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An iterative method of the systems of the linear algebraic equations solution,
excluding the multidigit multiplication operation while designing the special-purpose
computing facilities is considered. Algorithmization of the iteration process is based on
the use of the first order delta-modulations with the variable quantum that can
significantly reduce the number of iterations in comparison with the using of the constant
quantum. The main theoretical principles justifying the approximate solution of the
problem of minimizing the number of iterations when using the variable quantum are
highlighted for the first time. The optimal estimations characterizing the duration of
idealized iterative loops with constant quantum of a certain value are formed in theoretical
justification quasi-optimal conditions determining a way of the representation a sequence
of variable quanta values in the loops and based on using two or four idealized iterations
within each loop are developed for the purpose of the real processes. Besides the quanta
values shall be represented in the form of 25, S € N, that allows at each iteration submitting
the multiplication of the matrix coefficient by the quantum represent in the form of a
shift operation by S binary digits. The introduction of this way of representing the
quantum allows realizing the implementation of the iterative process without using the
multiplication of the multi-digit codes. There are also effective ways to complete the
iteration in each loop, allowing, in particular, to reduce the number of iterations in the
loop per unit. The findings of investigation of the iterative solution of various systems of
the linear algebraic equations different with convergence rate are given in the work. The
possibility of reduction the number of iterations in comparison with the using the delta-
modulation with the constant quantum to hundreds - thousands of times is shown when
ensuring the identical accuracy. When performing the experiments the attention to the
manifestation of the effective usage of the first proposed method of four idealized
iterations in the loop is paid. The number of iterations with variable quantum is to a
considerable extent approximate the number of iterations to the simple iteration method.
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The creation of the high-performance
computing systems operating in real time, hasbeen
associated, in particular, with the use of the task-
oriented specialized tools based on FPLD (Field
Programmable Logic Device), CIS (Combat

* To whom all correspondence should be addressed.

Information System), controllers, microprocessors
(Maxfield, 2007). The features of algorithmic
maintenance allowing to reach, whenever possible,
the highest quality performance index at the
minimized expenses of resources (equipment) are
of great importance in the problem solving of the
special-purpose computing facilities effective
design (Yang, & Ziavras, 2005; Zhang, et al., 2008;
Zhang, et al., 2012).

As separate component of the tasks that
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can be accomplished within the framework of the
special-purpose computing facilities, there are
often the targets of computing mathematics, in
particular in the form of systems of the linear
algebraic equations (linear systems). When using
the iterative methods of the solution of these
systemsthereisthe need to use many multipliers,
the realization of which requires significant
hardware resources and the machine time cost at
work with full codes of the variables and
coefficients.

In connection with the above-noted the
creation of such algorithmic transformations of the
iterative processes for linear systems solving,
which are focused on improving the qualitative
characteristics of the corresponding computational
structures: areduction of the necessary equipment
and ensuring the number of iterations,
approximated to the fixed point iteration method.
There are known the iterative methods of linear
systems solving, excluding amultiplication based
on thefirst and second order delta-modulation with
constant and variable quantum (Malinovsky, et
al., 1977; Boyong, et al., 1977; Tretyakov, 1978;
Tretiakov, 1978; Nikolaev 1968; Klochkov, &
Nikolaev, 1962; Kravchenko, 1983; Kravchenko,
1989; Gomozov, 2009; Gomozov, & Ladyzhensky,
2010, Ledyankin, 1979). The known disadvantage
of the methods with the constant quantum hereis
a great many iterations. The use of the variable
guantum allows reducing the number of iterations.
The essence of the methods for linear systems
solving on the basis of the first order delta-
modulations with the variable quantum is in
representation of the active task in theform of the
difference equation system of the first order; the
formation of the variables is carried out on the
basis of the constants according to the module
(2-s, se N) anddifferinginthesignvaues of the
first differences (transformation quanta), and the
multiplication operation is replaced by the
operation, the main components of which are the
shift and multiplication by + 1.

Almost all the works concerned the
algorithmic organization of the iterative process
for linear systems solving with the use of the first
order delta-modulation with the variable quantum
has not got any information about the theoretical
justification for the selection of the best relation
between the quanta of the adjacent loops; on the
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one hand the ways to specify these relations are
introduced heuristically, on the other hand they
are not fully cover the theoretical and practical
interest of theserelations (Malinovsky, et al., 1977;
Boyong, et al., 1977; Tretyakov, 1978; Tretiakov,
1978; Nikolaev, 1968; Klochkov, & Nikolaev, 1962;
Kravchenko, 1983; Kravchenko, 1989; Gomozov,
2009; Gomozov, & Ladyzhensky, 2010).

In addition, the following observations
should be noted. In the works (Malinovsky, et al .,
1977; Boyong, et al., 1977; Tretyakov, 1978;
Tretiakov, 1978; Gomozov, 2009; Gomozov, &
Ladyzhensky, 2010) the proposed algorithms are
characterized by high computational complexity
when implementing the iteration process due to
the necessity of performing the squaring of the
discrepanciesacrossall equationsat each iteration,
summing them and highlight the smallest of the
current according to the amount of values across
the iterations. The squaring of the discrepancies
is associated with the need to use the multidigit
multipliers, whichiscontrary to the original goal —
implementation of the specia-purpose control units
of linear systems solution with the possible of the
exception of such devices. The iterations
termination moment isfixed either withtheuse of a
certain constant, the determining value of whichis
uncertain, or according to the number of iterations
that isalso aproblem of the preliminary estimate.

In the work (Kravchenko, 1983) an
estimate of the number of iterationsat theintervals
of the consistent transformation quantum (loops)
involvesusing therules of the matrix of coefficients
and is estimated to be in the “worst impacts”’,
which generally causes the device to operate at a
higher number of iterationswith the slight chance
of the worst impacts manifestation. The above-
mentioned estimate is applicable in cases, if the
norm of the matrix of coefficientsislessthan unity;
but at the sametime, the iterative processes under
certain conditions can be successfully implemented
at arate of greater than unity. The process of linear
systems sol ution must be preceded by the number
of iterations in the loop, using, in particular, the
division operation that under the conditions of
the perform these cal cul ations with the help of the
specialized computing devicesis not appropriate.

In the work (Ledyankin, 1979), the
computer process organi zation isbased on the cost
of hardware and time resources of the variable
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increments; simultaneous operation with
equivalent values of increments of the modules
creates a problem in the implementation of the
synchronous performance and cost effective
hardware parallel operation device of acalculator.
The main theoretical principles justifying the
approximate sol ution of the problem of minimizing
the number of iterations when using the variable
guantum are highlighted for the first time. The
possible expansion of the recommended relation
between the quanta of the adjacent loops is
substantiated, also effective ways of completion
of iterationsin each loopsare offered. Someresults
of the carried out experiments are given.

METHODS

Theproblem statement

Lettheoriginal linear system, containing
amatrix of constant coefficients with regular free
members, isgiven by:

BY ()= G (1)
We shall convert the system:

YO =AY ()+D

We pass to a record form with use of an iterative
method and residual introduction z(t):

(=Y () -AY ()-D )

In these systems B =[5,], A =[a;] -
the coefficient matrix of thedimension nxm;
Y'(a‘j — column vectors, respectively, the right

partsand unknown systems; z{#} , ¥ {#} —column
vector of discrepancies and approximate values
of the unknowns; t — independent variable;
det A= 0.

Algorithm for the approximate solution
of (1) withtheuseof thefirst order delta-modulation
and the variable quantum will be presented in the
following differential form for thei-th step, at the

initial conditions ¥,q;=0, z,91=-D,, r=1n,
(Kravchenko, 1983; Kravchenko, 2008):

- theformation of the quanta characters of thefirst
differences of thevariables:

Ay =—SIgn(Z,0); Ay e (401} » =1,
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i=1,2,...,R;1=12,...,P,
- demodulation:

VY, =c/A Yu=Yun+VEy;
- the formation of the first difference of the
transformed variable:

n
L
V¥ = D @€ A
A

- residual meaning creation:
Ve =V = Vi,

Fix
Tt = Z ot *-'—":"'-7 5l
Zpip = Zppiqy T Vi,

Let us denote the algorithm (3). In the
algorithm (3) ¢, — module weight of the
transformation quantumin | -thloop (¢,>0), Pis
a number of iterative loops at constant on the
module of the quanta values, R — number of
iterationsin the loop. In addition, for the joints of
the adjacent loops the following correlations are
fair: Yo =Yemuony s Zee =Zempiny -

It is required to find conditions of the
optimized choosing of the numbers of the loops
@nd the quantum values in the loops that allow
optimizing the number of iterations which are
characterized by convergence of the iterative
process of linear systems solution.

Original position in solving the optimization
problem

F rom a consideration of the algorithm (3)
can be written for I-th loop.

Epy = ZEply — € s ign(zpiy) — V.
Supposethat ¥y,;; = 0. When performing
this condition at the i-th step of the r-th equations

the module Zn;-; will decrease, i.e this

&

<=

;| will be at asize ¢} . The residual

Fir

Zyg-ni,1=1,2,..., R decreases, and its decreasing

valuewithincreasing i necessarily passesthrough
zero, in particular, changing the sign. Thus the
qguantity of steps (iterations) in the present
circumstances before entering into zerofor | =1
will make
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< .r:-1|
0

B =

After passing through zero the maximum
residual value in the present circumstances

f.r:|1|5:*31,

gl = Ep02
provided that sige(z, 7} = —sigr(z, 51 OF 2,4,=0.
Further, theratio z,,, = 0will be considered only
interms of theiteration compl etion. Respectively
forthel-th,1=1, 2, ..., Pvalue R canbewritten:

Z.r:|;|
R; = o (4

b

As a condition to completion of the
transition process in the loop for further research
now we shall accept
2¢;,1=4,2,..,Pr=1n. ..(5)

On the basis of the above, we can make
the following conclusions:

1 Provided Vy,; = 0theresidual meaning at
the end of the iteration process changes
the sign (or equal zero).

2 The number of iterationsin theloop can be
evaluated using the expression (4).

When performing real-converging
iterative process, the probability values Vy,; =0
issmall, and this consideration must be taken into
account Vy,; = 0. If sign(Vy,; ) =sign(z, .y,
namely

ZrRi

g T E iy T CJ‘SESR{:Er-:;—];u}_ F:"r'_'

5';5?{2,{.—];4}
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and

{38}

rit = Zpery — (€ _|"'73f'r:':|:'55§”[:3r{:'-1:-;:'-

then theresidual reduction rateincreases (number
of iterations in the loop decreases ) through the
appropriate reduction of residual at each step by
an amount exceeding the quantum in the

).
If sign(Vy,;) =—sigh(z, ;i) , namely

expron(.:: + l'v?'}'_.;-,-

L . .
Zpyy = Zyppgy — 61518 Z g1y ) + |V alsign(Z iy

and

Vyrg)sign(z i) |

then theresidual reduction rate decreases (number
of iterations in the loop increases) through the
appropriate reduction of residual at each step by
an amount exceeding the quantum in the

L
Zpy = e — (6 —

expression ( c: - |‘-I-'}-_,i-,- ); inthiscasethe condition

for the residual reductionis ¢; > [V,

Inthisregard, we can draw thefollowing
conclusions:

Z,4 = 0 The number of iterations in the loop with

Vv, =0 may belarger or lessthan (4).
2 When converging computing process the
valueresidual at theend of theloop reverses
the sign (or equals zero), i.e.
sigh(zpg;) = —sign(zyp_1y) OF .
| =1,2,..., P, ?‘=1=_H-

Summing up the foregoing, for the
theoretical justification for conditions of the

.(6)

Table 1. The results of the experiments

The method of organizing the iterative process

The number of iterations

of the linear systems solution (29) (25) (26) 27)

On the basis of the first order delta-modulations

with the constant quantum 21064 19660 17613 19161

On the basis of the first order delta-modulations

with the variable quantum R,=2 15 19 22 51
R4 18 28 31 43
R,=8 29 56 51 58

Simpleiteration 4 8 36 59

Presented in this paper (Kravchenko, 1983)

(the algorithm works for the norm of the matrix

coefficient, smaller than aone) 24 142 - -
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organization of the efficient iterative computing

process with variable quantum of the first order

delta-modul ation we have:

1 As the main settlement on the correlation
between the number of iterations in an
idealized loop we shall take (4).

2 In the framework of the formation of the
iterationstermination momentin | -th loop
we shall accept the condition (6), the
corresponding to the time (increment
number), to which along all linear system
equationsthe signs of changing theresidual
signareformedinthisloop, i.e. completion
of the iterative process.

Theoptimum estimation providingaminimum

duration of the iterative processes when

V¥ =0

We shall look for assessment of the
theoretical minimum number of iterations of the
idealized process (number of steps of the delta-
modulation of the testing the initial discrepancies
when =0). The number of iterations (the transient
time) M of an idealized solution of linear system
will present in theform of:

P
_-M=Z,|:1,2,...,P (7
|
or
lk_’f _ ’ 2:'§|m
M= Z (8
-l £

Where|ZO||max =max |z, r =17.

Taking into consideration (5) for residual
meaning we shall write down thelimit correlation:

|Zol|max =G, 1=12...,P.
Expression (8) takesthe form:

M=|Z:nl|$ th .5, Lt 0
o c; € Cp

Accept for al loops of the same size:

R =R,I=12...,P ..(10)

Theinitial residual value |z,| and weight of

the minimum quantum c, associated with the
necessary of the accuracy requirement of the
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calculations, areset astheinitial conditions. Taking
into consideration the condition (9), (10) we get:

-(12)

In accordance with the expression (11)
an assessment of the transient time (7) takes the

form:
_u=;._,.,/£
‘I:F

We shall continue to seek the conditions
for ensuring the minimum value of M. Differentiate
the expression (12):

-(12)

L -
N =1 v el
o p k| p ke (ke |
| &y | I\. £p ) |I'\. €p )
. . N .
=: 1| e ':P' _P-: £ . I:P.|n:l Zo1| e :"l|
Loe. ) Ve ) e JA\PJ
equate to zero
2 | Foless A Fol.. |_P-Lu1f|““L“ﬂ| 0
Loee ) OWNPHL e )L e
or
1 AEN
1—!—1-h1l| = =0
WP e )
and find the value of P:
|Z:|1|w
FP=h—7= .(13)
Cp

Asaresult, the estimate of the number of
iterations (thetransient time) M subject to (11) and
(13) takestheform:

1
|Z:'1|m\! I‘Lc‘I:m ”'(14)

|Z:|1|w '
M=k =
Cp |~h Cp

Using the definition of the natural
logarithm, to the expression (13) we shall write:

P |Z:'1|:2_;
g =—= .(15)

Cp
At the sametime, the expression (11) can
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be written as;

R = Foll .(16)
Cp

From the equality of theright parts (15),

(16) followstheequality of theleft parts: gP = RP

fromwhichfor the optimal valuewe have Rvalues:

R=e=27T18281828.

Thus,when V... =0theoptimal number

of iterations idealized process in the loop that
remains unchanged the quantum transformation,
essentially, does not depend on theinitial residual

value |201|max and on the weight of the minimum

quantumc,, andisaconstant that isequal to Euler’s
number.
Theformation of quasi-optimal parameter values
for thereal process

The essence of the iterative process of
linear system solution without the use of the
multiply multidigits numbers is that the value of
permanent units (quanta) C,1=1, 2, ..., P shall be

submitted intheform 2-s, s = &/ ,and Pand R—

in the form of integer values P, and R,
respectively. With this algorithm (3) in each
iteration the multidigit multiplication operation of
the matrix coefficient by the transformation
guantum can be represented by an shift operation
tothiscoefficient on Shinary digitswith assigning
the appropriate sign.

The relationship between the quanta of
the adjacent loops can be written as:

¢y=c¢,-R,1=P]1.
In order that all ¢, | = 1, 2,..., P can be
represented as 72—, 5= I, obviously, it is

enoughthat ¢, =27°, 5 N and

R, .=2"keN ..(17)

As the integer values it is advisable to
take the number closest to the optimum
R=gieR =2andR =4.

Next we define P,_. Let us take the
logarithm of the expression (16):
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h R =In |Z ::-1|$
Cp
Using thelogarithm properties, we get:

In |Z ol |m
Cp
In R
For integer valuesP

I |f- 3'1|w
.

P = —F
= In R, (189

Expression (18) isthe integer part of the number,
rounded upward. Now the evaluation of the total
number of iterationstakesthe form:

M, . =FR. ..(19)
Onthebasisof ratios(18), values R =2and R,_=

4, the values |z:,1|w and specified ¢ can be

determined P, . At the same time to simplify and
universalization of the algorithm (3) it seems
appropriate to create multipurpose templates that
specify the number of the loops and iterationsin
theloops. Asone of the variants of such atemplate

weshall makethecalculation for |z:,1|m =1, and,

— -4

for example, ¢, =27 (any potentia difference

onlinear systemthe small deviations z,,; # 1 can

lead to changesin the number of iterationsonly in
the first loop, which in general may not have a
significant impact on thetotal number of iterations).

For [Egi)py =1 ¢p =27 R =2a0dP, (18) we

get on the basis of (19):
P.=14,M =28 .(20)
Ad-hoctheiterative processisdividedinto 14 loops

with the following values ¢, for each loop:
¢, =27, 1=114 (2

Similarly, for |z:,1|m =l cp= .l R =4
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P=7M =28 (22
and iterative process is divided into 7

loops with the following values ¢, for each loop:
e, =274 1=17 -(23)

Based on the above calculations, the
duration of the iteration processin the considered
conditionsisidentical at valuesR, =2and R =4.
With this approach it is possible to use one of
these values as obtained, respectively, of (20),
(22) and the cal cul ated weight of thetransformation
guanta (21) and (23) may be presented as a

multipurpose template for the implementation of
the iterative process when ¢ = 271 Simi larly,

we can build templates for other values ¢ . Witha
further increase of the value R, the var ue M
increases.

Intheidealized case described above, the
iteration process may reduce the number of
iterations in the loop per unit by inserting an
additional condition:

sign(z, g —csign(z,p ) =—sign(z,g)
or

sign(z,p, —c,5ign(z,5)) =0.

Thisdecreasein the number of iterations
is provided due to the fact that the analysis of the
possibletransition through zero is performed using
asimple prediction. In this case, the residual can
actually continue and pass through zero, but is
small in absolute value of the order ¢,. In the real

computing process, when Vv, =10, itisproposed
to use the additional terms and condition (6). The
iterating in each loop should be executed until
across al equations of linear system will execute
at least one of these conditions.

Optimized evaluations R, and P, are

int
obtained for the condition V.= 0. In the real

computing process, in accordance with the earlier
findings, the number of iterations can be larger or
smaller concerningthevalueR, .
Theexperimental results

Performance of the received
recommendations for the organization of the
iterative process has been tested on the solution
of variouslinear systems, characterized by different
convergencein the performance of smpleiteration
method. Following are the results of individual
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experiments based on linear systems given below
on (norm of the matrix coefficient A of examples
(26) and (27) greater than one):

w+0.09y, +0.133, =—0297;
012y +y, +0.11y; =-1.13;

(24
|0.1607 + 0,07y, + y; =1.04.
[}'] +0.6y,+0.08y, =-0.356;
012y, +y, =07y, =-0.604; (25)
|0.11y, + 0.4y, +y, =0.353.

Wy, =02y, =137;

=08y +y,+02);=098; ..(26)
041 +0.7y; + =113,

(1, +0.9y, +0.4y, =0.85;

-y +y,—06y, =06% @7)

=1.33,—03y, + ¥, =125

The comparative analysis between
methods of linear systems solutions on the
condition of ensuring identical accuracy (~ 24
on the basis of the first order delta-modulations
with the constant quantum c=2*, by simple
iteration method, by the method presented in work
(Kravchenko, 1983), and by the method which is
also considered in this work on the basis of the
first order delta-modulations order with variable
quantumat R =2, R =4, R =8, ¢ =2"was
carried out during the research. ConJucti ng the
adequate comparative experiments on algorithms
presented in this paper (Malinowski et al., 1977;
Boyong, et al., 1977, Tretyakov, 1978, Tretyakov,
1978, 1962; Gomozov 2009; Gomozov and
Ladyzhenskii 2010) was not possiblein dueto the
absence of the algorithmic recommendations for
the effective completion of theiterative processes
in loops (apriori assignment of numerical values
of the coefficients used for the completion of
iterations with the error, or set the number of
iterations to be performed) in these works.

The obtained results are presented in
table 1.

DISCUSSION
Theanalysisof thedatain thetable shows

that the developed algorithm of iterative process
of the linear systems solution with the variable
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guantum, based on the optimized assessmentsR_=

2,R,, =4, and providing thereal time opti mizar[il?)n
of theiterative processes differs significantly (by
the hundreds—thousands times) with the reduction
of thenumber of iterationsin relation to the method
of the linear systems solution on the basis of the
first order delta-modulations, aswell as substantial
proximity on the number of iterations to the fixed
point iteration method and in some cases represents
the advantage over thefixed point iteration method
(Bakhvalov, 2006; Greenbaum, 1997; Vuik, 2012;
Berezin, & Zhidkov, 1966; Faddeev, & Faddeev,
1960). According to thetable, theratio of the number
of iteration method for the fixed point iteration
method to the method with the variable quantum s
asfollows~1.7-0.4. At thesametime, thetablea so
indicates that when deviated from the optimized
valuesR ,and use R = 8thenumber of iterations
will significantly increase.

The data presented in table 1 shows that
iterative processes while ensuring the convergence
of linear systemsmay be successfully implemented
eveninthenorm of thematrix of coefficientsgreater
than one.
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CONCLUSON

Inthisarticlefor thefirst timeitisoffered
atheoretical substantiation of the selection of the
number of loops and the values of the variables
guanta, aimed at minimizing the number of
iterationsinthelinear systemssolution onthebasis
of thefirst order delta-modulations. In addition to
the well-known correlation between adjacent

quanta (s, =27, 1=T7) shows the feasibility of

using (¢, =27, 1=L{¥73), which may be of
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particular interest when working with anorm of a
matrix that is greater than one. The algorithms
which showed efficiency on ensuring timely
completion of iterations, simplein realization and
not demanding any numerical assessment with use
of special basic data are introduced for the first
timefor the formation of the completion moment of
the real iterative processes in the loops.

When using the proposed a gorithms to
build the special-purpose computing facilities the
prerequisites are created for substantial reduction
of hardware resources dueto the ability to exclude
the multiplication operator of the multi-digit code
and ensuring the performance of the simple
iteration method at the level of the iterative
processes.

The materials stated in this work
shouldn’t be considered as the finished
recommendationsfor design of the corresponding
specialized computing devices. The architecture
of the special-purpose control unit can
undoubtedly impact onfinal algorithmic efficiency,
in particular, for example, the possibilities of the
organi zation of simultaneous shiftsof coefficients
with preservation of shift of the previous loop or
without preservation that can be connected with
need of essential expenses of the equipment or
temporary resources. There is no doubt that the
level of the parallelization processes has an impact
on the performance of the special-purpose control
unit. The ultimate effectiveness is estimated by
the aggregate of the assessments of the
performance and hardware costs, in thisconnection
the further comprehensive development of the
theoretical and applied research isimportant.

Use of the optimized the second order
delta-modulations for the solution of linear
systems, and in particular for the effectiveiterative
solution of linear systems with the variable right
part of equations can be one of the perspective
directionsof complex researchesof suchkind. Basis
for carrying out these researches are the scientific
results published in the works (K ravchenko, 2008)
and developed in the solution of scientific and
applied problems in various areas of the science
and engineering (parallel data processing in the
special-purpose control unit, synthesis of digital
control algorithms, compression and protection of
signals, splinesin the computer graphics). For the
first time the author received sustained optimized
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performance and accuracy of the algorithms of the
second order delta-modulations that enables to
create in particular the computation process of the
iterative linear systems solution with the
permanent modul e on the quantaand by exception
of themultidigit multipliersaswell aswhen using
the first order delta-modulations. However,
increment bit variables are formed that provides
essentially different nature of the transitional
(iterative) processes, and in case of the constant
quantum it allowsreducing the number of iterations
of linear systems solution by hundreds of timesas
compared to using thefirst order delta-modul ation.
At the sametime, the sol ution of the problem from
the point of view of the variable quantum and
optimization on the number of iterations, the
duration of the iteration and the necessary of the
hardware resources, seems along with the use of
the first order delta-modulation, must be
associ ated with a phased solution to the theoreti cal
and structural and computational issues.
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