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ABSTRACT 

A PROGRAMMABLE CELLULAR ARRAY 

by 

Dennis Ray Fritsche 

A programmable cellular array is investigated in this 

thesis. Each cell in the array is a multi-state network 

containing combinational logic and a data storage element. 

The function performed by a cell is determined by the 

state of the cell and by inputs from neighboring cells. 

This method of choosing the cell's function allows any 

combination of cell states in a row or a column. Also, 

utilization of signals from neighboring cells allows 

internally generated (as well as external) signals to 

control a cell. 

The array is utilized by first programming it to 

perform several operations and then applying micro¬ 

instructions which cause the operations to be executed. 

(A program is a specification of the state of the cells 

in the array.) The microinstructions contain both data 

and control information so that all inputs are to the top 

of the array. This feature reduces the number of external 

pins to the array. 

The array can be programmed to operate as an 



arithmetic processor capable of performing several 

arithmetic operations. This ability is demonstrated by 

the implementation of algorithms to perform binary addi¬ 

tion, subtraction, multiplication, and division. The 

array can be programmed to perform other useful operations 

including conversion between BCD and binary representa¬ 

tions, double-precision addition, decimal addition and 

subtraction, and permutation of variables. 
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1«0 Introduction 

The purpose of this thesis is to describe an array of 

programmable multi-state cells that is designed to perform 

as an arithmetic processor but is capable of being pro¬ 

grammed to other useful configurations. It will be shown 

that the array can be programmed to perform parallel arith¬ 

metic operations including binary addition, subtraction, 

multiplication, and division; parallel decimal addition; 

radix conversion; permutation of variables; and other 

primarily arithmetic operations. The array is designed so 

that all external connections are at the top and bottom of 

the array. 

Arguments supporting the contention that programmable 

cellular arrays are effective in utilizing the potentials 

of large-scale integration are found in the literature and 

are summarized here. Several advantages of cellular arrays 

are derived from the high degree of regularity of such 

arrays. The first of these is that the use of such a net¬ 

work often makes the development of relatively easy testing 

procedures possible. Also, since all rows and columns of 

an array look the same, it is sometimes possible to program 

the array so that faulty cells can be avoided (1,2,3). 

Finally, the design of masks for the manufacturing of 

cellular arrays is a simple iteration of the one basic cir¬ 

cuit and is, therefore, much easier than the design of an 
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unstructured network (1,2). 

Other advantages are results of the cell's multiple 

function. An array of multi-state cells can realize a large 

class of functions. This expanded capability has two major 

consequences. First, the problem of increased specializa¬ 

tion of a network with increased size is overcome (11). 

Since one array can fulfill the requirements of many users, 

the manufacturer can produce fewer distinct circuits 

(1,2,3). Also, an array can be reprogrammed to accommodate 

changes in the design of a network. This can reduce the 

cost of errors made in the original specification of a net¬ 

work by allowing the same network to be used for the 

corrected design. This feature could also be beneficial if 

a system were composed of several arithmetic processors of 

this type. One of these could fail completely and the 

entire system could be restructured (programmed) to take 

over the task of the faulty processor. 

The above arguments show that programmable cellular 

arrays, in general, have features that exploit the poten¬ 

tial advantages of large-scale integration. The array 

proposed in this paper has additional advantageous features. 

The first of these is the previously mentioned independence 

of the number of external connections and the number of 

rows. This advantage is derived from the fact that all 

signals--for control, programming, and data--enter the 
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array from the top and are then routed to the resired 

position in the array by special cell states. The cell 

states are chosen by internal flip-flops; not by external 

control lines. A reduction in the number of fault-prone 

external leads results. (Sixty percent of the failures in 

integrated circuits is due to metallization and bonding (12).) 

The second notable feature of the proposed array is 

the nature of the operations most efficiently performed. 

Early work with multi-state cells was done in order to 

obtain efficient realizations of arbitrary combinational 

logic functions. These works include NOR and NAND based 

arrays with synthesizing arcs, cutpoint arrays, and cobweb 

arrays(3*13)• (See (13) for a summary of these works.) 

Although the method of specifying the inputs and cell 

function to be used was not made explicit, schemes to 

electronically specify (program) these arrays are easily 

devised. The next phase in the development of programmable 

arrays is still in progress. This phase is the design of 

arrays to perform a special task. One of the earliest of 

these arrays was a threshold array (8). The cells in this 

array contain a full binary adder and a storage element. 

A conditional sum of stored weights is formed to realize a 

threshold function. Later, a great deal of effort was put 

into studying logic-in-memory arrays (1,9,10). This class 

of arrays is basically a cascade of registers which have 
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logic associated with each bit. Usually, the logic found 

in these arrays is not complicated and general arithmetic 

operations are, at best, tedious to perform. Arrays for 

permuting variables (5,6) and for encoding and decoding 

information (7) have been proposed. Shoup has designed 

arrays to realize simple arithmetic/parity functions and 

to interpret control signals (2). 

The array proposed in this paper is designed to perform 

several standard arithmetic operations in an efficient 

manner. A full adder is the basic logic unit of this array 

so that any operation that is a sequence of adds is readily 

performed by the array. The principle behind the design of 

the array is that operations that are time sequential in 

nature can be expanded so that they are space sequential 

(17). A simple example of this principle is an n bit 

adder. The addition can be performed sequentially using 

one full adder and n cycles or in parallel using n full 

adders and one cycle. (The operation can, in general, be 

performed by n/m full adders in m cycles.) This time/space 

expansion principle can be applied to many operations 

performed by software in a computer. The cost of the soft¬ 

ware reduction is increased hardware use? however, advances 

in large-scale integration technology promise to decrease 

this cost substantially. 
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Details of the design of the array and the cell are 

given in Chapter 2 of this thesis. Examples of networks 

that demonstrate the ability of the array to operate as an 

arithmetic processor are found in Chapter 3. Chapter 4 

contains additional useful configurations of the array. 

Conclusions are found in Chapter 5. 
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2.0 The Array and the Cell 

The array and the cell illustrated in Figure 2.1 are 

described in this chapter. Array inputs are designated 

It,12t•••, In» and P; array outputs are designated OjfC^t**** 

0n. A cell from row i and column j, cell(i,j), has inputs 

Y., S. , L. , G. , and X. ; outputs Y^, S.', L£, G.', and X.' ; and 

flip-flops , Q2f Q3» and K. The array input P is a bus 

used from programming the array. Control information and 

data are input on the Ij lines. The flip-flops are used 

for specifying the state of the cell and for storing data 

in the cells. 

2.1 Utilizing the Array 

The array operates in two phases, the programming 

phase and the execution phase. (A program is a specifica¬ 

tion of the state of each cell in the array.) In general, 

the array is programmed to perform several operations ; for 

example, addition, multiplication, and division. These 

operations divide the array into subarrays that are acti¬ 

vated by the proper signal (a microinstruction) during the 

execution phase. When a section of the array is not active 

(i.e. suppressed), data pass through unaltered. Consider 

Figure 2.2. Assume that the control signal for a MULTIPLY 

has been given; then the ADD and DIVIDE subarrays function 

as straight data paths and the MULTIPLY subarray calculates 
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the product as indicated. (This is a greatly simplified 

example. Data and control signals are not really separable? 

and the different functions may consist of several time 

cycles and may have common rows.) 

A generalization of the above idea indicates a method 

of utilizing the array. The first step is to decide which 

operations are to be performed. This choice will depend 

upon the individual needs of the user. Although a standard 

set of operations such as ADD, MULTIPLY, and DIVIDE will be 

sufficient in many cases, some users will utilize the array 

to evaluate special purpose functions. Also, these 

operations may be changed as new uses arise. It is assumed, 

however, that the operations being performed are not changed 

too frequently. After a set of operations has been chosen, 

algorithms to implement these operations are written. 

(Examples of such algorithms are given in subsequent 

chapters.) Consideration should be given to space/time 

trade-offs during this step. 

The next step is the programming phase. The purpose 

of the programming phase is to set the four flip-flops, 

Q|, Q2, Q3, and K. This process is infrequently repeated 

and therefore can be time consuming and still not slow 

the overall operation of the system. A more important 

concern in designing the programming circuitry is the 

number of external connections that must be added. A 

9 



sequential scheme is proposed as a method that uses a small 

number of external connections. (The main concern of this 

work is to investigate the operations that can be performed 

with an array of this type and not the details of the design. 

For this reason, a method of programming the array will be 

given for completeness only.) 

Bus P and array input 1^ are used to program column j. 

All of the flip-flops in column j are connected to form a 

shift register with P as the clock and Ij as the input. 

On the first clock pulse the value for the last flip-flop 

in column j is input on 1^. This value is stored in the 

first flip-flop until the second clock pulse. At this 

time the value for the last flip-flop Is shifted one place 

nearer the last flip-flop while the next value is input on 

1^. This operation can be performed simultaneously for the 

n columns of the array and every flip-flop can be specified 

in 4 x m clock pulses. 

Once the programming phase is completed, the final 

step, the execution phase, can begin. During this phase, 

microinstructions containing both the control signals and 

the data are sent to the array for processing. The micro¬ 

instructions are part of microprograms used to implement 

more complicated instructions. For example, a MULTIPLY can 

be executed by a microporgram with two microinstructions. 

The method of generating these microprograms is not 
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considered in this work. It is assumed that the desired 

sequence of microinstructions is generated by some control 

unit and that the results of the operations are handled 

properly. 

The process described above can be followed to utilize 

the array. This array can be adapted to fulfill the pro¬ 

cessing requirements of many systems. It can also be used 

for different purposes (by reprogramming) in the same 

system. 

2.2 Specification of the Cell 

The function performed by a cell is determined by the 

flip-flops and the inputs. Flip-flops and Qg 

determine one of eight states for the cell. Flip-flop K 

is used, primarily, for data storage. When used as data, 

K functions as an operand for logic operations and can be 

changed during the execution phase. K is also used as an 

additional specification bit for some cell states. When 

used in this manner, its value cannot be changed during 

execution. Cell inputs G, L, and S are designated as 

control inputs. The control inputs are used to further 

specify the function performed by a cell. Inputs Y, X, 

and S carry data to the cell. (Note that S is both a data 

and a control input.) 

Lines G, L, S, and X are not connected to external 
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inputs. It is assumed that the unspecified edge conditions 

are 0, The following method is used to set, internally, 

variable values on G, L, S, and X, Control inputs G, L, 

and S are set by using cells in special states. These 

states transfer the data on Y to the desired output, G*, 

L', and S*. (These are GLOBAL CONTROL, LOCAL CONTROL, and 

STORAGE CONTROL.) Once the control lines are set, the values 

on the lines are transferred to all of the cells to the 

right of the control initiate cell. The value can be 

changed only by another control initiate cell. The effect 

of the GLOBAL CONTROL line G is to activate or suppress a 

cell. An active cell is one which performs the function 

specified by the flip-flops and the other control lines. 

A suppressed cell is one with the definition 

Y' = Y 

X' = 0 

S* = 0 

L' = 0 

G* = 0 

Since control signals affect all of the cells in a row, 

the GLOBAL CONTROL line can viewed as "turning on" or 

"turning off" an entire row. 

A cell in the active mode is controlled further by 

the LOCAL and STORAGE CONTROL lines. The LOCAL CONTROL 
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line functions in much the same manner as the GLOBAL CONTROL 

line. The difference is that it can be overridden by the 

GLOBAL CONTROL line. STORAGE CONTROL lines are used to 

instruct a cell in a logic operation state to store new 

data in the K flip-flop. 

Data transfer states include a direct transfer or NULL 

state and a SHIFT state. The SHIFT state is a RIGHT SHIFT 

if K = 1 and a LEFT SHIFT if K = 0. Logic operation 

states are an ADD where Y' = Y©X©K and X' = MAJ(Y,X,K)j 

a CONSTANT where Y' = K and X' = K; and a COMPARE where 

Y' = YOK and X' = X(Y©K). The control initiate states are 

GLOBAL CONTROL, LOCAL CONTROL, and STORAGE CONTROL. 

A detailed logical specification of these states is 

given in Table 2.1. Further explanation follows. 

NULL 

The purpose of this state is to pass all incoming 

information unaltered. Changes in S or L do not alter 

the operation of the cell. The state will appear in a 

network as 

13 



T
A

B
L
E
 

2
.1

 

S
P

E
C

IF
IC

A
T

IO
N
 

O
F
 

T
H

E
 

C
E

L
L

 



SHIFT 

Cells in this state shift data one bit to the right or 

to the left. The choice of right or left shifts is deter¬ 

mined by K. With K = 0, a LEFT SHIFT occurs? with K = 1, 

a RIGHT SHIFT occurs. K cannot be changed in the execution 

phase. 

LEFT SHIFT 

A cell in this state transfers the input Y to X' and 

the input X to Y'. The network representation of the state 

is 

RIGHT SHIFT 

A cell in this state transfers Y to S' and S to Y'. 

Notice the multiple use of the S - S' line. The line is now 

being used as a data transfer line and not as a storage con¬ 

trol line. Care must be taken so that signals on this line 

are interpreted properly. The representation is 
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FULL ADDER 

A cell in this state operates as a full binary adder 

taking inputs from X, Y, and K. The addend is Yj the 

augend is Kj and the carry-in is X. The results of the 

operation are X©YffiK and MAJ(X,Y,K) which are output on 

Y' and X'f respectively. Data are entered in the K 

register when S = 1. When S = 1 and L = 0, the information 

on Y is stored in. K and no operations are performed. 

When S = 1 and.L = 1, the sum of X, Y, and K is stored in K. 

Several functions of two variables can be realized 

with the cell in this state. The logic equations for the 

SUM and CARRY-OUT are 

SUM = XYK + XYK + XYK + XYK 

and CARRY-OUT = YK + XK + XY 

Forcing K = 0 results in 

SUM = XY + XY = X © Y 

and CARRY-OUT = XY 

With K = 1, 

SUM = XY + XY = (X © Y) 

and CARRY-OUT = X + Y 
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With K = 0, and Y = 1, 

SUM = X 

and CARRY-OUT = X 

These examples illustrate that the AND, OR, and NOT 

functions can be realized by a cell in the FULL ADDER 

state. 

A test for inequality can be made with a full adder 

by setting X = 1. If X' = 1, then ¥ - K. The extension of 

this idea to a'cascade of adders is obvious (9). 

The cell state is represented by 

s. . 
  

/
 > 

^  (K)\ 

where A denotes an ADD cell state and (K) is the value 

stored in the K register. The value stored in K will be 

shown only when the value is fixed. If a variable is 

stored in K, its name may be written in (K). 

CONSTANT 

Often a known value will be required in the interior 

of a network (for example, to set the initial carry-in 

for a row of adders). A cell in the CONSTANT state 
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provides this function. The value stored in the K register 

is output on both the Y' and X' lines. The value of K can 

be altered during the execution phase. With S = 1, the 

datum on the Y input is loaded into K. The representation 

is 

ST" 
X 
\K 

(K)\ 

where K signifies the CONSTANT state and (K) the value 

stored. 

COMPARE 

A cell in this state provides comparison for equality 

and the logic function EXCLUSIVE-OR. The logic equations 

for the Y' and X' outputs are 

Y' = Y6>K 

and X' = X( Y6>K) 

To test for equality of Y and K, set X = l. If X' = 1, 

then Y = K. This can be extended to a cascade of cells 

in this state so that two strings can be compared (9). 

The EXCLUSIVE-OR function can be used to complement the 

Y input by setting K = 1. The K register is changed in 
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the same manner as the cell In the FULL ADDER state. That 

is, with S = 1 and L = 0, data are stored with no logic 

performed? with S = 1 and L = 1, the result of X6>K is 

stored. The representation of the cell in this state is 

where C signifies the COMPARE state and (K) is the value 

stored. 

GLOBAL, CONTROL 

Control information is input at the top of the array 

so that control signals travel, essentially, along Y - Y' 

lines. The signals are required, however, to control cells 

in rows. Therefore, cell states that direct signals to 

the S, L, and G lines are needed. 

The GLOBAL CONTROL state is the cell type used in 

rerouting a Y input to the G* output. The operation of this 

cell state is different from the other states in that G' 

can be set equal to Y regardless of the value of G. (Recall 

that G must be 1 for the other states to perform.) The 

G' output is equal to (Y+G) regardless of the values of 

S, T^, and G. This allows a row to be controlled by more 
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than one input. The K bit is used to control the Y' 

output. With K = 0, Y' «= Yj with 1( = 1, Y' =0. The 

representation of this cell state is 

if K=0, and 

STORAGE CONTROL 

Commands for a cell to store information in the K 

register are carried on the S input line. (Only cells in 

the FULL ADDER, CONSTANT, and COMPARE states can have the 

value of K updated.) A cell in the STORAGE CONTROL state 

is used to route signals onto the S' output from the Y 

input. (This is much the same as a RIGHT SHIFT except 

that S is not transferred to Y' and the functioning of the 

cell is not dependent upon S and L.) The K register is 

used to determine the values of Y' and X'. If K = 0, 

then Y' = Y and X' = X. If K = 1, then Y* = X and X' = 0. 

The representation of the cell in this state is 

 > 

if K=0, and 

0 __ 

I 
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LOCAL CONTROL 

A cell in this state transfers the Y input to L'. 

The K register controls the X' and Y' outputs in the same 

manner as the K register in the STORAGE CONTROL state. 

When G = 1, the L input to a cell controls the Y' output. 

If L = 0, Y' = Y. If L = 1, the value of Y' is determined 

by the state of the cell. This cell is represented by 

if K=0, and if K=1. 

The representations for the various cell states give 

an accurate description of the function performed. A 

network composed of a large number of these cells, however, 

becomes difficult to interpret. For this reason, data 

lines that carry superfluous information and all control 

lines are not shown in large networks. 

2.3 Inherent Array Structure 

In this section the array shown in Figure 2.3 is 

investigated. Study of this network demonstrates some of 

the capabilities of this array and illustrates some 

standard configurations used in the remainder of this work. 

The purpose of this network is to form a conditional sum W 
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of several inputs V(l). A word U is stored in the array 

and W is initially set to zero. The V(l) are compared with 

U and if V(I) < U, then W = W+V(l). If V(l) > U, then 

W = W-V(l). The data U, V(l), and W are three bits long 

and subtraction is performed by adding the two's complement. 

The fact that the network does, indeed, execute this 

program is better understood by considering some inherent 

structure of the array and some standard network configura¬ 

tions. The choice of cell states and interconnection 

pattern imposes a certain structure on the array. For a cell 

to function, the GLOBAL CONTROL input to that cell must be 

1. This implies that at least one GLOBAL CONTROL cell must 

appear near the left end of each row. Also, the rows that 

are to be in the active mode at the same time are easily 

identified by the presence of a number of GLOBAL CONTROL 

cells in the same column. An array can be more readily 

analyzed if the networks implied by the presence of GLOBAL 

CONTROL cells in a column are treated separately. (The 

network of Figure 2.3 is composed of three separate net¬ 

works t row 2, row 3, and rows 1, 2, 3, 4.) Local and 

storage control signals are also required to be initial¬ 

ized 5 therefore, LOCAL CONTROL and STORAGE CONTROL cells are 

usually found to the right of the GLOBAL CONTROL cells and 

to the left of the data transfer and logic operation cells. 

The control signals are used to operate the data 
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transfer and logical operation states. (Control states may 

be found mixed with these cell types. In these cases, the 

control cells are usually performing conditional operations.) 

Outputs X' and Y' carry the results of logical operations; 

therefore, flow of data is forced down and to the left. 

This preferred flow direction can be offset by the use of 

RIGHT SHIFT cells so that the array does not become lop¬ 

sided . 

The choice of cell states and interconnection pattern 

is seen to divide the array into a global control, a 

local/store control, and a logical operation subarray. 

Even though these subarrays may overlap, the basic structure 

of the array is discernable. The interconnection pattern 

and cell states also define the class of functions realiz¬ 

able by the array. 

In the discussion of the FULL ADDER state, it was 

pointed out that the AND, OR, and NOT functions are produc- 

able. This implies that any function of n variables can 

be realized by this array. It is doubtful that this array 

will be used to realize combinational logic for large n; 

however, realization of functions of a small number of 

variables is useful. For example, logic to check for 

arithmetic overflow can be constructed for an n-bit adder. 

However, the power of this logic arrangement is in realizing 

arithmetic operations, not arbitrary logic. 



To demonstrate some of the ideas discussed to this 

point, consider the application of the following sequence 

to the array of Figure 2.3. 

51 = 0011000111 

52 = 0101000000 

53 = 10. 10100111 

54 =1010100101 

55 = 1 0 1 0 1 0 1 0 0 1 

Observe that the GLOBAL CONTROL cells in columns 1, 2, and 3 

imply the three subarrays shown in Figure 2.4. (The super¬ 

fluous lines are removed.) 

Si t The application of this input causes row 2 to be 

activated and rows 1, 3, and 4 to be suppressed as indicated 

in Figure 2.4a. A 1 in column 4 indicates that a store is 

to be performed. A 0 in column 6 indicates that no logic 

is to be performed, only storage. 

This sequence results in U = 011 being stored in cells 

(2,7), (2,8), and (2,9). 

S21 This input activates row 4 and suppresses rows 1, 2, 

and 3. (See Figure 2.4b.) The same argument as above 

shows that W = 000 is stored in cells (4,7), (4,8), and 

(4,9). 

S31 The previous two steps are for the purpose of initiali¬ 

zation. The next three steps perform the comparison and 
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conditional summation. All four rows are activated in 

these steps as shown in Figure 2.Ac. Columns 7, 8, and 9 

contain the logic performing cells. 

row 1 t The control signals to the COMPARE cells are 

S = 0, L = 1. This causes the data Oil to be com¬ 

plemented producing 100. 

row 2 t With a 1 carry-in to the cascade of full 

adders and with the input 100, the carry-out from the 

cascade is 1 indicating V(l) S. U. This is routed to 

column 6 by the proper cell state. The input to this 

row, 100, was transmitted unaltered since the control 

signals to this section are S = 0, L = 0. 

row 3: The carry-out from row 2 is used as a control 

signal for this cascade of COMPARE cells. In this 

case S = 0 and L = 1 so that 100 is recomplemented. 

row 4 t The control signals to this cascade of full 

adders are S = 1, L = 1 so that W + Oil is stored back 

in the cascade. This step results in W = 011. 

S4i row 1 * Complement 010 to get 101. 

row 2 t Compare with Oil and get a carry-out of 1. 

row 3 t Recomplement to get 010. 

row 4 « Add 101 to W and store in W to get 101. 

S 5i row 1 t Complement 100 to get 011. 

row 2 i Compare with 011 and get a carry-out of 0. 

row 31 The control signals are S = 0, L = 0 and the 
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data Oil passes through. 

row i\ i Add Oil to W with an initial carry of 1. 

(This is two's complement addition.) The result, 

ignoring carry-out, is W = 001. 

This array is s'een to perform the desired conditional 

summation. The program demonstrates methods of making 

comparisons, of complementing numbers, and of forming 

sums by utilizing the proper choice of control signals. 
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3.0 Arithmetic Operations 

In the preceding chapter, a method of utilizing this 

array as an arithmetic processor was suggested. Networks 

to accomplish the operations addition, subtraction, multi¬ 

plication, and division are developed in this chapter. The 

method of combining these into an arithmetic processor is 

obvious and will not be shown. 

It is assumed that the operands are nine bits long 

and are represented as 

A = Ag 
a
7 A6 

a
5 

a
4 

a
3 

a
2 

A
I 

A
O 

The data are signed magnitude integers with Ag the sign. 

(Ag = 0 if A is positive and Ag = 1 if A is negative.) 

3.1 Addition/Subtraction 

A network to do addition and subtraction is, of course, 

necessary in an arithmetic processor. An immediate problem 

is the representation of negative numbers. The method 

chosen for this work is the two's complement. A network to 

inspect data and to pass positive numbers and to represent 

negative numbers in their two's complement form is shown in 

Figure 3.1. The input is 

1 Ag A7 A6 A5 A4 Ag A2 AJ AQ 

Ag, the sign bit;, controls the L lines in both rows. If 

Ag = 0, indicating A is positive, then the magnitude of A 

is not altered. If Ag = l, indicating A is negative, then 

29 



-m-m- 

-EB4E- 
HSHSb 

Us m-W\ 

E2-EHE3 
m-m-m 
0-B-0 

-B-E 
-m 

B-B-B 
-B-B-B-B-B 
-BB-S-B-EIH& 

-B 

o 
o 

rOh 00 
1111D 
0c to 
O Z 
GIO 

tz 
o 
Q 
< 

B-f> 



the magnitude of A is replaced by (2^-A). This is obtained 

by performing a bit-by-bit complementation of the magnitude 

of A and adding 1 to the result. Call the output of this 

network TC(A). 

The design of the adder/subtractor network can 

proceed. A program, to calculate C = A”tB is required. In 

general, A and B can be positive or negative so that the 

two's complement program is required as a subprogram. A 

procedure to accomplish the operation is« 

1. Store TC(A) in a cascade of adders. 

2. If the operation is addition, then form the sum 

C = TC(A)+TC(B). 

3. If the operation is subtraction, then form the 

sum C = TC(A)+TC(NEG(B)). 

NEG(B) is a function which changes the sign of the operand 

B so that subtraction is performed. 

Logic to check for arithmetic overflow is required in 

this network. Let the carry-out of bits 8 and 7 be Cg and 

Cy, respectively? then overflow occurs if and only if 

CgftCy = 1. (See 15.) This relation is obtained from the 

following table. 
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sign A sign B C7 overflow 

+ + 0 no 

+ + 1 yes 

+ - 0 no 

+ - 1 no 

- + 0 no 

- + 1 no 

- 0 yes 

- - 1 no 

A network to realize the addition/subtraction program 

is shown in Figure 3.2. Each operation requires two time 

cycles. The first time cycle for both operations, ADD and 

SUB, is used to store TC(A) in row 4, columns 6, and 8 - 15. 

Rows 2 and 3 comprise the network for realizing the function 

TC. TC(A) is stored upon the application of 

0 10 11 Ag 1 Ay A^ Acj A^ Ag A2 Aj AQ 

to the array inputs. 

An ADD is accomplished by first storing TC(A), and 

then applying the input 

0 1 1 0 0 Bg 0 By B6 B5 B4 Bg B2 B1 BQ 

Rows 2, 3, 4, and 5 are activated by the application of this 

input. Rows 2 and 3 are used to take the two's complement 

of B. Row h is used to form the sum of TC(A) and TC(B). 

Cells (A,5) and (4,7) are used to produce Cg/Cg and 
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C-jfC-j which are then used to calculate the overflow, 

Cy©Cg = Cy©C^ in cell (5,5). 

Subtraction, SUB, is performed exactly as an ADD except 

that NEG(B) is performed in row 1. The input is 

1 0 1 0 o B8 o B7 B6 B5 B4 B3 B2 BJ BQ 

The result of both ADD and SUB is 

- - - - OF Cg - Cy C6 C5 C3 C2 Cj CQ 

where OF is the overflow indication bit. If C is negative, 

then this is the two's complement of the desired result. 

The network of Figure 3.1 is used to put the result in 

signed magnitude form. 

3.2 Multiplication 

Multiplication is an important operation and an 

efficient method of performing it is necessary. This 

operation is a series of shifts and adds and, hence, easily 

realizable in this array. Consider forming the product C 

of two positive integers A and B. (C is sixteen bits long.) 

The product is easily calculated by performing a series of 

conditional additions. For each bit B^ (i = 0,1,...,7) add 

k-j A^...AQ shifted left i places if B^ = 1 

and 0 if = 0. 

For example, if A = 101 and B = 101, then 
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c 000101 (B0=l) 

000000 (1^=0) 

+ 010100 (B2=l) 

C = 011001 

This method is implemented by the network of Figure 3.3. 

(The calculation of the sign of C is not shown; but the 

sign of C is A^®Bg.) Two time cycles are required to 

execute the program. The first cycle is used to store and 

shift A into a series of adders. Cycle two is used to form 

the conditional sum. 

Cycle 1t The input is 

1 1 00000000 Ay A^ Atj A^ A^ A2 A^ AQ . 

Rows 1, 3, 5, 7, 9, 11, 13, and 15 contain adders and are 

used to store A. No computation takes placd since L = 0 

and S = 1. Rows 2, 4, 6, 8, 10, 12, and 14 are used to 

shift A. 

Cycle 2 t The input is 

1 0 By B6 B5 B^ B3 B2 BJ BQ 00000000. 

Even numbered rows are suppressed and hence pass data 

directly with no shifting. The B^ execute local control 

over the appropriate rows and cause the conditional sum 

to be calculated. 

This method requires two time cycles and (2 x n) + 2 

columns where n is the length of the operands. For large n, 

34 



-E- 
-E- 

-T 

-m- 
-y- 

-§■ 
-z- 

rrcni 

_~3_ 

I 
\ 

~3 

■EH 

3! 
& 
■z- 

1 u 

n
 
T

T
T

/ 
J
a
r

!r
’/
 

J? 
n

 

LEU 

m n j ~1 
4 

_J 

EG 
“1 _n r~i 

1 

rzu 

-BH3-B-G- 
“EHlBlrMB- 

•~BHE4xj-4- 
-0EHB-- 
-&G- 

F
IG

U
R

E
 

3
.3

 

M
U

L
T

IP
L
IC

A
T

IO
N

 



this figure becomes significant. At the cost of slower 

execution and possibly less accuracy, this operation can 

be performed by a network requiring fewer columns. Space/ 

time considerations are used to arrive at the new design. 

Consider multiplying two n bit numbers A and B. The 

product can be obtained in one time cycle and n rows by 

use of the above method. (It is assumed that the multi¬ 

plicand is stored in the proper rows at no cost.) If m 

divides n, then m partial products can be accumulated in m 

time cycles at a cost, on the order, of (n+n/m+m) columns. 

An example of accumulating partial products is calculating 

C = AxB where A = 1011 and B = 0111. First, calculate 

Cl = AX(00B|BQ) = 1011x0011 = 100001. Then calculate 

C2 = AxCOOB^^) = 1011x0001 = 001011. Partial products 

Cl and C2 are stored at the time they are calculated. They 

can be added at some later time to give any degree of 

accuracy. To obtain the entire product, C2 is shifted left 

2 places and added to Cl as follows 

100001 

+ 001011 

C = 01001101 = 77. 

Alternately, the answer can be given to only six bits of 

accuracy by shifting Cl right by two and losing the two 
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low order bits. For example 

1000 

+ 001011 

C = 010111 = 76. 

The number of columns required for this operation is 

on the order of (n+n/m+m). This figure indicates that for 

a given n, an m that requires the fewest number of columns 

exists. A tabulation of the number of columns required 

for various values of m for n = 8, 12, and 32 follows. 

m 
no. of 
columns n=l 2 m 

no. of 
columns n=32 m 

no. of 
columns 

i 17 1 25 1 65 

2 14 2 20 2 50 

4 14 3 19 4 44 

8 17 4 19 8 44 

6 20 16 50 

12 25 32 65 

A network to realize this method is shown in Figure 

3.4. Values of n = 8 and m = 2 are used. It is assumed 

that A is already stored in the adder cascades (rows 1,2, 

3,4) so that the shifting rows are not shown. Two time 

cycles are required to complete the operation. 

Cycle 1 t Bits Bg Bg B| BQ are used to form the first 
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partial product Cl. This operation is the accumulation of 

a conditional sum as in the first method of multiplication# 

The result is twelve bits long and is stored in row 5 for 

future use. The input is 

01 1 B3 B2 Bj B0 0 0 0 0 0 0 0 0. 

Cycle 2 > This cycle is identical to cycle 1 except that 

bits By B^ B^ B^ are used to form the partial product C2 

and the result is stored in row 6. The input is 

101 B7 B6 B5 BA 00000000. 

Two methods of multiplying have been shown. The 

choice of which to implement depends on the speed required 

and the width of the data. The savings made possible by 

using accumulation of partial products is substantial only 

for large n. Systems with short words, such as twelve bits, 

probably, derive greater benefits from utilizing the direct 

accumulation method while systems with long words benefit 

from the second method. 

3.3 Division 

Another important operation is binary division. 

Division can be performed as a combination of comparisons, 

subtractions, and shifts (16). Consider dividing A = 

Ay A^...AQ by B = By B^...BQ. (Again, the calculation of 

the sign is ignored.) The result of the division is 

Q " Qy ^6***^0 an<^ R = R7 R6***^0 wliere A = Q x B + R 
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and | R| < B. 

To perform the division, form a double length word 

C = OOOOOOOOA-7A^A5A^A3A2A2AQ. Compare B with Cy+ ^^...Cy. 

If B C|3••.Cy, then subtract B from Cjg y and 

place the result back in C^.^Cy. The subtraction 

will result in a 1 being placed in C^. If B > c13**,c7» 

then C is left unchanged and = 0. This is the first of 

8 stages of the division process. Subsequent stages are 

identical except that B is shifted right one bit for each 

stage. For example, in stage 2, B is compared to 

C13 C^2***Cg< The result of the division process is stored 

in C; Q = C| ^ #. *Cg and R=CyCg...CQ. 

As an example, consider dividing 15 by 2} then 

A =1111, B = 0010, and C = 00001111. (Only four bits are 

used in this example.) Subtraction is performed by adding 

the two's complement representation of -B, 1110. 

Stage 1: Is 0010 < 0001? No. 

C = 00001111 

Stage 2t Is 0010 < 0011? Yes. 

C = 00001111 + 111000 = 01000111 

Stage 31 Is 0010 < 0011? Yes. 

C = 01000111 + 11100 = 01100011 

Stage At Is 0010 1 0011? Yes. 

C = 01100011 + 1110 = 01110001 

Then Q = 0111. = 7 and R = 0001 = 1. 

A0 



In order to do the comparison step, the two*s 

complement representation of -B is stored in a horizontal 

cascade of eight full adders. These adders are positioned 

so that the Y inputs are the proper elements of Cj the 

control signals for the cascade are set to S = 0 and 

L = 0 so that C is transmitted unaltered. If the carry-out 

from the last full adder is 1, then the Y input is greater 

than or equal to B. 

Division requires two cycles. The first is to shift 

and store the two's complement of (-B), TB; the second is 

to calculate the conditional sum. In order to make the 

network more easily understood, the shifting and storage 

step is not shown. It is assumed that the operand TB is 

available where needed. 

The resulting simplified network is illustrated in 

Figure 3.5. Operand TB is stored in the odd numbered rows 

and 0, TB is stored in the even numbered rows. The input is 

1 0 0 0 0 0 0 0 0 0 Ay A6 A5 A4 A3 A2 AJ A0. 

For all odd numbered rows, L = 0 so that the data passes 

through unaltered (as indicated by the dashed lines); a 

test for inequality is all that happens in these rows. 

The results control the even numbered rows so that B is 

subtracted if and only if B is less than or equal to the 

appropriate portion of C. The local control lines for the 

odd numbered rows are set either by the carry-out from the 
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addition performed in the preceding row or by the edge 

condition; both are always 0. This insures that the input 

to the LOCAL CONTROL cell of the odd numbered rows will 

always be 0. The output of the network is 

1 0 Qy Qfi Q5 Q/, Q3 Q2 Qj QQ ^7 ^6 ^5 ^4 ^3 ^2 ^1 ^0* 
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4.0 Additional Array Configurations 

Array configurations that execute arithmetic operations 

wei'e described in the preceding chapter. The array can be 

programmed to perform other useful operations. Networks 

that perform conversion from BCD to binary representation, 

double-precision addition, decimal addition and subtraction, 

and permutation of variables are demonstrated in this 

chapter. 

4.1 Conversion between BCD and Binary Representations 

Information is often received as a string of BCD 

digits that must be converted to an equivalent binary form. 

Let A = A2 A| AQ be a three digit BCD word where A^ = 

A. Q A. o A. -1 A. for i = 0, 1, 2. A method is required 
1,3 i,2 i,l i,0 M 

to convert A to B = B^ B^...BQ, an equivalent binary 

representation. (It is assumed that A - 255.) A direct 

method of performing the conversion involves calculating 

a conditional binary sum. For each bit A^j of the BCD 

representation, add 

10^ x 2-5 if A. . = 1 and 1»J 
0 if A: J = 0. 1»J 

A network realizing this method is shown in Figure 

4.1. (Since ^2 3 ~ ^2 2 ~ ^ ^or P°ssible values of 

A (5 255), these steps are deleted from the program.) The 
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network is nothing more than a cascade of adders controlled 

by the A. .. The values of the terms 101 x 2^ are stored 1
»J 

in the appropriate rows of the network. The output of the 

network is the accumulated conditional sum. For example, 

if A = 2151Q (0010 0001 0101 in BCD), then 

B = 102X21 + 101x2° + 10°x22 + 10°x2° 

= 20010 + 101Q + 410 + 11Q 

= 1 1 0 0 1 0 0 0 

0 0 0 0 1 0 1 0 

0 0 0 0 0 1 0 0 

00000001 

B = 1 1 0 1 0 1 1 1 

The input to the network is 

1 A2,1 A2,0 A1,3 A1,2 Al,l Al,0 A0,3 A0,2 A0,1 A0,0* 

The low order BCD digit is already in binary form and thus 

can be added directly. The remaining bits are used to 

control a row of full adders to determine which are to be 

included in the conditional sum. 

A network to convert numbers from binary to BCD 

representation is useful if results are to be viewed by 

digitally oriented humans. One method is to accumulate a 

conditional decimal sum. For each B^, add 
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(Z1)^ if Bi = 1 and 

0 if B. = 0. 

The implementation of this method is complicated by the 

fact that the sum of the base 10 representation of the num¬ 

bers is difficult to form. Each digit requires four bits. 

If two digits are added, the result is the sum modulo 16, 

not modulo 10. A method of remedying this problem is to 

add six to one of the digits, and then add the other. If 

an overflow occurs, the result is correct? if no overflow 

occurs, the result must be diminished by six (or add ten 

and ignore the carry) (14). For example, consider adding 

16 and 19. 

A = (1610) « 0001 0110 

B = (1910) * 0001 1001 

Increase each digit of A by six to get A' =0111 1100. 

Add A* and B modulo 16 and record the carry from each 

digit. 

0111 1100 

+ 0001 1001 

oioonoioi 

The second digit is correct, but the first must be decreased 

by six to give A+B = 0011 0101 or 35JQ. This technique of 
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performing modulo 10 arithmetic with binary adders can be 

used in a network for this method. 

A network to perform the binary to BCD conversion is 

not shown. The network is similar to that for performing 

BCD to binary conversion. The BCD values of 21 are stored 

and the B^ control conditional summation. Also, additional 

circuitry is added to make decimal addition possible with 

the binary adders. 

4.2 Double-Precision Addition 

Some computational errors can be avoided by using 

double-precision arithmetic. A network to implement double¬ 

precision addition is demonstrated in this section. Con¬ 

sider adding B = By B^...BQ to A = Ay A^.^.AQ where A and B 

are positive integers. If the word length is four, then 

this is double-precision addition. Operands A and B are 

broken into single length words AU = Ay Ag A^ A^, 

BU = By B^ Btj B^, AL = A>^ Ay A^ AQ , and BL = B^ By Bj BQ. 

The sum is C = CU CL where CL = AL + BL and CU = AU + BU + 

CO; CO is the one bit carry-out from CL. 

A network to perform double-precision addition is 

shown in Figure 4.2. The operation requires four time 

cycles; two for storing AU and AL, and two for producing C. 

Cycle 1 » AL is stored in row 1. The input is 
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Cycle 2: AU is stored in row 2. The input is 

0 1 0 0 t 0 A7 A6 A5 0 0. 

Cycle 3» In this cycle, BL is added to AL. The carry-out 

from cell (1,7) must be noted so that it can be used as ' 

the carry-in for cell (3,10). The input for this cycle is 

1 0 0 1 1 0 Bg B2 Bj BQ 0 1. AL + BL is formed and stored 

in row 1. The carry-out is transmitted down row 2 so that 

it controls the S.input for cell (3,12). If the carry-out 

is 1, a 1 is stored; if the carry-out is 0, nothing 

happens (a 0 is already stored). 

Cycle 41 BU is added to AU with an initial carry-in 

determined by the previous operation. The result is stored 

in the same place. The input is 0 1 01 1 0 By Bg B^ 0 0. 

This example illustrates the possibility of doing 

double-precision addition. The number of control signals 

is greater than the number of data signals in this example. 

The number of control signals, however, is fixed for all 

choices of word length so that the ratio of control signals 

to data signals decireases significantly for larger n. 

4.3 Decimal Addition/Subtraction 

A network to add and subtract binary numbers, and 

networks to convert between BCD and binary representations 

were presented in this work. Instead of converting from 

BCD to binary, adding (or subtracting), and converting 
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from binary to BCD, a network can be designed to add and 

subtract numbers in their BCD representation. 

As in the case of binary addition/subtraction, the 

representation of negative numbers must be considered. Let 

A =A-| AQ be a two digit decimal number; then the ten's 

complement of A is (100-A). Notice that 

(100-A) = ((100-1)-A)+l = (99-A)+l. 

The subtraction of A from 99 can produce no borrows; hence, 

the formation of each digit of (99-A) can be considered 

separately. Consider, for example, (9-AQ) = 9+(15-AQ)-15 = 

-6+(15-AQ). The term (15-AQ) is the bit-by-bit comple- 

- - 9 
mentation of AQ, AQ. Then (9-AQ) = -6+AQ, and (10 -A) = 

(-6,-6)+(Aj,AQ)+1. In order to perform the base 10 

arithmetic, 6 must be added to each digit and the overflow 

from each digit tested. (This is as in the binary to BCD 

conversion network.) Hence the addition of -6 and +6 to 

each digit results in 0 being added to each digit. Then 

the ten's complement of A is obtained by adding 1 to the 

bit-by-bit complement of the magnitude of A. If the carry 

to the next digit is 1, then that digit is correct; if 

the carry is 0, then 6 is subtracted from that digit 

(10 is added). 

A network to Inspect BCD inputs of the form 

A = SA Aj AQ is shown in Figure 4.3. (SA is the sign of 

A.) The output of the network is the ten's complement of 
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Aj AQ If A is negative; the output is A if A is positive. 

Denote the output of this network as TNC(A). The process 

requires one time cycle. The input is 

1 SA 0 A13 A12 A^ A|0 0 AQ3 AQ2 AQJ AQO . 

If A is negative, row 1 takes the bit-by-bit complement of 

Aj and AQ; row 2 adds 1 to the output of row 1 and tests 

for overflow, cells (2,3) and (2,8). Row 3 adds -6 to the 
\ 

digits producing 0 carry-out. 

With a method to represent negative numbers available, 

the decimal adder/subtractor can be'designed. The procedure 

to be implemented is almost identical to the binary adder/ 

subtractor. The only difference is that arithmetic is 

done modulo 10 rather than modulo 2. Corrections for per¬ 

forming decimal arithmetic must be made, as in preceding 

networks. 

The network of Figure 4.4 produces C = A"tB where 

A = SA A} AQ, B = SB BQ, and C = SC CQ. It is 

assumed that no overflow occurs. For both addition and 

subtraction, the first step is used to load the accumulator 

stage, row 7, with TNC(A). The next stage for addition 

is to add TNC(B) to TNC(A) and correct for decimal arith¬ 

metic; for subtraction the next stage is to add TNC(NEG(B)) 

to TNC(A) and correct; for decimal arithmetic. 

The input for the store TNC(A) cycle is 

0 110 SA 0 A13 A12 AJ Q 0 AQ3 AQ2 Aq1 AQQ. 
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This activates rows 2, 3» 4, 5» and 7» Rows 2, 3» and 4 

are the complementing network of Figure 4.3. Row 7 is the 

accumulator row. Row 5 adds 6 to each digit of TNC(A). 

An ADD is completed by applying the input 

1 0 0 1 SB 0 B12 B1;L B1Q 0 BQ3 BQ2 Bq1 BQO 

TNC(A) is added to the contents of row 7# Row 8 performs 

the correction necessary for modulo 10 addition; binary 

1010 is added to digits that do not produce a carry-out. 

The input for subtraction is 

1 0 1 1 SB 0 B^ B12 B1;L B1Q 0 BQ3 BQ2 Bq1 BQ() 

This produces results identical to addition except that 

the sign of B is changed by row 1 so that TNC(NEG(B)) is 

added to the contents of row 4. The result of an ADD or 

a SUB, xxxx SC x ci3Ci2CllC10 X C03C02C01C00 * 

ten*s complement of the desired result if the answer is 

negative. Processing the result with the network of 

Figure 4.3 gives the proper value. 

4.4 Permutation of Variables 

A network that permutes n variables in an arbitrary 

fashion is described in this section. The problem is to 

design a network that accepts n ordered variables as inputs 

and produces as outputs the n variables in some given 

order. An example of a network that produces the permu¬ 

tation 
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Al A2 A3 A4 A5 A6 A7 A8 

\A3 A4 A2 Al A6 A8 A7 A5 J 

is shown in Figure 4.5. The input to the network is 

1 1 0 Al A2 A3 A4 A5 A6 A7 A8 0; the output is 

0 0 0 A3 A4 Al A2 AA A8 A7 A5 0. A description of the 

network follows. 

row 1 » A8 is shifted to column 9 and A6 is displaced. 

A6 is shifted to column 8 and A5 is displaced. A5 is 

shifted to row 2. 

row 2: A5 is shifted to column 11, but A8 has already 

been positioned so that the di.splaced quantity is not 

shifted to row 3. 

row 3: A8, A7, A6, and A5 are in the proper positions; so, 

A4 is shifted to column 5 and A2 is displaced. A2 is 

shifted to row 4. 

row 4 ; A2 is shifted to column 6 and A3 is displaced. 

A3 is shifted to row 5. 

row 51 A3 is shifted to column 4 and Al is displaced. Al 

is shifted to row 6. 

row 6 x Al is shifted to column 7. 

This network illustrates that a particular permuta¬ 

tion can be performed. Networks can be constructed to 

perform any permutation. These networks require n + 4 

columns and no more than n rows. The method of constructing 
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these networks is a generalization of the shifting procedures 

used in the previous example. 
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5.0 Conclusions 

The preceding chapters have shown that the programmable 

cellular array introduced in Chapter 2 is capable of per¬ 

forming useful arithmetic and logic operations. Programs 

to perform binary addition, subtraction, multiplication, 

and division; conversion between BCD and binary representa¬ 

tions of numbers; decimal addition; double-precision 

addition; and permutation of variables are given as exam¬ 

ples of how this array is utilized. A method of utilizing 

space/time trade-offs is illustrated in the construction 

of the multiplier. 

This logic network arrangement has several distinctive 

features. The first is the method of handling control 

signals. Control signals enter the array in the same 

manner as data, from the top of the array. Special 

cell states route the input signals to be used as control 

signals onto the control lines. This feature allows 

internally generated (as well as external) signals to 

control portions of the array. 

Another advantage is the presence of the four flip- 

flops in each cell. These function as state specification 

and data storage bits. By specifying the function to be 

performed with internal flip-flops rather than with 

external control lines, the states of the cells in a row 

or a column can be chosen independently. This feature 
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permits any combination of cell states to be used in a row 

or a column. The presence of a data storage bit in each 

cell allows operands for logical and arithmetic operations 

to be stored at appropriate positions within the array. 

Another advantage is adaptability. It has been shown, 

by example, that this array can perform many operations. 

The array is also adaptable from the standpoint that the 

operation performed can be changed by reprogramming. This 

array is also easily expandable. More rows of cells can 

be attached to an existing array to give a longer array. 

(However, more columns'cannot be added.) 

This network arrangement complements large-scale 

integration technology but does not depend upon a high 

degree of integration being reached. Small, identical 

sections can be manufactured on a chip and then connected 

to form the array; in fact, the cell can be the basic 

manufacturing unit. (Note that external connections for 

the horizontal inputs will be required if any unit smaller 

than a row is produced.) 

The cell described in this thesis is larger than 

those found in most special purpose programmable arrays. 

(It has 75 - 100 gates.) The reasons for this are the 

manner in which the cell is controlled and the large 

number of functions realized by the cell. These features 

of the array, largeness, cell initiated control, and complex 
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computational ability, indicate that this programmable 

cellular array is in the class of macrocellular arrays. 

(See (5), page 116 for a definition of macrocellular 

array.) 

The class of macrocellular arrays requires further 

study. Future work in this area should include an investi¬ 

gation of the capabilities of cells with expanded control 

functions and increased computational ability. Another 

area requiring.research is the development of an efficient 

method of describing programs for these arrays. The 

method should indicate the algorithm used and should be 

easily translated to specific cell states. Further study 

of the inherent structure of an array may lead to the 

discovery of the properties of a language to describe 

such arrays. The problems of fault location and avoidance 

in arrays of this type are unsolved and should be investi¬ 

gated . 
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