lookup table. This
implementation allows only a one-to-one matching t@aken a decision. Future
implementation can include in the selection the used@fnot cares and the OR
compression to link the states of the inputs. This feature will add more versatility to
controllers with multiple inputs. In addition, differentivarsal sets for each input will also
be implemented.

Lastly, the current implementation of the universalisenormalized. This means that alll
the fuzzy inputs shares the same interval locatiodshamber of intervals in the universal
set. If each of the inputs can have its own unique vglleesno normalization), tuning of

the state transitions can further be enhanced.
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Appendices

Appendix A — Implementation Hierarchy

The structural hierarchy of the implementation is smhow
here. This is taken from the implementation of theCsI
example described in Section 2.4.

hfbfsm_top: hfbfsm_top(behavioral)
inference: parallel_infsiso(structural)

Generate parallel__0

par_inf: basic_infsiso(behavioral)

Generate parallel__1

par_inf: basic_infsiso(behavioral)
min: multin_min_sel(behavioral)
mombfsm: mibtop(structural)

Generate limits__0
Generate limits__1
Generate limits__ 2
Generate limits__3
Generate limits__4
Generate limits__5
Generate limits__6
Generate limits__7
Generate limits__8
Generate limits__9
Generate limits__10
Generate limits__11
Generate limits__12
Generate limits__13
Generate limits__14
Generate limits__15
Generate limits__16
Generate limits__17
Generate limits__18
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comparators__0

comparators__1

comparators__ 2

Generate limits__19
Generate limits__20
Generate limits__ 21
Generate limits__ 22
Generate limits__ 23
Generate limits__ 24
Generate limits__ 25
Generate limits__ 26
Generate momsiso__0

mom: meanofmax(behavioral)
divide: div_unit(rtl)

stop: sisobtop(structural)
bndrygen_ins:

bndrygen(behavioral)

Generate limits__0
Generate limits__1
Generate limits__2

fzytobool_ins:

fzytobool(structural)

basiccomp(behavioral)

basiccomp(behavioral)

basiccomp(behavioral)

Generate

Generate

Generate

Generate

Generate

Generate

fzyinencode_ins:

fzyinencode(behavioral)

Generate momsiso__1

mom: meanofmax(behavioral)
divide: div_unit(rtl)

stop: sisobtop(structural)
bndrygen_ins:

bndrygen(behavioral)

Generate limits__0
Generate limits__1
Generate limits__ 2

compl:

comps:

comps:



fzytobool_ins:
fzytobool(structural)

Generate
comparators__0
Generate
first_comp
compl:
basiccomp(behavioral)
Generate
comparators__1
Generate
next_comp
comps:
basiccomp(behavioral)
Generate
comparators__ 2
Generate
next_comp
comps:

basiccomp(behavioral)
fzyinencode_ins:
fzyinencode(behavioral)

Generate prsnt_state__ 0
Generate prsnt_state__ 1
Generate lookup__ 0

Ikup: Ikup_cmp(behavioral)
Generate lookup__1

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 2

Ikup: Ikup_cmp(behavioral)
Generate lookup__3

Ikup: Ikup_cmp(behavioral)
Generate lookup__4

Ikup: Ikup_cmp(behavioral)
Generate lookup__5

Ikup: Ikup_cmp(behavioral)
Generate lookup__6

Ikup: Ikup_cmp(behavioral)
Generate lookup__7

Ikup: Ikup_cmp(behavioral)
Generate lookup__8

Ikup: Ikup_cmp(behavioral)
Generate lookup__9

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 10

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 11

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 12
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Ikup: Ikup_cmp(behavioral)
Generate lookup__ 13

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 14

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 15

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 16

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 17

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 18

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 19

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 20

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 21

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 22

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 23

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 24

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 25

Ikup: Ikup_cmp(behavioral)
Generate lookup__ 26

Ikup: Ikup_cmp(behavioral)

Package package_automata
Package parameters
Package std_logic_unsigned
Package std_logic_arith
Package std_logic_1164

Package standard



Appendix B — VHDL Code

The following pages show the VHDL code implementation

of the design.

-- Paolo A Tamayo ECE700

-- This is the top module of the reconfigurable HFB
-- This design is for n-number of fuzzy inputs one
output

-- m-number of states and |-number of state transit
-- HFB-FSM for MISO systems.

-- Purpose: Implementation of the reconfigurable HF
FSM
-- for MISO systems

-- History:
-- created 06/08/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

entity HFBFSM_top is
port (
fzyin :in FUZZY_VECTOR_BUS; -- The actu
inputs

zbusin :in FUZZY_VECTOR; -- Z output
model building

momstart : in std_logic; -- signal t
sampling the vector (pulse only)

clk  :in std_logic;

reset_| :in std_logic;

op :in std_logic; -- this sel

type of operation

-FSM
fuzzy

ions.

al fuzzy
s for

o start

ects the

convert :in std_logic; -- conversi on of the
fuzzy state rules

enable :in std_logic; -- enables model
building

fstate :in std_logic_vector((NO_FUZZY_STA TES-1)
downto 0);

fzyout : out fuzzy_out_inf, -- fuzzy ou tput

newstrdy : out std_logic; -- pulse to indicate
new state is available

fzy_nxt_state : out std_logic_vector((NO_FUZZ Y_STATES-

1) downto 0)); -- new state selected
end HFBFSM_top;

architecture Behavioral of HFBFSM_top is

component mibtop is

port (

fzy_inpts :in FUZZY_VECTOR_BUS; --T he fuzzy
inputs ( a collection of busses)

momstart  :in std_logic; -S ignal to
start sampling the vector (pulse only)

clk :in std_logic;

reset_| :in std_logic;

infenable : out std_logic;

newstrdy  : out std_logic;

fzy_nxt_state : out
std_logic_vector((NO_FUZZY_STATES-1) downto 0));
end component;

component parallel_infsiso is

port(

xbusin :in FUZZY_VECTOR_BUS;

zbusin :in FUZZY_VECTOR,;

convert :in std_logic;

op 1in std_logic; - thi s selects
the type of operation

enable :in std_logic;  --ena bles
model building or inference

reset_| :in std_logic;

clk in std_logic;

state 1in
std_logic_vector((NO_FUZZY_STATES-1) downto 0);

fzyout : out fuzzy_out_inf);

end component;

--signal mom_start : std_logic;
signal ifenable : std_logic;
signal fenable : std_logic;



signal state
std_logic_vector((NO_FUZZY_STATES-1) downto 0);

signal infstate :
std_logic_vector((NO_FUZZY_STATES-1) downto 0);

begin
inference : parallel_infsiso port map (fzyin, zb usin,
convert, op,
fenable,

reset_|, clk, infstate, fzyout);

mombfsm : mibtop port map (fzyin, momstart, clk,
reset_|, ifenable, newstrdy,

state);

fzy_nxt_state <= state;

infstate <= fstate when op ='1' else state;

fenable <= enable when op ='1' else ifenabl e;
end Behavioral;
-- Paolo A Tamayo ECE700
-- This is the top module of the B algorithm implem entation
-- for multiple fuzzy input. The output of this mo dule is
the
-- next state of the Fuzzy Automata based on the pr esent
state
-- and the sub-intervals the fuzzy inputs falls int 0.
-- Purpose: Implementation of the B algorithm for
-- Multiple Fuzzy Inputs
-- History:
-- created 03/22/2005
-- 04/01/2005
-- - added done signal to signify that mom comput ation is

finished

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

entity mibtop is
port (
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fzy_inpts :in FUZZY_VECTOR_BUS; -- The
inputs ( a collection of busses)

momstart  :in std_logic; -- sign
start sampling the vector (pulse only)

clk :in std_logic;

reset_| :in std_logic;

infenable : out std_logic;

newstrdy  : out std_logic;

fzy_nxt_state : out std_logic_vector((NO_FUZZ
1) downto 0));
end mibtop;

architecture Structural of mibtop is

component Ikup_cmp
port (
crntstatus : in std_logic_vector((LOOKUPWIDT
(1+NO_FUZZY_STATES)) downto 0);
Ikupentry :in std_logic_vector((LOOKUPWIDT

downto 0);
Ikupnewst : in std_logic;
match : out std_logic;

next_state : out std_logic_vector(NO_FUZZ
1 downto 0));
end component;

component sisobtop is

port (
fzy_in  :in BNDRY_VALUE; - f
input
fzyin_intvl : out std_logic_vector((NINTER
downto 0));

end component;

component meanofmax is
port (
fzyvecmem :in FUZZY_VECTOR,; --
the fuzzy input vector
momstart : in std_logic; --
start sampling the vector (pulse only)

clk :in std_logic;

reset_| :in std_logic;

momdone :in std_logic;

started :in std_logic;

setctr  :ininteger range O to
(FUZZY_VEC_WIDTH + 3);

done : out std_logic;

fzymom  : out BNDRY_VALUE);
end component;

fuzzy

al to

Y_STATES-

H-

H-1)

Y_STATES-

uzzy

VAL-1)

member of

signal to



-- intermediate signals

signal fzymombus : FUZZY_INPUT_BUS;

signal fzyintvl : FUZZY_BDNRY_LCTN;

signal Ikentries : LOOKUP;

signal pstate : std_logic_vector(NO_FUZZY_STA
downto 0);

signal nstateb : NSTATEBUS;

signal match  : std_logic_vector(LOOKUPENTRIE
downto 0);

signal nst_temp : std_logic_vector((NO_FUZZY_ST
downto 0);

signal prtstate : std_logic_vector(LOOKUPWIDTH-
(1+NO_FUZZY_STATES) downto 0);

signal done  : std_logic_vector(NO_FUZZY_INP
downto 0);

signal st_eval : std_logic;

signal started : std_logic;

signhal momdone : std_logic;

signal setctr : integer range 0 to (FUZZY_VEC
3):=0;
begin

fzy_nxt_state <= nst_temp;  -- thisis the o
(next state of the system)

pstate <= nst_temp;
the present state

infenable <= started,
the inference module

-- copy the next

-- signal that e

-- generation of the lookup table

limits: for iin 0 to (LOOKUPENTRIES-1) generate
Ikentries(i) <= LOOKUPTABLE(j);

end generate limits;

-- this is the generation of the MOM-sisotop pairs
generate the
-- interval location of each of the fuzzy input vec
momsiso: foriin 0 to (NO_FUZZY_INPUTS-1) gener
mom : meanofmax port map (fzy_inpts(i), moms
clk, reset_|, momdone, started, setctr, done(i),
fzymombus(i));
stop : sisobtop port map (fzymombus(i),fzyint
end generate momsiso;
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TES-1
S-1

ATES-1)

UTS-1

_WIDTH +

utput
state to

nables

to
tors

ate
tart,

vi(©));

-- generate the bus for the present status of th e
boundary locations

-- and present state

prsnt_state: foriin 0 to (NO_FUZZY_INPUTS-1) g

prtstate(((LOOKUPWIDTH-NO_FUZZY_STATES)-
(1+(i*NINTERVALY))) downto ((LOOKUPWIDTH-NO_FUZZY_ST ATES)-
((i+1)*NINTERVALY))) <= fzyintvl(i);

end generate prsnt_state;

prtstate(((LOOKUPWIDTH-NO_FUZZY_STATES)-
(1+(NO_FUZZY_INPUTS*NINTERVAL))) downto 0) <= pstat e;

enerate

lookup : foriin 0 to (LOOKUPENTRIES-1) generat e
Ikup : lkup_cmp port map (prtstate,
Ikentries(i),
st_eval,
match(i),
nstateb(i));
end generate lookup;

initialize : process(clk, reset_l)
begin
if (reset_| ='0") then
nst_temp(0) <="'1";
nst_temp((NO_FUZZY_STATES-1) downto 1) <= ( others =>
0);
newstrdy <='0";
st_eval <='0";
setctr <= 0;
else
if (clk = '1" and clk'event) then
st_eval <= done(0);
newstrdy <= st_eval;
if (started = '1") then
setctr <= setctr + 1;
else
setctr <= 0;
end if;

if (st_eval ='1") then
foriin 0 to (LOOKUPENTRIES-1) loop
if (match(i) = '1") then
nst_temp <= nstateb(i);
--else
-- nst_temp <= nst_temp;
end if;
end loop;
end if;
end if;



end if;
end process;

count_ctrl : process(clk, reset_I)
begin
if (reset_| ='0") then
started <="'0";
momdone <= "0,
else
if (clk ='1" and clk'event) then
if (momstart = '1' and started ='0) t
started <= "1
set start flag
momdone <="0"
end if;
if (setctr = (CONV_INTEGER(FUZZY_VEC_WI
1))) then -- we have reached the max
started <="0";
momdone <='1"
else
momdone <="0"
end if;
end if;
end if;
end process;
end Structural;

hen

DTH -

-- Paolo A Tamayo ECE700

-- Component for the lookup table implementation to
the next state

-- basically a comparator

-- History:
-- created 03/25/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

--use work.mparameters.all;

--use work.Package_Automata.all;

entity lkup_cmp is
port (
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decide

crntstatus : in std_logic_vector((LOOKUPWID TH-
(1+NO_FUZZY_STATES)) downto 0);

Ikupentry :in std_logic_vector((LOOKUPWID TH-1)
downto 0);

Ikupnewst : in std_logic;

match : out std_logic;

next_state : out std_logic_vector(NO_FUZZY_ STATES-1
downto 0));
end lkup_cmp;

architecture Behavioral of Ikup_cmp is
signal match_temp : std_logic :='0";
begin

match <= match_temp;

compare : process(crntstatus, Ikupentry, Ikupnew st)
begin
-- this checks for match in the concatenated lookup
entry present state,
-- lookup entry boundary locations of the fuz zy inputs
and present state
-- and actual boundary locations of the calcu lated MOM

of the fuzzy inputs
if (kupnewst = '1") then
if (Ikupentry(LOOKUPWIDTH-1 downto NO_FUZZ
= crntstatus) then
match_temp <="1";
next_state <= Ikupentry((LOOKUPWIDTH-
((NO_FUZZY_INPUTS*FUZZY_WIDTH)+NO_FUZZY_STATES))-1 downto
0);

Y_STATES)

else
match_temp <="0";
-- if no match maintain same state
next_state <= Ikupentry((LOOKUPWIDTH-

(NO_FUZZY_INPUTS*FUZZY_WIDTH)-1) downto NO_FUZZY_ST ATES);
end if;
end if;
end process;

end Behavioral;

-- Paolo A Tamayo ECE700
-- Component for the B Algorithm implementation
-- This is the basic comparator



-- History:

-- created 03/11/2005

-- 04/01/2005

-- - added done signal to signify that mom comput
finished

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

use work.Package_Automata.all;

entity meanofmax is
port (
fzyvecmem :in FUZZY_VECTOR,; --mem
the fuzzy input vector
momstart : in std_logic; -- sig
start sampling the vector (pulse only)
clk :in std_logic;
reset_| :in std_logic;
momdone :in std_logic;
started :in std_logic;
setctr  :ininteger range 0 to (FUZZY_VE
3);
done :out std_logic;
fzymom  : out BNDRY_VALUE);
end meanofmax;

architecture Behavioral of meanofmax is
component DIV_UNIT is

port (
CLK: in std_logic;

DIVIDEND: in STD_LOGIC_VECTOR (data_width*2 -

0);

DIVISOR: in STD_LOGIC_VECTOR (data_width - 1
0);

DONE: in STD_LOGIC;

RDY: out STD_LOGIC;

DIV_RESULT: out STD_LOGIC_VECTOR (data_width
downto 0)

end component;

signal maxcnt  :integer := 0;
signal total  :integer := 0;
signal momraw :integer := 0;
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ation is

ber of

nal to

C_WIDTH +

1 downto

downto

signal currmax : FUZZY_VECTOR;

signal dividend : std_logic_vector(data_width*
downto 0) := (others =>'0");

signal divisor : std_logic_vector(data_width-
0) := (others =>'0");

signal div_result : std_logic_vector(data_width-
0) := (others =>'0");

begin

fzymom <= to_boundary_vector(BNDRY_SIZE, momraw)

momraw <= CONV_INTEGER(div_result);

divide: DIV_UNIT port map (clk, dividend, diviso
momdone, done, div_result);

divide_ctrl : process(clk)
begin
if (clk ='1" and clk'event) then

if (setctr = (CONV_INTEGER(FUZZY_VEC_WIDTH

then -- we have reached the max

dividend <= CONV_STD_LOGIC_VECTOR (tota

data_width*2);

divisor <= CONV_STD_LOGIC_VECTOR (maxc

data_width);
end if;
end if;
end process;

count : process(clk, reset_l)
begin
if (reset_| ='0") then
currmax <= (others =>'0");
maxcnt <= 1;
total <= 0;
else
if (clk ='1" and clk'event) then
if (momstart = '1") then
currmax <= (others =>'0");
end if;
if (started = '1") then
if (currmax = fzyvecmem) then -
the max
maxcnt <= maxcnt + 1;
total <= total + setctr;
elsif (currmax < fzyvecmem) then
maxcnt <= 1;
currmax <= fzyvecmem; --
new max

2-1
1 downto

1 downto

-1)

nt,

count

copy the



total <= setctr; -- re-
initialize the computed total
end if;
else
total <=0;
maxcnt <= 1;
end if;
end if;
end if;
end process;
end Behavioral;

-- Paolo A Tamayo ECE700
-- Component for the B Algorithm implementation
-- This is the basic comparator

-- History:
-- created 03/09/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

use work.Package Automata.all;

entity sisobtop is

port (
fzy_in  :in BNDRY_VALUE; -- fuzz y input
(the MOM output)
fzyin_intvl : out std_logic_vector((NINTERVAL -1)
downto 0));

end sisobtop;
architecture Structural of sisobtop is

component bndrygen

port(
bndry :out FUZZY_BNDRY_LIMITS);
end component;

component fzyToBool

port (
fzy_in :in BNDRY_VALUE; -- fuzzy input
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bndrs :in FUZZY_BNDRY_LIMITS; -- The
boundary limit busses (this is an

-a rray of
busses, see package for details)
b_out :out BNDRY_COUNT); -- the ar ray of
comparator outputs, to be
--fedi nto a
decoder to determine in which
-- inter val the
value falls into
end component;
component fzylnEncode
port ( braw :in BNDRY_COUNT;
fzyin_intvl : out std_logic_vector((NINTE RVAL-1)

downto 0));
end component;

signal bndry : FUZZY_BNDRY_LIMITS;
signal braw : BNDRY_COUNT;

begin

bndrygen_ins : bndrygen port map (bndry);

fzyToBool_ins : fzyToBool port map (fzy_in, bndry,
braw);

fzylnEncode_ins : fzylnEncode port map (braw,
fzyin_intvl);

end Structural;

-- Paolo A Tamayo ECE700
-- Component for the B Algorithm implementation
-- This is the basic comparator

-- History:
-- created 03/09/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

use work.Package_Automata.all;



entity bndrygen is
port (
bndry :out FUZZY_BNDRY_LIMITS); -- the
boundary limits
end bndrygen;

architecture Behavioral of bndrygen is
begin
limits: for iin 0 to (INPUT_BNDRY_COUNT-1) gene
bndry(i) <= BOUNDS(i);

end generate limits;

end Behavioral;

rate

begin
fzyin_intvl <= (others =>"0");
for i in braw'reverse_range loop
if (braw(i) = '1") then
fzyin_intvl <= CONV_STD_LOGIC_VECTOR((i
NINTERVAL);
end if;
end loop;
end process;
end Behavioral;

+1),

-- Paolo A Tamayo ECE700

-- Component for the B Algorithm implementation
-- This is the fuzzy to boolean transformation
implementation

-- comparators are used to determine in which inter
-- fuzzy input falls into. This is an implementati
only

-- one fuzzy input.

-- History:
-- created 03/08/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

use work.parameters.all;
use work.Package_Automata.all;

entity fzylnEncode is
port ( braw : in BNDRY_COUNT;
fzyin_intvl : out std_logic_vector((NINTERVA
downto 0));
end fzylnEncode;

architecture Behavioral of fzylnEncode is
begin

-- this is an implementation of a priority encod
process (braw)
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-- Paolo A Tamayo ECE700
-- Component for the B Algorithm implementation
-- This is the basic comparator

-- History:

-- created 03/18/2005

-- 03/18/05 - changed fzyvec port from FUZZY_VECTOR
-- std_logic_vector((FUZZY_WIDTH-1) down

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

use work.Package_Automata.all;

entity fuzzytobool is
Port (fzyvec :in std_logic_vector((FUZZY_W
downto 0);
momstart : in std_logic;
clk :in std_logic;
reset_| :in std_logic;
fzyintvl : out std_logic_vector((NINTERV
downto 0));
end fuzzytobool;

architecture structural of fuzzytobool is

component sisobtop
port(
fzy_in  :in FUZZY_VECTOR,;
fzyin_intvl : out std_logic_vector((NINTER
downto 0));
end component;

to
to 0);
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component meanofmax
port(

fzyvecmem :in std_logic_vector((FUZZY_W IDTH-1)
downto 0); -- member of the fuzzy input vector
momstart :in std_logic; -- signal to
start sampling the vector (pulse only)
clk :in std_logic;
reset_| :in std_logic;
fzymom  :out FUZZY_VECTOR);
end component;
signal fzymom : FUZZY_VECTOR;
begin
mom_ins : meanofmax port map (fzyvec, momsta rt, clk,
reset_|, fzymom);
sisotop_ins : sisobtop port map (fzymom, fzyin tvl);
end structural;
-- Paolo A Tamayo ECE700
-- Component for the B Algorithm implementation
-- This is the basic comparator
-- History:
-- created 03/03/2005
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;
use work.Package_Automata.all;
entity basicComp is
port (
fzy_in: in BNDRY_VALUE; -- fuzzy input
bndry :in BNDRY_VALUE; -- upper boundary | imit
enable : in bit; -- enable signal
-- (for cascading t he
modules)
gte : out bit; -- greater than or equal
intvl : out bit);

end basicComp;
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architecture Behavioral of basicComp is
begin

compare : process(bndry, fzy_in, enable)
begin

-- check if enabled then evaluate the compari son
if (enable ='1") then
-- if less than then greater than or equal is not
true
if (fzy_in < bndry) then
gte <=0,
intvl <="1";
-- greater than or equal is true
else
gte <="11,
intvl <="0";
end if;
else
-- default value is always not greater than o r equal
gte <=0,
intvl <="'0";
end if;
end process;
end Behavioral;
-- Paolo A Tamayo ECE700
-- This is the parallel inference logic for SISO
-- Purpose: Parallel logic of inference using the basic
-- SISO Inference Engine and model buildin g module

-- History:
-- created 05/24/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

entity parallel_infsiso is
port(
xbusin  :in FUZZY_VECTOR_BUS;
zbusin  :in FUZZY_VECTOR,;
convert :in std_logic;



op 1in std_logic;  -- this sel
type of operation

enable :in std_logic; -- enables
building or inference

reset_| :in std_logic;

clk in std_logic;

state :in std_logic_vector((NO_FUZZY_
downto 0);

fzyout  :out fuzzy_out_inf);

end parallel_infsiso;
architecture structural of parallel_infsiso is

component basic_infsiso is

port (
xin 1in FUZZY_VECTOR,;
zin 1in FUZZY_VECTOR,;
op :in std_logic;  --thiss
the type of operation
enable  :in std_logic; --thise

the operation
convert :in std_logic;

clk :in std_logic;
reset_| :in std_logic;
state :in std_logic_vector((NO_FUZzZZ

1) downto 0);
fzyout  : out fuzzy_out_inf);
end component;

component multin_min_sel is

port(
fuzzy_bus :in bfuzzy out_inf;
fzyout : out fuzzy_out_inf

end component;
signal fzyout_in : bfuzzy_out_inf;

begin

parallel: foriin 0 to (NO_FUZZY_INPUTS-1) gene

par_inf : basic_infsiso port map(xbusin(i), z
op, enable, convert, clk, reset_|, state, fzyout_in
end generate parallel;

min : multin_min_sel port map(fzyout_in, fzyout)

end structural;
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-- Paolo A Tamayo ECE700
-- This is the basic inference logic for SISO

-- Purpose: Basic logic of inference for parallel
inference
-- of a SISO Inference Engine and model bu

-- History:
-- created 05/22/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

entity basic_infsiso is

port (

xin 1in FUZZY_VECTOR,;

zin 1in FUZZY_VECTOR,;

op 1in std_logic;  -- this sel
type of operation

enable  :in std_logic; --this ena
operation

convert :in std_logic;

clk :in std_logic;

reset_| :in std_logic;

state :in std_logic_vector((NO_FUZZY _
downto 0);

fzyout  : out fuzzy_out_inf);

end basic_infsiso;

architecture Behavioral of basic_infsiso is
signal rin : FUZZY_VECTOR,;
signal rout  : FUZZY_VECTOR;
signal min : FUZZY_VECTOR,;
signal max : FUZZY_VECTOR,;

signal ftemp  : rule_memory;

signal tmemrule : tmem_rule;

signal fmemrule : rule_mem_array;

signal memrule :rule_mem_array;

signal pointer : integer range O to
(FUZzZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1 := 0;
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signal fzypnt : integer range O to
(FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1 := 0;

signal rstate :integer range 0 to NO_FUZzZY
=0

signal dly_cnv : std_logic; -- delayed conv
signal
signal tempg : G_MTRX;

begin
tempg <= g_matrix;

tstate_rule_gen: process(memrule, tmemrule)
begin
foriin 0to (NO_FUZZY_STATES-1) loop
forjin 0 to (NO_FUZZY_STATES-1) loop
forkin O to

((FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) loop

if (memrule(j)(k) >
g_matrix((i*NO_FUZZY_STATES)+j)) then
tmemrule(i)(j)(k) <=
g_matrix((i*NO_FUZZY_STATES)+j);
else
tmemrule(i)(j)(k) <= memrule(j)(k
end if;
end loop;
end loop;
end loop;
end process;

f_model: process(clk, reset_I)
variable temp : FUZZY_VECTOR;
begin
if (reset_| ='0") then
forjin 0 to (NO_FUZZY_STATES-1) loop
forkin O to

((FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) loop

fmemrule(j)(k) <= (others =>"'0);
end loop;
end loop;
elsif (clk ='1" and clk'event) then

-- delay the convert signal
dly_cnv <= convert;

if (convert ='1") then
foriin 0to (NO_FUZZY_STATES-1) loop

_STATES-1

ert

forkin 0 to

((FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) loop

temp := (others =>'0");

forjin 0 to (NO_FUZZY_STATES-1)
if (temp < tmemrule(i)(j)(k))
temp := tmemrule(i)(j)(k);
else
temp := temp;
end if;
fmemrule(i)(k) <= temp;
end loop;
end loop;
end loop;
end if;
end if;
end process;

-- inference engine
inference: process(clk, reset_l)
variable rpointer : integer range 0 to

(FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1;

variable tmax  : fuzzy out_inf;
variable tresult : rule_memory;

begin
if (reset_| ='0") then
rpointer := 0;
fzypnt <=0;

elsif (clk ='1" and clk'event) then
if ((enable = '1") and (op ='0")) then
rpointer := fzypnt;
-- this is the minimum selection
forjin Oto (FUZZY_VEC_WIDTH-1) loop
if (fmemrule(rstate)(rpointer) < xin
tresult(rpointer) :=

fmemrule(rstate)(rpointer);

else

tresult(rpointer) := xin;
end if;
if (rpointer <

((FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1)) then

rpointer := rpointer + 1;
else
rpointer := 0;
end if;
end loop;
-- update the pointer

loop
then

) then



if (fzypnt < (FUZZY_VEC_WIDTH*FUZZY_VE
1)) then
fzypnt <= rpointer;
else
fzypnt <= 0;
end if;

ftemp <= tresult;

else
-- this is the maximum selection
formin O to (FUZZY_VEC_WIDTH-1) loop
tmax(m) := (others =>'0");
foriin 0 to (FUZZY_VEC_WIDTH-1) lo
if (ftemp(m+(i*FUZZY_VEC_WIDTH))
tmax(m)) then
tmax(m) :=
ftemp(m+(i*FUZZY_VEC_WIDTH));
end if;
end loop;
fzyout(m) <= tmax(m);
end loop;
end if;
end if;
end process;

-- process to select the active rule from the ru
process (state)
begin
rstate <= 0;
for i in state'reverse_range loop
if (state(i) = '1") then
rstate <=1i;
end if;
end loop;
end process;

min_sel: process(zin, xin)
begin
if (zin < xin) then
min <= zin;
else
min <= xin;
end if;
end process;

max_sel: process(min, rin)
begin
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if (min > rin) then
max <= min;
else
max <= rin;
end if;
end process;

clk_proc: process(clk, reset_|, pointer, memrule
variable wcount : integer range 0 to
(FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1;
begin
pointer <= wcount;
rin <= memrule(rstate)(pointer);
if (reset_| ='0") then
wceount := 0;
-- initialize ruyle memory to contain all

foriin 0 to ((FUZZY_VEC_WIDTH*FUZZY_VEC_

loop
forjin 0 to (NO_FUZZY_STATES-1) loop
memrule(j)(i) <= (others =>'0");
end loop;
end loop;

-- op selects the operation if inference or m
building

-- 0 - inference operation

-- 1 - model building operation

-- store the generated rules into the rule me
elsif (clk ='1" and clk'event) then
-- convert the crisp state rules to fuzzy

rules

-- enble must not be asserted during this

-- eliminate incomplete rule conversion, i
rules

-- must be built first before the conversi
fuzzy

-- state rules
if (dly_cnv ='1" and enable ='0") then
memrule <= fmemrule;
elsif (enable = '1") then
if (op ='1") then
memrule(rstate)(wcount) <= rout;
else
-- generate the clocked fuzzy out re
--fzyout_in(rstate)(pointer) <= max;
end if;
if (wcount = ((FUZZY_VEC_WIDTH*FUZZY_VE
1)) then

zZero
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mory
state

time to
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wcount := 0;
else
wcount := wcount + 1;
end if;
else
wcount := 0;
end if;
end if;
end process;

rout <= max;
end Behavioral;

end loop;
fzyout(j) <= min(j);
end loop;
end process;

end Behavioral;

-- Paolo A Tamayo ECE700

-- This module selects the minimum value out of n-i nputs
-- Purpose: Logic that implements the min selecti on from
-- n-inputs for a MISO configuration of th e

inference engine

- History:
-- created 06/07/2005

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use work.parameters.all;

entity multin_min_sel is

port(
fuzzy_bus :in bfuzzy out_inf;
fzyout :out fuzzy_out_inf);

end multin_min_sel;

architecture Behavioral of multin_min_sel is
begin

process (fuzzy_bus)
variable min : fuzzy_out_inf;
begin
forjin (FUZZY_VEC_WIDTH-1) downto 0 loop
min(j) := (others =>'1");
foriin 0to (NO_FUZZY_INPUTS-1) loop
if (fuzzy_bus(i)(j) < min(j)) then
min(j) := fuzzy_bus(i)(j);
end if;
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-- Paolo A Tamayo ECE700
-- Package for the RECONFIGURABLE STATE TRANSITION
-- FOR FUZZY AUTOMATA implementation

-- Purpose: This package defines supplemental typ
subtypes,
-- constants, and functions

-- History:
-- created 03/03/2005

library IEEE;
use IEEE.STD_LOGIC_1164.all;
use work.parameters.all;

package Package_Automata is
-- Declare functions and procedure

function to_boundary_vector (size: integer; val: in
return BNDRY_VALUE;

end Package_Automata;
package body Package_Automata is

function to_boundary_vector (size: integer; val:
return BNDRY_VALUE is
variable vec: BNDRY_VALUE;
variable a: integer;

begin
a:=val,
foriin O to (size-1) loop
if (a mod 2) = 1) then

vec(i) :="1";
else
vec(i) :='0";

ALGORITHM
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end if;
a:=alz
end loop;
return vec;
end to_boundary_vector;

end Package_Automata;

The following vhd files are the parameters files fo r the
different examples used in testing the design.
-- Example 1 Parameter File
-- Paolo A Tamayo ECE700
-- Parameters for the RECONFIGURABLE STATE TRANSITI ON
ALGORITHM
-- FOR FUZZY AUTOMATA implementation
-- Purpose: This defines supplemental types, subt ypes,
-- constants, and functions
-- History:
-- created 07/03/2005
library IEEE;
use |[EEE.STD_LOGIC_1164.all;
package parameters is
-- This is the number of Fuzzy Inputs

constant NO_FUZZY_INPUTS : integer := 2;

-- This is the number of states

constant NO_FUZZY_STATES : integer := 3;

-- This is the fuzzy input width (no of bits use d for the
width)

constant FUZZY_WIDTH : integer := 4;

-- Universal Input Set Length (or Length of the Fuzzy

Input Vector)
constant FUZZY_VEC_WIDTH : integer :=7;
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-- Number of boundaries (the number of defined
boundaries)
constant INPUT_BNDRY_COUNT : integer := 3;

-- Number of Boolean Sub-Intervals (number of in
the

-- universal set is divided)

constant NINTERVAL : integer := 4;

-- this is the size of the boundary location (nu
bits needed to

-- define a boundary)

-- (i.e. 2"n >= Universal Input Set)

- where n is the value of the BNDRY

constant BNDRY_SIZE : integer := 4;

-- signal types defined

type BNDRY_VALUE is

array ((BNDRY_SIZE-1) downto 0) of bit;
type FUZZY_BNDRY_LIMITS is

array ((INPUT_BNDRY_COUNT-1) downto 0) of BND
type FUZZY_INPUT_BUS is

array ((NO_FUZZY_INPUTS-1) downto 0) of BNDRY

--Total Number of Transitions for the Look-Up Ta
constant Transitions : integer := 27;

type FUZZY_VECTOR is
array((FUZZY_WIDTH-1) downto 0) of bit;

type BNDRY_COUNT is
array((INPUT_BNDRY_COUNT-1) downto 0) of bit;

-- fuzzy out data type
type fuzzy_out_inf is
array ((FUZZY_VEC_WIDTH-1) downto 0) of FUZZY

-- bussed fuzzy_out_inf
type bfuzzy_out_inf is
array ((NO_FUZZY_INPUTS-1) downto 0) of fuzzy

-- data type for rule memory
-- this creates a memory array of FUZZY_VECTOR o
FUZZY_VEC_WIDTH
type rule_memory is
array(((FUZzZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) d
of FUZZY_VECTOR,;

tervals
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-- this creates the array of rule_memory dependi ng on the
number of states
type rule_mem_array is
array(NO_FUZZY_STATES-1 downto 0) of rule_mem ory;

-- this creates a matrix of rule_mem_array for f uzzy
state rule creation
type tmem_rule is
array(NO_FUZZY_STATES-1 downto 0) of rule_mem _array;

-- this creates the G-MATRIX (matrix of degrees of state
membership functions)
type G_MTRX is
array((NO_FUZZY_STATES*NO_FUZZY_STATES)-1 dow nto 0) of
FUZZY_VECTOR,;

constant g_matrix : G_MTRX := (
"1111","0011", "1000",
"1100", "1111", "0110",

"0101", "1010", "1111"

)i

type FUZZY_VECTOR_BUS is
array((NO_FUZZY_INPUTS-1) downto 0) of FUZZY_ VECTOR;

--This is the Bundled Boundary location of Diffe rent MOMs
type FUZZY_BDNRY_LCTN is
array((NO_FUZZzZY_INPUTS-1) downto 0) of
std_logic_vector(NINTERVAL-1 downto 0);

--This is the Boundary Points (Limits)
constant BOUNDS : FUZZY_BNDRY_LIMITS := (
--Upper Bound for Sub-Interval3 : 6
"0110",
--Upper Bound for Sub-Interval2 : 4
"0100",
--Upper Bound for Sub-Intervall : 2
"0010"

)i

--This is the width of the Lookup Table Calculat ed from
sizes of
--NO_FUZZY_INPUTS, NINTERVAL and NO_FUZZY_STATES

K*kkkkkkkk

FhkFxIIRK__

constant data_width : integer := BNDRY_SIZE;
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constant LOOKUPWIDTH : integer :=

(NO_FUZZY_INPUTS*NINTERVAL)+(NO_FUZZY_STATES*2);

constant LOOKUPENTRIES : integer := Transitions;

type LOOKUP is
array(LOOKUPENTRIES-1 downto 0) of
std_logic_vector(LOOKUPWIDTH-1 downto 0);
type NSTATEBUS is
array (LOOKUPENTRIES-1 downto 0) of
std_logic_vector(NO_FUZZY_STATES-1 downto 0);

--Lookup Table which has all possible State Tran
constant LOOKUPTABLE : LOOKUP := (

"00010011001010", -1
"00010010001001", -2
"00100001001100", -3
"00110001001001", -4
"00100010001100", -5
"00010001001001", -6
"00110010001001", -7
"00100011001100", -8
"00110011001001", -9
"00010001010100", --10
"00010010010100", -11
"00010011010100", -12
"00100001010010", --13
"00100010010010", -14
"00100011010010", --15
"00110001010001", --16
"00110010010001", - 17
"00110011010001", --18
"00010001100100", --19
"00010010100100", --20
"00010011100100", -21
"00100001100010", -22
"00100010100010", --23
"00100011100010", --24
"00110001100001", --25
"00110010100001", --26
--"00110011100001" -27¢(
testing an undefined path)

"00110010100001" -27

end parameters;

-- this must be placed even if the contents are

sitions

for

empty



package body parameters is

end parameters;

-- Example 2 Parameter File

-- Paolo A Tamayo ECE700

-- Parameters for the RECONFIGURABLE STATE TRANSITI ON
ALGORITHM

-- FOR FUZZY AUTOMATA implementation

-- Purpose: This defines supplemental types, subt ypes,
-- constants, and functions

-- History:
-- created 07/03/2005

library IEEE;
use IEEE.STD_LOGIC_1164.all;

package parameters is

-- This is the number of Fuzzy Inputs
constant NO_FUZZY_INPUTS : integer := 2;

-- This is the number of states
constant NO_FUZZY_STATES : integer := 3;

-- This is the fuzzy input width (no of bits use d for the
width)
constant FUZZY_WIDTH : integer := 4;

-- Universal Input Set Length (or Length of the Fuzzy
Input Vector)
constant FUZZY_VEC_WIDTH : integer :=7;

-- Number of boundaries (the number of defined
boundaries)
constant INPUT_BNDRY_COUNT : integer := 3;

-- Number of Boolean Sub-Intervals (number of in tervals
the
-- universal set is divided)
constant NINTERVAL : integer := 4;
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-- this is the size of the boundary location (nu
bits needed to

-- define a boundary)

-- (i.e. 2"n >= Universal Input Set)

- where n is the value of the BNDRY

constant BNDRY_SIZE : integer := 4;

-- signal types defined

type BNDRY_VALUE is

array ((BNDRY_SIZE-1) downto 0) of bit;
type FUZZY_BNDRY_LIMITS is

array ((INPUT_BNDRY_COUNT-1) downto 0) of BND
type FUZZY_INPUT_BUS is

array ((NO_FUZZY_INPUTS-1) downto 0) of BNDRY

--Total Number of Transitions for the Look-Up Ta
constant Transitions : integer := 27;

type FUZZY_VECTOR is
array((FUZZY_WIDTH-1) downto 0) of bit;

type BNDRY_COUNT is
array((INPUT_BNDRY_COUNT-1) downto 0) of bit;

-- fuzzy out data type
type fuzzy_out_inf is
array ((FUZZY_VEC_WIDTH-1) downto 0) of FUZZY

-- bussed fuzzy_out_inf
type bfuzzy_out_inf is
array ((NO_FUZZY_INPUTS-1) downto 0) of fuzzy

-- data type for rule memory
-- this creates a memory array of FUZZY_VECTOR o
FUZZY_VEC_WIDTH
type rule_memory is
array(((FUZzZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) d
of FUZZY_VECTOR,;

-- this creates the array of rule_memory dependi
number of states
type rule_mem_array is
array(NO_FUZZY_STATES-1 downto 0) of rule_mem

-- this creates a matrix of rule_mem_array for f
state rule creation
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type tmem_rule is
array(NO_FUZZY_STATES-1 downto 0) of rule_mem

-- this creates the G-MATRIX (matrix of degrees
membership functions)
type G_MTRX is
array((NO_FUZZY_STATES*NO_FUZZY_STATES)-1 dow
FUZZY_VECTOR,;

constant g_matrix : G_MTRX := (
"1111", "0000", "0000",
"0000", "1111", "0000",

"0000", "0000", "1111"

)i

type FUZZY_VECTOR_BUS is
array((NO_FUZZzZY_INPUTS-1) downto 0) of FUZZY_

--This is the Bundled Boundary location of Diffe
type FUZZY_BDNRY_LCTN is
array((NO_FUZzY_INPUTS-1) downto 0) of
std_logic_vector(NINTERVAL-1 downto 0);

--This is the Boundary Points (Limits)
constant BOUNDS : FUZZY_BNDRY_LIMITS := (
--Upper Bound for Sub-Interval3 : 6
"0110",
--Upper Bound for Sub-Interval2 : 4
"0100",
--Upper Bound for Sub-Intervall : 2
"0010"

)i

--This is the width of the Lookup Table Calculat
sizes of
--NO_FUZZY_INPUTS, NINTERVAL and NO_FUZZY_STATES

constant data_width : integer := BNDRY_SIZE;

constant LOOKUPWIDTH : integer :=
(NO_FUZZY_INPUTS*NINTERVAL)+(NO_FUZZY_STATES*2);

constant LOOKUPENTRIES : integer := Transitions;

type LOOKUP is
array(LOOKUPENTRIES-1 downto 0) of
std_logic_vector(LOOKUPWIDTH-1 downto 0);
type NSTATEBUS is
array (LOOKUPENTRIES-1 downto 0) of
std_logic_vector(NO_FUZZY_STATES-1 downto 0);
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--Lookup Table which has all possible State Tran sitions
constant LOOKUPTABLE : LOOKUP :=(
"00100011001001", -1
"00010011001001", -2
"00110011001001", -3
"00010010001010", -4
"00100010001010", -5
"00110010001010", -6
"00010001001100", -7
"00100001001100", -8
"00110001001100", -9
"00100010010010", - 10
"00010010010010", —-11
"00110010010010", —-12
"00010011010001", -13
"00100011010001", - 14
"00110011010001", --15
"00010001010100", - 16
"00100001010100", - 17
"00110001010100", --18
"00100001100100", - 19
"00010001100100", - 20
"00110001100100", -21
"00010010100010", -22
"00100010100010", --23
"00110010100010", - 24
"00010011100001", --25
"00100011100001", - 26
"00110011100001" - 27
end parameters;
-- this must be placed even if the contents are empty
package body parameters is
end parameters;
-- Example 3 Parameter File
-- Paolo A Tamayo ECE700
-- Parameters for the RECONFIGURABLE STATE TRANSITI ON

ALGORITHM



-- FOR FUZZY AUTOMATA implementation

-- Purpose: This defines supplemental types, subt
-- constants, and functions

-- History:
-- created 07/03/2005

library IEEE;
use IEEE.STD_LOGIC_1164.all;

package parameters is

-- This is the number of Fuzzy Inputs
constant NO_FUZZY_INPUTS : integer := 2;

-- This is the number of states
constant NO_FUZZY_STATES : integer := 12;

-- This is the fuzzy input width (no of bits use
width)
constant FUZZY_WIDTH : integer := 4;

-- Universal Input Set Length (or Length of the
Input Vector)
constant FUZZY_VEC_WIDTH : integer := 101;

-- Number of boundaries (the number of defined
boundaries)
constant INPUT_BNDRY_COUNT : integer := 4;

-- Number of Boolean Sub-Intervals (number of in
the

-- universal set is divided)

constant NINTERVAL : integer := 3;

-- this is the size of the boundary location (nu
bits needed to

-- define a boundary)

-- (i.e. 2"n >= Universal Input Set)

- where n is the value of the BNDRY

constant BNDRY_SIZE : integer := 8;

-- signal types defined

type BNDRY_VALUE is
array ((BNDRY_SIZE-1) downto 0) of bit;
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type FUZZY_BNDRY_LIMITS is

array ((INPUT_BNDRY_COUNT-1) downto 0) of BND

type FUZZY_INPUT_BUS is

array ((NO_FUZZV_INPUTS-l) downto 0) of BNDRY

--Total Number of Transitions for the Look-Up Ta
constant Transitions : integer := 44;

type FUZZY_VECTOR is
array((FUZZY_WIDTH-1) downto 0) of bit;

type BNDRY_COUNT is
array((INPUT_BNDRY_COUNT-1) downto 0) of bit;

-- fuzzy out data type
type fuzzy_out_inf is
array ((FUZZY_VEC_WIDTH-1) downto 0) of FUZZY

-- bussed fuzzy_out_inf
type bfuzzy_out_inf is
array ((NO_FUZZY_INPUTS-1) downto 0) of fuzzy

-- data type for rule memory

-- this creates a memory array of FUZZY_VECTOR o
FUZZY_VEC_WIDTH

type rule_memory is

array(((FUZZY_VEC_WIDTH*FUZZY_VEC_WIDTH)-1) d

of FUZZY_VECTOR,;

-- this creates the array of rule_memory dependi
number of states
type rule_mem_array is

array(NO_FUZZY_STATES-1 downto 0) of rule_mem

-- this creates a matrix of rule_mem_array for f
state rule creation
type tmem_rule is

array(NO_FUZZY_STATES-1 downto 0) of rule_mem

-- this creates the G-MATRIX (matrix of degrees
membership functions)
type G_MTRX is

array((NO_FUZZY_STATES*NO_FUZZY_STATES)-1 dow

FUZZY_VECTOR;

constant g_matrix : G_MTRX := (
"1111", "0000", "0000", "0000", "0000", "0000
"0000", "0000", "0000", "0000", "0000", "0000",
"0000", "1111", "0000", "0000", "0000", "0000
"0000", "0000", "0000", "0000", "0000", "0000",

RY_VALUE;
_VALUE;

ble

_VECTOR;

_out_inf;

f size

ownto 0)

ng on the

ory;
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nto 0) of



"0000", "0000", "1111", "0000", "0000", "0000 "
"0000", "0000", "0000", "0000", "0000", "0000",

"0000", "0000", "0000", "1111", "0000", "0000 "
"0000", "0000", "0000", "0000", "0000", "0000",

"0000", "0000", "0000", "0000", "1111", "0000 "
"0000", "0000", "0000", "0000", "0000", "0000",

"0000", "0000", "0000", "0000", "0000", "1111 "
"0000", "0000", "0000", "0000", "0000", "0000",

"0000", "0000", "0000", "0000", "0000", "0000 "
"1111", "0000", "0000", "0000", "0000", "0000",

"0000", "0000", "0000", "0000", "0000", "0000 "
"0000", "1111", "0000", "0000", "0000", "0000",

"0000", "0000", "0000", "0000", "0000", "0000 "
"0000", "0000", "1111", "0000", "0000", "0000",

"0000", "0000", "0000", "0000", "0000", "0000 "
"0000", "0000", "0000", "1111", "0000", "0000",

"0000", "0000", "0000", "0000", "0000", "0000 "
"0000", "0000", "0000", "0000", "1111", "0000",

"0000", "0000", "0000", "0000", "0000", "0000 "
"0000", "0000", "0000", "0000", "0000", "1111"

);
type FUZZY_VECTOR_BUS is

array((NO_FUZZY_INPUTS-1) downto 0) of FUZZY_ VECTOR;

--This is the Bundled Boundary location of Diffe
type FUZZY_BDNRY_LCTN is
array((NO_FUZzZY_INPUTS-1) downto 0) of
std_logic_vector(NINTERVAL-1 downto 0);

constant BOUNDS : FUZZY_BNDRY_LIMITS := (

--Upper Bound for Sub-Interval8 : 100
"01100100",

--Upper Bound for Sub-Interval7 : 70
"01000110",

--Upper Bound for Sub-Interval6 : 55
"00110111",

--Upper Bound for Sub-Interval5 : 40
"00101000"

);

--This is the width of the Lookup Table Calculat ed from
sizes of
--NO_FUZZY_INPUTS, NINTERVAL and NO_FUZZY_STATES

*%,

constant data_width : integer := BNDRY_SIZE;

74

rent MOMs

constant LOOKUPWIDTH : integer :=
(NO_FUZZY_INPUTS*NINTERVAL)+(NO_FUZZY_STATES*2);
constant LOOKUPENTRIES : integer := Transitions;

type LOOKUP is
array(LOOKUPENTRIES-1 downto 0) of
std_logic_vector(LOOKUPWIDTH-1 downto 0);
type NSTATEBUS is
array (LOOKUPENTRIES-1 downto 0) of
std_logic_vector(NO_FUZZY_STATES-1 downto 0);

--Lookup Table which has all possible State Transit
constant LOOKUPTABLE : LOOKUP := (
"001100000000000001000000000010",
"010011000000000001000000000100",
"010010000000000001000000000100",
"011011000000000001000000000100",
"011010000000000001000000000100",
"100001000000000001000000001000",
"001100000000000010000000000001",
"010011000000000010000000000100",
"010010000000000010000000000100",
"011011000000000010000000000100",
"011010000000000010000000000100",
"100001000000000010000000001000",
"001100000000000100000000000001",
"010011000000000100000000001000",
"010010000000000100000000001000",
"011011000000000100000000001000",
"011010000000000100000000001000",
"100001000000000100000000010000",
"001100000000001000000000010000",
"010011000000001000000000100000",
"010010000000001000000000100000",
"011011000000001000000000100000",
"011010000000001000000000100000",
"100001000000001000000001000000",
"001100000000010000000000001000",
"010011000000010000000000100000",
"010010000000010000000000100000",
"011011000000010000000000100000",
"011010000000010000000000100000",
"100001000000010000000001000000",
"001100000000100000000000001000",
"010011000000100000000001000000",
"010010000000100000000001000000",
"011011000000100000000001000000",
"011010000000100000000001000000",
"100001000000100000000010000000",

ions



"001100000001000000000010000000",
"001100000010000000000001000000",
"010011000001000000000100000000",
"011010000001000000001000000000",
"100001000001000000010000000000",
"100001010000000000100000000000",
"100001000100000000100000000000",
"100001001000000000100000000000"

end parameters;

-- this must be placed even if the contents are empty
package body parameters is

end parameters;

75



Appendix C — Testing Parameters and Results

Test Example 1 Parameters and Results

The following parameters were used to test the desiga Zsmput

single output state transition testing and inferencentgst est

Example 1.

% STATES

S=3;

% G MATRIX
G=[100.60.3;041.00.7;0.50.21.0];
% FUZZY INPUTS

nfi = 2;

% FUZZY OUTPUTS

nfo =1;

% INPUT UNIVERSE OF DISCLOSURE
=7

% ELEMENTS IN INPUT UNIVERSAL SET
GlU=[0.01.02.03.04.05.06.0];

% OUTPUT UNIVERSE OF DISCLOSURE
ou=7,

% ELEMENTS IN OUTPUT UNIVERSAL SET
GOU=[0.01.02.03.04.05.06.0];

% SUB-INTERVALS FOR INPUT UNIVERSAL SET

nds = 3;

% UPPER BOUNDARY ELEMENTS FOR SUB-INTERVALS
GSIUB =[2.0 4.0 6.0 ];%GSIUBJ[3]

% FUZZY INPUTS
IN=[0.00.01.01.00.50.00.0;
0.00.00.00.00.51.01.0];

% STATE TRANSITION MATRIX
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% FOR FUZZY STATEL :
S1=9; % STATES TRANSIENTS FROM FUZZY STATE1:
FSt11=[1.03.02.00.01.00.0];

FSt12=[1.02.01.00.00.01.0];
FSt13=[2.01.03.01.00.00.0];
FSt14=[3.01.01.00.00.01.0;
FSt15=[2.02.03.01.00.00.0];
FSt16 =[1.01.01.00.00.01.0];
FSt17=[3.02.01.00.00.01.0];
FSt18 =[2.03.03.01.00.00.0;
FSt19=[3.03.01.00.00.01.0];

% FOR FUZZY STATE2 :
S2 =9; % STATES TRANSIENTS FROM FUZZY STATEZ2:
FSt21=[1.01.03.01.00.00.0;

FSt22=[1.02.03.01.00.00.0];
FSt23=[1.03.03.01.00.00.0];
FSt24=[2.01.02.00.01.00.0;
FSt25=[2.02.02.00.01.00.0;
FSt26 =[2.03.02.00.01.00.0;
FSt27=[3.01.01.00.00.01.0;
FSt28 =[3.02.01.00.00.01.0];
FSt29=[3.03.01.00.00.01.0];

% FOR FUZZY STATES :
S3=9; % STATES TRANSIENTS FROM FUZZY STATE3:
FSt31=[1.01.03.01.00.00.0];

FSt32=[1.02.03.01.00.00.0];
FSt33=[1.03.03.01.00.00.0];
FSt34=[2.01.02.00.01.00.0];
FSt35=[2.02.02.00.01.00.0];
FSt36 =[2.03.02.00.01.00.0];
FSt37=[3.01.01.00.00.01.0];
FSt38=[3.02.01.00.00.01.0];
FSt39=[3.03.01.00.00.01.0];

% BUILDING RULES

% FOR CRISP STATEL :
RULES1 =5;
% ************BUILDING RULEl****************

% FOR FUZZY INPUTL1 :
RIN111=[1.01.00.50.00.00.00.0];
% FOR FUZZY INPUT2 :
RIN112=[1.01.00.50.00.00.00.0];
% FOR FUZZY OUTPUTL :
ROUT111=[1.01.00.50.00.00.00.0];



% ************BU I LD I N G R U LEZ**********k*****

% FOR FUZZY INPUTL1 :
RIN121=[0.00.00.51.00.50.00.0];
% FOR FUZZY INPUT2 :
RIN122=[0.00.00.00.00.51.01.0];
% FOR FUZZY OUTPUTL :
ROUT121=[0.00.00.00.00.51.01.0];

% ************BU I LD I N G R U LE3****************

% FOR FUZZY INPUTL1 :
RIN131=[0.00.00.00.00.51.01.0];
% FOR FUZZY INPUT2 :
RIN132=[0.00.00.51.00.50.00.0];
% FOR FUZZY OUTPUTL :
ROUT131=[0.00.00.51.00.50.00.0];

% ************BU I LD I N G R U LE4****************

% FOR FUZZY INPUTL1 :
RIN141=[0.00.00.00.00.51.01.0];
% FOR FUZZY INPUT2 :
RIN142=[0.00.00.00.00.51.01.0];
% FOR FUZZY OUTPUTL :
ROUT141=[0.00.00.00.00.51.01.0];

% ************BU I LD I N G R U LES**********k*****

% FOR FUZZY INPUTL1 :
RIN151=[0.00.00.51.00.50.00.0];
% FOR FUZZY INPUT2 :
RIN152=[0.00.00.51.00.50.00.0];
% FOR FUZZY OUTPUTL :
ROUT151=[0.00.00.51.00.50.00.0];

% FOR CRISP STATE2 :
RULES2 =5;
% ************BUILDING RULEl****************

% FOR FUZZY INPUTL1 :
RIN211=[0.00.00.00.00.51.01.0];
% FOR FUZZY INPUT2 :
RIN212=[1.01.00.50.00.00.00.0;
% FOR FUZZY OUTPUTL :
ROUT211=[0.00.00.51.00.50.00.0];

% ************BU I LD I N G R U LEZ**********k*****
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% FOR FUZZY INPUTL1 :
RIN221=[1.01.00.50.00.00.00.0];
% FOR FUZZY INPUT2 :
RIN222=[0.00.00.51.00.50.00.0];
% FOR FUZZY OUTPUTL :
ROUT221=[1.01.00.50.00.00.00.0];

% ************BU I LD I N G R U LE3****************

% FOR FUZZY INPUTL1 :
RIN231=[0.00.00.51.00.50.00.0];
% FOR FUZZY INPUT2 :
RIN232=[1.01.00.50.00.00.00.0];
% FOR FUZZY OUTPUTL :
ROUT231=[1.01.00.50.00.00.00.0];

% ************BU I LD I N G R U LE4****************

% FOR FUZZY INPUTL1 :
RIN241=[0.00.00.51.00.50.00.0];
% FOR FUZZY INPUT2 :
RIN242=[0.00.00.00.00.51.01.0];
% FOR FUZZY OUTPUTL :
ROUT241=[0.00.00.00.00.51.01.0];

% ************BU I LD I N G R U LES**********k*****

% FOR FUZZY INPUTL1 :
RIN251=[0.00.00.00.00.51.01.0];
% FOR FUZZY INPUT2 :
RIN252=[0.00.00.00.00.51.01.0];
% FOR FUZZY OUTPUTL :
ROUT251=[0.00.00.00.00.51.01.0];

% FOR CRISP STATE3 :
RULES3 =5;
% ************BUILDING RULEl****************

% FOR FUZZY INPUTL1 :
RIN311=[0.00.00.00.00.51.01.0];
% FOR FUZZY INPUT2 :
RIN312=[0.00.00.51.00.50.00.0];
% FOR FUZZY OUTPUTL :
ROUT311=[0.00.00.00.00.51.01.0];

% ************BU I LD I N G R U LEZ**********k*****

% FOR FUZZY INPUTL1 :
RIN321=[1.01.00.50.00.00.00.0];



% FOR FUZZY INPUT2 :
RIN322=[0.00.00.00.00.51.01.0];
% FOR FUZZY OUTPUTL :
ROUT321=[0.00.00.51.00.50.00.0];

% ************BU I LD I N G R U LE3****************

% FOR FUZZY INPUTL1 :
RIN331=[0.00.00.00.00.51.01.0];
% FOR FUZZY INPUT2 :
RIN332=[1.01.00.50.00.00.00.0];
% FOR FUZZY OUTPUTL :
ROUT331=[0.00.00.51.00.50.00.0];

% ************BU I LD I N G R U LE4****************

% FOR FUZZY INPUTL1 :
RIN341=[1.01.00.50.00.00.00.0];
% FOR FUZZY INPUT2 :
RIN342=[1.01.00.50.00.00.00.0];
% FOR FUZZY OUTPUTL :
ROUT341=[1.01.00.50.00.00.00.0];

% ************BU I LD I N G R U LES**********k*****

% FOR FUZZY INPUTL1 :
RIN351=[0.00.00.51.00.50.00.0];
% FOR FUZZY INPUT2 :
RIN352=[0.00.00.51.00.50.00.0];
% FOR FUZZY OUTPUTL :
ROUT351=[0.00.00.51.00.50.00.0];

% INITIAL FUZZY STATE
STATE =1,
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R31=[1.01.0051.00.50.00.0
R31=[1.01.00.51.00.50.00.0

]

]
1 i R31=[0.50.5050.50.50.00.0

The following are the generated crisp state rules ang fuzz R :{0.0 050505050000 };

]

]

]

T . . R31=[0.00.00.50.50.50.50.5
state rules after the model buﬂdlng operation Is perfdrme R31 = % 0.00.0051.0051.01.0
R31=[0.00.0051.00.51.01.0
%Rule :2
R32=[1.01.00.51.00.50.00.0 ]
R32=[1.01.00.51.00.50.00.0 ]
R32=[0.50505050.50.50.5 ]
R32=[0.00.00.51.00.51.01.0 ];
]
]
]

%

%BUILDING RULE FOR CRISP STATE :1
%Rule :1

%Rule :1

R11=[1.01.00.50.00.00.00.0 ]
R11=[1.01.00.50.00.00.00.0 ]
R11=[050.505050.50.50.5 |; %
R11=[0.00.0051.00.51.01.0 ];
]
]
|

R32=[0.00.00.50.50.50.50.5
. R32=[0.00.00.51.00.50.00.0
! R32=[0.00.00.51.00.50.00.0

! %

R11=[0.00.00.50.50.50.50.5
R11=[0.00.00.51.00.51.01.0
R11=[0.00.00.51.00.51.01.0
%Rule :2

R12=[1.01.00.50.00.00.00.0
R12=[1.01.00.50.00.00.00.0
R12=[0.50.50.50.50.50.00.0
R12=[0.00.00.51.00.50.00.0
R12=[0.00.00.50.50.50.50.5

R12=[0.00.00000051.010 ] RF11=[0.00.0051.00.51.01.0
R12=[0.00.00.00.0051.01.0 |, RF11=[0.00.00.51.00.51.01.0
%BUILDING RULE FOR CRISP STATE :2 %FERuUle 2

%Rule :2 RF12=[1.01.00.50.60.50.6 0.6

%Rule :1 _
R21=[1.01.00.50.0 0.0 0.0 0.0 RF12=[1.01.00.50.6 0.50.6 0.6

R21=[1.01.00.50.00.00.00.0

]
R21=[0.50.50.50.00.50.50.5 |; -
R21=[101.00500051010 . RF12=[0.50.50.50.50.50.50.5
]
]
]

' %BUILDING RULE FOR FUZZY STATE :1
. %FRule :1

! RF11=[1.01.00.50.30.30.00.0
! RF11=[1.01.00.50.30.30.00.0

]
]
%’ RF11=[0.50.50.50.50.50.50.5 |;
]
]

i

i

]
}
; RF11=[0.60.60.51.0051.010 [;
].
]
]

! RF11=[0.50.50.505050.505

. i
i

i

i

i

! RF12=[0.50.50.5050.5050.5 ];

. i

]
|
' RF12=[0.6 0.6 0.51.00.50.30.3 |;
]
]

i

! RF12=[0.00.00.30.30.51.01.0 ];
! RF12=[0.00.00.30.30.51.01.0 ];

R21=[0.50.50.5050.50.50.5
R21=[0.00.00.51.00.51.01.0
R21=[0.00.00.51.00.51.01.0
%Rule :2
R22=[1.01.00.51.00.50.00.0
R22=[1.01.00.51.00.50.00.0
R22=[0.50.50.50.50.50.00.0
R22=[1.01.00.50.00.00.00.0
R22=[0.50.50.50.00.50.50.5
R22=[0.00.00.00.00.51.01.0 ]; _
R22=[0.000000.00.510 10 | RF21=[0.00.00.51.00.51.01.0
%BUILDING RULE FOR CRISP STATE :3
%Rule :3

%Rule :1

! %BUILDING RULE FOR FUZZY STATE :2

! %FRule :1
RF21=[1.01.00.50.70.50.00.0

! RF21=[1.01.00.50.70.50.00.0

! RF21=[050.50505050.50.5 ];

. i

! ]
%' RF21=[1.01.00.50.70.51.0 1.0 %;
] ]
] ]

i

i

! RF21=[050.50505050.505

i

! RF21=[0.00.00.51.00.51.01.0

i

i

%FRule :2
RF22=[1.01.00.51.00.50.00.0 ];
RF22=[1.01.00.51.00.50.00.0 ];
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RF22=[0.50.50505050.505 ];
RF22=[1.01.0050.70.50.70.7 ];
RF22=[0.50.50505050.505 ];
RF22=[0.00.00.50.70.51.01.0 ];
RF22=[0.00.00.50.70.51.01.0 ];
%BUILDING RULE FOR FUZZY STATE :3
%FRule :1
RF31=[1.01.00.51.00.50.00.0 ];
RF31=[1.01.00.51.00.50.00.0 ];
RF31=[0.5050505050.505 ];
RF31=[0.20.20.51.00.50505 ];
RF31=[0.20.20.50.50.50.505 ];
RF31=[0.00.00.51.0051.01.0 ];
RF31=[0.00.00.51.0051.01.0 ];
%FRule :2
RF32=[1.01.00.51.00.50.20.2 ];
RF32=[1.01.00.51.00.50.20.2 ];
RF32=[0.50.50505050.505 ];
RF32=[0.20.20.51.0051.01.0 ];
RF32=[0.20.20.50.50.50.505 ];
RF32=[0.00.00.51.00.50505 ];
RF32=[0.00.00.51.00.50505 ];

%

The following pages show the results of simulatifons est Example 1 parameters.

This is the log file for the state transition test
inference.

Started Rule Building Operation

Fuzzy State 1 Rule For Fuzzy Input O
{{0} {0} {5} {5} {8} {F} {F}}

{{0} {0} {5} {5} {8} {F} {F}}

{{8} {8} {8} {8} {8} {8} {8}}

{{F} {F} {8} {F} {8} {A} {A}}

{{8} {8} {8} {8} {8} {8} {8}}

{{F} {F} {8} {F} {8} {0} {0}}

{{F} {F} {8} {F} {8} {0} {O}}

Fuzzy State 2 Rule For Fuzzy Input O
{{0} {0} {8} {C} {8} {F} {F}}
{{0} {0} {8} {C} {8} {F} {F}}
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with

{{8} {8} {8} {8} {8} {8} {8}}
{{F} {F} {8} {C} {8} {F} {F}}
{{8} {8} {8} {8} {8} {8} {8}}
{{F} {F} {8} {F} {8} {0} {O}}
{{F} {F} {8} {F} {8} {0} {O}}

Fuzzy State 3 Rule For Fuzzy Input O
{{0} {0} {8} {F} {8} {F} {F}}
{{0} {0} {8} {F} {8} {F} {F}}
{{8} {8} {8} {8} {8} {8} {8}}
{{8} {8} {8} {F} {8} {3} {3}}
{{8} {8} {8} {8} {8} {3} {31}
{{F} {F} {8} {F} {8} {0} {0}}
{{F} {F} {8} {F} {8} {0} {O}}

Fuzzy State 1 Rule For Fuzzy Input 1
{{0} {0} {8} {A} {8} {F} {F}}
{{0} {0} {8} {A} {8} {F} {F}}
{{5} {5} {8} {8} {8} {8} {8}}
{{5} {5} {8} {F} {8} {A} {A}}
{{8} {8} {8} {8} {8} {8} {8}}
{{F} {F} {8} {5} {5} {0} {O}}
{{F} {F} {8} {5} {5} {0} {O}}

Fuzzy State 2 Rule For Fuzzy Input 1
{{0} {0} {8} {F} {8} {F} {F}}

{{0} {0} {8} {F} {8} {F} {F}}

{{8} {8} {8} {8} {8} {8} {8}}

{{C}{C} {8} {C} {8} {F} {F}}

{{8} {8} {8} {8} {8} {8} {8}}

{{F} {F} {8} {C} {8} {0} {O}}

{{F} {F} {8} {C} {8} {0} {O}}

Fuzzy State 3 Rule For Fuzzy Input 1
{{0} {0} {8} {F} {8} {F} {F}}
{{0} {0} {8} {F} {8} {F} {F}}
{{8} {8} {8} {8} {8} {8} {8}}
{{F} {F} {8} {F} {8} {3} {3}
{{8} {8} {8} {8} {8} {3} {31}
{{8} {8} {8} {F} {8} {0} {O}}
{{8} {8} {8} {F} {8} {0} {O}}

Started State Transition Tests

Transition Test 1: State 1 -> State 1



x1=low & x2=low is z=low

Results in Transition
From: 001
TO: 001

Using the inputs:
FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

Fuzzy outputs are: {{5} {5} {8} {8} {8} {F} {F}}

Transition Test 2: State 1 -> State 3
x1=medium & x2=high is z=high
Results in Transition

From: 001

TO: 100

Using the inputs:

FI1: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
FI2: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{F} {F} {8} {8} {8} {8} {8}}

Transition Test 3: State 3 -> State 3
x1=low & x2=high is z=medium
Results in Transition

From: 100

TO: 100

Using the inputs:

FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{8} {8} {8} {F} {8} {3} {3}}

Transition Test 4: State 3 -> State 2
x1=medium & x2=medium is z=medium

Results in Transition
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From: 100
TO: 010

Using the inputs:
FI1: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
FI2: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {F} {8} {8} {8}}

Transition Test 5: State 2 -> State 2
x1=medium & x2=low is z=low

Results in Transition

From: 010

TO: 010

Using the inputs:

FI1: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
FI2: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {C} {8} {F} {F}}

Transition Test 6: State 2 -> State 1
x1=high & x2=low is z=medium
Results in Transition

From: 010

TO: 001

Using the inputs:

FI1: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF
FI2: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {F} {8} {8} {8}}

Transition Test 7: State 1 -> State 2

x1=low & x2=high is z=???? Value of Z is not speci
the rules.

Results in Transition
From: 001
TO: 010

fied in



Using the inputs:
FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{8} {8} {8} {8} {8} {8} {8}}

Transition Test 8: State 2 -> State 3
x1=low & x2=medium is z=low

Results in Transition

From: 010

TO: 100

Using the inputs:

FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {C} {8} {F} {F}}

Transition Test 9: State 3 -> State ???? not in pa
should stay the same

x1=high & x2=high is z=???? not in rules
Results in Transition

From: 100

TO: 100

Using the inputs:

FI1: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF
Fl12: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{8} {8} {8} {F} {8} {3} {3}}

Transition Test 10: State 3 -> State 1
x1=high & x2=low is z=medium
Results in Transition

From: 100

TO: 001

Using the inputs:

FI1: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF
Fl12: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
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th, state

Fuzzy outputs are: {{8} {8} {8} {F} {8} {3} {3}}



Test Example 2 Parameters and Results

The following parameters were used to test the desigm for
2-input single output state transition testing and inference

testing. Test Example 2.

Crane Operator Example

2-inputs
1. angle
1. negative
2. zero
3. positive
2. distance
1. far
2. near
3. close
output
1. power
1. negative
2. zero
3. positive

5 states (based on the distance)
state 1: far

state 2: near

state 3: close

Rules:

State 1: (medium)
[MED-HIGH-HIGH]

1. if angle is zero and distance is far
power positive
[LOW-HIGH-HIGH]

2. if angle is negative and distance is far
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power positive
[HIGH-HIGH-HIGH]

3. if angle is positive and distance is far
power positive

State 2: (close)
[MED-MED-HIGH]

1. if angle is zero and distance is near
power positive
[LOW-MED-HIGH]

2. if angle is negative and distance is near
power positive
[HIGH-MED-LOW]

3. if angle is positive and distance is near
power negative
[MED-LOW-MED)]

4. if angle is zero and distance is close
power zero
[HIGH-LOW-LOW]

5. if angle is positive and distance is close
power negative
[LOW-LOW-med]

6. if angle is negative and distance is close
power zero

State 3: (zero)
[MED-LOW-MED)]

1. if angle is zero and distance is close
power zero
[HIGH-LOW-LOW]

2. if angle is positive and distance is close
power negative
[LOW-LOW-MED]

3. if angle is negative and distance is close
power zero

State Transition: [Angle Distance Present-State Nex

State 1 -> ??

ST1=[2311]
ST2=[1311]
ST3=[3311]
ST4=[1212]
ST5=[2212]
ST6=[3212]
ST7=[1113]
ST8=[2113]
ST9=[3113]

t-State]



State 2 -> ??

ST1=[2222]
ST2=[1222]
ST3=[3222]
ST4=[1321]
ST5=[2321]
ST6=[3321]
ST7=[1123]
ST8=[2123]
ST9=[3123]
State 3 -> ??

ST1=[2133]
ST2=[1133]
ST3=[3133]
ST4=[1232]
ST5=[2232]
ST6=[3232]
ST7=[1331]
ST8=[2331]
ST9=[3331]
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The following pages show the results of simulationsTtest

Example 2 parameters.

This is the log file for the state transition test

inference.

Started Rule Building Operation

Fuzzy State 1 Rule For Fuzzy Input O
{{F} {F} {8} {0} {0} {0} {O}}
{{F} {F} {8} {0} {0} {0} {O}}
{{8} {8} {8} {0} {0} {0} {O}}
{{F} {F} {8} {0} {0} {0} {O}}
{{8} {8} {8} {0} {0} {0} {O}}
{{F} {F} {8} {0} {0} {0} {O}}
{{F} {F} {8} {0} {0} {0} {O}}

Fuzzy State 2 Rule For Fuzzy Input O
{{F} {F} {8} {F} {8} {0} {0}}
{{F} {F} {8} {F} {8} {0} {0}}
{{8} {8} {8} {8} {8} {0} {O}}
{{F} {F} {8} {F} {8} {0} {O}}
{{8} {8} {8} {8} {8} {8} {8}}
{{0} {0} {0} {0} {8} {F} {F}}
{{0} {0} {0} {0} {8} {F} {F}}

Fuzzy State 3 Rule For Fuzzy Input O
{{0} {0} {8} {F} {8} {0} {O}}
{{0} {0} {8} {F} {8} {0} {O}}
{{0} {0} {8} {8} {8} {0} {O}}
{{0} {0} {8} {F} {8} {0} {O}}
{{0} {0} {8} {8} {8} {8} {8}}
{{0} {0} {0} {0} {8} {F} {F}}
{{0} {0} {0} {0} {8} {F} {F}}

Fuzzy State 1 Rule For Fuzzy Input 1
{{0} {0 {0} {0} {0} {0} {03}
{{0} {0 {0} {0} {0} {0} {03}
{{0} {0} {0} {0} {0} {0} {0}

with
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{{0} {0} {0} {0} {0} {O} {O}}
{{8} {8} {8} {0} {0} {0} {O}}
{{F} {F} {8} {0} {0} {0} {O}}
{{F} {F} {8} {0} {0} {0} {0}

Fuzzy State 2 Rule For Fuzzy Input 1
{{0} {0} {8} {F} {8} {F} {F}}
{{0} {0} {8} {F} {8} {F} {F}}
{{8} {8} {8} {8} {8} {8} {8}}
{{F} {F} {8} {0} {8} {F} {F}}
{{8} {8} {8} {0} {8} {8} {8}}
{{0} {0} {0} {0} {0} {O} {O}}
{{0} {0} {0} {0} {0} {O} {O}}

Fuzzy State 3 Rule For Fuzzy Input 1
{{0} {0} {8} {F} {8} {F} {F}}
{{0} {0} {8} {F} {8} {F} {F}}
{{0} {0} {8} {8} {8} {8} {8}}
{{0} {0} {0} {0} {0} {O} {O}}
{{0} {0} {0} {0} {0} {O} {O}}
{{0} {0} {0} {0} {0} {O} {O}}
{{0} {0} {0} {0} {0} {O} {O}}

Started State Transition Tests

Transition Test 1: State 1 -> State 1
x1=medium & x2=high is z=high

Results in Transition
From: 001
TO: 001

Using the inputs:
FI1: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
FI2: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{F} {F} {8} {0} {0} {0} {O}}

Transition Test 2: State 1 -> State 1
x1=low & x2=high is z=high

Results in Transition



From: 001
TO: 001

Using the inputs:
FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{F} {F} {8} {0} {0} {0} {O}}

Transition Test 3: State 1 -> State 1
x1=high & x2=high is z=high

Results in Transition

From: 001

TO: 001

Using the inputs:

FI1: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF
FI2: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

Fuzzy outputs are: {{F} {F} {8} {0} {0} {0} {O}}

Transition Test 4: State 1 -> State 2
x1=low & x2=medium is z=high
Results in Transition

From: 001

TO: 010

Using the inputs:

FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {0} {0} {O} {O}}

Transition Test 5: State 2 -> State 2
x1=medium & x2=medium is z=high
Results in Transition

From: 010

TO: 010

Using the inputs:
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FI1: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
FI12: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0

Fuzzy outputs are: {{F} {F} {8} {8} {8} {8} {8}}

Transition Test 6: State 2 -> State 2
x1=low & x2=medium is z=high
Results in Transition

From: 010

TO: 010

Using the inputs:

FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0

Fuzzy outputs are: {{F} {F} {8} {8} {8} {0} {0}

Transition Test 7: State 2 -> State 2
x1=high & x2=medium is z=low
Results in Transition

From: 010

TO: 010

Using the inputs:

FI1: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF
FI2: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {8} {8} {F} {F}}

Transition Test 8: State 2 -> State 3
x1=medium & x2=low is z=medium
Results in Transition

From: 010

TO: 100

Using the inputs:

FI1: 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
FI2: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

Fuzzy outputs are: {{8} {8} {8} {F} {8} {8} {8}}



Transition Test 9: State 3 -> State 3
x1=high & x2=low is z=low

Results in Transition

From: 100

TO: 100

Using the inputs:

FI1: 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF
FI2: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

Fuzzy outputs are: {{0} {0} {8} {8} {8} {F} {F}}

Transition Test 10: State 3 -> State 3
x1=low & x2=low is z=medium

Results in Transition

From: 100

TO: 100

Using the inputs:

FI1: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0
FI2: 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

Fuzzy outputs are: {{0} {0} {8} {F} {8} {0} {O}}

87



Test Example 3 Parameters and Results

Hand Eye Coordination Example - this example was us
test the
state transition only.

2-inputs

1. accuracy
1. below average
2. average
3. above average
4. excellent

2. time
1. below average
2. average
3. above average
4. excellent

12 states
(see parameters.vhd file for details)

The following are the test data for the accuracy an
inputs.

The first column indicates the time where a non-zer
starts

and continues for 20 samples. After the 20th sample
values are

again zero. Before the nth sample (first column) th

are

also zero.

Each trial pairs teh accuracy input and time input.
Accuracy

1. 5 0103050.708091.01.01.01.01.0
0.70.60.30.20.10.10.1
2. 3401030.70809091.01.01.01.01.0
1.01.00.80.60.30.20.1
3. 7201040809091.01.01.01.01.01.0
05040.20.10.10.10.1
4.1 0103050708091.01.01.01.01.0
0.70.60.30.20.10.10.1
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ed to

d time
o value
, the

e samples

1.00.8
1.01.0
0.8 0.6

1.00.8

5. 30103050708091.01.01.01.01.0
0.70.60.30.20.10.10.1

6. 500.102040.708101.01.01.01010
1.01.00.90.70.50.30.1

7. 3 0103050.708091.01.01.01.01.0
0.70.60.30.20.10.10.1

8. 750.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1

9. 50103050.708091.01.01.01.01.0
0.70.60.30.20.10.10.1

10.5 0.103050.70.8091.01.01.01.01.0
0.70.60.30.20.10.10.1
11.720.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1
12.720.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1

Time

1. 720.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1
2.500101010.7091.01.01.01.01.00.9
0.6050.30.10.10.10.1
3.5010407101.0101.010101.01.0
0.50.30.20.20.10.10.1

4. 700.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1

5. 7501040809091.01.01.01.01.01.0
05040.20.10.10.10.1

6. 250.1040910101.01.01.00.90.90.9
0.50.40404030.20.1

7. 7501040809091.01.01.01.01.01.0
05040.20.10.10.10.1

8. 0010407101.0101.010101.01.0
0.50.30.20.20.10.10.1

9. 720.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1
10.720.1040809091.01.01.01.01.01.0
05040.20.10.10.10.1

11.7 01040.710101.01.01.01.01.010
0.50.30.20.20.10.10.1

12.0 0.1040.710101.01.01.01.01010
0.50.30.20.20.10.10.1

State Transition Conditions
[Interval location of Accuracy, Interval location o
Present State, Next State]

1. 14 1 2 -"001 100 000000000001 000000000010

1.00.8
1.01.0
1.00.8
0.8 0.6
1.00.8
1.00.8
0.8 0.6

0.8 0.6

0.8 0.6
0.8 0.7
0.9 0.7
0.8 0.6
0.8 0.6
0.7 0.6
0.8 0.6
0.9 0.7
0.8 0.6
0.8 0.6
0.9 0.7

0.90.7

f Time,
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-"010 011 000000000001 000000000100
- "010 010 000000000001 000000000100
-"011 011 000000000001 000000000100
-"011 010 000000000001 000000000100
- "100 001 000000000001 000000001000
- "001 100 000000000010 000000000001
-"010 011 000000000010 000000000100

- "010 010 000000000010 000000000100
-"011 011 000000000010 000000000100
-"011 010 000000000010 000000000100
- "100 001 000000000010 000000001000
-"001 100 000000000100 000000000001
-"010 011 000000000100 000000001000
-"010 010 000000000100 000000001000
-"011 011 000000000100 000000001000

-"011 010 000000000100 000000001000
- "100 001 000000000100 000000010000
- "001 100 000000001000 000000010000
-"010 011 000000001000 000000100000
-"010 010 000000001000 000000100000
-"011 011 000000001000 000000100000
-"011 010 000000001000 000000100000
- "100 001 000000001000 000001000000

-"001 100 000000010000 000000001000
-"010 011 000000010000 000000100000
-"010 010 000000010000 000000100000
-"011 011 000000010000 000000100000
-"011 010 000000010000 000000100000
- "100 001 000000010000 000001000000
- "001 100 000000100000 000000001000
-"010 011 000000100000 000001000000

-"010 010 000000100000 000001000000
-"011 011 000000100000 000001000000
-"011 010 000000100000 000001000000
- "100 001 000000100000 000010000000
-"001 100 000001000000 000010000000
- "001 100 000010000000 000001000000
-"010 011 000001000000 000100000000

10-"011 010 000001000000 001000000000

11 -"100 001 000001000000 010000000000
1112 -"100 001 010000000000 100000000000
9 12-"100 001 000100000000 100000000000
10 12 - "100 001 001000000000 100000000000

Simulation Results are shown in Figure 4.3.



Appendix D — Test Files (do files)

The following pages shows the test files (do files) used

verify the hardware design.

Test Example 1 Do File

# Some useful constants

# 1.0 1.0 0.5 0.0 0.0 0.0 0.0

setlow [list 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

set medium [list 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
# 0.0 0.0 0.0 0.0 0.5 1.0 1.0

set high [list 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

restart
# set up log file for simulation results

set f [open "stateresult.txt" {WRONLY CREAT TRUNC}]
puts $f "This is the log file for the state transit

with inference.”

puts $f ™"

puts $f " "

puts $f "Started Rule Building Operation”
puts $f " "

puts $f ™"

#

eChO "HHHHHHIBHIHEHIHH I
echo "$now ps: Start MISO RULE TEST"

echo " "

eCho "HHHHHHIBHIHEHIH I

ion test

**#

A

A

90

forceclk 00,15ns -ri10ns
force reset_| 1

force fzyin(0) 4'h0
force fzyin(1) 4'h0
force zbusin  4'h0
force op 0
force convert 0
force enable 0
force fstate 001
force momstart 0

run 60 ns

force reset_| O

run 40 ns

force reset_| 1

run 40 ns

echo "ft R R T R R R R T
ggng :$now ps: Modelll Building - For CRISP fstate 1"

eChO "HHHHHIHHHEHEH I

# fuzzy input 1 building rule

#FIN1: 1.0 1.0 0.5 0.0 0.0 0.0 0.0
# 0.0 0.0 0.5 1.0 0.5 0.0 0.0
# 0.0 0.0 0.0 0.0 0.5 1.0 1.0
# 0.0 0.0 0.0 0.0 0.5 1.0 1.0
# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

set x [concat "$low $medium $high $high $medium"]

# fuzzy input 2 building rule

#FIN2: 1.0 1.0 0.5 0.0 0.0 0.0 0.0
# 0.0 0.0 0.0 0.0 0.5 1.0 1.0
# 0.0 0.0 0.5 1.0 0.5 0.0 0.0
# 0.0 0.0 0.0 0.0 0.5 1.0 1.0
# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

set y [concat "$low $high $medium $high $medium"]

# fuzzy output
#FOUT: 1.0 1.0 0.5 0.0 0.0 0.0 0.0

A

At



H

0.0 0.0 0.0 0.0 0.5 1.0 1.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0

set z [concat "$low $high $medium $high $medium"]

setiO

forceop 1
force enable 1

while {$i 1= 35} {

if {$i<7}H{
setj0
setk 7

} elseif {$i < 14} {
setj7
setk 14

} elseif {$i < 21} {
setj14
setk 21

} elseif {$i < 28} {
setj21
setk 28

} elseif {$i < 35} {
setj 28
set k 35

}

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $y $i]

while {$j I= $k} {
force zbusin [lindex $z $j]

run 10 ns
incrj+1

incri+1

forceop O
force enable 0
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run 20ns

echo "t R R
echo "$now ps: Model Building - For CRISP fstate 2"

echo " "

echo "t R R

# fuzzy input building rule

#FIN1: 0.0 0.0 0.0 0.0 0.5 1.0 1.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0

H

set x [concat "$high $low $medium $medium $high”]

# fuzzy input 2 building rule

#FIN2: 1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0

H

set y [concat "$low $medium $low $high $high”]

# fuzzy output
#FOUT: 0.0 0.0 0.5 1.0 0.5 0.0 0.0

1.0 1.0 0.5 0.0 0.0 0.0 0.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0

H

set z [concat "$medium $low $low $high $high”]
setiO

force fstate 010

force op 1

force enable 1

while {$i = 35} {

if {$i<7}H{
setj0

At

At



setk 7

} elseif {$i < 14} {
setj7
setk 14

} elseif {$i < 21} {
setj14
setk 21

} elseif {$i < 28} {
setj21
setk 28

} elseif {$i < 35} {
setj28
setk 35

}

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $y $i]

while {$j I= $k} {
force zbusin [lindex $z $j]

run 10 ns
incrj+1

incri+1

forceop O
force enable 0

run 20ns

eChO "HHHHHIHHHIHEH I HH "
echo "$now ps: Model Building - For CRISP fstate 3"

echo " "

eChO "HHHHHIHHHEHIH I HH "

# fuzzy input building rule

#FIN1: 0.0 0.0 0.0 0.0 0.5 1.0 1.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.5 1.0 1.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0

H

set x [concat "$high $low $high $low $medium"]

# fuzzy input 2 building rule
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# FIN2:

H

set y [concat "$medium $high $low $low $medium"]

0.0 0.0 0.5 1.0 0.5 0.0 0.0

0.0 0.0 0.0 0.0 0.5 1.0 1.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
1.0 1.0 0.5 0.0 0.0 0.0 0.0
0.0 0.0 0.5 1.0 0.5 0.0 0.0

# fuzzy output

#FOUT: 0.0 0.0 0.0 0.0 0.5 1.0 1.0
# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

# 1.0 1.0 0.5 0.0 0.0 0.0 0.0

# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

set z [concat "$high $medium $medium $low $medium"]

setiO

force fstate 100

force op

1

force enable 1

while {$i 1= 35} {

if {$i < 7} {

setj

0

setk 7
} elseif {$i < 14} {

setj

7

set k 14
} elseif {$i < 21} {

setj

14

set k 21
} elseif {$i < 28} {

setj

21

set k 28
} elseif {$i < 35} {

setj

28

set k 35

}

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $y $i]

while {$j 1= $k} {



force zbusin [lindex $z $j]

run 10 ns
incrj+1

incri+1

forceop O
force enable 0

run 20ns

eChO "HHHHHIHHHIHIH I

echo "$now ps: Model Building - For FUZZY fstates"

echo'

echo

R T T T T R R

force op 0

force enable 0

force convert 1

run 10ns

force convert 0

# record the computed fuzzy state rules into the lo
puts $f "Fuzzy State 1 Rule For Fuzzy Input 0"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

]

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

I
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At

At

g file

-hex
0)(6:0)]]

-hex
0)(13:7)]

-hex
0)(20:14)

-hex
0)(27:21)

-hex
0)(34:28)

-hex
0)(41:35)

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

Il

puts $f ™"

puts $f "Fuzzy State 2 Rule For Fuzzy Input 0"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

]

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

Il

puts $f ™"

puts $f "Fuzzy State 3 Rule For Fuzzy Input 0"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

$f

puts [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

Il

-hex
0)(48:42)

-hex
1)(6:0)]]

-hex
1)(13:7)]

-hex
1)(20:14)

-hex
1)(27:21)

-hex
1)(34:28)

-hex
1)(41:35)

-hex
1)(48:42)

-hex
2)(6:0)]]

-hex
2)(13:7)]

-hex
2)(20:14)

-hex
2)(27:21)

-hex
2)(34:28)

-hex
2)(41:35)

-hex
2)(48:42)



puts $f ™"

puts $f "Fuzzy State 1 Rule For Fuzzy Input 1"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

I

puts $f ™"

puts $f "Fuzzy State 2 Rule For Fuzzy Input 1"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

I

puts $f ™"
puts $f "Fuzzy State 3 Rule For Fuzzy Input 1"
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-hex
0)(6:0)]]

-hex
0)(13:7)]

-hex
0)(20:14)

-hex
0)(27:21)

-hex
0)(34:28)

-hex
0)(41:35)

-hex
0)(48:42)

-hex
1)(6:0)]]

-hex
1)(13:7)]

-hex
1)(20:14)

-hex
1)(27:21)

-hex
1)(34:28)

-hex
1)(41:35)

-hex
1)(48:42)

puts $f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(6:0)]]
puts f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(13:7)]
]

puts $f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(20:14)
puts $f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(27:21)
puts f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(34:28)
1l

puts $f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(41:35)
1l

puts $f [concat [exam -hex
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule( 2)(48:42)
1l

run 100ns

force op 0

force convert 0

force enable 0

force fstate 001

©CNO "M R B
echo "$now ps: Start MISO State Transition Test"

echo" "

©CNO "HHHHHHEH B R B
forceclk 00,15ns -ri0ns

force momstart 0

run 20 ns

force fzyin(0) 4'h0

force fzyin(1) 4'h0

run 20 ns

©CNO "HHHHH R R R B



echo "$now ps: Create file to store the results and read"
echo" the initial state of the system "
eChO "HHHHHHIBHIHEHIH I HFHHHH

©CNO "M R
echo "$now ps: Test set 1"

echo " x1=low & x2=low is z=low "

echo " state 1 to state 1"

©CNO "M R

At

At

puts $f ™"

puts $f ™"

puts $f " "
puts $f "Started State Transition Tests"
puts $f " "
puts $f ™"

puts $f " "
puts $f “Transition Test 1: State 1 -> State 1"
puts $f ™"

puts $f "x1=low & x2=low is z=low"

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1
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while {[exam newstrdy] != 1} {
run 10 ns
}

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"
puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are:
puts $f " [exam -hex fzyout]"

run 20 ns

#

echo “HHtHHIRHHHH T R
echo "$now ps: Test set 2"

echo " x1=medium & x2=high is z=high "

echo " state 1 to state 3"

echo “HtHHIHHHH T R
puts $f ™"

puts $f " "
puts $f “Transition Test 2: State 1 -> State 3"
puts $f ™"

puts $f "x1=medium & x2=high is z=high"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

‘k*#

A

At



setiO

# fuzzy input 1
set x $medium

# fuzzy input 2
set z $high

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns
}

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

# i

eCho "HHHHHIHHHEHIH I A

echo "$now ps: Test set 3"
echo " x1=low & x2=high is z=medium "
echo " state 3 to state 3"

eChO "HHHHHIHHHEHEH I At
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puts $f ™"
puts $f " "
puts $f “Transition Test 3: State 3 -> State 3"
puts $f ™"

puts $f "x1=low & x2=high is z=medium"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $high

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"



puts $f
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

# i

©CNO "M R B
echo "$now ps: Test set 4"

echo " x1=medium & x2=medium is z=medium "

echo " state 3 to state 2"

©CNO "M R B

puts $f
puts $f "
puts $f “Transition Test 4: State 3 -> State 2"
puts $f ™"

puts $f "x1=medium & x2=medium is z=medium"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $medium

# fuzzy input 2
set z $medium

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1
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while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

#

©CNO "HHHHH B R
echo "$now ps: Test set 5"

echo " x1=medium & x2=low is z=low "

echo " state 2 to state 2"

©CNO "HHHHH I R

puts $f
puts $f "
puts $f “Transition Test 5: State 2 -> State 2"
puts $f ™"

puts $f "x1=medium & x2=low is z=low"

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

**#

At

At



# fuzzy input 1
set x $medium

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

# i

eChO "HHHHHIHHHEHEH I At

echo "$now ps: Test set 6"
echo " x1=high & x2=low is z=medium "
echo " state 2 to state 1"

eChO "HHHHHIHHHIHEH I A

puts $f ™"
puts $f " "
puts $f “Transition Test 6: State 2 -> State 1"
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puts $f ™"
puts $f "x1=high & x2=low is z=medium"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $high

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"



run 20 ns

# i

ChO "HHHHHHIBHHIHEHIH I
echo "$now ps: Test set 7"

echo " x1=low & x2=high is z=???? "

echo " state 1 to state 2 "

eCho "HHHHHHIBHHIHEHIHH I

At

At

puts $f
puts $f "
puts $f “Transition Test 7: State 1 -> State 2"

puts $f ™"

puts $f "xl=low & x2=high is z=???? Value of Z is not
specified in the rules."

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $high

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns
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puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

#

©CNO "M R
echo "$now ps: Test set 8"

echo " x1=low & x2=medium is z=low "

echo " state 2 to state 3"

©CNO "HHHHH B R

puts $f
puts $f "
puts $f “Transition Test 8: State 2 -> State 3"
puts $f ™"

puts $f "x1=low & x2=medium is z=low "
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $low

**#

At

At



# fuzzy input 2
set z $medium

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

# *

eChO "HHHHHHIBHIHEHIHH I HFHHH
echo "$now ps: Test set 9"

echo " x1=high & x2=high is z=????"

echo " state 3 to state ???? not in path "

eCho "HHHHHHITHHIHEHH I HFHHHH

puts $f ™"
puts $f "
puts $f “Transition Test 9: State 3 -> State ???? not in
path, state should stay the same"

puts $f ™"

puts $f "x1=high & x2=high is z=???? not in rules "
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puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $high

# fuzzy input 2
set z $high

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns



# i

ChO "HHHHHHIBHIHEHITHH I HFHHHH
echo "$now ps: Test set 10"

echo " x1=high & x2=low is z=medium "

echo " state 3 to state 1"

eChO "HHHHHHIBHHIHEHIH I HFHHHH

puts $f
puts $f " "

puts $f "Transition Test 10: State 3 -> State 1"
puts $f ™"

puts $f "x1=high & x2=low is z=medium "

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $high

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"
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puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

# **H
close $f



Test Example 2 Do File

# Some useful constants

# 1.0 1.0 0.5 0.0 0.0 0.0 0.0

set low [list 4'hF 4'hF 4'h8 4'h0 4'h0 4'h0 4'h0

# 0.0 0.0 0.5 1.0 0.5 0.0 0.0

set medium [list 4'h0 4'h0 4'h8 4'hF 4'h8 4'h0 4'h0
# 0.0 0.0 0.0 0.0 0.5 1.0 1.0

set high [list 4'h0 4'h0 4'h0 4'h0 4'h8 4'hF 4'hF

restart
# set up log file for simulation results

set f [open "stateresult.txt" {WRONLY CREAT TRUNC}]
puts $f "This is the log file for the state transit

with inference.”

puts $f ™"
puts $f "
puts $f "Started Rule Building Operation”
puts $f " "

puts $f ™"

ion test

m

eCho "HHHHHHIBHIHEHIHH I
echo "$now ps: Start MISO RULE TEST"

echo " "

eCho "HHHHHHIBHIHEHIHH I

forceclk 00,15ns -ri10ns
force reset_| 1

force fzyin(0) 4'h0
force fzyin(1) 4'h0
force zbusin  4'h0
force op 0
force convert 0
force enable 0
force fstate 001
force momstart 0

run 60 ns
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A

force reset_| O
run 40 ns
force reset_| 1

run 40 ns

echo "t R R
echo "$now ps: Model Building - For CRISP fstate 1"

echo " "

echo "t R

# fuzzy input 1 building rule
set x [concat "$medium $low $high"]
# fuzzy input 2 building rule

set y [concat "$high $high $high"]

# fuzzy output
set z [concat "$high $high $high"]
setiO

forceop 1
force enable 1

while {$i 1= 21} {

if {$i<7}H{
setj0
setk 7

} elseif {$i < 14} {
setj7
setk 14

} elseif {$i < 21} {
setj14
setk 21

}

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $y $i]

At

At



while {$j I= $k} {
force zbusin [lindex $z $j]

run 10 ns
incrj+1

incri+1

forceop O
force enable 0

run 20ns

eChO "HHHHHIHHHIHEH I
echo "$now ps: Model Building - For CRISP fstate 2"

echo " "

eChO "HHHHHIHHHEHEH I
# fuzzy input building rule

set x [concat "$medium $low $high $medium $high $lo

# fuzzy input 2 building rule
set y [concat "$medium $medium $medium $low $low $I
# fuzzy output
set z [concat "$high $high $low $medium $low $mediu
setiO
force fstate 010
force op 1
force enable 1
while {$i = 42} {
if {$i < 7}{
setj0
setk 7
} elseif {$i < 14} {

setj7
setk 14
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At

At

W]

} elseif {$i < 21} {
setj14
setk 21

} elseif {$i < 28} {
setj21
setk 28

} elseif {$i < 35} {
setj 28
set k 35

} elseif {$i < 42} {
setj 35
setk 42

}

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $y $i]

while {$j 1= $k} {
force zbusin [lindex $z $j]

run 10 ns
incrj+1

incri+1

forceop O
force enable 0

run 20ns

echo "t T T R R R R T
echo :$now ps: Modelll Building - For CRISP fstate 3"

ggng "HHHHHHHH
# fuzzy input building rule

set x [concat "$medium $high $low"]

# fuzzy input 2 building rule

set y [concat "$low $low $low"]

# fuzzy output

A

A



set z [concat "$medium $low $medium"]
setiO

force fstate 100
forceop 1
force enable 1

while {$i 1= 21} {

if {$i<7}H{
setj0
setk 7

} elseif {$i < 14} {
setj7
setk 14

} elseif {$i < 21} {
setj14
setk 21

}

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $y $i]

while {$j I= $k} {
force zbusin [lindex $z $j]

run 10 ns
incrj+1

incri+1

forceop O
force enable 0

run 20ns

echo
echo

echo'

echo

"HH
"$now ps: Model Building - For FUZZY fstates"

MR T T T T T R R

force op 0
force enable 0
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A

force convert 1

run 10ns

force convert 0

# record the computed fuzzy state rules into the lo

puts $f "Fuzzy State 1 Rule For Fuzzy Input 0"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

]

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

Il

puts $f ™"

puts $f "Fuzzy State 2 Rule For Fuzzy Input 0"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

]

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1l

puts

$f

[concat

[exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

Il

g file

-hex
0)(6:0)]]

-hex
0)(13:7)]

-hex
0)(20:14)

-hex
0)(27:21)

-hex
0)(34:28)

-hex
0)(41:35)

-hex
0)(48:42)

-hex
1)(6:0)]]

-hex
1)(13:7)]

-hex
1)(20:14)

-hex
1)(27:21)

-hex
1)(34:28)

-hex
1)(41:35)



puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

I

puts $f ™"

puts $f "Fuzzy State 3 Rule For Fuzzy Input 0"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/ffmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__0/par_inf/fmemrule(

I

puts $f ™"

puts $f "Fuzzy State 1 Rule For Fuzzy Input 1"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1l

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

I
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-hex
1)(48:42)

-hex
2)(6:0)]]

-hex
2)(13:7)]

-hex
2)(20:14)

-hex
2)(27:21)

-hex
2)(34:28)

-hex
2)(41:35)

-hex
2)(48:42)

-hex
0)(6:0)]]

-hex
0)(13:7)]

-hex
0)(20:14)

-hex
0)(27:21)

-hex
0)(34:28)

-hex
0)(41:35)

-hex
0)(48:42)

puts $f ™"

puts $f "Fuzzy State 2 Rule For Fuzzy Input 1"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

Il

puts $f ™"

puts $f "Fuzzy State 3 Rule For Fuzzy Input 1"

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(
puts $f [concat [exam

/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

]

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

1

puts $f [concat [exam
/hfbfsm_top/inference/parallel__1/par_inf/fmemrule(

Il

run 100ns

-hex
1)(6:0)]]

-hex
1)(13:7)]

-hex
1)(20:14)

-hex
1)(27:21)

-hex
1)(34:28)

-hex
1)(41:35)

-hex
1)(48:42)

-hex
2)(6:0)]]

-hex
2)(13:7)]

-hex
2)(20:14)

-hex
2)(27:21)

-hex
2)(34:28)

-hex
2)(41:35)

-hex
2)(48:42)



m

H

force op 0
force convert 0
force enable 0
force fstate 001

eCho "HHHHHHIBHHIHEHIHH I
echo "$now ps: Start MISO State Transition Test"

echo ™" "

eCho "HHHHHHIBHIHEHIH I

forceclk 00,15ns -ri0ns
force momstart 0

run 20 ns

force fzyin(0) 4'h0
force fzyin(1) 4'h0

run 20 ns

eChO "HHHHHHIBHHIHEHITHH I
echo "$now ps: Create file to store the results and

echo" the initial state of the system

eCho "HHHHHHIBHIHEHIH I

eCho "HHHHHIBHIHEHIH I
echo "$now ps: Test set 1"

echo " x1=medium & x2=high is z=high "

echo " state 1 to state 1"

eCho "HHHHHHITHHIHEHIH I

puts $f
puts $f
puts $f " "
puts $f "Started State Transition Tests"

puts $f " "
puts $f ™"

puts $f " "
puts $f “Transition Test 1: State 1 -> State 1"
puts $f ™"

puts $f "x1=medium & x2=high is z=high"
puts $f ™"
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B
read"

A

At

A

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $medium

# fuzzy input 2
set z $high

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns
}

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"
puts $f ™"

puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns



m

H

eChO "HHHHHIBHHIHEHIHH I HFHHHH
echo "$now ps: Test set 2"

echo " x1=low & x2=high is z=high "

echo " state 1 to state 1"

eChO "HHHHHHIBHHIHEHIH I HFHHHH
puts $f ™"
puts $f "
puts $f “Transition Test 2: State 1 -> State 1"
puts $f ™"

puts $f "x1=low & x2=high is z=high"

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $high

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns
}

puts -nonewline $f " TO: "
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puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H

echo "t R R
echo "$now ps: Test set 3"

echo " x1=high & x2=high is z=high "

echo " state 1 to state 1"

echo "t T R

puts $f
puts $f "
puts $f “Transition Test 3: State 1 -> State 1"
puts $f ™"

puts $f "x1=high & x2=high is z=high"

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $high

# fuzzy input 2

At

At



set z $high
while {$i != 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H

eCho "HHHHHHIBHIHEHIHH I HFHHH
echo "$now ps: Test set 4"

echo " x1=low & x2=medium is z=high "

echo " state 1 to state 2"

eCho "HHHHHHIBHHIHEHIH I HFHHHH

puts $f
puts $f "
puts $f “Transition Test 4: State 1 -> State 2"
puts $f ™"

puts $f "x1=low & x2=medium is z=high"
puts $f ™"
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puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $medium

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"
puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H



eCho "HHHHHHIBHIHEHITHH I HFHHHH
echo "$now ps: Test set 5"

echo " x1=medium & x2=medium is z=high "

echo " state 2 to state 2"

ChO "HHHHHHIBHHIHEHIH I HFHHHH

puts $f
puts $f "
puts $f "Transition Test 5: State 2 -> State 2"
puts $f ™"
puts $f "x1=medium & x2=medium is z=high"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $medium

# fuzzy input 2
set z $medium

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"
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puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H

echo “HtHHIHHH R
echo "$now ps: Test set 6"

echo " x1=low & x2=medium is z=high "

echo " state 2 to state 2"

echo "t R R

puts $f
puts $f "
puts $f “Transition Test 6: State 2 -> State 2"
puts $f ™"

puts $f "x1=low & x2=medium is z=high"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $medium

while {$i 1= 7} {

At

At



force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

# K*kkkkkkkk

m

H

eCho "HHHHHHIBHIHEHIHH I HFHHH
echo "$now ps: Test set 7"

echo " x1=high & x2=medium is z=low "

echo " state 2 to state 2"

eChO "HHHHHHIBHIHEHIH I HFHHH

puts $f
puts $f "
puts $f “Transition Test 7: State 2 -> State 2"
puts $f ™"

puts $f "x1=high & x2=medium is z=low"
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]
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force momstart 1
run 10 ns
force momstart 0

setiO

# fuzzy input 1
set x $high

# fuzzy input 2
set z $medium

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H

echo "ttt R T T R R T R T
echo "$now ps: Test set 8"

A



echo " x1=medium & x2=low is z=medium "
echo " state 2 to state 3"
©CNO "HHHHH R R B

puts $f
puts $f "
puts $f “Transition Test 8: State 2 -> State 3"
puts $f ™"
puts $f "x1=medium & x2=low is z=medium "
puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $medium

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
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puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H

echo "t R
echo "$now ps: Test set 9"

echo " x1=high & x2=low is z=low "

echo " state 3 to state 3"

echo "t T R

puts $f
puts $f "
puts $f “Transition Test 9: State 3 -> State 3"
puts $f ™"

puts $f "x1=high & x2=low is z=low "

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns

force momstart 0
setiO

# fuzzy input 1
set x $high

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

At

At



run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"

puts -nonewline $f " FI2:"
puts $f " $z"

puts $f ™"

puts -nonewline $f "Fuzzy outputs are: "
puts $f " [exam -hex fzyout]"

run 20 ns

m

H

©CNO "M R B
echo "$now ps: Test set 10"

echo " x1=low & x2=low is z=medium "

echo " state 3 to state 3"

©CNO "M R B

puts $f
puts $f "
puts $f "Transition Test 10: State 3 -> State 3"
puts $f ™"

puts $f "x1=low & x2=low is z=medium "

puts $f ™"

puts $f "Results in Transition"
puts -nonewline $f "From: "
puts $f [exam fzy_nxt_state]

force momstart 1
run 10 ns
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force momstart 0
setiO

# fuzzy input 1
set x $low

# fuzzy input 2
set z $low

while {$i 1= 7} {

force fzyin(0) [lindex $x $i]
force fzyin(1) [lindex $z $i]

run 10 ns
incri+1

}

while {[exam newstrdy] != 1} {
run 10 ns

puts -nonewline $f " TO: "
puts $f " [exam fzy_nxt_state]"

puts $f
puts $f "Using the inputs:"
puts -nonewline $f " FI1:"
puts $f " $x"
puts -nonewline $f " FI2:"
puts $f " $z"

puts $f

puts -nonewline $f "Fuzzy outputs are: "

puts $f " [exam -hex fzyout]"

run 20 ns

m

H

close $f



Test Example 3 Do File

restart

eCho "HHHHHHITHHIHEHIHH I
echo "$now ps: Start MISO Test"

echo " "

eChO "HHHHHHIBHHIHEHIHH I

forceclk 00,15ns -ri0ns
force reset_| 0

force momstart 0

run 20 ns

force fzy_inpts(0) 4'h0
force fzy_inpts(1) 4'h0

run 20 ns

force reset_| 1

run 10 ns

eCho "HHHHHHIBHIHEHITHH I
echo "$now ps: Create file to store the results and

echo" the initial state of the system

eCho "HHHHHIBHIHEHIH I
set f [open "result.txt" {WRONLY CREAT TRUNC}]

puts $f [exam fzy_nxt_state]

close $f

eCho "HHHHHHITHHIHEHIH I
echo "$now ps: Test set 1"

echo" "
©CNO "HHHHH BB R

force momstart 1
run 10 ns
force momstart 0

setiO
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At

At

B
read"

At

At

A

setj0
setk 0

# accuracy starts at 5

# accuracy: 0.1 0.3 0.5 0.7 08 09 1.0 1.0
1.0 1.0 1.0 0.8 0.7 0.6 0.3 0.2 0.1 0.1 O

set x [list 4'hl 4'h5 4'h8 4'hC 4'hD 4'hE 4'hF 4'hF
4'hF 4'hF 4'hF 4'hD 4'hC 4'hA 4'h5 4'h3 4'hl 4'hl 4

# time starts at 72

#time :01 04 08 09 09 10 1.0 1.0
1.0 1.0 0806 0504 020101010

set z [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl 4

while {$i I= 102} {
if {($i > 4) && ($i < 25)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1
}else {
force fzy_inpts(0) 4'h0

if {($i >71) && ($i < 92)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

1.0
1
4hF
h1]
1.0
1
4hF
h1]



#

eChO "HHHHHIHHHIHEH I

echo "$now ps: Test set 2"
echo ™" "

eChO "HHHHHIHHHEHEH I

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 34

# accuracy: 0.1 0.3 0.7 08 09 09 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0 0.8 0.6 0.3 0.2 0

set x [list 4'hl 4'h5 4'hC 4'hD 4'hE 4'hE 4'hF 4'hF
4'hF 4'hF 4'hF 4'hF 4'hF 4'hF 4'hD 4'hA 4'h5 4'h3 4

# time starts at 50

#time :01 0.1 01 0.7 09 10 1.0 1.0
1.0 09 080706 05030101010

set z [list 4'hl 4'hl 4'hl 4'hC 4'hE 4'hF 4'hF 4'hF
4'hF 4'hE 4'hD 4'hC 4'hA 4'h8 4'h5 4'hl 4'hl 4'hl 4

while {$i 1= 102} {

if {($i > 33) && ($i < 54)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

if {($i > 49) && ($i < 70)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
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*******#
B
B
1.0
1
4hF
h1]
1.0
1
&hF
h1]

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

#

eChO "HHHHHIHHHEHIH I

echo "$now ps: Test set 3"
echo " "

eChO "HHHHHHHHEHEH I

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 72

# accuracy: 0.1 0.4 0.8 09 09 1.0 1.0 1.0
1.0 1.0 0.8 0.6 0.5 04 0.2 0.1 0.1 0.1 O

set x [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl1 4

# time starts at 5

#time :01 04 0.7 1.0 1.0 10 1.0 1.0
1.01.009070503020201010

set z [list 4'hl 4'h6 4'hC 4'hF 4'hF 4'hF 4'hF 4'hF
4'hF 4'hF 4'hE 4'hC 4'h8 4'h5 4'h3 4'h3 4'hl 4'hl 4

while {$i 1= 102} {

if {($i >71) && ($i < 92)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

*******#
"
"
1.0
1
4'hF
'h1]
1.0
1
4'hF
'h1]



if {($i > 4) && ($i < 25)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

# *******#

echo "ttt R R T R R T R T HiHHHHH"
echo "$now ps: Test set 4"

echo " "

echo "ttt R T T R R R R T HiHHHH"

force momstart 1
run 10 ns
force momstart 0

setiO

setj0

setk 0

# accuracy starts at 1

# accuracy: 0.1 0.3 0.5 0.7 0.8 09 1.0 1.0 1.0
1.0 1.0 1.0 0.8 0.7 0.6 0.3 0.2 0.1 0.1 O 1

set x [list 4'hl 4'h5 4'h8 4'hC 4'hD 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hF 4'hD 4'hC 4'hA 4'h5 4'h3 4'hl 4'hl 4 'h1]

# time starts at 70

#time :0.1 04 0.8 09 09 1.0 10 1.0 1.0
1.0 1.0 0.8 0.6 0.5 04 0.2 0.1 0.1 0.1 O 1
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set z [list 4hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'h1 4'h1 4'h1 4 'h1]
while {$i I= 102} {
if {($i > 0) && ($i < 21)}{
force fzy_inpts(0) [lindex $x $j]
incrj+1
}else {
force fzy_inpts(0) 4'h0

if {($i > 69) && ($i < 90)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

# *******#

echo "ft T T T R R R R T HiHHHHH"
echo "$now ps: Test set 5"

echo " "

echo "ft R R T R R T R T HHHHHH"

force momstart 1
run 10 ns
force momstart 0



setiO
setj0
setk 0

# accuracy starts at 3

# accuracy: 0.1 0.3 05 0.7 0.8 09 1.0 1.0
1.0 1.0 1.0 0.8 0.7 0.6 0.3 0.2 0.1 0.1 O

set x [list 4'hl 4'h5 4'h8 4'hC 4'hD 4'hE 4'hF 4'hF
4'hF 4'hF 4'hF 4'hD 4'hC 4'hA 4'h5 4'h3 4'hl 4'hl 4

# time starts at 75

#time :01 04 08 09 09 10 1.0 1.0
1.0 1.0 0806 0504020101010

set z [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl 4

while {$i I= 102} {
if {($i > 2) && ($i < 23)}{
force fzy_inpts(0) [lindex $x $j]
incrj+1
}else {
force fzy_inpts(0) 4'h0

if {($i > 74) && ($i < 95)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

#

eChO "HHHHHIHHHIHEH I

echo "$now ps: Test set 6"
echo " "

eChO "HHHHHIHHHEHIH I

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 50

# accuracy: 0.1 0.2 0.4 0.7 08 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0 09 0.7 0.5 0.3 0

set x [list 4'hl 4'h3 4'h6é 4'hC 4'hD 4'hF 4'hF 4'hF
4'hF 4'hF 4'hF 4'hF 4'hF 4'hF 4'hE 4'hC 4'h8 4'h5 4

# time starts at 40

#time :01 04 09 1.0 10 10 1.0 1.0
09 09 0.7 06 0504 04 0403020

set z [list 4'hl 4'h6 4'hE 4'hF 4'hF 4'hF 4'hF 4'hF
4'hE 4'hE 4'hC 4'hA 4'h8 4'h6 4'h6 4'h6 4'h5 4'h3 4

while {$i 1= 102} {

if {($i > 49) && ($i < 70)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

if {($i > 39) && ($i < 60)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1

*******#
S
S
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1
4hF
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'h1]



while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

#

eChO "HHHHHIHHHEHEH I

echo "$now ps: Test set 7"
echo " "

eChO "HHHHHIHHHIHEH I

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 3

# accuracy: 0.1 0.3 0.5 0.7 0.8 09 1.0 1.0
1.0 1.0 1.0 0.8 0.7 0.6 0.3 0.2 0.1 0.1 O

set x [list 4'hl 4'h5 4'h8 4'hC 4'hD 4'hE 4'hF 4'hF
4'hF 4'hF 4'hF 4'hD 4'hC 4'hA 4'h5 4'h3 4'hl 4'hl 4

# time starts at 75

#time :01 04 08 09 09 10 1.0 1.0
1.0 1.0 0806 0504020101010

set z [list 4'hl 4'h6 4'hD 4'hE 4'hF 4'hF 4'hF 4'hF
4'hE 4'hE 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl 4

while {$i 1= 102} {

if {($i > 2) && ($i < 23)}{
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

*******#
B
B
1.0
1
4hF
h1]
1.0
1
4'hE
h1]
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if {($i > 74) && ($i < 95)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

#

echo "ft R R T R R T R T
echo "$now ps: Test set 8"

echo " "

echo "t R R T R R R R T

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 75

# accuracy: 0.1 0.4 0.8 09 09 1.0 1.0 1.0
1.0 1.0 0.8 0.6 0.5 04 0.2 0.1 0.1 0.1 O

set x [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl 4

# time starts at 0

*******#

At

At



#time :0.1 04 0.7 1.0 1.0 1.0 1.0 1.0 1.0

1.0 100907 0503020201010 1
set z [list 4'hl 4'h6 4'hC 4'hF 4'hF 4'hF 4'hF 4'hF 4'hF
4'hF 4'hF 4'hE 4'hC 4'h8 4'h5 4'h3 4'h3 4'hl 4'hl1 4 'h1]

while {$i 1= 102} {

if {($i > 74) && ($i < 95)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

if {($i >-1) && ($i < 20)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

# *******#

echo "ttt T T R R T R T HiHHHHH"
echo "$now ps: Test set 9"

echo " "

echo "ttt R T T R R R R HiHHHHH"

force momstart 1

run 10 ns
force momstart 0

118

setiO
setj0
setk 0

# accuracy starts at 5

# accuracy 0.1 0.3 05 0.7 0.8 09 1.0 1.0
1.0 1.0 1.0 0.8 0.7 0.6 0.3 0.2 0.1 0.1 O

set x [list 4'hl 4'h5 4'h8 4'hC 4'hD 4'hE 4'hF 4'hF
4'hF 4'hF 4'hF 4'hD 4'hC 4'hA 4'h5 4'h3 4'hl 4'hl 4

# time starts at 72

#time :01 04 08 09 09 10 1.0 1.0
1.0 1.0 0806 0504020101010

set z [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl 4

while {$i 1= 102} {

if {($i > 4) && ($i < 25)}{
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

if {($i >71) && ($i < 92)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

1.0
1
4hF
h1]
1.0
1
4hF
h1]



run 20 ns

#

ChO "HHHHHHIBHHIHEHIH I
echo "$now ps: Test set 10"

echo ™" "

eCho "HHHHHHIBHHIHEHIHH I

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 5

# accuracy 0.1 0.3 05 0.7 0.8 09 1.0 1.0
1.0 1.0 1.0 0.8 0.7 0.6 0.3 0.2 0.1 0.1 O

set x [list 4'hl 4'h5 4'h8 4'hC 4'hD 4'hE 4'hF 4'hF
4'hF 4'hF 4'hF 4'hD 4'hC 4'hA 4'h5 4'h3 4'hl 4'hl 4

# time starts at 72

#time :01 04 08 09 09 10 1.0 1.0
1.0 1.0 0806 0504020101010

set z [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl 4

while {$i 1= 102} {

if {($i > 4) && ($i < 25)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

if {($i > 71) && ($i < 92)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
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}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

#

echo "ttt R T R R R R
echo "$now ps: Test set 11"

echo " "

echo "ttt T T R R R R T

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 72

# accuracy: 0.1 0.4 0.8 09 09 1.0 1.0 1.0
1.0 1.0 0.8 0.6 0.5 04 0.2 0.1 0.1 0.1 O

set x [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'h1 4'hl 4'hl1 4

# time starts at 7

#time :01 04 0.7 1.0 1.0 10 1.0 1.0
1.01.009070503020201010

set z [list 4'hl 4'h6 4'hC 4'hF 4'hF 4'hF 4'hF 4'hF
4'hF 4'hF 4'hE 4'hC 4'h8 4'h5 4'h3 4'h3 4'hl 4'hl 4

while {$i 1= 102} {

if {($i > 71) && ($i < 92)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1

}else {
force fzy_inpts(0) 4'h0

*******#
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}

if {($i > 6) && ($i < 27)}{
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns

#

eChO "HHHHHIHHHEHEH I

echo "$now ps: Test set 12"
echo " "

eChO "HHHHHIHHHIHIH I

force momstart 1
run 10 ns
force momstart 0

setiO
setj0
setk 0

# accuracy starts at 72

# accuracy: 0.1 0.4 0.8 09 09 1.0 1.0 1.0
1.0 1.0 0.8 0.6 0.5 04 0.2 0.1 0.1 0.1 O

set x [list 4'hl 4'h6 4'hD 4'hE 4'hE 4'hF 4'hF 4'hF
4'hF 4'hF 4'hD 4'hA 4'h8 4'h6 4'h3 4'hl 4'hl 4'hl1 4

# time starts at 0

*******#

At

A
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#time :0.1 04 0.7 1.0 1.0 1.0 1.0 1.0
1.0 100907 0503020201010

set z [list 4'hl 4'h6 4'hC 4'hF 4'hF 4'hF 4'hF 4'hF
4'hF 4'hF 4'hE 4'hC 4'h8 4'h5 4'h3 4'h3 4'hl 4'h1 4

while {$i I= 102} {
if {($i > 71) && ($i < 92)} {
force fzy_inpts(0) [lindex $x $j]
incrj+1
}else {
force fzy_inpts(0) 4'h0

if {($i >-1) && ($i < 20)} {
force fzy_inpts(1) [lindex $z $K]
incr k +1

}else {
force fzy_inpts(1) 4'h0

run 10 ns
incri+1
}

while {[exam newstrdy] != 1} {
run 10 ns
}

set f [open "result.txt" {WRONLY APPEND}]
puts $f "[exam fzy_nxt_state]"

close $f

run 20 ns
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