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Abstract:

In this paper, parellel optical array adder for large-scale 2D Modified Sign-Digit (MSD) datm

array is proposed and implemented 1o limit the carry propagation to constant steps. The digit-
decomposition-plane (DDP) representation technique is expanded to code the 2D array of the
MSD number systern. The design is based on the logical formulas which are newly derived
according to the fundamentad parailel addition algorithm for MSD number system using the
features of the ﬁDP coding technique. The npﬁca} implementations scheme is based on
classical optical elements such as spatial light modulators, beam combiners, beam splitiers,
mirrors, light source arrays, and light detector arrays. The proposed algorithm and its optical
architecture have useful intrinsic characteristics such as ulwra-high speed, constant processing
time, and parallel computation on large-scale data arrays. The simulation results insure that
the proposed arithmetic unit is worked successfully.
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1- Introduction

Digital computer :.;}r_stem '___has been
suffered from the camy pmﬁagaﬁon cases that
may appear in the intermediate steps of the
arithmetic operations due to its sequential
operation. The carry propagation makes the

processing time depended on the length of the

numbers under processing.  Thus, the .

processing systemn will take a leng computing
lime when the numbers are large in Jength, and
vise versa. This problem has been solved by
propesing  many optical techniques which
perform the arithmetic operations in paraliel
mamner  and | constant  processing  time
independent on the length of numbers.
Recently these optical techniques are
established using many paralle} algorithms in
order to perform the arithmetic operations.

Some of these parallel algorithms use the

redundant binary numbers [1]. The other use a

mmulti-leveled numbes systern based on residue
arithmetic  algorithm [2]. The comm;::-n
techmique  in  optical parallel arithmetic
operations uses the "Signed-Digit (SD)
number systems” [31. Alspo, parzliel optical
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logic gates are suggested 1o process large
amounts of data in parallel shd in speed of
light [4].

Also optical coding schemes are
investigated for coding the information and
realizing the parallel algorithms such as,
symbalic substitution ($8) [5], optical shadow
casting (OSC) {6], content addressable
memory (CAM) [7], optical correlation 8] and
digit-decomposition planes [9].

Optical arithmetic operations of modified
signed-digit number system is designed and
implemented in parallel computing. The basic
operations, which are addition, subtraction,
multiplication and  division, are more
interested than the other operations. The ost
arithmetic operations, such as square root,
Jogarithm, exponential, etc;, ¢an be determined
using the combinations of these basic
operations [10].

For additon operation, three-step parallel
algﬁriﬁun is investigated for MS1) numbers [6.
9] for limiting the carry propagation to only
three steps. In order to reduce the computing
time, two-step and one-step addition
‘algorithms are also proposed by Cherri [5] for




MSD number to approach to the camry-free
addition algorithms.

In this work, we design and implement a
two-step oplical parallel MSD adder. This
proposed MSD adder can be used 10 process
large-scale 2D MSD data amay in paraltel
fashion and coenstant computing time. DDP
representation will be applied te code large
MST) array.

2- Signed-Digit Number Systems
Signed-digit number systems (51N are
widely used in optical systerns. SI) number
systems overcame the carry propagation o©r
limit it in constant steps [5].
The desimal number can be represented in

5D nurmmber form as;
D =95 x,r' ()

Where;

D - the decimal number,

x; : the i-th digit of SD number,

x; € {-u,-(a-1},...,(a-1), e} a=rL
1 - the radix of 817 number system,

n : number of digits in SI> number,

The radix r can take many values; each one
makes some changss i the SD number
system, The common used values of r are {2,
3, and 4}. Table (1) shows the three SD

number systems which have been widely used.
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Table (1): The three SD number systems.

Note that, -1, -2, end -3 are denoted by 1, 2,

and 3, respectively. 1t is noted that, any 5D
nurnber can be represented in more than one
form, for example, the decimal number

(19,5 can be represented in SD form as:

(193521001 D5 = (1010 yyeq, = (10 M hypgp = (1 T Uper
(1933 (0201} 1o, =(1101) 155 = (112 ap
(19, (01 e, = (0103) g = (023 b g = {123} 50

It is clear that the SD numbers are
redundant. This redundancy feature will make
SD numbers very powerful to implement an
optical parallel arithmetic unit with carry-fres
or carry-limited processing [11]. A higher
radix r of 5D number sysiems gives a large
range of numbers with fewer 3D digits
comparing with the binary number system that
will require a large number of binary digits to

offer a large range of binary numbers.

3- Two-Step MSD Addition
Algorithm
The two-step addition of two n-digit MSD

numbers is executed by examining the values

of (x;,¥;) digits with (%;_;, ¥} digits.
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Fig. (1) : Block diagram of two-step MSD
adder.

The (xi=Yi} and {X;_y,¥i1) combinations
are called the curremt pair CP and the next
lower orger pair NLOP of the addend

XX pogs Xpgarrerse ,X{,Xg) and augend

YUY (s ¥z ¥ 1. Yo) numbers,
respectively, Figwre (1) presents the block
diagram of two-step MSD adder (10}, where
boxes T and E tepresent single-digit MSD
adders for the first-step and second-step,
respectively. Pquation (2) explains the
operation of this block diagram.,

aep: | X TYi=YSL

step 2: 5, T Ciy = 2

i
where,
%, v :i-th MSD digits of X and Y,
si.ci . i-th M5 digits of intermediate sum
and carry,
7, :i-th MSD digit of the fipal

resull,
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i : index of digit position.

Table (2): First step computational tules of

MSI adder.
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Table (3): Second step compntational rules of
MSI) adder.
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Hemg et al. (9] classified the nine (X,
Y;) combinations into five groups (Gy —Gs) as
shown in the first and second columns of
Table (2). In the first step, CPs and NLOPs
are examined to know the groups G they
belong to, and depending on these groups S -
and o will be penerated. Awwal and
{ftekharuddin [12] simplified the
computational rules of the first siep as
presented in Table (2). In the sccond step, S
will be added to ¢i.1 (carry shified one position
to the lefiy according to the three
computational rales (FHy — Hy) of the second
step as shown in Table (3) in erder to find z.
The final result of adding two n-digit MSD

s




numbers will be (o+1)-digii MSD number

during only two steps.

4- Digit-Decomposition-Plane
Representation (DDP)

DDP representation had been proposed
by Huang and elal [9]. 1t is ap exiension for
bit-plane representation method [13]. DDP
representation can be applied to code large 2D
data wrays of SD npumbers. It can be
explained by applying it to 2D MSD numbers

array as follow:

i- If (i,}-th digit in the 212 M3D nurnbers array
equal to 1, so the corresponding (i,)-th pixel
of the DDP-1 plane will be transparent {whte)
and the corresponding pixels (ij)-1h of DDP-0

and DDH¥- 1 planes will be opaque (dark}.
ii- If the digit equal to 0, then the
cotresponding pixel of DDP-G plane will be
transparent and the corresponding pixels of
DDP-i and DDP-1 planes will be opaque.
Otherwise, if the digit equals to 1, the
corresponding pixel of DDP-1 plane will be
transparent and the corresponding pixels of
DDP-1 and DDP-0 piancs will be opague.
Note that the DDP planes will be equal to
the number of weights that MSD number
systern comsisted. Figare (2) shows an example
for DDP coding method for a 2D MSD
numbers array (3 DDP planes).
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In order to implement the DDP scheme,
the DDP planes can be represented as Spatial
Light Maodulators (SLMs) with  pixel
resolution fulfill the 8D array dimensions.

__l:'i w\
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Fig. (2): Complement feature of DDP

representation.

Thete are two apparent features of DDP
coding method. The first ene is that any DDP
plane is the complement of the superimposing
plane of the other planes. The superimposing
plane is obtained by accumulating the bright
and dark pixels in one plane Figure {2)
explains this feature. The second one is that il
all DDP planes are superimposed, the result
will be a totally transparcnt plane. Tn this
work, these two features have been used
successfully to  simplify  the  optical
implementation and also o check the errors

that may appear in the intermediate and final

resulis during simulation operation.
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A- Design Parallel Optical Two-
Step MSD Array Adder

The addition of the two 2D MSD arrays A
and B is performed. The 2D SD data array will
be presented as MXNXn. When DDP
representation is applied to MSD array A, then
three DDP planes will be generated and nafned
as Al. AD, and Al Similatly, MSD array B
can be decomposed to three DDP plancs,
which are cailed B1, BO, and B1.

The main ohjective is to derive logic
combination formulas from Tables (2) and (3.
Then the DPDP planes of the intermediate and
final results for both the ﬂrs;t and second sieps

of addition operaticn are calculated.

® First-atep:
in Table (2), the sum s; that has value | can
be obtaiped according to the following

conditiona] statement:

7 (%, ) = (LBYOR (0,1) OR (LOYOR (0,1)]
AND H‘[J—I s.yi—l.} = (]sl) ORI:LD) OH (0: I}
OR{LDOR(LY]  THEN[s, =1] (3)

Because Xi = b [},andi (¥i = l,ﬂ,andi]
are represented as transparent pixels in Al,
AO, and Al and (B1, BO, and B1) planes,
respectively, in the i-th pixel position of the
j-th row. Therefore, equation (3) can be

rewritten in form of sum of product terms as:

rﬂh Tournal far EngincDaJ'N .

51, =lals * b0, + al, * biﬂ* "
al, * 50, + a0, * b1
[al,os * Bl + @l jim *hO ., +

=1
a0, *blpa+al,, * Bl +

aljia * bl_"-_1] (4}
where,

a,].j’-,aoji,aijj and bl]i’bujii‘biﬁ :

(3»1)_th pixel of DDP-1,0,1
of array & and B.

S1i . (314 pixel of DDP-1 of the
intermediate sum array. '

* and + : logic AND and OR, respectively.

11 . indices of rows and columns of DDP
plane. |
In general, equation (4) is applied fo all
nutbers include in the DDP planes of A and B
arrays, and generate all the intermediate sums

5i5 that have wvalues 1 in paraliel

Generalizing equation {4) to the DDP planes
of A and B arrays the following equations
have been denved:

S1=141*BO+ A0” Bl+ A1* B0+

AQ* BIALAT* B+ AT RO+

A0 B+ A1* B+ 41* B1) (5)

¥

The symbal { ) in the right top of the
DDP planes of A and B atrays denoles the
shifting one position to the left for each
number is included in arrays A and B.

FEquation (5) can be simplified to:

51— [A0* (Bl + Bly+ {41+ Aly* BO]
*[AVHF+ B0+ B
+{AT+A'DI*B1j (6)
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Using the complement and superimposing

fegtures of DDP representation then:

.91:[A0*E_{}+A__(:|-Bu]*
[AT+ A'1% B (7)
The symbol ( ) on the top of the DDP
. planes means binary complement of the pixcl

is included in them,

Similarly, referring to Table (3}, Sland S0
which are DDP-1 and DDP-0 planes of the
intermediate sum array S, and C1, Cj ,and CO

which are DDP-1, DDP-1, and DDP-0 planes
of the intermediate carry atray (. can be
determined according to the newly derived

equations as shown below:

51 =[40* B0+ A0 * BO]
®pAT* B {8}
50 = A0 * BO + A0* B0 (o

Cl=Al*Bl+[A]*BO+
AD* BL*[A'TY B'1) (10}

Cl= Al* B1+[A1% BO~+ 40* Bl
AT+ AT B (11)

€0 = AD* BO+ AL* Bl + Al* Bl
+[@*BU+AD*B]]*[A']
r AT BT] 4 [41% B0 + 40 BI)
* 4T+ F {12)

® Second-step:

After DDP planes of the intermediate sum
and carry arays are obtained, the DDP planes
of the final results array 21, Z0, and Zi can be

calculated depending on the comnputational
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rules of Table (3). In this able, Z1=1 is based

on the following equation:

IF{(s, =N AND (2., = 0)]
OR[{s, = ) AND (g, =1
THEN z, =1 Sk
or
z] P P S])h *50,1—1 + S[J_,'n * c‘jﬁ—'l (14)

and in plane form,

Z1=S1* 0+ 50+ (15}

Similarly, Z:l and Z0 can be generated

according to the following rules:

Z1=50%CT+81*C'0 (16}

#0 = (814 S ¥ (C]+ CTy+ S0+ C0 (17)

Finally, three DDP planes Z1, Z0, and ya)
are obtained, each of them has dimension
M N* {n+1}, which are given the 2D MSD
array of the final results Z computed in
parallel.

Note that, when the number is shified one
position to the left, one zero will be padded 1o
the LSB digit. In DDP representation, a
transparent pixel will be placed in 1.SB pixel
position of DDP-0 plane of the number, and a
dark pixel will be placed in the LSB puxel

position of the DDP-1 and PDP-1 planes of

this number.

__—#
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5- Optical Implementation

The optical hardware schemes of this
parallels MSD atray adder can be implemented
practically using simple optical tools. The
logical ANIY and OR gates are the main
formulas. The
ptinciples handled for AND and OR

operations in the logical

operations will be considered to realize our
suggestion for MSD adder [3]. Logical AND
can be achieved optically by cascading two

DDP planes, each of one array, with same
dimensions and pixel resolutions. The light
beams will be applied on each pixel of the first
plane. These beams are passed through the
transparent pixel (1) and blocked by opaque
pixel (0). Thereby, four combinations of
transparent (1} and cpaque (D) pixels of the
two DDP planes will be presented: (1X1},
(17403, (8% 1), and (0X 0).Only in case (1 X 1)
the light beam wall pass through the bwo
cascaded plancs. So, this optical AND can
process M>XMN*n binary AND operaticns in
parallel. Figure (3) shows the optical
implementation of the logical AND. A pixel-
wige addition in parallel for the corresponding
optical logical OR can be realized using beam
combiner {BC). BC performs light beams of
the two packages passed through two DDP
planes and fallen onto the twe BC input
surfaces. Three pixel-wise addition cases will
be gain: (1+00, ((+1), and (0+0). The case
(1+1) will never appear because the pixel-wise

addition 15 done between two DDP planes of

Basrah Journal for Fngineering Science/No.2 /2016

the same amay. So, MXNXnp binary OR
opcrations will be done in parallel. Figure (4)
presents the optical implementation of the
logical OR.

The proposed parallel optical two-step
MSD adder operation can be explained as
fellowing:

1- The input M* N> n DDP-planes of the first

step are illominated by Laser sources to enter

the optical system for processing,

A B

Fig. (3): AND gate optical implementation

Fig. (4): OR gate optical implementation

2- Light detector arrays (LDAs) in the end of
optical scheme of the first step detect the

DDP-planes of the intermediate results. that

were produced by the first step.

3- These optical signals will be converted to

electrical signals and passed to the optical

implementation of the second step.

4- The input DIP-plancs of the second step is

addressed in parallel by these electrical signals |
to form the sufficient expanded and shifted :
copies of the intermediate vesults. Expanding




and shifting means that, one pixel is necessary
io be padded to the LSB and MSD pixel
position of the detected DDP-planes of the
intermediate carry and 1ntermediate  sum,
respectively.

5_ Finally, the TLDAs detect the optical signals
that represent the DDP-planes in the final
result array, which are MXNX(n+1) MSD
arrays. The above points present the complete
optical implementation of the suggesied
parallel optical two-step MSD adder with the

consideration of the following explanations:

: denotes a beam combiner
BS BC
and beamn splitter,
\ . denotes a mirror.
- : denates SLM (DDP plane),
LDA, or CMP.

: the direction of the Light
signal emitted by an optical

EQUICE.,

The opiical implementation of the twe steps
2D MSD array is shown in Figure (3).

6- Simulation Results

Computer programming is used to simulate
the optical implementations of the proposed
SD adders. C++ program is built and executed
as two-step adders for DDP coded 2D MSD
“arrays. The twa 10X 2 > 4 MSD data arrays A
and B are added by the proposed two-step
MSD adder. In Figure (6), the MSLD} arrays A

63

and B are shown as DDP codes. The DDP
planes of the intermediate sum array 8 and the
shified copies of the DDP planes of the

intermediate carry array C are obtained by the
optical implementation of the first step and are
presented too. The DDP planes of the final
result array 7 are calculated by the optical
implementation of the second step. We can seg
that, the input MSD arrays A and B are 10x 2z
x4, while the output MSD array Z is
10X 2% 5.
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Fig. (5): Optical implementation of MSD
adder.
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7- Conclusion

The optical implementation of the propoesed
two-step MSD  array adder with TDP
representation has been tested here. The two
10X 2% 4 MSD arrays A and B will be added
using this adder. The delay time is caused by
the holding time of the input images and the
propagation times of light from the source to

detector planes.
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Fig. (6): Simulation results for MSD adder.

The propagation time can be ignored

mony [ ose
mo 3
00% -1
10 3
] 19
ol 1
aphi -3
104 -14
i f

oo Jy, |-

¥
10

=11 :

2,
12
-7

1
17

]
26

Ju

- ; because of the whole system hardware 15 small

1 O LLNl [Julnh}

10 1 tn1o ooOl ' - - . -

g -3| |uwiw aofi ! if the optical tools dimensions are take itito
-3 n ofol 1oLt .

am| 12| trioo oo account.  While the SLM  response time
=1 -1 [z wink] aa1a
—1a T foim  o0iit H H
25 al ot oise represents the major operation of the delay

a -14 odga 10 . . .

-1 gzl |6 1100 |, addition In response time. The method of
R 31 [1111 w17 . . .
-7 s| loiit vem algorithm and architecture are independent of
-3 z ool ooia R .
oM [peme aou the size of the operand arrays. An optical
a1i11 min
B - -

3 -X g011 o : ' : r
% -8| |imes oiio implementation scheme is based on classic
-7 15 piti 1 X

D 14| |oooo iaig optical elements.

-1 a3dy | OoE0 aiow |

E g References
[1] 8. Zhang and M. A, Karim," Optical
Arithmetic  Processing Using Improved

B4 |9

Redundant Binary Algorithm," Opf Eng.,
Vol.38, No.3, pp.415-421, March 1999,

[2]1 C. D. Capps and T. L. Houk," Optical
Arithmetic Logic Unit Based on Residue

Arithmetic  and  Symbolic  Substitution,”
Appl.Opt., Vol.27, pp.1682-1687, 1988,

[31A. K, Cherri and M. 5. Alam"
Optoclectronic Syrnbolic Substiution Based
Conical Modified SD Arithmetie," Opt Laser
Technol,, Vol.29, pp.151-157, 1997

~l
Bl
&
=1
71

e —
Basrah loumal for Engineering Science/No.2 /20610 2010 /AU ol Spaniglh b ylall 5 el 2igee




(4] §. Zhang and M. A. Karim," Programmable
Modified SD Addition Module Based on
Binary Logic Gates," Opt Eng., Vol.38, No.3,
Pp.456-461, March 1999.

(5] A. K. Chemi," Signed-Digit Arithmetic for
Oplical Compuiing: Digit Groping and Pixel
Assignment for Spatial Coding." Opr.Eng.,
Vol.38, No.3, pp.422-431, March 1999,

(6])A. W. Al-Baffar,” Parallel
Computing Using Redundant

Optical

Numiber
Representation,” PhRD. thesis, College of
Engineering, Basrah Untversity, May 2001.

[7]1 M. Alam, A.Cherri, and A. Chattetjea,"
Symmetrically Recoded Quatemary Signed-
Digit Arithmetic Using a Shared Content-
Addressable Memory," Optfing, Vol.33,
No4, pp.1141-1149, Apr. 1996,

[8] F. Ahmmed, A. 5. Awwal, and G. I

Modified
Signed-Digit Processing,” Opt. Eng., Vol.38,
No.3, pp.449-435, March 1999,

9] H. Scalable Parallel
Modified Signed-Digit Algorithms for Large

Power,”

Synthetic  Correlation

Huang," Optical

Scale Array Additton and Multiplication

Using Digit Plane

Opi Eng., Vol38, No.J,
pp.432-440, March 1999.

{101 A. K. Cherrl and M. 5. Alam," Algorithms
for  Optoclectronic
Modified Signed-Digit

Root,

Decomposition

Representation,”

Implementation  of

Division, Square
Logarithmic, and  Exponential
Functions,” Appl. Opi., Vol.40, pp.1236-1243,

March 2001.
[11] T. Stouraitis and C. Chen," Hybrid Signed-

Digat

Logarithmic ~ Number System

Basrah Journal for Engineering Science/MNo.2 2010

65

Processor,” ProciEEE., Vol.l40, Noll,
pp.205-210, 1993,

12] A. 5. Awwat and K. M. Ifiekharuddin,”
Graphical Approach for Multiple Valued
Logic Minimization,” Opt.Eng., Yol.38, No.3,
pp.462-467, March 1999.

[13] H. Huang and T. Yatagai,” Optical Module
for Modified SD Computing Based on Bit-
Planc Fneoding and Pattern Opertations,”

Opt.Rev., Vol.2, No.4, pp.255-260, 1995.

2010 {80 a3ndlf Spussigh pplis podl dlas




