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TABLE I 
RESULTS OF INCOMPLETE STATE FEEDBACK CONTROL LAW  DESIGN 
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Fig. 1. Transient responses of x :  ( t )  and x̂ , (t). 

Example: Consider a twoinput third-order  system 

and 

The  optimal  control law and  cost &e found to be 

0.45682  0.39019  0.10163 x 

0.40654  0.74090  0.38238 
u* = - 1 (1 2) 

and 

J* = 10.64895, forxo = [l 1 11 I .  (13) 

Three different control law structures  are designed onAthe basis of the 
IRC and  the results  are given in Table I. The values of J given m Table  I 
are computed for x0 = [ 1 1 11 ‘. 

The transient responses of x3 with respect to the suboptimal  control 
law structures  based on  the IRC are shown in Fig. 1 along  with the 
optimal response for x0 = [ 1 0 01 ‘. It is 5oted  from Table  I that  the 
greater the value of the IRC, the closer J is to J*; further, Fig. 1 
evidences that the IRC also stands as a measure of the closeness of the 
suboptimal transient response to  the  optimal transient response. The 

suboptimal  performance improves fromA$I to $111, as it should. The 
observations regarding the closeness of J to and the closeness of the 
suboptimal transient  response to  the  optimal transient response are 
found to be true,  for  other initial conditions also. Numerical experi- 
mentation  with other  examples has revealed the validity of  the pro- 
posed approach for the design of an incomplete  state feedback control 
law. 

CONCLUSIONS 
A timedomain  approach has been  presented  for the design of  incom- 

plete state feedback control laws for multiinput linear regulators. An 
example is given to illustrate the validity of the approach. 
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Non-Real-Time  Realization  of Any FinitAState  Sequential 
Machine Using a  Single  Shift-Register 

PRADIP K. SRIMANI, BHABANI P. SINHA, 
A N D  ARUN K. CHOUDHURY 

A6struct-A model for simulating any Gnite-state sequential  machine 
is presented as an alternative to the single shift-register model in [l] . 
The proposed  model not only uses a single shift-register but also has  the 
advantage of dowing a machine to be synthesized whose speed is im- 
proved by a factor of 2 and whose cost is reduced by nearly  a factor 
of 2 over machines produced  by the synthesis  procedure d a t e d  with 
~e former model. 

I .  INTRODUCTION 
It is well known  that every finite-state  sequential  machine is not 

single shift-register realizable. The problem to determine  whether  a 
given finite-state machine is shift-register realizable and if so, to find 
out  the desired  assignment, has already been extensively investigated 
[ 21 , [ 31 . It has also been shown in [ 31 , [4] that  any arbitrary machine 
is shift-register realizable if several shift-registers are  allowed, and  the 
minimal solution of the assignment problem in this case is what gives 
the minimum number of shift-registers. 

Besides this type of real-time realization of finite-state  machines by 
single or multiple shift-registers, there is another  type of non-real-time 
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realization of sequential  machines by shift-registers, called simulation 
in [ 11. A synchronous binary feedback shift-register simulation  machine 
is structurally  identical to the conventional shift-register realization 
machines, but is behaviorally distinguishable in  that  in conventional 
realization machines, all the possible shift-register codings  are inter- 
preted as stable states whereas in simulation  machines  some of the 
possible codes are interpreted as transitional  states, i.e., states associated 
with prohibited  outputs (i.e., with no outputs).  In a  conventional 
realization  machine, the  specifiid  transition between two stable states 
as given in  the  flow table  of the machine to be realized, takes place by 
a slngle shift pulse whereas in a  simulation  machine this is done by a 
multiple of shift pulses  through  a  sequence of transitional states be- 
tween the  two stable states. It has  been  shown in [ l]  that all machines 
which are not realizable by a single shift-register, can be simulated on a 
single shift-register machine  when  transitional states are allowed. 

The purpose  of the present letter  is to introduce a  model,  different 
from  that described in [ 11 , for non-real-time shift-register realization  of 
any arbitrary sequential  machine. The  model yields a  realization  con- 
taining a single shift-register among other few  memory elements. It 
will be shown that a  simulation  machine  developed  through  this  scheme 
operates  more economically  with  respect to  cost of construction  as well 
as time  of operation as compared  to a  simulation  machine  developed 
through the canonical  synthesis  procedure in [ 11 . 

11. DESIGN OF THE SHIFT-REGISTER SIMULATION M.ACIIISE 
Shift-registers form a special class of finte-state machines and  are 

characterized by many  interesting  properties [2] - [4].  Using these 
properties, we will develop certain  obvious  results about shift-registers 
upon which our  model  and its related  synthesis procedure will be based. 

An  n-length shift-register is a strongly-connected machine  of 2” states, 
with each state mapping to and being mapped from  two  distinct states. 
Each state Si of a shift-register is reachable from  any  other  state Si by a 
path length of exactly n .  Every fiinite-state machine, which is not smgle 
shift-register realizable, can  be made  strongly-connected and single 
shift-register realizable by judicious  addition of  transitional states [ 11 . 

Now consider  any  finite-state  machine  of k states.  Let us assign a 
binary coding to each of  the  states with [log2kl = n state variables. In 
our model which uses an n-length shift-register, if we assume that a 
valid state transition  occurs after n shift pulses and consider the inter- 
mediate state sequence to  be transitional  states, then by Theorem 1 we 
can reach  any arbitrary  state Si starting from any state Si, required by 
the given flow table,  provided we can generate the required  feedback 
sequence in a  deterministic way by a  combinational logic network. Of 
course, we assume, as in [ 11,  that  the  external  inputs required for  the 
valid state transition are  kept  constant during the n  shift pulses. Since 
the design procedure is to encompass all possible f i te-s ta te  machines, 
our model must include the specification  of the  other memory  elements 
to  be able to determine  the  next  state of a  simulated machine. There 
are some cases where additional memory elements are  needed.  Consider 
two valid state transitions from  states Si to Sp and Si to Sq, under the 
same external  input, as can be required from  the given flow table. It is 
possible that we require an  intermediate transition from Sk to Sn in the 
fust case and  another  from Sk to S, in the second case, where s k ,  S,, 
Sn are all transitional states  for  the concerned valid state transitions. 
Obviously, information of Sk and  external  inputs alone  are not sufficient 
to generate the  correct  feedback sequence in both  the cases, and infor- 
mation  of  the starting valid state is required. Hence, if the starting 
state can be preserved in a  separate register at  the beginning of the n 
shift pulses, and  the combinational feedback  network uses this register 
as input,  the aforementioned  ambiguity in generating the  correct feed- 
back  sequence is resolved. 

After introduction  of  the initial state information in  the feedback 
network, still another ambiguity  can  occur.  Consider  a valid transition 
from Si to Si. If there exists  a path  from Si to Si of  length !oss than n ,  
then in the n-length path  there will exist  a  transitional state sk which 
will OCCUI more  than  once with different  next states. To generate the 

n shift pulses to indicate the  end of  a valid transition. We now state the 
correct feedback  sequence in such cases a counter is used to  count  the 

following obvious  theorem. 
TReorem I :  Any arbitrary kstate machine can be simulated on  the 

model using an  n-length shift-register, n = [logzk], with an n-length 
auxilliary register and a [log2nl -length counter. 

It  is  to  be  noted  that  for a  particular external  input  combination, a 
particular state can’t be required to  go to more  than  one  next  state since 
we are provided with  deterministic  flow tables. At this stage, the pro- 
cedure to synthesize the simulation  machine can be described as follows. 

Step I :  Given a  k-state  machine, assign any  arbitrary binary  coding to 
each  of the states with n = Ilogzk]  state variables. 

x 
0 1  

I l i  

Fig. 1. Flow table of the example machine. 

Step 2: For  each state transition  in the given flow  table  determine an 
n-length state sequence by  the  end  of which  required  final state is ob 
tained and also note  the required feedback sequence for  each such 
state transition. 

Step 3: Construct  the  truth  table of the  feedback logic network  to 
generate the  feedback sequences  of Step 2 from  the  shift-regiser  state 
variables, initial state register variables, counter variables and  external 
input variables. Minimize t h i s  truth  table  by any  standard  technique to 
complete the synthesis of  the simulation  machine. 

Thus  the present  simulation  model is distinguished from  the Freeman 
and Levy model [ 11 in  that  it uses a single-shift register, a regular repis- 
ter,  a counter  and a  feedback logic where the  model of [ 11 uses a single 
shift-register and feedback logic. In  the simulation  machine developed 
through our scheme, each valid transition takes a time of n shift pulses, 
the feedback logic is a function of (2n + [logzn 1 +x) variables, x de- 
noting  the number of external  input variables, and  the machine  uses 
2n memory  elements,  whereas in  the  Freeman  and Levy model, each 
valid transition  takes a time of 2n shift pulses, the feedback logic is a 
function of (4n + x) variables and  the resulting machine uses 4n memory 
elements. Evidently the present  procedure gives economy  in time  of 
computation  by a factor of  2 and also minimizes the cost of implemen- 
tation (which is usually measured in  terms of number of  memory 
elements and  number of input variables in  the  feedback  network) by a 
factor of nearly 2. It should also be  noted  that  the present  realization 

ment  in any sense, but it shows that the proposed model can realize 
algorithm,  like that in [ 11, in  no way claims to give an  optimal assign- 

in a non-real-time fashion any finite-state  machine  with less cost and 
less time  of operation than the synthesis  procedure for  the Freeman 
and Levy model. 

111. As ILLUSTRATING EXAMPLE 
Consider the following 3-state machine  which is not single shift- 

register realizable. To construct  the single shift-register simulation 
machine, we require  a Z-length (log2 3) shift-register, a Z-length initial 
state register and a scale of 2  counter. Let  the shift-register state varia- 
bles be (sl, sz), the initial state register variables be (rl , r z )  and  the 
counter variable be cl. The 3 states  in  the  flow  table can be arbitrarily 
coded  as h ( S 1 )  = 00, h (Sz) = 01, and h (S3) = 10 (where h is a state 
assignment function) (see Fig. 1). The given flow  table  is augmented by 
transitional states A, A, A, A, and A i n  order to produce a 
2-length transitional state sequence  between state transitions in the orig- 
inal flow  table. The combinational logic function F(s1, s2, r l ,  r2,  c1) 
can be constructed to generate  these  transitional state sequences. This 
combinational logic can be minimized  as usual. I t  is to be  noted  that 
t h i s  minimization is usually simple since there will ordinarily  exist  a 
large number of DON’T CARE next states. 
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