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ABSTRACT OF THE DISCLOSURE

A shift and rotate arrangement including a group of
serially connected unidirectionally oriented rotate circuits
connected between input and output terminals and a con-
trol circuit which simultaneously operates all the rotate
circuits. Rotate and shift operations of any specified mag-
nitude in either direction are performed by additive ro-
tate operations during a single transmission of a data
word from the input terminals through the series of rotate
circuits to the output terminals by selective control of
mdividual gating elements within the respective rotate cir-
cuits.

e —— o ——

This Invention relates to data processors and more
particularly to shift and rotate circuits for use therein.

In many data processing systems it is necessary to shift
and rotate data words. In conventional prior art data
processors a word is first placed in one of the system
registers. The word is then shifted or rotated, to the
left or the right, in the register itself. Although the term
“shifting” is used throughout this specification in its
generic sense as including the rotate operation, a shift
operation 1s distinct from a rotate operation. When the
bits in the data word are shifted out of one of the ends
of the register during a rotate operation they are reinserted
at the other end of the register. When the word is to be
shifted rather than rotated the bits shifted out of the
register are not reinserted at the other end and 0's are
written in the stages at this other end of the register. Since
the data word may be shifted or rotated to the right or
the left it is apparent that four distinct operations are
possible. The magnitude of the shift in each case must

be specified. |
In conventional prior art circuits the data word in a

register is shifted one position at a time. An improved shift
and rotate circuit is disclosed in the copending applica-
tion of W. B. Cagle et al. Ser. No. 380,274, filed July 6,
1964, now U.S. Patent 3,350,692, issued Oct. 31, 1967.
In this circuit the bits in the register may be shifted more
than one position at a time and the time required for a
shift or rotate operation is materially reduced. However,
in this circuit as well as in conventional prior art cir-
cuits the data word to be shifted must first be placed in a
register before it may be operated upon by the shifting
circuitry.

A common sequence of operations in a data processor
is the reading of a data word from a memory into one of
the system registers, followed by the shifting of the data
word in the register. An exceedingly efficient data proces-
sor would be one which could shift a data word during
its transmission from the memory to the register. In such
a system the reading and shifting operations could be
performed in the same step and it would not be required
to first place the data word in the register before shifting
it. Similarly, another sequence of operations which 1s often
required is the transfer of a data word from one register
to another followed by the shifting of the data word in the
latter register. Again, a machine which could shift the
data word while it is being transferred from one register
to the other would be highly desirable. In the prior art
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however, it has not been possible to shift the data word
while transferring it within the data processor. It has been
necessary to first place the word in a register and then
shift it. Prior art shift and rotate circuits are capable of
operating only in conjunction with a register; it has priorly
been possible to shift a data word only after it first ap-
pears 1n some kind of storage mechanism.

It 1s a general object of this invention to provide an im-
proved data processor in which logical operations may be
performed on data words while they are being transferred
from one part of the machine to another.

In prior art shift and rotate circuits in which a data
word may be shifted in either direction it is usually nec-
essary to provide circuitry for shifting the bits in the
data word to both the left and the right. Typically this
circuitry has included gates which are capable of trans-
ferring the bits in the stages of a register to other stages
to either the left or the right. While my invention con-
templates shifting a data word while it is being trans-
ferred, rather than shifting it after it is first placed in a
register, it would appear that it would be necessary to once
again provide two mechanisms for shifting the bits in
the data word in the two directions. This is due to the
fact that the logical operations performed in my in-
vention are the same as those performed in the prior art
circuits,

It 1s a more specific object of this invention to provide
for shift or rotate operations in either direction by the
use of umdirectional rotate circuitry.

In accordance with the principles of my invention I
incorporate a combinational logic circuit in the path of
a data processor over which a data word is transferred
from one unit to another. There are two types of inputs
to the combinational logic circuit. One set of inputs repre-
sents the type of operation to be performed, i.c., shift or
rotate, the direction of the shift, i.e., left or right, and
the shift magnitude. The other input is supplied by a series
of conductors in the transfer path, each of these conduc-
tors having an electrical signal therein representative of
one of the bits 1n the data word being transferred in the
machine. The output of the combinational logic circuit is
provided over another series of conductors each having an
electrical signal representative of one of the bits in the
shifted data word. The combinational logic circuit is char-
acterized. by gating circuits which allow the flow of bit
information between bit position of the data word.

In a typical prior art data processor the transfer path
comprises a series of conductors arranged in ascending
order of signiiicance, each having one of the bits in the
data word being transferred representied therein. In a data
processor incorporating the shift and rotate circuit of my
invention the signals in the output conductors represent
bits 1n the shifted data word., These signals can control
the writing of the shifted data word directly in a repister
or oiher memory device, In other words, the two units to
which and from which the data word is transmitted may
operate as they do in the prior art. But in the course of
the transfer of the data word it may be shifted so that a
subsequent shift operation is not required.

The combinational logic shift and rotate circuit of my
invention is particularly advantageous when incorporated
in an electronic data processor. The shift and rotate
circuit consists of a series of groups of transmission gates
for transferring signals representative of bit values from
particular nodes in one group to respective nodes in an-
other. If transistors are used, for example, the delay in
transmilting the bits through any stage of the network is
a function only of the time required to turn a transistor on
or off. It the shift and rotate circuit includes five stages,
the total delay introduced by the shift and rotate circuit
1s merely approximately equal to five times this amount.
The total time may thus be only a fraction of a micro-



3,374,463

3

second. Because electronic gates operate so rapidly the
data word may be shifted while it is being transferred
without introducing any appreciable delay in the transfer
time. The use of a combinational logic circuit, in lieu of
a shift and rotate circuit which operates in conjunction
with a register and which must set and reset the various
stages of the register, allows the shift operation to be per-
formed simultaneously with the data transfer operation,
and to be performed more rapidly than heretotore pos-
sible, thus allowing the data processor to proceed with
other useful work.

In the illustrative embodiments of the invention the
shift and rotate circuit operates on 20-bit data words.
Fach of the two embodiments of the invention includes
120 nodes arranged in a matrix array of 20 columns and
six rows. The bits in the data word to be operated upon
are applied at the nodes in the top row, the most signifi-
cant bit being applied to the leftmost node in the row
and the Jleast significant bit being applied to the rightmost

node in the row. The final data word appears at the 20

nodes in the last row. In the course of transmission of
the bits through the node network from the first row to
the last the bits are operated upon as required.

Twenty transmission paths are provided for connecting
the 20 nodes in each row to the 20 respective nodes In
the same columns in the next lower row. Twenty transmis-
sion paths are also provided to connect the ncdes in each
row to respective nodes further to the right in the next
lower row. The number of columns separating the nodes
in different rows which are connected to each other by
these paths is the same for each of the groups of 20 “di-
agonal” paths, but the number of columns is different for
the different groups of paths. Suppose the columns from
left to right are numbered 19-0 and the rows from top 1o
bottom are designated A-F. Each of the 20 nodes in row
A is connected by a respective “vertical” transmission path
to the node of row B directly below it. Each of the nodes
in row A is also connected by a “diagonal” path to the
node one column to its right in row B. The righimost
node in row A is connected to the node in row B in the
next “rightmost” column, which, when rotation of the
data word is considered, is column 19. The rotation of
the data word through the network is accomplished in
steps. The first possible step is a shift of 1. If the 20 verti-
cal paths are used the input data word is merely trans-
mitted down to the nodes in Tow B, but the bit positions
are unchanged. If the diagonal paths are used, however,
the input data word appears at the nodes in row B after
having been rotated one position to the right.

Similarly, 20 vertical paths connect the nodes in row
B to the nodes in row C. Twenty diagonal paths connect
the nodes in row B to the respective nodes in row C 1wo
positions to the right. The rightmost node in row B 1s
connected to the node in row C in column 18. The node
in column 1 of row B is connected to the node in column
19 of row C. If the vertical paths are used rather than
the diagonal paths the bit pattern transmitted to the nodes
in row C is the same as that originally appearing at the
nodes in row B. If, on the other hand, the diagonal paths
are used the bits at the nodes in row C are the same as
those at the nodes in row B except that they have b¢en
rotated two positions to the right.

Similarly 20 vertical paths are provided between the
nodes in rows C and D, the nodes in rows D and E, and
the nodes in rows BE and F. The diagonal paths between
nodes in rows C and D connect to each other nodes which
are four columns apart. The diagonal paths between the
nodes in rows D and E separate nodes which are eight
columns apart, and the diagonal paths connecting the
nodes in row E to the nodes in row F are connected Dbe-
tween nodes which are 16 positions apart. Either the verti-
cal or the diagonal paths are used in transmitting DIts
from the nodes in row C to those in row D, from the
nodes in row D to those in row B, and from the nodes mn
row E to those in row F. If the diagonal paths are used

0y,

10

| 5

3¢

40

=1
—

|
) |

60

oy |

4

in the input bits are rotated 4, 8 or 16 positions to the
richt. By selecting the appropriate groups of diagonal
paths the input data word may be rotated the desired
amount to the right. The rotated data word appears at
the nodes in row F for transmission within the data proces-
sor. By merely controlling either the vertical or the di-
agonal paths between any two rows of nodes to transmit
the bits over them the input data word may be rotated
to the right while it is transmitted through the network.
If all of the transmission paths comprise transistor gates
the delay through the network is merely that required
for five transistors to turn on or off in sequence.

A more specific object of my invention concerns the
shifting and rotating of a data word in either direction
by the use of circuitry which is capable of rotating the
data word in only one direction. The obvious advantage
of such circuitry is that the total cost of the shift and
rotate circuit may be cut by a factor of approximately
one half.

Consider a 20-bit register containing a 20-bit data
word. Suppose that a prior art shift and rotate circuit
used in conjunction with the register for shifting its con-
tents is capable of only rotating the bits in the register
to the right. The circuit may also be used for shifting
the data word to the right. It is only necessary to block
the bits shifted out of the right end of the register from
re-entry in the left end of the register. This circuit may
also be used for rotating the register word to the left. It
is only necessary to complement the shift magnitude
with respect to 20 and then rotate the register word to
the right a number of positions equal to the comple-
mented value. For example, a left rotation of five posi-
tions is equivalent to a right rotation of 15. The only
one of the four types of operation which remains to be
accomplished is a left shift. Suppose the shift magni-
tude is again complemented with respect to 20 and the
register word rotated to the right a number of post-
tions equal to the complemented value. This will place
the desired bits in the correct register position. If specific
examples are considered it will become apparent that the
bit values which must be erased from the register, i.e.,
the bits for which 0’s are to be substituted in the reg-
ister, are not those which are rotated out of the right
end of the register, but rather those which are not ro-
tated out of the register at all. While right rotation cir-
cuitry may be used for accomplishing right shifts by
blocking the bits which are rotated out of the right end
of the register from re-entry at the left end, a similar
technique may not be used to control left shifts. The bits
which must be blocked are those which are never rotated
out of the register in the first place and the desired bits
are those which are rotated out of the right end of the
register and re-enter at the left end. For this reason
prior art shift and rotate circuits have included circuitry
for rotating to the left as well as to the right. Shifts, in
cither direction are obtained by blocking the bitfs which
leave one of the ends of the register.

According to an aspect of my invention however 1t 1s
possible to shift to the left with the use of right rotation
circuitry in addition to rotating in either direction and
shifting to the right., The diagonal transmission paths
connecting nodes in the rightmost columns to nodes 1n
the leftmost columns merely need be blocked to contrdl
right shifts—the bits shifted out of the right end of the
system are not reinserted at the left end. Left rotations
may be accomplished by complementing the given shift
magnitude with respect to 20 and then rotating to the
right the complemented number of positions. As for left
shifts, they may also be controlled by unconditionally
blocking certain vertical transmission paths on left shifts
in certain situations, and conditionally blocking other
vertical paths on left shifts in other situations. The de-
termination of which paths must be blocked 18 too de-
tailed to be briefly described at this point. Suffice 1t to
say that by merely blocking certain of the vertical trans-
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mission paths in the right rotation circuitry and by then
rotating to the right a number of positions equal to the
complemented value of the shift magnitude, the data
word transferred through the combinational locic circuit
appears at the output nodes shifted to the left the ?2e-
quired number of positions. The principles which control
the determination of which transmission paths must be
blocked for accomplishing left shifts may also be applied
to the prior art type of shift and rotate circuit for cutting
the cost by a factor of approximately one half. The ap-
plication of these principles to prior art systems will be-
come apparent to those familiar with the art after read-
ing the detailed description below.

It 1s a feature of my invention to provide a combina-
tional logic circuit for operating upon a data word while
it 1s being transferred within a data processor.

It 1s a further feature of my invention to control the
shifling and rotating of data words in either direction
with the use of unidirectional rotating circuitry, with
certain operations of the unidirectional rotating circuitry
being inhibited to accomplish shifts in the direction op-
posite to that in which the unidirectional rotating cir-
cuitry 18 operative.

Further objects, features and advantages of the inven-
tion will become apparent upon consideration of the fol-
lowing detailled description in conjunction with the draw-
ing in which:

FIG. 1 15 a block diagram of a data processor incor-
porating the combinational logic shift and rotate circuit
of my invention:

FIG. 2 depicts the principles of operation of the shift
and rotate circuit of the invention for a data processor in
which data words are 16 bits in length;

FIG. 3 depicts the principles of operation of the shift
and rotate circuit ¢f the invention for a data processor in
which data words are 20 bits in length;

FIGS. 4-7 depict a shift and rotate combinational
logic circuit for a 20-bit data word system in which the
shifting and rotating operations are controlled by relay
contacts;

FIG. 8A 1s a detailed schematic of an illustrative gate,
shown symdbolically in FIG. 8B, which may be used in
the block diagram circuit of FIGS. 9-16, and FIG, 8C
depicts the operation of the gate for various input con-
ditions;

FIGS, 9-16 depict a shift and rotate combinational
logic circuit for a 20-bit data word system in which the
shiiting and rotating operations arc controlled by a series
of electronic gates;

FIGS. 17 and 18 depict the transmission characteristics
of certain ones of the gates in FIGS. 9--16; and

FIGS. 19 and 20 show respectively the arrangements of
respective FIGS. 4-7 and FI1GS. 9-16.

Data processor incorporating a combinational logic shift
and rotate circuit (FIG. 1)

FIG. 1 1s a block diagram schematic of a data processor
incorporating a combinational logic shift and rotate cir-
cuit. Memory 101 includes both instruction words and
data words, Address register 114 contains the address of
the instruction word to be transmitted from memory 101
to instruction register 111. The instruction word in regis-
ter 111 1s translated by translator 112 to determine the
required operation of the system. The translator includes
a series of output cables extended to various units in the
system, the translator controlling the operation of these
units in accordance with the instruction word contained
in the instruction register.

Address circuit 109 contains the address of the location
in memory 101 into which a data word on cable 117 is
to be written, or out of which a data word is to be read
and applied to cable 118, The operation of memory 101
15 controlled by the output cable extended from translator
112 to the memory. The signals on this cable indicate
whether an instruction word is to be transmitted to the
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instruction register, or whether a data word is to be writ-
ten nto or read out of the memory.

Data words on either cable 118 or cable 119 are trans-
mitted through OR pate 115 to shift and rotate circuit
100. Translator 112 transmits to S/R conlrol circuit 110,
over the respective output cable, signals indicative of the
type of operation required, its direction and magnitude.
S/R control circuit 110 controls shift and rotate circuit
100 to shift or rotate the data word appearing at the
otutput of OR gate 115, The resulting data word is trans-
mitted to complement circuit 102 which under control of
translator 112 is capable of complementing each bit in the
data word at the output of shift and rotate circuit 100.
The data word is then transmitted to register director 103.
Translator 112 controls register director 103 to direct the
data word to a selected one of registers 104, 105 and 106.

Register selector 107, under control of translator 112, is
capable of reading the data word stored in one of registers
164, 105 and 106 ard transmitting it to either accumulator
108 or directly to bus 116. If the word is transmitted to
accumulator 198 it is operated upon by the accumulator
in accordance with commands received from translator
112. For example, the accumulator may add two data
words successively transmitted to it. The sum may be
then applied to bus 1186,

The data word on bus 116 may control one of a variety
of operations. For example, the data word may be trans-
mitted through OR gate 115, shift and rotate circuit 100,
complement circuit 102 and register director 103 to one of

egisters 104, 1065 and 106. The data word in one of
registers 104, 105 and 106 would be read by register selec-
tor 107 and applied to bus 116 to be transmitted in the
above manner when it is desired for example to transfer
a data word from one register to another and at the same
time control its shifting. The data word on bus 116 also
appears on bus 117, The data word may be written in
memory 101 at the address specified by address circuit
1069. If the data word on bus 116 is not data but only
represents an address in memory 181, address circuit 109
1s controlled by translator 112 to write another data word
in the memory at the location represented by the address
on bus 116. Similarly the data word on bus 116 might
represent the location in the memory of a data word to
be read out of the memory and applied to cable 118.
Finally, the data word on bus 116 may be transmitted
directly to address register 114 to replace the contents of
the address register. Such an operation would be effected
when it iS necessary to transfer to a new instruction
sequence. Ordinarily, increment circuit 113 controls the
incrementing of the address in register 114 but an out-of-
sequence address may be written in the register when
such an operation is controlled by translator 112. The
particular operation performed in the machine is deter-
mined by the cperation of the translator.

The details of the data processor are not disclosed since
the shift and rotate circuit of my invention may be in-
corporated in any data processor of the type described.
An 1llustrative data processor is disclosed in the
Doblmaier et al. application, Ser. No. 334,875, filed Dec.
31, 1963. The details of the data processor in which the
shift and rotate circuit of my invention is incorporated
are not necessary for an understanding of my invention.
What must be understood is the placing of the shift and
rotate circuit 100 itself within the data processing system.
It will be observed that any word transferred from
memory 161 to one of registers 104, 105 and 106 passes
through the shift and rotate circuit. Similar remarks ap-
ply to a data word transferred from one of the registers
to another. By placing the shift and rotate circuit, which as
distinguished from prior art circuits is comprised of com-
binational logic elements, in the transfer path of a data
word it is possible to control the shifting or rotating of
the word while it is being transferred within the system.
Uniike prior art a shift and rotate circuit is not directly
connected 1o one or all of registers 104, 105 or 106 or
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accumulator 108, It is not necessary to place a data word
in a register before shifting it. A data word may be
shifted while it is being transferred from one part of the
system to another.

Princivles of operation for a 16-bit shift and
rotate circuit (FIG. 2)

FIG. 2 represents the transmission paths required in a
shift and rotate circuit which operates on 16-bit data
words. The circuit includes five rows A-E and 16 columns
15-0 of nodes. A node is merely a point, e.g., a Jesig-
nated spot on a conductor. Each of the nodes in the draw-
ing may bc identified by first giving its column number
and then its row letter. For example node 7D is con-
tained in column 7 and row D. A line, vertical or ci-
agonal, between any two nodes represents & transmis-
sion path. The bit value at any node is transmitted either
along the vertical path to the node in the next row in the
same column, or along a diagonal path to a node in the
next row but to the right. The choice between the vertical
and diagonal paths is made dependent upon the nagni-
tude of the required shift and, for any given time at
which the circuit is used, and at any given set of lettered
nodes, all bit positions use the same choice of vertical
or diagonal paths to connect to the next set of lettered
nodes.

Certain nodes in the drawing are duplicated. For ex-
ample, node 14D appears twice in row D. The two nodes
are really the same. Thus the bit at node 2C may be trans-
mitted to the same physical point as the bit at node 14C,
the diagonal path being taken in the first case from node
2C and the vertical path being taken in the second from
node 14C. The diagonal paths to the right of the drawing
are not shown extended back to the left to the respective
nodes in order that the operating principles of the cir-
cuit be more apparent. But it is to be borne in mind
that all nodes to the right of line L—L are duplicated,
that is, they are physically connected to the respective
identically labeled nodes to the left of L—1..

There are 16 input conductors to the shift and rotate
circuit, which are connected to respective ones of the
nodes 0A through 15A. The 16-bit input data word thus
appears at the top row of nodes. The bits at the top row
of nodes are all transmitted either vertically or diagonally
to the 16 nodes in row B. The bits thus transmitted to the
nodes in row B are then all transmitted vertically or all
transmitted diagonally to the nodes in row C. The bits
are then similarly transmitted to the 16 nodes in row D
and finally transmitted to the 16 nodes in row E. The 16
nodes in row E are connected to 16 output conductors
which are extended to complement circuit 102 in FIG. 1.
The shifted 16-bit data word appears on these 16 conduc-
tors.

FIG. 2 merely depicts the circuitry which must be de-
signed to implement a 16-bit shift and rotate circuit in ac-
cordance with the principles of the invention. The two
illustrative embodiments of the invention are 20-bit shift
and rotate circuits. Nevertheless the switching plan for a
16-bit system is first considered in order that the prin-
ciples of the invention be most clearly understood. The
vertical and diagonal lines in FIG. 2 represent transmis-
mision paths which must be included in the final design.
The control of these paths is determined by a “steering”
word represented as {(X8) (X4) (X2) (X1). The four
bits of this steering word will determine the paths of data
bits through the network of FIG. 2, hence they serve the
function of “steering” data through the circuit. Any rota-
tion to the right having a magnitude from 0 to 15 may be
represented by the steering word. For example, if the
word (X8) (X4) (X2) (X1) 1s 1001 the shift magnitude
is nine. The X1 bit in the steering word controls the op-
eration of the gates connecting the nodes in row A to the
nodes in row B. If X1 is a 0 the 16 vertical pates operate
and the bits at nodes QA through 15A are transmitted ver-
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tically to respective nodes 0B through 15B. If X1 1s a 1
the bits at nodes 0A through 15A are transmitted along
the 16 diagonal paths to respective nodes 15B through
148 (the expression “nodes 15B through 14B” represents
the node sequence 15B, 0B, 1B . . . 14B). The X1 bit in
the steering word thus controls the shifting of the 16 bits
at the nodes in row A to the right by one position if re-
quired. If a shift of one position is not required the bits
are merely transmitted downward to the next row of
nodes.

Similar remarks apply to the 16 vertical gates extend-
ing from the 16 nodes in row B and the 16 diagonal gates
extending from these same nodes. (It will be noted that
there are no paths from node 15B at the right end of row
B because this node is the same as node 15B at the left
end of the row, at which node two transmission paths
originate.) The choice between the vertical paths and the
diagonal paths is dependent upon the value of X2 in the
steering word. 1f the bit is a 0 the vertical paths are
chosen and if it is a 1 the diagonal paths are used. Bit X2
thus controis the shifting of each of the bits at the nodes
in row B two positions to the right.

The 16 vetrical and 16 diagonal paths connected be-
tween the nodes in row C and the nodes in row D are con-
trolled by bit X4 in the steering word. The vertical paths
are chosen if bit X4 is a O and the diagonal paths are
chosen if the bit is a 1. If the diagonal paths are chosen
the 16 bits in row C are transmitted to the 16 nodes in row
D after being rotated four positions to the right. Similar
remarks apply to the last group of 32 transmission paths
and bit X8, this bit controlling the rotation of the 16-bit
data word eight positions to the right.

The transmission paths in FIG. 2 accomplish the right
rotation of a data word in accordance with the magnitude
of the shift required. For example, suppose the 16-bit
data word appearing at the 16 nodes in row A must be
rotated 11 positions to the right. The steering word will
in this case be 1011, Bit X1 controls the rotation of all
bits one position to the right. The bits thus appear at the
16 nodes in row B after having been rotated one position
to the right. Bit X2 then controls the rotation of the 16
bits at the nodes in row B two positions to the right, the
diagonal paths being being used for transmitiing the bits
from the nodes in row B to the nodes in row C, Since bit
X4 is a 0 the vertical paths are used to transmit the bits
from the nodes in row C to the nodes in row D. Finally
since bit X8 is a 1 the 16 diagonal paths are used to trans-
mit the bits at the nodes in row D to the nodes in row E.
The final 16-bit data word appearing at nodes 0E through
15E is the same as the input data word having appeared
at nodes 0A through 15A except that the bits have been
rotated 11 positions to the right. The switching plan of
FIG. 2 is used as a basis for the design of the actual shift
and rotate circuit to be used in a 16-bit data word system.
Each bit in the steering control word controls the selec-
tion of either a respective group of 16 vertical paths or a
respective group of 16 diagonal paths, all of the paths
being represented in the drawing only by lines.

A circuit design based on the pattern of FIG. 2 would
be capable of accomplishing right rotation operations in
the manner just described. Since each line represents a
gate or a transmission path it is apparent that an mput
data word from a register or from memory may be ro-
tated to the right as it travels through the shift and rotate
circuit on its way to another storage unit such as a regis-
ter. Additional control functions are required however to
accomplish shifts to the right, and shifts and rotations to
the left. To control the shifting of the input data word to
the right it is only necessary to block all of the diagonal
paths which cross the line L—L. These diagonal paths,
such as 0A—15B and 1B-15C, control the transmission of
a bit from a node at the right end of the circuit to a node
at the left end. During a shift operation the bits should be
shifted out of the system. This operation may be effective-
ly accomplished by blocking all diagonal paths crossing
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the tine I—1 when a right shift is performed and by also
forcing the writing of a 0 at any node at which one of
these diagonal paths is terminated. For example, consider
that the 16-bit input data word is to be shifted 11 positions
to the right rather than being rotated this amount as in the
example previously considered. Since X1 is once again a
1 the 16 diagonal paths connecting the nodes in row A to
the nodes in row B are selected. However, transmisston
path 0A-15B is blocked and 2lso a 0 is automatically
written at node 15B. {The term *“written” merely refers
to the fact that the potential at node 158B represents a 0.
The bit value at any node 1s represented by one of two
potentials. The potentials at the nodes together with the
steering word and other control signals govern the opera-
tions of the variocus gates in the system.) Thus the bits at
nades 15A through 1A are shifted to respective nodes 14B
through 63. A 0 anpears at node 158, Because bit X2 is
also a 1 the 16 diagonal gates connecting the nodes in row
B to the nodes in row C are chosen. The two diagonal
paths OB-34C and 1B-13C are blocked during right
shifts since these paths cross the line L—L. 0’s are auto-
matically written at nodes 18C and 14C. The 0 previously
written at node 15B is transmitted along diagonal 15B-
13C to node 13C, and 0's thus appear at the three nodes
15C through 13C. The bit values at nodes 12C through
O0C are derived from respective nodes 14B through 2B.

Bit X4 1 the shift magnitude word is a 0 and conse-
quently the 16 vertical paths connecting the nodes in row
C to the nodes in row D are chosen. Whenever bit X4 is
a 1 during a right shift paths 0C-12D through 3C-15D
are blocked since these four paths cross the line L—L. In
the present case since bit X4 is a () the 16 bits at the nodes
in row C are merely transmitted directly down to the 16
nodas in row D. {'s thus appear at nodes 15D through
13D. Nodes 12D through 8D contain bit values dependent
upon the bit values in the original input data word,

During the last step because bit X8 is a 1 the last group
of diagonal paths is chosen rather than the corresponding
vertical paths. The eight paths 0D-8E through 7TD-15E
are blocked since these paths cross the line L—L. 0’s are
automatically written at nodes I5E through 8E. The three
('s at bits 15D through 13D are shifted diagonally to re-
spective nodes 7E through 3E. The bit values at nodes
4. through OE are the only ones in the final werd whose
values depend on the five respective bits 11 positions
away to the left in the original input data word. It is thus
scen that right shifts may be accomplished with the use
of right rotation circuitry, provided the transmission
paths crossing the line L—L are blocked.

Consider new a rotation to the left. Any input data
word may be rotated to the left the required number of
positions if it is instead actually rotated to the right a
number of positions equal to the input magnitude com-
plemented with respect to the number of bits in the data
word which in this case is 16. Suppose it is necessary to
rotaie the input word five positions to the left. The shift
magnitude actually required is 0101. This word is com-
plemented with respect to the number 106000 (binary 16).
The result 1011 is the magnitude of the right rotation actu-
ally perfermed and hence this value is used as the steering
word to control the paths in FIG. 2. Rotating the input
word 11 positions to the right produces a result which is
identical to the one which would have resulted had the
mput word been rotated five positions to the left. Thus
right rotation circuitry may be used to perform left ro-
tation. All that is required is that the shift magnitude first
be compiemented with respect to 16 before using it as the
steering word to control the actual (right) rotation.

The fourth operation which must be considered is a
left shift, As described above it has heretofore been be-
Lieved that right rotation circuitry could not be used to
accomplish left shifts. In accordance with an aspect of
my inventicn however the right rotation circuitry may be
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dittonal confrol functions. Although little additional cir-
cutlry is required the analysis may be quiie complicated
In any given system and for this rcason the 16-bit case
will be considered in detail at this time.

Throughout the remainder of this specification when
a path is said to be “blocked” it shall mean that any bi-
nary data bit, with either a 1 or a (¢ bit value, shall look
to the remainder of the circuit as if it had a bit value 0
if it attempts to use the “blocked” path. If the circuit paths
are made up of metallic contacts, for example, and a
binary 1 is represented by electrical coentinuity through
the contacts and a binary 0 is represented by a lack of
such continuity, then the “blocking” of a path would
merely consist of breaking the electrical continuity of
the path.

For performing left shifts with right rotation circuitry
the proper steering word may once again be obtained
by first complementing the given shift magnitude with
respect to 16. By then rotating the input data word to
the right a number of positions equal to this comple-
mented value, the input data word will be given the effect
of being rotated the proper number of positions to the
left. But during a shift operation 0's must be written at
one of the ends of the oulput word. For right shifts §’s
may be easily written at the nodes at the left end of the
system merely by blocking the diagonal paths which cross
the line L—L. But a similar blocking technique for left
shifts is difficult to envision because the bits which cross
the line L-—IL must remain in the system when the input
data word is shifted to the left and those bits which do
not cross line L-—L must be forced to be 0's at the output
nodes, For example, consider an input data word which
consists of 16 1's. Suppose the magnitude given for the
left shift is 5. The final data word at the nodes in row
E should be 1111111111100000. If the input data word
1s rotated 11 positions to the right the 11 lead significant
bits in the input word cross the line I.—IL and appear in
the 11 most significant positions in the final word. Tt is
only the five bits which do not cross the line L—1. which
must be made 0’s during the course of their transmission
through the system in order that the five least significant
bits in the final word be all 0’s. The changing of these
five bits to (s appears difficuit because these five bits
never cross the line L—L and it is not obvious that a
particular group of diagonal paths may be blocked such
as in the case of a right shift.

_ The starting point in the analysis is the following prin-
ciple, which may be deduced from the discussion immedi-
ately above: A left shift operation may be performed if
the magnitude of the left shift called for is complemented
with respect to 16 and then right transmission through
the network is allowed only for those data bits which cross
the line L—L. If somewhere in the circuit network 0's
are substituted for the bits which do not cross I—L,
O’'s will appear, as required, at the richtmost nodes in
row E.

The diagonal line D—D js superimposed on ihe path
15A-0E, this latter path actoally comprising four distinct
transmission paths. All vertical paths passing through the
ine D—D, and all vertical paths which termina‘e at a
node along the line D—D are dotted in FIG. 2. Thus the
path 0D-@E and the output path which goes downward
from node OE are dotted because they terminate at a
node along line D—D. The seven vertical paths 1D-1E
through 7D-7E are dotted because they cross the line
D—D. The two vertical paths 8C—8D and 8D-8F are
dotted because they each terminate at node 8D which is
aiong the line D—D. The three vertical paths 9C—9D
through 11C-11D are dotted because they cross the line
D—D. The two vertical paths 12B-12C and 120--12D
are dotied because they each terminate 2t node 12C
through which line D—D passes. Vertical path 13B-13C
is dotted because D—D passes through it. The two verti-
cal paths 14A-14B and 14B-14C are dotted because they

used to accomplish left shifts with surprisingly few ad- 75 each terminate at node 14B which lies along D—D.
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Vertical path 15A—15B and the vertical path from the
memory or register connected to node 13A, over which
the most significant bit is transmitied to the shift and
roiate circuit, are also dotted because they each terminate
at node 15A which lies along D—D.

Once the dotted vertical paths are determined a left
shift may be accomplished with the use of right rota-
tion circuitry in a surprisingly simple manner. All that
is required is that the left shift input magnitude be com-
plemented with respect to 16 and the input data word
then be rotated to the right a number of positions equal
to the complemented value—with all of the dotted ver-
tical paths {or more accurately the final nefwork trans-
mission paths represented by the dotted vertical paths)
being blocked, i.e., the nodes at the lower end of each of
the paths having {’s automatically written at them when
respective vertical steps are taken. By absotutely blocking
the dotted vertical paths when a left shift operation 18
to be performed O's will automatically appear in the re-
quired number of rightmost nodes in row D. The block-
ing of the vertical paths which cross the diagonal D—-D
has the effect of forcing data bits to cross line L—L 1f
they are to find their way through the circuit unimpeded
(i.e., without encountering a blocked path).

In order to design a shift and rotate circuit for other
than 16-data words it is necessary to clearly understand
why blocking the dotted vertical paths in FIG. 2 insures
that 0’s appear in the correct number of rightmost nodes
in row E after the input data word is transmitted through
the network. The selection of the vertical paths to be
dotted is based on the fundamental principle given above.
By blocking the vertical paths represented by the dotted
lines it is guaranteed that (s will be substituted for those
bits in the original data word which do nct cross the line
1—I by the time they reach the nodes in row E.

The vertical paths in FIG. 2 fall into three groups, the
dotted paths along D—D, the vertical paths to the upper
right of the dotted paths, and the vertical paths to the
lower left of the dotted paths. The key to the vertical path
scheme is to insure that a O is substituted for any bit
which cannot cross L—L during transmission through the
network. Consider first the bits at the nodes at the upper
right of the network. The bit at node QA crosses |
if a diagonal step of one is taken. However if a vertical
step is taken and the bit is transmitted to node OB it may
still subsequently cross L—L if a step of 2, 4 or 8 along
a diagonal is taken. Consequently the vertical path con-
necting node 0A to node 0B should not be blocked. A
0 should not be substituted for the bit at node DA even
if a vertical step is taken because the bit may subsequently
cross L—L and should therefore remain in the system.
Consider another node, for example, node 7C. By the
time the bit appears at node 7C there has been a shift of
at most three positions to the right. The bit at node 7C
therefore has not vet crossed IL—L. The bit at node
7C may cross L—L whether the diagonal step is taken to
node 3D or the vertical step is taken to node 7D. In
either case the bit originally at node 7C may Yyel cross
I—L, if the next shift of 8 is along diagonal 7D-13E
or 3D-11E. Consequently the vertical path from node
7C should not be blocked, i.e., a 0 should not be sub-
stituted for the bit at node 7C, even if the vertical path
7C_7D is taken because the bit may yet cross L—L if
a diagonal step of 8 is taken.

Consider now the nodes at the top of the dotted vertical
naths beginning with the group of nodes 0D through 8D.
By the time the original bits at the nodes in row A are
transmitted to the nodes in row D a maximum shiit of
seven positions may have taken place. The only bits at
the nodes in row D which may have already crossed L—L
are those at nodes 15D through 9D, the seven leftmost
nodes in the row. In no way whatsoever can the bits at
nodes 8D through 0D have already crossed L—I. If
lhese hits take the vertical paths downward from row D
they will not have crossed L—L by the timc they appear
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at the output nodes 8E through GE. In this event these
bits will not have crossed L—L and they should appear
as 0’s in the final word. For this reason if X8 in the shift
magnitude word is a 0 the bits at nodes 8D through 8D
should not be transmitted through the system and 0’s
should be substituted for them. A blocked vertical path
results in a O being written at the node at the bottom of
the vertical path. Thus if X8 is a 0, 0's are automatically
written at nodes 8E through OF.

Consider now the nodes in row C. The vertical paths
downward from nodes 7C through 0C should not be
blocked because even if the bits at these nodes take these
vertical paths they may still cross L—L if X8 i1s a 1. But
the same is not truc of nodes 12C through 8C. When
the step of 4 is about to be considered the maximum shift
through the network thus far has been 3. Consequently
bits which have already crossed L—L may appear at
nodes 18C through 13C. But the bits at nodes 12C through
0C can in no wav have already crossed L—L. The buis
at nodes 7C through 0C need not be controlled as
explained above. This leaves only the bits at nodes 12C
through &C. If the bits at these nodes take a vertical step
from row C, thus appeariing at nodes 12D through 8D, the
bits cannot cross L—L even if the diagonal step of 8 1s
next taken. The furthest that any one of these bits can
get is to node OE. Since the biis at nodes 12C through
8C have not vet crossaed L—L and can in no way cross
I —L if X4 is a 0 the vertical paths from nodes 12C
through 8C are blocked. ¥f X4 is a 0, ’s are automatically
written at nodes 12D through 8D.

Consider next the nodes in row B. No control need
be exerted over the bits at ncdes 11B through 0B. The
bits at these nodes may subseqguently cross L—L even if
they take vertical steps from the nodes in row B to the
nodes in row C. Even the bit at node 11B may cross
[ L after a vertical step to node 11C is taken if buts
X4 and X8 are 1's. Consequently no control need be
exerted over the bits at nodes 11B through ¢B.

When the step of 2 positions is about to be considered
the maximum shift that may have already been taken
is 1. Consequently, the bit at node 15B may already have
crossed L—L, the bit having come from node 0A. But
the bits at nodes 14B through 12B cannot yet have crossed
[—TI. and if these bits take vertical paths at row B
there is no chance that they will subsequently cross L—L
even if X4 and X8 arc 1's. Even the bit at node 12B
cannot cross L—L if 1t is transmitted vertically down to
node 12C. If X4 and X8 are both 1’s this bit may progress
no further than to node OE. Since the three bits at nodes
14R through 12B cannot cross L—L if X2 is a 0 the
three respective paths are blocked. By blocking these
naths and automatically writing 0's at nodes 14C through
12C these bits will appear as 0’s in the final data word.

Consider next the nodes in row A. The bits at nodcs
13A through 0A may cross L—L even 1if X1 is a 0. For
example, the bit at node 13A, even 1if transmitted ver-
tically to node 13B, may still cross L—L if X2, X4 and
X8 are all 1's. For this reason no control need be exerted
over the bhits at nodes 13A through 0A. But nodes 15A
and 14A must be controlled. If X1 is a 0 the two most
significant bits in the sysiem would attempt to be trans-
mitted to nodes 15B and 14B. These bits then can in no
way cross L—L even if X2, X4, and X8 are all I's. At
most the bit at node 14B can progress to node GE. Conse-
quently the two vertical paths 1SA-15B and 14A-14B
are blocked during the left shift operation. Thus if the
complemented shift magnitude word contains a 0 for

the X1 bit 0's must be automatically written at nodes
158 and 14B.

It will be noted that the vertical line to the top of
node 15A is also dotted. The maximum rizht rotation

magnitude which may be specified 1s 15. Consequently
the bit at node 15A can never cross L—I. since 1t can
progress (o al most node O The minimum magnitade
which may be spoeified on u feft shift 1s 1. It a left shiit
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of 1 is specified the data word is rotated to the right (5
positions. By always writing a 0 at node 15A (the dotted
vertical path to the top of node 15A represents the auto-
matic writing of a 0 at node 15A when a left shift oper-
ation 1s performed), a 0 will then appear at node 0F.
This 1s required since it is obvious that on any left shift,
other than the trivial case of a left shift of zero places,
a 0 must appear in at least the least significant position
of the final data word. For this reason the output path
downward from node OE is blocked for left shift
operations.

Thus by blocking all of the dotted vertical paths it is
guaranteed that 0’s will be substituted for any bits which
appear at the nodes at the top of these paths which have
no chance of crossing L—L. The nodes in the group at
the upper right of the network need not be controlled
since the bits at these nodes may cross L—L even if
vertical steps from these nodes are taken. The only nodes
that remain to be considered are those to the lower left
of the dotted vertical paths, namely nodes 15E through
1E, 15D through 9D, 15C through 13C, and 158. The bits
at these nodes also need not be controlled. If a 0 appears
at one of these nodes it need not be controlied since to
block vertical transmission would also result in a 0 being
transmitted through the network. And if the bits at these
nodes are 1’s they must have already crossed L—L and
consequently should remain in the network. The bit at
node 15C, for example, cannot have come from node
1SA since the bit at node 15A is always a 0 on left shifts.
If the bit at node 15C is a 1 it must have come from node
0A after a diagonal shift of 1 and a vertical step of 2,
from node 1A after a vertical step of 1 and a diagonal
shift of 2, or from node 2A after diagonal shifts of both
1 and 2. In any case the bit at node 15C has already
crossed I.—L and need not be controlled at node 15C.
Similarly, any 1’s appearing at the other nodes must have
already crossed L—L and, since they should remain in
the system, the vertical paths from these nodes should
not be blocked.

(1t should be noted that in the particular example of
FIG. 2 shifts and rotations of 16 are not permitted since
the maximum value of the steering word is 15. Also, if
a circuit is designed for a 16-bit sysiem based on FIG. 2
arrangements must be made for the (rivial case in which
a shift magnitude of 0 is specified on a left shift or rota-
tion operation. The complement of ¢ with respect to 16
1s 16 and the network is capable of a2 maximum rotation
of only 15. Provision must be made for these cases if a
I6-bit circuit is constructed. The additional circuitry re-
quired wiil be apparent to those skiiled in the art, especi-
ally after the more complicated case of a 20¢-bit system is
considered below. The 16-bit network plan is being de-
scribed primarily because without this foundation an
understanding of the 20-bit system scheme is exceedingly
difficult.)

The 16-bit case is a relatively simple one. The right
rotation circuitry is used and no paths are blocked on
rotations to both the right and the left, with the given
shift magnitude being complemented in the latter case
before the left rotate operation is actually effected by
means of a right rotate operation. A right shift is accom-
plished by controlling an ordinary right rotate operation
but with the diagonal paths crossing L.—IL being blocked,
1.e., 0’s being written at the nodes at the ends of these
paths whenever the steering control word indicates that
these paths should be taken. Finally, a left shift may be
accomplished by first complementing the given shift mag-
nitude and then performing a right rotate operation with
the dotted vertical paths being blocked. By blocking the
dotted vertical paths uncoaditiorally in the case of a left
shift it 1s guaranteed that the only 1's in the original data
word which are transmitted ail the way through the net-
work to the nodes in row E are those which cross L—I.

What the preceding analysis has shown is that in FIG.,
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2 (and any hke network where the number of bits in the
data word 1s an inieger power of two) there conveniently
exist three non-overlapping sets of nodes and paths as
follows: the set of nodes and paths typical of those in the
upper right portion of FIG. 2 which includes all those
nodes and paths which may be used by data bits prior to
crossing line L—1L; the set of nodes and paths typical of
those in the lower left portion of FIG. 2 which includes
all of those nodes and paths which may be used after data
bits have crossed line L—L: and the set of nodes and
paths typical of those on the diagonal in FIG. 2 which
belong to neither of the two prior mentioned sets and
which are in no case needed by any data bit prior to
crossing line L—I nor any data bit which has crossed
line L—1.. This latter set in FIG. 2 consists of all the
dotted paths, all of the nodes with dotted paths above
and below them, and the diagonal paths along line D—D
from node 15A to node OE. Although all of the dotted
vertical paths were assumed to be blocked in the preced-
ing discussion, a sufficient technique for using the network
of FIG. 2 to accomplish the left shift operation is to
block a subset of the dotted vertical paths along line
D—D, such subset being chosen so that each input data
bit is forced to cross line L—L if it is to proceed through
the enlire network without being blocked. At least two
such subsets of paths exist in FIG. 2. One consists of
the dotted paths which intersect a line parallel to and just
below line D—D. Another such subset consists of the
dotted paths which intersect a line parallel to and just
above line D—D.,

In the 16-bit case a subset of the dotted vertical paths
are blocked unconditionally. These paths are never opera-
tive when a left shift operation is being performed. In fact,
In any system where the number of bits is a power
0f 2 and the shift magnitude word is of the form
- AX32)(X16) (X8)(X4)(X2)(X1) a network simi-
lar to that shown in FIG. 2 may be drawn with ljttle
difficulty, The line D—D is drawn straight through the
two nodes in the upper left and lower right corners. All
vertical paths passing through D—D and all vertical
paths which terminate (either at the {Op or bottom) at a
node falling on line D—D are dotted. A suitable number
of these vertical paths are unconditionally blocked on
all left shifts and no additional control need be exerted
to msure that the only 1’s which are transmitted through
the system are those which cross L—1, ie., those which
should not be replaced by 0’s at the right end of the final
word. The more difficult situation is that in which the
number of bits in a data word is not a power of 2. In
such a case somie of the vertical paths may not be un-
conditionally blocked. In certain cases these paths must
remain open, i.e., the “dotted” vertical paths must trans-
mit 1's down them, under special circumstances. For an
appreciation of the more complicated situation attention

is now directed to FIG. 3 which shows the netwerk for a
20-bit system.

Principles of operation for a 20-bit shi ft and rotate
circuit (FIG, 3)

It is assumed that the 20-bit shift and rotate network
of FiG. 3 shall be required to accept commands to shift
or rotate etther left or right with any specified input shift
magnitude from 0 through 20 places. Input shift magni-
tudes of greater than 20 positions are assumed to be of
no interest and not allowed as a valid input command.

A five-bit shift magnitude word is required to specify
one of the numbers 0-20. The steering word is thus
represented as (X16)(X8)(X4)(X2)(X1). An additional
group of vertical and diagonal transmission paths are used
to control transmission from the nodes in row E to the
nodes in row F. Shifts are accomplished in steps of 1, 2, 4,
8 and 16. FIG. 3 is to be interpreted in the saime manner
as FIG. 2. Transmission paths are provided for trans-
mitting bits either vertically or diagonally to the right,
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these paths being the only ones required to control all
four possible operations.

The operation of a 20-bit system when a 20-bit data
word is to be rotated to the right is straightforward. For
example, to rotate the word 19 positions to the right the
input shift magnitude word is used as the steering word
and is 10011. The diagonal gates which are operated are
those coming from the nodes in rows A, B and E. The
vertical paths which are used are those originating at the
nodes in rows C and D. The final rotated data word ap-
pears at nodes 19F through OF. To rotate to the left the
shift magnitude is complemented with respect to 20 and
the data word is then rotated to the right a number of
positions equal to the complemented value. For example,
to rotate one position to the left the shift magnitude
00001 is first complemented with respect to 20, The re-
sulting steering word 10011 (decimal 19) is then used to
control the right rotation. To shift to the right it is only
necessary to block all diagonal paths crossing I—L. By

then controlling the automatic writing of O’s at any node

at which a diagonal path crossing L—L terminates, it 1S
insured that ’s appear in the proper number of the left-
most nodes in row F. To control a left shift in a 20-bit
system using right rotation circuitry 1s not as simple how-
ever as in the 16-bit case. The reason for this is that the
vertical paths crossing the line D—D cannot in all cases
be unconditionally blocked. Further analysis is required
to determine which vertical paths must be blocked to ac-
complish a left shift,

In the 16-bit network of FIG. 2 there conveniently
existed a set of dotted vertical paths which were never
needed by data bits which had already crossed line L-—L
nor by data bits which would cross L—L at laler stages
of the network. This set of dotted paths was large enough
that a subset of them could be chosen in such a manner
that blocking this chosen subset for left shift operations
would force data bits to cross line L—L were they to gamn
transmission through the network. However, in the net-
work of FIG. 3, which is typical of the situation where
the number of bits in the data word is not an integer
power of two, the set of paths which are never needed by
data bits which have already crossed line L—L nor by
data bits which will cross L—L at later stages of the net-
work consists of so few paths that a subset of them can
not be chosen and blocked unconditionally for left shitt
operations thereby forcing data bits to Cross linf; L—L
if they are to gain transmission to the output terminals of
the network. In fact, in FIG. 3, there exist paths such as
13D-13E which may be required by bits which have
crossed L—L or by bits which will later cross L—L.

A starting point in constructing the network flglr any
system in which the number of data bits is not an integer
power of two is to draw the line D—D just below the
diagonal path from the extreme node at the upper left
(i.e., just below the line from 19A to 8F in FIG. 3).
All of the vertical paths crossing D—D are then made
dotted. The set of nodes and paths to the lower left of
the set of dotted paths includes all of the nodes and paths
required by data bits which have already crossed line
I—L. Thus blocking conditions imposed on the dotted
paths can in no way affect any data bits which have crossed
1. 1. The technique for using the network of FIG. 3
to accomplish left shift operations will be explained in de-
tail below but it is, in essence, to block the set of dotted
vertical paths unless a data bit using a particular dotted
path is being steered at subsequent stages of the network
to cross line L—L.

There are 20 dotted vertical paths in FIG. 3, one for
each column. It will be recalled that in FIG. 2 all of the
vertical paths in the circuit network fall into three dis-
tinct groups, the dotted vertical paths, those at the upper
right of the drawing, and those at the lower lett. In FIG.
2 the vertical paths at the upper right are not controlied
on left shifts because even if these paths are taken the
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(The basic rule for controlling a left shift is stil] the
same: The input shift magnitude is complemented with
respect to the number of bits in a data word and a right
rotalion is then controlled, with the only 17s in the original
word which are allowed to be transmitied to the output
nodes being those which c¢ross L—L somelime during
their transmission through the network.) In the 20-bit
system of FIG. 3 the same remarks apply to the nodes
and vertical paths at the upper right of the drawing. Even
if the bits at these nodes take the respective vertical paths
they may still cross L—L later on and for this reason
the vertical paths at the upper right should not be blocked.
In FIG. 2 all of the dotted vertical paths are uncondiiion-
ally blocked. No blocking of the vertica] paths at the lower
left is desired because 1's at the nodes at the top of these
paths must have already crossed L—L. But m FIG. 3 the
dotted vertical paths are not all unconditionally blocked
and it is possible for 1’s in the original data word to be
transmitted down these dotted paths under certain cir-
cumstances to the nodes at the lower left of the drawing.
For these reasons consideration must also be given to the
vertical paths at the lower left of the drawing, although
as will be seen below the control used for the dotted ver-
tical paths is such that no control is required for the ver-
tical paths at the lower left of the drawing.

It must first be appreciated why all of the dotted ver-
tical paths may not be unconditionally blocked. Consider
path 12D-12E which crosses D—D. When the bits in the
input word appear at the nodes in row D a step of 8 1s
about to be considered. The maximum possible shift taken
in the first three steps is 7 (if X1, X2 and X4 are all I'sL
The bit at node 12D can in no way have already crossed
[—1. The bit at node 12D may have come only from
one of the nodes 12A through 19A. Following the pattern
set down in FIG. 2 path 12D-12E should be uncondi-
tionally blocked if X8 is a 0. In FIG. 2 the dotted ver-
tical paths are blocked because, were they to be taken,
the bits at the nodes at the tops of the paths could in
no way subsequently cross [.—L by the time they appear
at the final row of nodes. But the bit at node 12D in
FIG. 3 can cross L—L even if X8 isa 0. If X8 1s a 0
the bit at node 12D is transmitted to node 12ZE. As
long as X16 is a 1, the bit at node 12E will cross L.—L
and end up at node 16F. Consequently vertical path 12D-
125 cannot be unconditionally blocked becausec the bit
at node 12D may yet cross L—L even 1f vertical path
12D-12E is taken. It will be noted however that the bit
at node 12D can cross L—L even if the vertical path 1s
taken only if X16 is a 1. Consequently vertical paths
12D-12E should be blocked conditionally, i.e., a 0 should
be automatically written at node 12E if X8 is a (r unless
X16 is a 1. If X16 is a vertical path 12D-12E need not
be blocked because it is guaranteed that the bit at node
12D will subsequentiy cross L—L.

It is necessary to derive a suitable transmission function
for each of the dotted vertical paths in FIG. 3. The
transmission function for each path essentially states the
following: On a left shift the path is to be biocked unless
it is guaranteed that the bit at the node at the top of
the path will subsequently cross L—L. The method now
to be shown may be used for deriving the transmission
functions of the vertical paths crossing the line D—D
in other systems. Each transmission function is a Boolean
expression. The total expression is a 1 if the respective
vertical path is to be operative. It is a O if the respective
vertical path is to be blocked and a 0 1s to be auto-
matically written at the node at which the path termi-
nates. In the transmission functions to be derived the
expression (HL) represents an input command to per-
form a left shift operation. HL is a 1 if a left shift is
to be performed. It is a O if one of the other three pos-
sible operations is to be carried out,

The five nodes 4F through @7 are first considered.

bits at the respective nodes can subsequently cross L—L. =5 'The input bits appear at these nodes when the step of 16
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positions is about to be taken. Up to this point the maxi-
mum shift which may have taken place is 15

(8+4+4+4+2+1)

Bits at nodes 19E through SE may have already crossed
L—L. But the bits at nodes 4E through OE may in no
case have already crossed L—L, since node 4E is 16
positions to the right of line L—L and nodes 3L through
OE are even further away. If the diagonal step of 16
1s not taken from these five nodes the bits at these nodes
will not have crossed L—L by the time they appear at
the nodes in row F. For this reason the vertical paths
from nodes 4E through OE must be uncenditionally
blocked on left shifts. The transmission funciion for the
five vertical paths 4E-4F through 0E—0F is (X10) (HL).
(T'he term X16 represents the most significant bit in the
steering word after it has been formed from the compie-
ment of the input shift magnitude. In other words, X186
s a 1 if the diagonal paths from nodes F are to be

taken.) The transmission function (X16)(TiT,) for the :

five vertical paths 4E—4F through 0E-OF depicts the op-
eration of the paths in all cases. In the three cases other

than left shifts HL is a 0 and thus T3 is a 1 thus mak-
ing the path transmission only a function of the steering

term X106, If X161is a ¢, X16 is a 1 and the transmission
function is a 1. The vertical paths may be used as re-

quired. If X16 is a 1, X16 is a2 0 and the vertical paths
are blocked. Even though a left shift operation is not
being performed the vertical paths may be blocked by
the steering term because they are not required. (Al-
though the blocking of a vertical path has been described
above as controlling the automatic writing of a 0 at
the node at the bottom of the path, a 0 is automatically
written at the node only if a 1 does not come along
the diagonal path terminating at the same node. Thus
when X16 is a 1 although the five vertical paths may
be blocked, 1's may appear at nodes 4F through OF
if 1’s originally appear at nodes OE and 1&E through
19E.) If, on the other hand, HL is a 1 indicating that a
left shift operation is being performed T, is a 0, and
the five vertical paths are blocked no matter what the
value of X16. This is the desired operation. If X16
1S a 0 the vertical paths would normally transmit 1’s
but instead are blocked as required. The blocking of
vertical paths 4E-4F through OF-GF on left shifts is
unconditional as seen from the transmission function
(LH) (X16).

Consider next nodes 12D through 5D in row D. When
a step of 8 1s about to be taken the maximum shift which
can thus far have taken place is 7 (4+2-4-1). Bits which
have already crossed L—L may appear at nodes 19D
through 13D but the bits at node 12D and the bits at
nodes to the right of 12D can in no way have already
crossed L—L. If X8 is a 0 and the eight vertical paths
12I>-12E through SD-5E are taken it is still possible
for the bits originally at nodes 12D through 5D to cross
L—L. Even if these vertical paths are taken and the
bits are transmitted to nodes 12E through SE the elght
bits may still cross L—L in the last stage if X16 is a 1.
Consequently while the eight vertical paths should be
blocked on left shifts if X8 is a 0, the blocking is con-
ditional. The paths must not be blocked if X16 is a 1.
If X16 is a 1 the eight vertical paths may be used
even though the bits which are transmitted down them
have not already crossed L—L because it is guaranteed
that the bits will subsequently cross L—L in the last

step.
The transmission function for the eight vertical paths

12D-12E through SD-5E is (AR)[(F)4-X161. On the
three operations other than left shifts HL is a 0, HI is a 1
and thus the bracketed expression is also a 1. For these
three operations there is no need to block the vertical
patbs other than as a function of the steering term, X8. If
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the paths are indeed not blocked. If X8 is a 1, X8 is a 0,
the transmission function is a ¢ and transmission through
the vertical paths is denied by the steering term. If a left
shift operation is being performed, on the other hand, HL

1saland HL is a 0, In this case the tfransmiss:on function

reduces to (X8)[X16]. If X16 is a 0 the transmission
function becomes a 0, This is the desired action; on left
shiits the eight vertical paths 12D-12E through 5D-SE
should be blocked if X16 is a 0. On the other hand, if X 16
is a 1 the transmission function reduces to the steering

term X&. Thus the vertical paths are not blocked. This is
the required action since these eight vertical paths are to
be unblocked and allow vertical transmission if X16 is a 1
even on left shifis,

Consider next the bits at nodes 15C througch 13C.
(Node 16C which is also at the top of a dotted vertical
path between rows C and D will be considered after-
ward.) When a step of 4 is about to be taken the bits at
nodes 1SC through 13C cannot possibly have already
crossed L—L. The three vertical paths 15C—15D through
13C-13D shou!d be blocked on left shifts unless it is guar-
anteed that the bits at nodes 15C through 13C will sub-
sequently cross L—L. Regardless of the value of X8 the
three bits which are transmitted down to nodes 15D
through 13D can still cross L—L if X16 is a 1, If X8=1a
shift of 8 is taken between rows D and E but X16 miist
also be a 1 for these bits to cross L—I. (X8 and X16
would actually never both be 1's because this would imply
a steering word whose value is greater than 20). Con-
sequently the three bits at nodes 15C through 13C are
guaranteed to subsequently cross L-—L even if the dotted
vertical paths are taken if and only if X16 is a 1. Thus
these three vretical paths must be conditionally blocked in
the same manner as the eight vertical paths 12D-12F
through 5D-SE. The transmission function for these three
paths 1s identical to the transmission function previously
considered except that the steering term (X8) is replaced
by the term (X3). The transmission function for the three
vertical paths 15C-15D through 13C-13D is thus
(X4)[TL+X167.

It 1s also impossible for the bit at node 16C to have
already crossed L—L when the step ¢f 4 is about to be
taken since the maximum shift thus far may be at most
3 (2-41). But path 16C-16D is in a different category
than paths 15C-15D through 13C-13D. If the vertical
paths 16C-16D is taken it is impossible for the bit at node
16C to subsequently cross L—1. even if X16 15 a 1. Since
the input shift magnitude and the steering word which is
the complement with respect to 20 of this magnitude must
be 20 or less, X8 must be 2 0 if X16 is a 1 and the bit at
node 16C, if X4=-0, can progress no further than to node
OE. Consequently the bit at node 16C may in no case
cross L—L if the vertical path 16C-16D is taken. Thus
path 16C-16D must be unconditionally blocked. The
transmission function for this path is (X (HT). On all
operations other than left shift, (AL) is a 1. If steering
function X4 is a 0, (X9) is a 1. the transmission function
is a 1 and vertical path 16C_16D may be taken as re-
quired. If X4 is a 1 the transmission function is a 0 as
required for proper steering of bits through the network.
If, on the other hand, HL is a 1 as it 1s for left shifts,
(ITT.) is a 0. the transmicsion function is a 0 and the ver-
tical path is unconditionally blocked.

When a step of two positions is about to be taken the
bits in the original word may have already been shifted a
maximum of one position. Thus, the bits at nodes 18B and
I7B in no way may have alreadv crossed L—L.. Suppose
these bits take the respective vertical paths to nodes 18C
and 17C. For the bit transmitted to node 17C to cross
L-—L it must yet be shifted 18 positions to the right. The
bit at node 18C must vet be shifted 19 positions to the
right. The only steps remaining are those of 4, 8 and 16

X8 isa 0, X8is a 1 and the transmission function is a 1 , 75 positions, Steps of 8 and 16 positions are both not allowed.
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The only combination of steps guaranteeing that both bits
cross L—L is 4 and 16. Consequently, paths 18B-18C and

17B-17C should be blocked on all left shifts unless X4
and X16 are both 1’s. The transmission function for these

two paths is (X2)[HL+(X16){X4)]. This transn;ission
function describes the action of the two paths during all
four types of operation. On the three operations cother

than left shift (HL) is a 1. The vertical paths transmit
data bits if X2 is a Q. This is the required action since the
two paths should function in the normal manner whenever
a vertical step is required between nodes 18B and 18C
and nodes 17B and 17C on all operations other than left
shift. If X2 is a 1 the two paths do not transmit data bits
since the diagonal paths are taken rather than the vertical

paths from nodes 18B and 17B. On left shifts HI. is a 0.

If X2is a ¢, X2 is a 1 but the transmission function is a 1
only if both X4 and X16 are 1’s. Thus, the vertical paths
are blocked on all left shifts unless it is guaranteed that
1’s transmitted down these paths will subsequently cross
L—L.

The last dotted vertical path crossing D—D to be con-
sidered is 19A-19B. The transmission function for this
path is the same as the one just derived for paths 18B-18C
and 17B-17C. If a 1 at node 19A is transmitted vertically
to node 19B it can cross L—L only if it is subsequently
shifted 20 positions to the right. Consequently, the path
is blocked on all left shifts unless both X4 and X16 are 1's.
It should be noted that if X4 and X16 are both 1’'s and
the operation being performed is a left shift, the original
uncomplemented shift magnitude must have been zero.
Path 12A-19B will thus be blocked on all left shifts unless
the input data word is not to be shifted at all, This is the
required action because if the data word is shifted at all
to the left, the bit at node 19A, the leftmost bit in the orig-
inal data word, must be erased from the system.

The 20 transmission functions just derived for the 20
dotted vertical paths define the action of these paths on
all four types of operation. The vertical paths to the upper
right of these paths need not be controlled other than
by the steering functions because the bits at the nodes
at the tops of these paths may subsequently cross IL.—L
even if they take vertical steps. Thus no special control
i1s required of these vertical paths when a left shift s
being performed. Wo special contirol is ever required for
a vertical path when one of the other three types of
oreration 18 being performed. Consequently, the trans-
mission function for each of these paths is merely of

the form (Xi). Each of these paths transmits a bit down
through it only if its controlling bit in the steering word
is a 0. If the controlling bit is a 1 and the diagonal paths

are to be taken, the transmission functions for the verti-
calm paths are 0’s,

The last group of vertical paths to be considered are
those at the lower left of the drawing. In FIG. 2 the
transmission functions for these paths are merely of the

form (Xi7). Even on left shifts transmission should be
granted if Xi is a 0 because any 1's which appear at the
nodes at the tops of these paths must have already crossed
I.—L. The same is not true, however, of the vertical paths
at the lower left of FIG. 3. Because some of the dotted
vertical paths may not be blocked on left shifts 1’s may
be transmifted down these paths fo the nodes at the
lower left of the drawing even if they have not yet
crossed L—L. But it 1s to be recalled that 1’s are so trans-
mitted down the vertical paths only if it is guaranteed
that they will subsequently cross L—L. Consequently,
it is not necessary to provide additional blocking for any
of the vertical paths at the lower left of the drawing.
The transmission functions for these paths i1s again of
the form (X3).

The transmission functions for the diagonal paths must
yet be derived. Almost all of the diagonal paths have
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paths are taken whenever the respective controlling bits
in the shift magnitude word are 1's. The diagonal paths
whose transmission functions are not of the simple form
(Xi) are those which cross L—L. It will be recalled
that on rizht shifts these paths must be blocked. The
transmission functions for the diagonal paths crossing
I—1I. are thus of the form (Xi{)(HR). HR is a 1 only
when the operation performed is a right shift. When a
right shift operation is performed the diagonal paths
crossing L—1I. are blocked since their transmission func-
tions are 0's. When one of the other threc types of opera-
tion is being performed HR is a 0 and the transmission
functions of the dlaponal paths crossing L—L are re-
duced to the form (Xi) since these diagonal paths are
controlled in the same manner as are the other diagonal
paths in the network.

The analysis of FIG. 3 has been given in order that
the methed of derivation of the transmission functions
for all types of paths be understood even when they
must be derived for a system in which the number of
bits in a data word is not a power of two. While the
transmission functions of all paths may thus be derived
the actual implementation of the network may not be
trivial. The design of a particular shift and rotate circuit
may also depend on characteristics of the particular type
of transmission paths and gates used at each stage. In
FIGS. 4-7 a 20-bit system based on the network of FIG.
3 is shown where the transmission paths are controlled
by relay contacts. FIGS. 4-7 are being included in order
that the basic design approach be understood. Most data
processing systems requiring a shift and rotate circuit
utilize electric circuitry, Due to the nature of electronic
gates the design of an electronic circuit may have to be
modified slightly. The modifications required will be ap-
preciated after the simpler relay circuit is first considered.

Twenty-bit relay shift and rotate circuit (FIGS. 4-7)

F1(GS. 4-7 are aliened as follows: The vertical line Y
on FIGS. 4 and 6 is surerimposed on the vertical line
Y’ on FIGS. 5 and 7. Lines Y and Y’ are included only
for orienting the drawing and are not representative of
a conductor or transmission path. These lines may be
ienored after FIGS. 4-7 are properly grouped.

In the system of FIGS. 4-7, the ficures being arranged
as shown in FIG. 19, 1's are represented by a positive
potential and O’s are represented by the absence of a
potential. The input bils appear at nodes 19A-0A. In
the drawing a series of manual switches is shown, each
controiling the application of a positive potential {o a
respective one of the nodes Iin row A, If a particular
switch 1s closed the posttive potential at the respective
node in row A represents a 1. If the swiitch is open the
absence of the positive potential at the respective node
reprcsents a 0. It will be recalled that in FIG. 1 the bits
in the input data word are transmitted to the shift and
rotate circuit from memory 1081 or form one of the
registers. The switches in FIGS. 4-7 are shown in a
memory merely for the sake of simplicity. It 1s to be
understood however that the input bits at the nodes in Trow
A are dertved 1n a practical system not by the operation
of manual switches but from some other unit in the data
Processor.

In FIG. 1 the commands transmitted over cable 120
to the shift and rotate circuit include a shift magnitude,
a shift direction and the type of operation to be per-
formed. If a left shift or left rotate operation is to be
performed the shift and rotate circuit first complements
the shift magnitude with respect to 20 and then applies
the steering word to the circuit. It is assumed in FIGS.
4-7 for the sake of simplicity that the shift magnitude
has already been complemented in the shift/rotate con-

trol circuit. Relays X16-X1 operate 1n accordance with
respective bifs X16-X1 in the steering word, these bits

transmission functions of the form (Xi). The diagonal 75 Deing the same as the original shift magnitude bits if
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shifting is to the right and being already complemented
with respect to 20 if the shifting is to the left. If ore of
steering relays X16-X1 is operated the respective step
taken in the network is along the respective diagonal
path. If the relay is unoperated the step taken is along
the respective vertical path. The shift/rotate control cir-
cuit controls the operation of relay HL whanever a left
shift operation is to be performed. The shift/rolate cir-
cuit controls the operation of relay HR whenever a right
shift operation is to be performed. If neither relay is
operated the operation performed is a right rotation, the
right rotation accomplishing the required left rotation, if
a left rotation has been ordered, because the shift magni-
tude bits have already been complemented with respect
to the number 20.

It must be borne in mind that, as in FIG. 3, stmilarly
designated nodes in any row are connected to each other,
the nodes being shown twice in order not to complicate
the drawing,

Consider the simplest case in which a right rotation is =

being performed (to carry out either a right rotation
command or a left rotation command). Neither of relays
HI. and HR is operated. Contacts on relay HL are in-
cluded in none of the diagonal paths. Contacts on relay

HR are included in all diagonal paths crossing L—1L., but ;

since relay HR is unoperated all of its contacts in the
diagonal paths are closed. Consequently, transmission
along every diagonal path in the network is controlled
solely by the operation of a respective one of the steering
relays X16-X1. If the respective relay is unoperated
(Xi being a 0) no transmission along the diagonal con-
ductors takes place. If the relay is operated (Xi being a 1)
bits are transmitted along the diagonals.

All of the vertical paths similarly include contacts on

respective ones of relays X16-X1. Transmission along

the vertical paths may take place whenever transmission
along a diagonal path is denied. In addition, the 20 ver-
tical paths crossing D—D each includes a contact on relay
HL. Since relay HL is not operated when the operation
performed is a right rotation aill of the vertical paths are
similarly controlied only by the operations of respeciive
ones of the steering relays X16-X1.

Suppose X1 is a 0 and relay X1 is unoperated. The
potentials at the nodes in row A are transmitted vertically
to respective nodes in row B. Each node in row B thus is
at a positive potential if the respective bit in the input
word 18 a | and is not at a positive potential if the respec-
tive bit in the input word is a 0. It should be roted that
the potential at each of the nodes in row B is in no way

controlled by the potential of the node in row A in the .

next left-most coiumn because all of the diagonal paths
from the nodes in row A are blocked since relay X1 is un-
operated.

On the other hand suppose X1 is a 1 and relay X1 is

operated. All of the vertical paths from the nodes in row -

A are blocked because the normally closed contacts on
relay X1 are now open. Because the normally open con-
tacis on relay X1 are now closed a path is completed from
each of the nodes in row A to the adjacent node to the
right in row B, Thus a positive potential at node 9A
appears at node 8B. On the other hand, if bit 9A was
originally a O there is no positive potential transmitted to
node 8B. It should be noted that the potential of node 0A
appears at node 19B since the normally closed contacts
on relay HL contained in the diagonal path connecting
nodes 0A and 19B are closed.

Similar remarks apply to the fransmission of bits from
the nodes in row B to the nodes in row C depending on
the operation of relay X2. If the diagonal paths are taken
each bit value is shifted two positions to the right. The
process continues and the bits are transmitted through the
network until finally they are transmitfted along the ver-
tical or diagonal paths connecting the nodes in row E to
the nodes in row F. Some of the nodes 19F throush 9F
are at a positive potential, and the others are not. The bit
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values represented by the two respective conditions are
1 and 0. Effectively the input data word has been rotated
to the right the required number of positions as it is trans-
mitted through the shift and rotate circuit. At no ume
during the rotation operation is a register required. The
data word may be rotated as it is transmitted from one
part of the data processor to another. The 20 nodes 19F
through OF are connected by respective conduciors to
complement circuit 102 in FIG. 1.

When the input data word is to be shifted to the
right rather than rotated relay HR is operated. All of
the diagonal paths crossing L—L are thus blocked (open
ciicuited) even if the respective ones of the steering
relays X16-X1 are operated. The only difference in the
operation of the system is that if the steertng relays at-
tempt to direct a data bit along a diagonal path cross-
ing L—L the positive potential at the node at the top
of the path is not transmitted to the node at the bottom
of the path. Even if the initial bit is a 1 the bit which
appears at the node in the next row is a O since the
positive potential does not appear at the node. For ex-
ample, suppose node 2D is at a positive potential and
relay X8 is operated. In the case of a right rotation the
positive potential at node 2D would be transmitted along
conductor 2D-14E to node 14E. But if relay HR is
operated the path is open circuited, and no potential
1s transmitted from node 2D to node 14E. (And, of
course, no potential is transmitted from node 14D to
node 14E because the vertical path is open due to the
operation of relay X8.) Consequently a positive po-
tential does not appear at node 14EF and the bit which
1s effectively represented at this node is a 0. In this
manner 1's shifted to the right across line L—L do not
reenter the left end of the system.

The remaining case to be considered is that of the
left shift. Relay HR is not operated and the diagonal
paths are controlled as required solely by the operation
of respective ones of the steering relays X16-X1. It will
be recalled however that the vertical paths crossing
D—D must be controlled in accordance with the trans.
mission functions derived above. These paths must be
conditionally blocked on all left shifts but unblocked
if 1t is guaranteed that bits transmitted down them will
subsequently cross L—1L. The transmission functions for
the 20 vertical paths crossing D—D are repeated at this
point for easy reference:

Path
(from node to node): Transmission function
19A-19B _ ___________ (X)) [(HL)+(X16) (X4)]
188-18C ____________ (X2) [(HL)+(X16) (X4)}
17B-17C __ . ___ (X2)[(HLD)4+(X16)(X4)]
16C-16D ____________ (X4)(AT)
15C-15D .. __ ________ (XD [(ALY+X16]
14C-14D ____________ (X4)[(AT)+X16]
13C-13D . __ . __ (XD [(AT)+X16]7
12D-12E _._________._ (X)) [(AT)+X16]
1MD-11E _____ . ____ (X [(AT)+X16]
10D-10E ____________ (XY [(HIH)+X16]
9D-9E _____________ (XR)[(HATH+X16]
8D-8F _____ . ___ (XR)[(HT)+X16]
TD-TE . (I8 (AL)-+X16]
6D-6E _ o __ (X8 I(AD)+X16]
SD-5E __ . ____ (X8) [(AT)H+X16)
4E-4F . __ (X16) (A T)
3E-3F _ (X18)(HAT)
2E-2F _ _ . ___. (X16)(HT,)
1E-1F . ___ (X16) (HL)
0E-0F _ _ oo __._ (X18) (AT)

Consider for example the transmission function for

75 path 7D-T7E which is (X8)[(HT)+X16]. This function
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is a 1 whenever a path is to be completed betwen nodes

1D and 7E. The (XR) term is controlled by the nor-
mally closed contacts on the steering relay X8 at the top
of the path. Only if relay X8 is unoperated can the
path be completed. The HL contacts in the path condi-
tionally block it. These contacts are open when a left
shift operation is being performed. However the vertical
path is to be completed even on left shifts if bit X16
is a 1. It will be noted that contacts on relay X16 are
in parallel with contacts on relay HL. If relay X16 15
operated, i.e., bit X16 is a 1, the transmission function
is a 1 and the path between nodes 7D and 7E is com-
pleted.

As another example consider the path connecting nodes
18B and 18C. The transmission function for this path
is (Y2)[(TT)+(X16)(X4)1. The (X2} term is con-
tributed by the normally closed contacts on relay X2
at the top of the path. The path is conditionally blocked
on left shifts because the contacts on relay HL in the
path are open. The path is completed however if both
of relays X4 and X16 are operated.

Of the 20 vertical paths crossing D—D all are con-
ditionally blocked on left shifts except the path con-
necting nodes 16B and 16C and the paths connecting
nodes 4E through OE to respective nodes 4F through
OF. As derived above these paths must be unconditional-
ly blocked on all left shifts. It will be noted that there
are no contacts on relays X16-X1 which are in parallel
with the contacts on relay HL contained in these S1X
paths. These paths are absolutely blocked on all leit
shifts.

The relay circuit implementation 1is straight-forward
once the transmission functions for the various paths are
derived. It will be observed that the relay network 1n FIGS.
4-7 is actually the same as the network shown in FIG. 3
except for the addition of the relay contacts, with each
line in FIGS. 4-7 representing a conductor rather than
1 transmission path as in FIG. 3. In a practical data
processing system electronic components are likely to
be used due to their inherent greater speed. The design
of an electronic circuit however may be considerably
more complicated. This is due to the fact that many
transistor gates invert a signal transmitted through them.
Thus transmission along a vertical or a diagonal might
result in a 0 becoming a 1 or a 1 becoming a 0 if no
consideration is given to the particularities of transistor
pates when the circuit is implemented. The electronic 20-
hit shift and rotate circuit of FIGS. 9-16 is also based
on the network of FIG. 3 and the transmission functions
previously derived. However as will be explained below
the transmission functions must be modified slightly for
proper operation.

20-bit electronic shift and rotate circuit (FIGS. 8-16)

The gates in the electronic shift and rotate circuit are
shown only in block diagram form. Before proceeding o
an analysis of the shift and rotate circuit it 1S necessary
to consider the particular gate circuit used. The basic
gate circuit is shown in FIG. 8A, FIG. 8B showing the
symbolic notation for the gate used throughout the de-
tailed drawing. FIG. 8C is a table indicating the output
of a three-input gate for the eight combinations of input
signal levels.

The operation of the gate may be succinctly described
as follows: The output is low (0) only if all inputs are
hich (1). Conversely, the output 18 high if at least one
input is low. Throughout the illustrative embodiment of
the invention, low level (ground) signals represent U’s,
and high level signals represent I’s. Referring to FIG. 8A,
if all inputs are high all of the input diodes are reverse
biased. Consequently, current flows from source 800
through 801, diode 803 and the base-emitter junction of
transistor 8Q1. The transistor conducts and the output is
short-circuited through the transistor to ground. Thus, if
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all inputs are high, the output is low. However, if at least
one input is low, current from source 800 flows through
the respective input diode to the low level input source.
Current does not flow through diode 803, and transistor
8Q1 remains nonconducting. The collector of this tran-
sistor, the output of the gate, is thus high, equal in magni-
tude to the potential of source §02. All that is required 1s
for one of the inputs to be low for the output to be high.

FIG. 8C illustrates the operation of the gate when
three inputs are provided. The output of the gate is a 1 if
at least one of the inputs is a 0, The output is low only if
all inputs are high. If a particular gate has only one input
it functions as an inverter. If the input is low the output is
high, and if the input is high the output is low.

The particular gate employed in the illustrative embodi-
ment of the invention is advantageous for the following
reason. The outputs of two gates may be tied together and
the combined output will be low if either of the individual
outputs is low. Referring to FIG. 8A it will be noted that
even though transistor 8Q1 may not conduct, the output
may still be low if the output terminal is shorted to
oround through the transistor in some other gate whose
output terminal is connected to ground through the re-
spective transistor, It will be recalled that each node ter-
minates two paths, a vertical path from a node directly
above and a diagonal path from a node to the left in the
next highest row. Only one of these paths is to function
during any step because either all of the diagonal paths
or all of the vertical paths connecting the nodes of one
row to the nedes of another row operate. By controlling
the transistor in the unoperated path to remain off the po-
tential at the node terminating the path will be controlled
solely by the operation of the gate in the other path ter-
minating at the node, If the transistor in this other gate
does not conduct the potential of the node will be high.
If the transistor does conduct however the potential of the
node will be low. Consequently the potential at each node
may be controlled in accordance with the potential at
only one of the nodes in the row above to which it is con-
nected. The unoperated (or blocked) path always supplies
a high potential for the node. It is the other, operated,
path which actually controls the potential of the node

depending on whether or not the transistor in this path
conducts.

The detailed electronic 20-bit shift and rotate circuit,
based on the network of FIG. 3, is shown in FIGS. 9-16,
the arrangement of the figures being shown in F1G. 20.
There are pine control signals transmitted along cable
120 from the shift/rotate control circuit 110 to FIG, 9.
Five of the leads, A16, A8, A4, A2 and Al carry the
magnitude of the shift required. The five bits transmitted
over these leads represent in binary code the magnitude
of the desired shift. This magnitude is the uncompie-
mented value and is the actual magnitude of the shift to
be executed. The five magnitude leads and the four con-
trol leads HR, HL, QR and QL are normally low. Oniy
one of the latter four control leads goes high to indicate
the type of operation to be performed and the direction
of the operation. HR goes high for a right shift, HI. goes
high for a left shift, QR goes high for a right rotate and
QL goes high for a left rotate operation. The primary
purpcese of the circuitry in FIG. 9 is to derive the steer-
ing word which actually controls the shifting of the data
bits through the network of FIGS. 11-16, The steering
bits which contro! the shifting appear on conductors X16,
X8, X4, X2 and X1. Leads ¥ 16, X8, X4, X2 and X1 carry
the complements of the bits in the respective steering
leads, the complemented bit values also being required to
control the shifting. The five leads X16, X8, X4, X2 and

X1 are at potentials identical to those on respective leads
A16, A8, A4, A2 and Al if the direction of the shift 1s to
the richt. However if a left shift or a left rotation cpera-
tion is to be performed the steering word on leads X16-X1
is the complement of the shift magnitude on leads Al6-
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Al, with respect to the decimal number 20. FIG. 9 in-
cludes the circuitry for complementing the input shift
magnitude with respect to 20 if the direction of the shift
1s to the left.

Gates 901, 982, 903 and 904 serve as inverters since
each of them has only one input. Since only one of con-
ductors HR, HL, QR and QL is high the ouiput of only
one of the four gates is low. Before any order is trans-
mitted from the shift/rotate control circuit all four of
leads HR, HL, QR and QL are low. All four outputs of
gates 901-904 are high. Since both inputs of gate 905 and
both inputs of gate 906 are normally high, the outputs
of both gates 905 and 906 are normally low. When a left
shift or rotate operation is to be performed one of the
mputs of gate 906 goes low and consequently the output
goes high. Similarly when a right shift or a right rotate
operation is to be performed one of the inputs of gate 995
goes low and the output goes high, The outputs of gates
905 and 906 are thus dependent only on the direction of
the shift, not the particular operation to be performed.
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of the shift is to the right the steering word (X16)(X3)
(X4)(X2)(X1) is identical to the input shift magnitude
from the shift/rotate control circuit as required. Bits
X16, X8, X4, X2 and X1 are merely the complements
of respective bits in the final shift magnitude word, the
complemented bits also being required for control pur-
poses.

Gates 907-917 and gates 930-234 serve to comple-
ment the input shift magnitude on leads A16—A1l with
respect to the number 20 whenever the direction of the
shift is to the left. The operation of these gates may be
best understood upon analysis of the following table.
The table gives the binary form for each of the decimal
numbers 0-20. The complement of each of the numbers
with respect to 20 is also given. At the right side of the
table five columns are shown, one column for each of
bits X16, X8, X4, X2 and X1. A check in any column
indicates that the respective bit is to be a 1 in order that
the final steering word be the complement with respect
to 20 of the input shift magnitude word.

1Mecimnl

Deeimanl Num-
ber Comple-

Bits in Comrplemented Bin-

Binary Binry qry WNuniher Which Are 1's
\ 3

Number Form mierited With Form =

Respeot 1o 20 Al X8 X4 X2 X1
0. .. OO0 ) 10200 V N
| (0001 19 TG v 3 v
2 . (N1 18 10010 V N
N 00011 17 10604.1 ¥ \
4 00100 16 10000 N
O (0131 15 11111 3y 3/ v 4
6. 00114 14 01110 v N N
R 00111 13 01101 < . 4
§__ 01000 12 01100 \ \
S 01001 11 01011 v \ v
160, . 01010 10 01010 v N
11__ 01011 Q GiGoeL 1.F +/
19 U1104 8 (1000 N
. . (1141 7 Q0111 v Y 2
1 (1114) B Q0110 i N
15 - 31111 4 ol 4 v
16 _____ 10000 4 GO \
17 . 10701 3 0001 1 N Y
18 _ 10410 2 QGG10 v
15.. 10071 1 000G Y
M. 1400 0 00004

The outputs of these two gates control the complement-
ing of the input shift magnitude. No differentation is made
between shift and rotate operations because the comple-
menting of the input shift magnitude is a function only of
the shift direction, not the particular type of operation to
be performed.

If the direction of the shift is to the right the output of
gate 906 15 low. Since the output of gate 906 is an input
to each of gates 907-917 the outputs of these gates are all
high. The outputs of various ones of these gates are tied
together but since all of the outputs are high all of con-
ductors 918-921 are high. These conductors are tied to
the outputs of respective ones of gates 922-925 and since
the four conductors 918-921 are ali high the potentials

applied to leads X16, X8, X4 and X2 are a function only
of the operations of respective ones of gates 923-925,
One of the inputs of each of these four gates i1s con-
nected to the output of gate 905 which is high on a right
shift. The other input of each of these pates is connected
to a respective one of leads Al16, A8, Ad and A2. Con-
sequently the output of each of these gates is the com-
plement of the respective shift magnitude bit. Thus for

example the potential on lead X186 is the inverse of the
potential on lead A16. Inverter 929 inverts the hit value

on conductor X16 and the output of this gate, X160, is the
Ssame as the value of bit A16. Similar remarks apply to
gates 926, 927 and 928. Consequently on right shifts bits
X16, X8, X4 and X2 are the same as the bits on leads
Al6, A8, A4 and A2. Lead X1 is connected directly to
Al and thus bit X1 is the same value as the least signifi-
cant bit in the input magnitude word. Gate 930 inverts
the value of the bit on lead Al and, since the output of

gate 930 is connected directly to conductor X1, bit N1
15 the complement of bit X1. Thus when the direction

ey
ot 1

(1)

The first thing to note in the table is that bit X1 is
always the same as bit A1 even when the input shift ma g-
mitude is complemented with respect to 20. For this rea-
son conductor X1 in FIG. 9 is connected directly to con-

ductor Al. Conductor XTI always contains the comple-
ment of bit X1 due to the inverting action of gate 930.
The other four bits X16, X8, X4 and X2 are controlled
in accordance with the operation of gates 907-917 and
930-934. The principles behind the design of the circuit
are the following. The outputs of all of gates ©22-925
are high because one of the inputs of each of these gates
is connected to the output of gate 905 which is low when
the direction of shift is to the left. Consequently the value

of each of bits X16, X8, X4 and X2 is controlled by the
potential of the respective one of conductors 918-921.
Each of these conductors must go low when the respective
complemented bit in the steering word is to be a U, 1.e.,
cach of these conductors must go low when the respective
one of bits X16, X8, X4 and X2 in the final magnitude
word 1s to be a 1.

Consider first conductor 918 which controls the value
of bit X16. As seen from the table this conductor must
g0 low to control bit X16 to be a 1 when the input shift
magnitude is 0, 1, 2, 3 or 4. The input shift magnitude
is one of these values when A16, A8 and A4 are all 0's,
or when A16, A8, A2 and Al are all O’s. Three of the
inputs of gate 917 are connected to the outputs of gates
234, 933 and 932. If bits A16, A8 and A4 are all O’s the
cutputs of these three gates are high and thus three of
the inputs of gate 917 are high. When shifting is to the
left the fourth input of gate 917, connected to the ontput
of gate 906, is also high. Since all four inputs of gate
917 are high its output is low and conductor 218 is low
as required. The other situation in which conductor 918
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is to go low, when all of bits A16, A8, A2 and Al are (s,
is controlled by gate 916. The input of this gate con-
nected to the output of gate 906 is high when shifting
is to the left. The other fcur inputs are connected to the
outputs of gates 934, 933, 931 and 930 which are high
when bits A16, A8, A2 and Al are 0’s, Consequently the
output of gate 916 is low when bits A16, A8, A2 and Al
are all O's to control bit X16 to be a 1.

Gates 912915 control the potential of conductor 919
and the value of bit X8. The operations of these gates
may be analyzed for each of the 20 possible input shift
magnitudes. The cutputs of all these gates are high unless
the direction of shift is to the left and the input shift
magnitude is one of the numbers 5-12. As seen from the
table bit X8 is to be a 1, i.e., conductor 219 is to go low,
only when the input shift magnitude is one of the num-
bers 5—12. At least one of the outputs of gates 912-9135
goes low when shifting is to the left and the input shift
magnitude is one of the values 5-12. In a similar manner
gates 909-911 control the value of bit X4 and gates 307
and 908 control the value of bit X2, The primary func-
tion of the circuitry in FIG. 9 is to derive the steering
word (X16)(X8)(X4)(X2)(X1) which controls the
paths taken by the data word in the network. The direc-
tion of the shift through the network is always to the
right. If the input command to the system 1s 1o shift or
rotate to the left the steering word which controls the
actual shifting to the right is constructed to be the com-
plement of the input shift magnitude with respect io 20.

In addition to the ten leads XN16-X1 which are ex-
tended from FIG. 9 to the remainder of the shift and
rtoate circuit, four leads HL, ‘HR, I, and HIY are ex-
tended from FIG. 9 to the remaining figures. These four

leads indicate whether either of the shift operations 1s to |
be performed. The circuitry in the remainder of the sys- -

tem requires no additional information. If the four leads

HIL, HR, HL, and TIR do not specify a shift operation,
the input data word is rotated to the right. No further
control for accomplishing a left rotate operation 1s re-
quired since the input shift magnitude is already com-
plemented and automatically controls the left rotute
operation even through the input data word is actually
rotated to the right.

The purpose of the circuitry on FIG, 10 is to derive
certain control signals which are required 1a FIGS. 11-16.
The ten conductors X138 through X1 are extended to FIG.
10 and each is the input of two respective inverters.
Thus the X1 conductor for example, if high, causes both

conductors X1A and XIB to go low. If bit X1 15 a 0,

X1A and X1B are 1's. The top half of the circuitry on
FIG. 10 merely provides two conductors for carrying
each bit value or its complement. These inverters are
nrovided because many gates must be controlled in ac-
cordance with the same bit value and the output current
from one of gates 922-929 may be insufficient for driving
all of the controlled gates. For this reason {wo transistors
are provided on FIG. 10 for each bit and another two for
its complement in order that each of the transistors will
have to drive less than all of the gpates which must be
controlled in accordance with the respective bit value.

The circuitry on the lower half of FIG. 10 is used to
derive six control signals, 214, Z17, Z15, Z19 (Z19A and
Z.19B are the same and two gates are used to duplicate the
signal for driving a large number of controlled gates),
720 and Z18. The legend on the drawing indicates the
valve of each control signal. For example, Z14 i1s nor-
mally hich but goes low on a left shift if either X16 or
X4 in the steering word (X16) (X8) (X4) (X2) (X1)
is a 0. The operation of gate 1001 may be analyzed as
follows. One of the inputs of the gate i1s dependent upon
the value of HL. Normally HL is low and consequently
Z.14 is normally high. On a left shift however HL is high.
The output of gate 1881 is thus controlled by the other
input. The other input is the output of gate 1008, The two
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inputs to gate 1068 are X16 and X4. If both are 1's the
output of gate 1008 is low and the output of gate 1001 1S
high. The output of gate 1008 is high, thus causing £14
to go low, only if at least one of bits X4 and X16 1s a .
Consequently Z14 is normally high and goes low only
on a left shift when either X 16 or X4 is a 0 as shown In
the drawing.

The output of gate 1002 is normally high because its
input HL is normally low. On left shifts this input s high.
Another of the inputs to this gate is the output of gate
1008. Thus for the output of gate 1092 to go low either
X4 or X16 must be a 0 in addition to HL being high.

The third input to gate 1002 is X2. This input must also
¢o high for the output to go low. Consequently Z17 1S
normally high and goes low only on a left shift if X215 2 0

(X2 is a 1) and at least one of X4 and X16 is a 0. Signals
Z15 and Z19 may be analyzed in a similar manner.

720 and Z18 are controlled by conductor HR rather
than conductor HL. Z20 is normally high and goes low
on a right shift if X8 is a 1. Z18 is normally high and goes
Jow on a right shift if X2 is a 1.

Before proceeding to an analysis of the actual com-
binational logic network which is controlled in accord-
ance with the Z signals, these signals might be briefly
examined. The signals and their complements may be ex-
pressed by the foilowing Boolean equations:

Zl4 =TT {(X16)(X4) . __. 7Z14=HL{X164X4)
Z17T—TL4+(X16)(X4)+ X2__. ZIT=HL{X16+X1)X2
ZIS=HT.-+X16_____________. Z1h—=HL(X106)
ZI9=TI 4+ X164+X8_ __ ______ ZI94+HL{Y16).X8
ZI8=HTRI+ X . Z18=HR(X2)
ZXW=HR4+X8_ o ___ Z20=HR(X8)

Referring to the network of FIG. 3 it will be observed
that the 20 dotted vertical paths are all blocked when the
HL bit is a 1. But the blocking is unconditional only for
the six paths 16C-161 and 4E-4F through CE-0F. The
other paths are blocked conditionally. Some of these
naths are not blocked if X16 is a 1 and others are not
blocked if the logical product (X16)}(X4) 1s a 1 Z14
may be interpreted as a “blocking function.” Z14 is used
to conditionally block some of the dotted vertical paths.
If Z14 is a 1 the path is not blocked. For example, block-
ing function Z14 is used to control transmission down
the dotted vertical path 19A-19B which must be blocked
on left shifts unless X4 and X16 are both 1’s, 1.e., unless
a shift of 20 positions is required. It will be noted that
Z14 is a 1 (to unblock the vertical paths) on all oper-

ations other than left shifts, in which case HL is a 1,
and even on left shifts if X16 and X4 are both 1’s. Simi-
larly Z15 is a “blocking function™ which controls the
operation of some of the dotted vertical paths which must
be blocked on left shifts unless X161sa 1. Z131sal to
unblock these vertical paths if the operation performed

is not a left shift in which case HL is a 1, or even if the
operation performed is a left shift provided X16 i1s a 1.

Z17 is similar to Z14 except for the addition of the X2
term. Z19 is similar to Z15 except for the addition of the
X8 term. Z17 and Z!19 are used to control the blocking
of others of the dotted vertical paths. The additional two
terms are required due to the peculiarities of the transistor
gate used in the illustrative embodiment of the invention.
The reason for vsing 217 and Z19, each with an addi-
tional term will become apparent below. Similarly, Z18
and Z20 would be dependent only on HR were 1t not for
the similar additional term included in each expression.
The two signals, each including an additional term, are
also required due to the peculiarities of the transistor
gate employed in FIGS. 11-16 as will become apparent
below.,

The shift and rotate circuit may be analyzed beginning
with FIGS. 11 and 12 which contain all of the nodes in
rows A, B and C. (The nodes in row C are also shown
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in FIGS. 13 and 14 for the sake of convenience. In fact,
it must be remembered that the nodes in the drawing are
merely points in the circuit and while convenient for
descriptive purposes may not be identifiable in a physical
circuit except by noting that they lie along respective
conductors.) The input data word bits from memory 101
or onc of the registers are applied at nodes 19A through
0A. A positive potential represents a 1 and a ground
potential represents a 0. Connected to node 19A are two
gates A3V and A19D. A19V is the gate which controls
the transmission of the bit at node 19A to node 198,
(Gate A19D controls the transmission of the bit at node
19A diagonally to ncde 18B. Similar remarks apply to
the other 19 pairs of gates connecting the nodes in Tow
A to the nodes in row B, Each of the V gates is con-
nected between a node in row A vertically to the node
In row B contained in the same column. Each of the D
gates 1s connected diagonally between a node in row
A and the node in row B in the adjacent column to the
right.

Consider the simplest case in which the input data
bits are being rotated to the right. All six of the 7 con-
trol signals are high and exert no control over the gates
to wiiich they are applied. All of the gates in FiGS. 11
and 12 have at least two inputs. If one of the Inpuis is
high the operation of the gate is determined solely by
the value of the other input. For this reason, in analyzing
the oreration of the circuit when the bits are being rotated
to the right, the six control signals or “blocking func-
tions” need not be considered.

The two effective inputs for gate A19V are the steering

function XIB and the data bit at node 19A itself. If.

X1lisa 0, X1B is a 1. Because X1 is a 0 the vertical path
connecting node 19A to node 19B should be taken. Since

X1B 1s high the operation of gate A19V is controlled
solely by the value of the bit at node 19A. If this bit i<
a O the output of gate A19V is high and a 1 apnears at
node 19B. If the bit at node 19A is a 1 the cutput of gate
Al1%V is low and a O appears at node 198. Thus it is
seen that although the bit at node 19A is transmitted
vertically to node 19B it is inverted. For this reascn while
a low potential represents a 0 at the nodes in row A, a0
1s represented at the nodes in row B by a high potential.
Similarly, while a 1 is represented by a high rnotential at
the nodes in row A it is represented by a low potential at
the nodes in row B. Node 19B terminates two transmis-
sion paths, the vertical from node 19A and the diagonal
from node OA. The potential at node 19R 18 controlled
solely by the operation of gate A19V, when X1 is a 0.
One of the inputs of gate AOD is X1B and since X1IB
is a 0 the output of gate AQOD is high and is independent
of the value of the data bit at node 0A. Thus node 19B
Is at a high potential (a 0} unless the output of gate
A19V goes low. The output of gate A19V goes low only
if the bit at node 19A is a 1. Consequentily the potential
of node 19B is high if a 1 at node 19A is transmitted
vertically through gate A19V. Node 19R is low only if
the bit at node 19A is a 1. In either event the potential

or bit at node 19B is controlled exclusively by the poten-
tial or bit at node 19A.

If bit X1 is a 1 rather than a 0 the bits at the nodes
In row A must be transmitted along the diagonal paths.
Conductors XTA and XID are both low. These conduc-
tors are connected to one input of each of the V gates
connecting the nodes in row A to the nodes in row B.
Consequently the output of each of the V gates is high
(unless shorted to ground by the output of a D pgate)
and the potential at each of the nodes in row B is con-
trolied solely by the operation of the D gate connecting
the node to the node in row A in the adiacent column
to the left. Conductors X1A and X1B are both ingh
and since one of these conductors is connected to one
of the inputs of each of gates A19D through AOD the
operations of these gates are determined solely by the
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values of the other inputs. The other input of each gate
1s connected to one of the nodes in row A and con-
sequently the potential at each of the nodes in row B
1$ the inverse of the potential at the node in row A in
the adjacent left column. For example, the potential at
node 19B is controlied exclusively by the aperation of
gate AOD since the output of gate AI9V is high. A 1
(low potential) appears at node 19B if a 1 (high poten-
fial) appeared at node 8A. A 0 (high poiential) appears
at node 19B if a 0 (low potential) appeared at node OA.

Thus far in the analysis of the twenty V and twenty
1) gates connecting the nodes in row A to the nodes in
row B the inputs to the gates that have been considered
are onry the bit values at the nodes in row A and the X1

and X1 steering signals. Indecd, the other input signals
are all high and exert no control over the gates wlhen a
right rotate operation is being performed. When a right
shift operation is being performed the diagonal gate
connecting node 0A to node 19B must be blocked. It

wili be noted that on a right shift the TIR input 1o eate
ACD is low. Consequently the output of this gate 18 high
even if the diagonal step of 1 is taken. If the diagonal step
of 1 1s taken gate A19V does not operate and iis output

is high. Since the IR bit blocks gate AGD its output is
high as well and node 19B is at a high potential. Thus
on a right shift if the diagonal step of 1 is taken a O is
automatically written at node 19B. If the veriical step
of 1 is taken a 0 should not be auntomatically writicn at
node I19B. While the cutput of gate AOD is high gate
Al19Y may transmit a 1 from node 19A to node 198B.
In such a case the potential of node 198 gees low,

To carry out a left shift operation, as seen from the
table of transmission functions for the dotted vertical
paths, path 19A-19B must be blocked unless X4 and X16
are both 1's. Blocking function Z14 is a 1 on all opera-
tions other than a left shift and thus exeris no control
over gate A19V. However for a left shift Z14 is a 0 unless
X16 and X4 are both 1's. If one of bits X16 and ¥4 is not
alZl4isliow. If Z14 is low the output of gate A19V is
high no matter what the value of the bit at node 19A.
Consequently if a vertical step of 1 is taken the cuiput of
gate AGD is high, as usual when a vertical step is taken,
and the output of gate A19V is high because Z14 is low.
The potential at node 19B is then high and a 0 is auto-
matically written at this node independent of the value of
the bit at node 19A. If on the other hand X16 and X4 are
both I's the vertical path should not he blocked. Since
Z14 is high it exerts no control over gate A19V and the
bit at node 19A is transmitted (after being inverted) to
node 19B.

All of the various inputs to the 40 gates connecting the
nodes in row A to the nodes in row B have been con-
sidered except the input Z17 which is applied to gates
Al19D, A18V, A18D and A17V, and the input Z18 which
is applied to gates A2D, A1V, AID and AOV. It would
appear that further control over these eight pates is not
required since all necessary operations of the paths con-
necting the nodes in row A to the nodes in row B of
FIG. 3 have been realized in the circuit of FIGS. 11 and
12. In fact, blocking functions Z17 and ZL18 are not re-
quired for controlling a proper step of 1 either vertically
or diagonally. The additional control of gates A19D,
A18V, A18D and Al17V, and gates A2D, AlV, A1D and
AOV, is required because of the peculiarities of the opera-
tion of gates connecting the nodes in row B to the nodes
in row C. The reason for including Z17 and Z18 inputs
for these eight gates will become apparent only after the
next group of 40 gates is considered.

The scheme for the next group of 40 gates is similar to

the one just considered. The major difference is that each
of the diagonal gates connects a node in row R to a node
in row C which is two positions away to the right, rather
than only one position. Each of the vertical gates has as

one of i1ts inputs one of the steering signals X2A or X2T,
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just as each of the vertical gates previously considered

has as one of its inputs X1A or X1B. Similarly each of
the D gates is controlled by X2A or X2B just as each of
the diagonal gates previously considered is controlled by
the X1A or X1B.

Consider first the case of right rotation. If X2 1s a O

the outputs of all of the diagonal gates are high. Since X2
is high one of the inputs of each of the vertical gates is
high. Each of the vertical gates is thus controlled by the
potential at the respective node in row B. The output of
gach of the vertical gates is the inverse of the potential
at the respective node in row B. Thus a 0 at a node 1n row
C 1s represented by a low potential and a 1 1s represented
by a high potential. The bit values at the nodes in row C
are represented by the same potentials as those at the
nodes in row A, which are the inverse of those at the
nodes in row B.

The operation of the gates connecting the nodes in row
B io the nodes in row C 1s similar to the operation of the
gates connecting the nodes in row A to the nodes 1n row B
when a right rotate operation is being performed. It will
be observed that each of the gates connecting a node in
row B to a node in row C has only two inputs. There are
no control signals on right shifts for blocking the diagonal
paths corresponding to those paths in FIG. 3 which cross
I.—1I. and for conditionally blocking paths 18B-18C and
17B-17C on left shifts, Both types of control are of course
necessary but the gates connecting the nodes in row B to
the nodes in row C may not be controlled by the Z block-
ing functions. The reason for this is as follows. The only
way the basic gate is used in the circuit may be blocked is
to apply a ground potential to one of its inputs. In block-
ing a pate it is necessary to insure that the output of the
gate 1s the same no matter what the value of the input bit
applied to the other input or inputs of the gate. If a low
potential is applied to one of the inputs of the gate to
block it, the ocutput 1s high no matter what the value of
the input bit applied to the other inputs of the gate. But
if it is attempted to block the pate by applying a high
potential to one of its inputs the cutput is not independent
of the potentials applied to the other inputs of the gate.
The output of a gate may be controlled to be independent
of the value of other input bits only if a ground potential
is applied to one of the gate inputs. If it is attempted to
block a vertical or diagonal gate connecting a node in
row B to a node in row C by the use of a low potential
at one of its inputs the output will be high. The potential
at the node in row C terminating the transmission path
will thus be high. But a high potential at a node in row C
represents a 1 and, when a path is blocked, a 0 must be
written at the terminating node. Since a 0 is represented
by a high potential at a node in row C and there is no way
to absolutely block a gate and also insure that its output is
iow, the 40 gates connecting the nodes in row B to the
nodes in row C may not be blocked as required to control
proper operation on right shifts and left shifts. For this
reason additional blocking functions are applied to the
gate connecting the nodes in row A to the nodes in row B.

Consider first the case of a right shift. The two paths
which must be blocked when a diagonal step of 2 is taken
are O0B-18C and 1B-19C. As descrtbed above there is
no way to block gates BOD and BID (at one of their
inputs) as required. Instead of blocking these gates the
bits written at nodes 0B and 1B are made 0's 1f X2 is a 1.
In other words the bits which will end up at nodes 18C
and 19C (the bits coming from nodes 0B and 1B) are
made (’s not at the second stage of the circuit but rather
at the first stage of the circuit. The bit transmitted to
node 0B comes from either node 0A or node 1A. A 0
(high potential) may be guaranteed at node 0B by con-
trolling gates A0V and A1D to go high automatically if
X2 is a 1. The condition X2=1 must be imposed because
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nal path from 0B to 18C is active and not when the puth
from 0B to OC is active. No blocking is desired unless
the diagonal paths have been chosen in the second stage
of the network. Blocking function ZI8 is of the form

HR-+X2. Z18 is low when a right shift operation 1s being
performed and X2 is a 1. Consequently the outputs of
AOV and A1D automatically go high independent of the
values of the bits at nodes 0A and 1A and independent
of the value of X1 thus guarantecing the transmission
of a 0 through gate BOD from ncde 0B to 18C. Similarly,
the bit at node 1B can come from either node 1A or node
2A depending on the value of X1. Z18 is an input of each
of the gates A1V and A2D and by controlling each of
these gates to go high when a right shift operation is per-
formed and X2 is a 1, 2 0 (high potential) is autcmati-
cally written at node 1B. Consequently during the step
of 2 during a right shift there is no need to control gates
B1D and BOD because the bits transmitted through these
gates and written at nodes 19C and 18C are 0’s as re-
quired. Blocking may be performed on the gates con-
necting the nodes in row A to the nodes in row B be-
cause a 0 (high potential) may be automatically written
at the nodes in row B by applying a low potential to one
of the inputs at the respective gates terminating at these
nodes. It should be noted that blocking function Z18

includes an X2 term. This is essential, If X2 is a 0 gates
B1D and BOD do not operate to begin with. Gates B1V
and BOV operate to transmit the respective bits at nodes
1B and OB (after inverting them) to respective nodes
1C and 0C. The bits written at nodes 1B and 0B should
not necessarily be 0’s since these bits should not be shifted
out of the system due to the X2 bit. Consequently gates
A2D, A1V, A1D and AOGV which control the writing of
bits at nodes 1B and 0B should not be blocked unless X2
isal.If X2is a0, Z18 is high and exerts no control over
these four gates as required.

The blocking for the two vertical paths 18B-18C and
17B-17C is accomplished in a similar manner. The bits
transmitted through vertical gates B18V and B17V origi-
nally appear at nodes 18B and 17B. Instead of blocking
B18V and B17V, 0’s (high potentials) are written at nodes
18B and 17B. Blocking function Z17 is connected to one
of the inputs of each of gates A19D, A18V, A18D and
A17V. These are the four gates which control the writing
of bit values at nodes 18B and 17B. Z17 goes low on lett
shifts if X2 is a 0 provided at least one of X16 and X4
is a 0. It is to be recalled that the two vertical paths
18B-18C and 17B-17C are to be blocked conditionally
on left shifts; the paths are to function if bits X16 and
X4 are both 1’s. If X16 or X4 is a 0 the paths are to be
blocked when a vertical step of 2 is taken. When all three
terms comprising Z17 are O’s the output of each of the
four gates A19D, A18V, A18D and A17V is high and
0’s are automatically written at nodes 18B and 17B. The
X2 term in Z17 is essential; the vertical paths 18B-18C
and 17B-17C should be blocked on left shifts only if X2
is a 0. If X2 is a 1 the bits at nodes 18B and 17B are to
be transmitted over the diagonal paths, Thus if X2 is a 1
0’s cannot be automatically written at nodes 18B and
17B since the bit values at these nodes should be those
properly received from respective nodes in row A and
should be properly transmitted over diagonal paths to
nodes of row C. If X2 is a 1, Z17 is high and exerts no
control over gates A19D, A18V, AI8D and AlI7V as
required.

Thus the gates corresponding to the diagonal paths
crossing L—L and the vertical paths crossing D—D in
FIG. 3 which are connected between rows B and C are
not blocked directly to control right and left shifts. The
proper transmission paths are made to appear inoperative
(or “blocked” from a functional point of view) by block-
ing suitable ones of the gates between rows A and B.

The top half of each of FIGS. 13 and 14 shows gates

it is desired to force a 0 on node OB only when the diago- 75 connecting the nodes in row C to nodes in row D. The
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operation of these gates is similar to those at the top of
FIGS. 11 and 12. The major difference in the arrange-
ment is that each diagonal gate connects two nodes which
are four positions apart rather than only one. As with the
gates at the top of FIGS. 11 and 12 the blocking for right
shifts and left shifts is performed on the gates themselves
rather than on gates one level above. A 0 is represented
at a node 1n row D by a high potential. Blocking is pos-
sible between the nodes in row C and the nodes in row
D because a low signal applied to an input of a gate auto-
matically controls a high output (a 0) at the terminating
node.

The operation of the gates connecting the nodes in row
C to the nodes in row D will be considered without ref-
erence to blocking functions Z19 and Z20. These blocking
functions are required only because the gates at the next
level may not be blocked to control the antomatic writing
of 0’s at the nodes in row E on right shifts and left shifts.
For the moment however it will be assumed that both
blocking functions Z19 and Z20 are 1’s and exert no con-
trol over the gates connecting the nodes in row C to the
nodes in row D.

On right rotate operations HR and HL are both 1’s
and exert no control over the gates, Consequently each
gate 1s provided with only two effective inputs, one of the

inputs being an X4 or X4 steering bit and the other being
a data bit at a respective node in row C. The diagonal
gates control the shifting of the bits if X4 is a 1 to nodes
in row D which are four positions to the right of respec-
tive nodes in row C. Again, if a vertical step is taken
X4A and X4B are both 0’s and the outputs of all the
diagonal gates are high, The potential of each node in
row B is thus controlled only by the output of the respec-
tive vertical gate connected to it. Each of the vertical gates
then has an X4A or a X4B input which is a 1. These
inputs exert no control over the vertical gates and the
vertical gates function as inverters in transmitting the bits
at the nodes in row C to the nodes in row D in the same
columns. Since the vertical gates function as inverters
the potentials representing the two bit conditions at the
nodes in row D are the reverse of those representing the
bit conditions at the nodes in row C. At row D a 1 is rep-
resented by a low potential and a 0 is represented by a
high potential.

If, on the other hand, a diagonal step of 4 is required
X4A and X4B are both 0's. The vertical gates are all
blocked, their outputs are all high, and the potentials at
the nodes in row D are consequently controlled solely by
the operations of the diagonal gates. X4A and X4B are
both high and consequently exert no control over the
diagonal gates. Each diagonal gate serves as an inverter
and is controlled solely by the bit value at the originating
node in row C. The bit is inverted and transmitted to the
respective node in row D four positions to the right.

Referring to FIG. 3 it is seen that when a step of 4
is taken on a richt shift operation, the four paths 3B-19D
through 0B-16D must be blocked, 1.e., 0's must be auto-
matically written at nodes 19D through 16D. When a
right shift operation is performed HR is a 0. This bit is
one of the inputs of each of the four gates C3D through
COD. The outputs of these four gates are high no matter
what the values of the respective bits at nodes 3C
through 0C. Thus, no matter what the value of these bits
0’s are written at nodes 19D through 16D if X4 is a 1.

The dotted vertical paths 16C-16D through 13C-13D
are the four which must be blocked when a left shift
operation is performed. Referring to the table of trans-
mission functions presented above it will be noted that
path 16C-16D is unconditionally blocked on all left
shifts, The other three vertical paths are conditionally
blocked on left shifts; they are not to be blocked if X16

is a 1. The HIL bit is an input to vertical gate CI6V.
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vertical path 16C-16D is unconditionally blocked on all
left shifts, The three vertical gates C15V through C13V
each has as one of its inputs the Z15 blocking function

bit. The Z15 blocking function is HL+4X16. Z15 is high
on all operations other than left shifts. But if HL is a 1,
Z15 1s high only if X161sa 1. If X16 isnota 1, Z15 is
low and the three vertical gates are blocked to control
the automatic writing of ('s at nodes 15D-13D if X4=0.

The three signals HL, HR and Z15 are the only ones
which would be required to control the proper opera-
tions of the gates connecting the nodes in row C to the
nodes 1 row D were 1t possible to directly block the
gates connecting the ncdes in row D to the nodes in
row E. These latter gates may not be blocked, however,
and for this reason blocking functions Z19 and Z20 are
also aprlied to various ones of the gates in the top half
of FI1GS. 13 and 14.

Referring to the gates connecting the nodes in row
D to the nodes in row E it is seen that their arrangement
1s similar to that of the gates connecting the nodes in row
B to the nodes in row C. The major difference is that
each diagonal gate is connected between two nodes eight
positions apart rather than only two positions apart.
The operations of the gates connecting the nodes in row
D to the nodes in row E are identical to the operations
of the gates connecting the nodes in row B to the nodes
in row C except that they are controlled by steering bits

X8 and X8 rather than bits X2 and X2.

Referring to FIG. 3 it is seen that eight diagonal paths
7D-19E through 0D~-12F must be blocked on right shifts,
The eight diagonal gates D7D through DOD may not be
blocked, however. The blocking of a gate implies that a
0 1s written at the terminating node. A 0 at a node in row
E is represented by a low potential. There is no poten-
tial which may be applied to one of the mmputs of the
basic gate circuit used in the illustrative embodiment of
the mvention which will always control the output to be
low independent of the potential of the other inputs. If
a low potential is applied to one of the inputs, the out-
put is high, rather than low, under all conditions. And if
a high potential is applied to one of the inputs the out-
put is low only if the other input is high. There is no
way to absolutely control a low output by applying a
blocking function to only one of the inputs of a gate.
For this reason the gates connecting the nodes in row
D to the nodes in row E may not be blocked. Instead of
blocking these gates the circuit is arranged to antomatical-
ly control the writing of O’s at the nodes in row D
which are connected through gates to nodes in row E
which terminate the paths which should be blocked. Thus
instead of blocking diagonal paths 7D-19F through
0D-12E the circuit is arranged to automatically control
the writing of ’s at nodes 7D through 0D whenever a
diagonal step of 8 is to be taken. By writing 0’s at these
nodes the diagonal paths need not be blocked because
the 0's are transmitted through the diagonal gates to
nodes 19E through 12E which are the nodes at which
(s must appear if X8 is a 1. Blocking function Z20 is
an mput of each of the eight vertical gates C7V through
COV and each of the eight diagonal pates C11D through
C4D. Blocking function Z20 is equal to HR-+XS8. On
all operations other than right shifts Z20 is a 1 and exerts
no control over the 16 gates to which it is an input. How-
ever, on right shifts Z20 is a 0 if X8 is a 1. In this case
the 16 gates to which Z20 is connected as an input are
all blocked and the outputs of these gates are all high.
Eight of these 16 gates are blocked anyway because one

of bits X4 and X4 is a 0. However even the eight of
these gates which are not blocked and normally function
to transmit bits through them are blocked due to the Z20
blocking function. These 16 pates are the ones which are
connected to the eight nodes 7D through 0D. Thus no
matter wnat the value of the X4 steering bit, 0’s are

This bit is a 0 on all left shifts and consequently the x5 automatically writien at nodes 7D through 0D because the



3.374,463

35

X8 bit is a 1 and at the end of the next diagonal step O’s
must appear at nodes 19E through 12E as desired.

On left shifts the eight vertical paths 12D-12E through
5D-5E must be conditionally blocked. As seen from the
table of transmission functions above these paths must
all be blocked on left shifts unless X16 is a 1. Since it
is not possible to block the eight vertical paths D12V
through D5V by applying either potential to only one in-
put of each gate, instead of blocking the gates, U’s are
written at nodes 12D through 5D whenever a left shiit
operation is being performed and X16 is not a 1. The baits
written at nodes 12D through 5D come from either gates
C12V through C5V or from gates C16D through C9D.
These 16 gates are controlled by blocking function Z19
to contro! the writing of 0's at nodes 12D through 5D
whenever a left shift operation is performed and X16 1s a

0. The Z19 blocking function is 7I7.+ X164+ X8. The first
two terms are sufficient for controlling Z19 to be a 0 and
to block the gates when X16 is a ¢ on left shifts. How-
ever the X8 term is also necessary. If X8 is a 1 the eight
dotted vertical paths 12D-12E through SD-SE are not
taken. Instead the eight diagonal paths from nodes 12D
through 5D are taken. If the diagonal paths are taken (s
should not be written at nodes 12D through 5D independ-
ent of the values of the bits which would ordinarily be
transmitted to these nodes through the 16 gates being
considered. Consequently if X8 is a 1 blocking functions
Z19A and Z19B should not control the automatic writing
of 0’s at nodes 12D throuph 5D because the original bit
values at the nodes in row C which are transmitted to
these nodes in row D must next be transmitted along
diagonals to respective nodes 4E through 17E. For this
reason blocking function Z19 (Z19A and Z19B) contains
an X8 term. Z19 is a 0 on left shifts if X16 15 a 0 only

if X8 is a 0 as well and the diagonal paths 12D—4E -

through 5D-17E should not be taken. In FIGS. 13 and 14
the Z19A bit is applied to one of the inputs of each of
gates D12V through D5V and the Z19B bit is applied to

one of the inputs of each of gates D16D through D9D to
control the blocking of these gates.

The 40 gates on FIGS. 15 and 16 control the shifting
of the bits 16 positions to the right from the nodes in
row E to respective nodes in row F if X16 is a 1. The
arrangement of the gates is similar to the arrangements

of the gates between the nodes in rows A and B and the 4.

nodes in rows C and D except that each diagonal gate
connects a node in row E to a node in row F 16 positions
to the right rather than only four positions or one position.
Since a 0 at a node in row F is represented by a high

potential the gates on FIGS. 15 and 16 may be blocked

rather than requiring the blocking of gates in the preced-
ing level. By applying a low potential to one of the inputs
of a gate on FIGS. 15 and 16 a O appears at the ter-
minating node independent of the value of the bit applied
to any other input of the gate.

On a right shift as seen from FIG. 3 the 16 rightmost

diagonal gates must be blocked. Bit IIR is an input to each
of the 16 rightmost diagonal gates E15D through EOD.
The outputs of these gates are all high on right shifts,
These gates are connected to nodes 19F through 4F. If
X161s a 1, X16A and X168 are 0’s and the outputs of
the vertical gates connected to these same nodes are also
high. High potentials thus appear at nodes 19F through
4F as required. If X16 is a 0, ’s should not be auto-
matically written at nodes 19F through 4F. The outputs
of the 16 diagonal gates connected to these nodes are high

because bits X16A and X16B are low as well as bit HR.
But the 16 vertical gates connected to these nodes function

as inverters because bits X16A and X168 are 1’s. The final
bit values appearing at nodes 19F through 4F are those
originally appearing at nodes 19E through 4E.

As seen from FIG. 3 the dotted vertical paths which
must be blocked on left shifts are paths 4E—-4F through
OE—0F. These paths, like path 16C-16B, are uncondi-
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tionally blocked for left shifts. The outputs of the vertical
gates connected to nodes 4F through OF are always high

on left shifts. Bit FT, is low when a left shift operation is
being performed and since this bit is one of the inputs
of each of gates E4V through EOV the outputs of these
cates are all high on left shifts as required.

The final shifted or rotated word appears at nodes 19F
through @F. The polentials representing the bit values are
the reverse of the potentials representing the bits in the
oripinal data word appearing at nodes 19A through 0A.
In FIG. 1 complement circuit 102 may be used to com-
plement each bit, i.e., to replace each positive potential
by a ground potential and each ground potential by a
positive potential, if the uncomplemented shifted or
rotated data word must be stored in one of the system
registers,

It is thus seen that there may be two stages of
complexity in the design of an electronic shift and rotate
circuit in accordance with the principles of my invention.
First, the design is more complex if the number of bits
to be shifted or rotated is not a power of two since In
this case some of the vertical paths have to be blocked
conditionally rather than unconditionally on left shifts.
Second, while the relay circuit implementation of the
network is fairly straight forward the same may not be
said of the electronic design. If gates such as that em-
ployed in the illustrative embodiment of the invention are
used the paths at alternate levels may not be blocked for
right shifts and left shifts as required. Instead additional
blocking must be performed at the other alternate levels.

The design procedure for providing left shift capability
in a network primarily designed for right rotate opera-
tions is as follows. First the network is drawn In a
“straight line” type representation such as that in FIG. 3
and the lines D—D and L—L are drawn. The vertical
paths crossing D—D are then considered. These paths
are blocked tentatively for all left shift operations. Trans-
mission is re-established on any of these paths if con-
ditions exist whereby a valid shift magritude word must
cause a 1 to subsequently cross L—L even 1if the ver-
tical path is taken. In designing an electronic circuit,
if the type of logic circuit used precludes the applica-
tion of path-blocking gating signals on the desired paths,
the path-blocking gating signals must be applied to the
paths in an adjacent level in the network. In the illus-
trative embodiment of the invention the path-blocking
signals are applied to the two paths which feed signals
to the path which must be blocked. It is also possible
to allow transmission through the paths which must be
blocked and to then block both paths which accept sig-
nals from the path which must be blocked.

In the illustrative embodiment of the invention the
input data word at the nodes of row A is such that a 0
is represented by a low signal and a 1 is represented as
a high signal. Each subsequent stage of the circuit of
FIGS. 11 through 16 inverts the polarity of the data
word. Blocking of paths in the circuit is accomplished
by placing low signals at an input of certain gates be-
tween nodes of rows A and B, C and D, and E and F
because it is at the gates between these pairs of nodes
that the paths may be disabled in such a manner as
to force a 0 to be propagated to the remainder of the
circuit. If in other systems the input data word 1s of
the opposite polarities (i.e., 0 represented by a high sig-
nal and 1 represented by a low signal) then the block-
ing of paths would be done prior to nodes of row A,
between rows B and C, and between nodes D and E 1n
FIGS. 11 through 16. The blocking of paths in the cir-
cuit of FIGS. 11 through 16 to accomplish right and
left shifts is summarized in the tables of FIGS. 17 and
18. In FIG. 17 the transmission functions for the patbs
which are blocked to accomplish right shifts are shown.
(Z18 and Z20, used in the “alternate expressions,” are
defined in FIG. 18.) There are 31 entries for the 31
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diagonal paths crossing L—L. It will be recalled that
the blocking signals for the paths connecting the nodes
in row B to the nodes in row C and the nodes in row
D to the nodes in row E are applied not to the gates
connected between these groups of nodes but rather to
the gates in the preceding levels. FIG. 17 includes a
column which shows the path to which the blocking is
applied 1n order to produce blocking on the desired path.
The next three columns show the various terms compris-
ing each of the transmission functions. Alternate ex-
pressions for some of the transmission functions are
given in the rightmost column. It will be recalled that
blocking function Z18=HEJX2 and blocking function
Z20=HRE-+ X8 are derived by the circuitry on FIG. 10.

Consider first path 0A-19B, the only diagonal path
crossing L—I. which connects a node in row A to a
node in row B. Gate AOD, in addition to a data bit
iwput, has an X1 input and an HR input. The X1 bit
i1s a “steering term.” This bit is used to allow the bit at
node QA to be transmitted through gate AGD to node 19B
if X1 is a 1. If X1 is a 0 the output of AOD is high

and gate AOV tranmits the data bit instead. The HR
term in the first transmission function blocks gate A0D
on a right shift even if X1 is a 1. Consequently the com-

bined transmission function for gate AOD is X1 (HR).
The actual operation of any one of the gates may be de-
scribed by forming the product of its transmission func-
tion and the value of the data bit applied to the re-
maining input. If the product of the data bit and the
transmission function is a 1 the output is a 1. If the trans-
misston function is a 0 or the data bit is a 0, the output

15 a 0.

Two diagonal paths between the nodes in row B and
the nodes in row C cross L—I1.. Consider first diagonal
0B-18C. Blocking may not be applied to gate BOD con-
nected between the two nodes. Instead a 0 is written at
node 0B when X2 is a 1 by blocking paths 1A-0B and
0A—0GB. The steering term for path 1A-0B is X1 since
gate A1D is to transmit a bit through it when X1 is a 1.

The blocking is controlled by the HR bit. If HR is a 0

the path should be blocked because a right shift is being
performed. However, path 1A-06B should be blocked
only if X2 is indeed a 1. For this reason the X2 term
is included in the transmission function. The final ex-

pression for the transmission function is X1[HR-4X2].
If X1 1s a 1 gate A1D transmits the data bit at node 1A
to node GB. This bit is transmitied, however, only if
any operation other than a right shift is being performed,
or if a right shift is being performed and X2 is a 0. The
alternate expression for the transmission function 18
X1(Z18). Similar remarks apply to path 0A-0B except
that the steering term is X1 rather than X1 since gate
AOGV operates rather than gate ACD if X1 is a 0. The
transmission functions for paths 2A-~1B and 1A-1B to

produce the blocking required for path 1B-19C are the

same as the previous pair.
The four diagonals crossing L—IL. which connect nodes

in row C to nodes in row B have transmission functions

of the form (X4)(HR). The four diagonal gates: C3D
through CO0D transmit bits through them if X4 is 2 1
but only if HR is a 0, i.e., the data word is not being

shifted to the right.

The next group of diagonal paths to be considered are
the eight crossing L—L which connect nodes in row D to
nodes in row E. The gates in these paths may not be
blocked directly and blocking for these paths takes place
in the level above in the two paths connected to each
of nodes 7D through 0D, The blocking function for each
of the diagonal paths 4C-0D through 11C-7D 1is
X4 [HE+X8]. The steering term is X4 since the diago-
nal paths between the nodes in rows C and D are used if
a diagonal step of 4 is to be taken. However these paths
must be blocked, 1.e., their transmission function must be
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a 0, on right shifts if X8 is a 1. On all operations other

than a right shift HR is a 1 and the transmission function
reduces 1o X4, Even on right shifts, if X8 is a 0 indicating
that the bits at nodes 7D—0D are not to be shifted out of
the system, the transmission function reduces to X4 since
the eight diagonal gates C4D through C11D must then
operate in the normal fashion. Only if the eight bits at
nodes 0D through 7D are to be shifted out of the system
1s the transmission function for paths 4C-0D through
11C-7D a 0 independent of the value of X4. In a similar
manner the eight vertical paths ¢C-0D through 7C-7D
are blocked on right shifts if X8 is a 1. The transmission
function for these gates is the same as the one for the

diagonal gates except that the steering term is X4 rather
than X4.

If X16 1s a 1 the 16 diagonal gates 0E-4F through
15E~19F must be blocked on right shifts. The transmis-
sion function for these 16 diagonal paths is thus
(X16)(HR).

FI1G. 18 is similar to FIG. 17 but depicts the transmis-
sion functions of the paths which are blocked to accom-
plish left shifts. The alternate expressions for the trans-
mission functions include Z14, Z17, Z15 and Z19 terms.
These functions are derived by the circuitry on FIG. 10.

Path 19A-19B must be blocked on left shifts unless
X16 and X4 are both 1's. The steering term for this gate

is X1. Even if X1 is a 0 however the output of the gate is
high (a 0) if HL is a 1-—unless X16 and X4 are both 1’s.

The vertical gates along paths 18B-18C and 17B-17C
may not be blocked directly. These two paths must be
blocked on all left shifts unless X16 and X4 are both 1’s,

and the blocking term AL+ (X16)(X4) is used to control
the two gates connected to each of nodes 18B and 17B.
Each of these four gates includes in its transmission func-

tion one of the steering terms X1 or X1. The four paths
19A-18B, 18A-18B, 18A-17B and 17A-17B should be
blocked unless the diagonal step of 2 is indeed to be taken
in going from the nodes of row B ito those of row C. If
X2 15 a 1 the bits transmitted to nodes 19B and 18B
should be those ordinarily transmitted when no paths are
blocked. For this reason the transmission function for the
four paths which are blocked include an X2 compensating
term. The transmission function is a 1 if X2 and the steer-
ing term are both I's.

Consider next the four vertical paths connecting the
nodes in row C to the nodes in row D which must be
blocked on left shifts. Path 16C~16D must be uncondi-
tionally blocked on all left shifts., Accordingly the trans-
mission function for gate C16V is merely (X4)(HT).
The three paths 15C-15D through 13C-13D must be
blocked on left shifts unless X16 is a 1. Accordingly the
blocking term for each of gates C15V through C13V is

[ [T+ X16]. None of the four transmission functions for
gates C16V through C13V requires a term to compensate
for blocking which takes place in paths other than the
required ones because these gates may be blocked directly.

The same is not true however for the eight vertical
paths 12D-12E through SD-5E. These vertical paths may
not be blocked directly and instead the blocking for each
path i1s accomplished in the two paths feeding into it. The

blocking term is again T+ X16 since the eight vertical
paths must be blocked on all left shifts unless X16 is a 1.
Each of the two paths feeding each path for which block-
ing is desired includes one of the steering terms X4 and
X4 since the actual blocking is accomplished in the verti-
cal and diagonal paths connecting the nodes in row C to
the nodes in row D. Each blocking function further in-
cludes an X8 term. Even if a left shift is being performed
and even if X16 is a 0 the vertical and diagonal paths con-
necting the nodes in row C to the nodes in row D should
not be blocked if the vertical paths between the nodes in
row D and the nodes in row E are not to be taken. If the
diagonal paths are to be taken between the nodes in row D
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and the nodes in row E, 0’s should not automatically be
written at nodes 12D through 5D. Accordingly each of the
transmission functions includes an X8 compensating
ferm.

The last group of vertical paths which must be blocked
on left shifts are the five paths 4E—4F through O0E-OF.
These paths are to be blocked unconditionally on all left

shifts and the blocking term is accordingly merely HI.
Since the five vertical gates E4V through EOV may be
blocked directly there is no need for a term to compen-
sate for blocking at other than the desired paths and the
transmission function for the five vertical gates is simply
(X16) (HL).

Although the invention has been described with refer-
ence to specific embodiments it is to be understood that
the above-described ararngements are merely illustrative
of the principles of the invention. Numerous modifica-
tions may be made therein and other arrangements may
be devised without departing from the spirit and scope
of the invention.

What is claimed is:

1. A combinational logic circuit comprising a group
of input nodes, a group of output nodes, a plurality of
croups of intermediate nodes, a plurality of pairs of trans-
mission path means connecting each of said input nodes to
two respective ones of said intermediate ncdes and cons-
necting each of said intermediate nodes to two respeciive
ones of said intermediate or output nodes, means for ap-
plying signals representative of the bits in a data word 10
said input nodes, means for selectively and simultaneously
controlling the operation of only one of the transmission
path means in each of said pairs to transmit said signals
from said input nodes to said output nodes, two of said
transmission path means, each of a different one of said
pairs of transmission path means, being connected to each
of said intermediate and output nodes, means for repre-
senling a shift operation or a rotate operation to be per-
formed on the bits in said data word, and means responsive
to a shift operation being represented for inhibiting the op-
eration of selected ones of said transmission path means
otherwise operated by said controlling means.

2. A shift and rotate circuit comprising n input conduc-
tors each containing a bit signal of an input data word
thereon, »n output conductors, a plurality of groups of 2
transmission paths each, means for connecting cach of
said input conductors to a respective two of the transmis-
sion paths in a first one of said groups, means for con-
necting pairs of said transmission paths in a last one of
said groups to respective ones of said output conductors,
means for connecting pairs of transmission paths in each
of the remaining groups to two respective pairs of frans-
mission paths in a first respective one of said groups and
for connecting said pairs of transmission paths in each
of said remaining groups to a respective two of the trans-
mission paths in a second respective one of said groups,
means for simultaneously controlling » of the transmis-
sion paths in each of said groups to be operative to trans-
mit a bit signal therethrough in accordance with the mag-
nitude of the shift or rotate operation reguired, means for
inhibiting the operation of predetermined ones of said
transmission paths when said data word 1s to be shifted
in a first direction, and means for selectively inhibiting
the operation of predetermined others of said transmission
paths when said data word is to be shifted predetermined
numbers of positions in the second direction.

3 A <hift and rotate circuit in accordance with claim
2. wherein said plurality of iransmission path groups in-
cludes a maximum of (n—2) groups.

4 A shift and rotate circuit in accordance with claim
2. wherein n is equivalent to a number other than an
interger power of 2.

5 A shift and rotate circuit comprising a sequence of
aroups of n nodes each, said nodes in each group having
an ascending order of significance; a pluraiity of groups
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of 2n transmission paths each, » transmission paihs In
each of said groups being connected between nodes of the
same significance in two respective ones of said groups of
nodes, the remaining n transmission paths in each of saud
proups being connected between nodes of differing S1g-
nificances in the same respective two groups of nodes, all
of the n transmission paths in each of said groups con-
nected between nodes of differing significances being con-
nected between two nodes whose difference in significance
is the same: means for applying » bit signals of an input
data word to respective nodes in a first of said groups;
mecans for representing the type of operation to be per-
formed, its direction and magnitude; means simultancously
for controlling only one of the two groups of » iransmis-
sion paths in each group of 2» transmission paths 1o be
operative in accordance with said magnitude; means for
inhibiting the operaticn of predetermined cnes of said
transmission paths connecting nodes of difiering stgnif-
cances when a shift operation is to be performed in a first
direction; and means for selectively inhibiting the opera-
tion of predetermined ones of said transmission paihs
connecting nodes of the same significance when a shift
operation is to be performed in the other direction and
the magnitude of the shift operation 1s one 0f a group
of predetermined numbers. o

6. A shift and rotate circuit in accordance with claim
5 wherein said plurality of transmission path groups in-
cludes a maximum of {(n—2) groups,

= A ghift and rotate circuit comprising a maximum
of {(n—1) groups of n nocdes cach, the nodes in each
group having an ascending order ot sienificance, the
croups of nodes having an ascending order of stgnificance;
means for applving bit signals of a data word at the
nodes in the most significant of said groups; a maximum
of (n—2) groups of n first transmission path mecans each;
the 12 {irst transmission path means in each of said groups
beine connected between nodes of the same significance
in two respective groups of said nodes for transmiftting
bit signals thercbetween; a maximum of (#—2) groups
of n second transmiission path means each, the n second
transmission path means in each of satd groups being con-
nected between nodes having the same difterence of ¢jg-
nificances in two respective groups of said nodes for
transmitiing bit signals therebetween; means dependent
upon the magnitude of ibe shift or rotaie operation to
be performed in the shift and rotate circuit for inhibiling
the operation of one of each of the two groups of n
transmission path means connected between the same
two groups of nodes; means operative when the bit signals
of the data word applied to said nodes in said most S1g-
nificant group are to be shifted mn a first direction for
inhibiting the operation of each of said second transmis-
sion path means connected between a node in one of said
groups of nodes and a node of higher significance 1n a
eroup of nodes of lower significance; and means opera-
tive when the bit signals of the data word applied to said
nodes in said most significant group are to be shifted 1n
the second direction for inhibiting the operation of pre-
determined ones of said first transmission path means
dependent upon said magnitude.

& A shift and rotate circuit in accordance with ciaim 7
further including means for controlling the magnitude of
the shift performed in the shift and rotate circuit to be
the complement of the actual shift magnitude required
with respect to the number n when said bit signals are to
be effectively shifted or rotated in said second direction.

9 A shift and rotate circuit comprising a plurality of
nodes arranged in a matrix array of rows and columns;
a plurality of groups of first transmission path means,
each group connecting the nodes in a respective row to
respective nodes in the same columns in a respective ad-
jacent row; a plurality of groups of second itransmission
path means, each group connecting the nodes in a respec-
tive row to respective nodes in different columns in the
respective adjacent row, all of the second transmission
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path means in each of said grouns being connected be-
tween nodes separated by the same number of columns:
means for applying bit signals of a data word to the nodes
in the first row of said matrix; means for representing the
type of shift and rotate operation to be performed on said
bit signals, a shift magnitude and a direction: means
responsive to a first direction being represented for deriv-
ing a steering word which is the same as the represented
shift magnitude and responsive to a second direction being
represented for deriving a steering word which is the com-
plement of said represented shift magnitude with respect
to the number of columns in said matrix; means respon-
sive to said steering word for controlling only one of the
group of first transmission path means and the group of
second transmission path means connected between nodes
in the same two rows to transmit bit signals therethrough:
first means responsive to a shift type of operation and said
first direction being represented for inhibiting the opera-
tion of all of the second transmission path means connect-
ing nodes in columns at one end of said matrix {o nodes
in columns at the other end of said matrix; second means
responsive to a shift type of operation and said second
direction being represented for inhibiting the operation of
selected ones of said first transmission path means de-
pendent upon said steering word; and means connected 1o
the nodes in the last row of said matrix for transmitting
sald bit signals transmitted through said groups of first
and second transmission path means frem the nodes in
sald first row to the nodes in said last row.

10. A shift and rotate circuit in accordance with claim 9
wherein said first and second inhibiting means control the
appearance of a bit signal of predetermined value at each
node to which an inhibited transmission path means is
connected.

11. A shift and rotate circuit in accordance with claim 9
wherein said first and second inhibiting means include
means for controlling the inhibiting of the operation of
first and second transmission path means connected be-
tween nodes in alternate pairs of adjacent rows by con-
trolling the inhibiting of the operation of selected ones of
the first and second transmission path means connected
between nodes in the other alternate adjacent rows.

12. An arrangement for selectively shifting the bits of
an n bit position original data word in a first direction by
any specified number m of bit positions between 0 and n
comprising

a plurality of serially connected and simultaneously

operable rotate circuits, there being a maximum of
(n—2) rotate circuits in said plarality;

n input terminals for transmitting said original data

word to the first rotate circuit in said plurality:
n output terminals for receiving a final n bit resuliing
data word from the last rotate circuit in said phirality:

each of said rotate circuits operative in a first mode
for transmitting without change the bits of an » bit
data word received thereby to the next rotate circuit
in said plurality and operative in a second mode for
rotating the bits of an n bit data word received there-
by by a predetermined number of bit positions in
a second direction and transmitting the resulting data
word to the next rotate circuit in said plurality, said
predetermined number being different for each of
said rotate circuits;

and control means comprising

operating means controlled in accordance with said
any specified number m for simultanecusly
operating all of said rotate circuits in a selected
one of said first and second modes,

and means controlled in accordance with said any
specified number m for inhibiting selectively
operation in said first mode by selected ones of
said rotate circuits on selected bits of an n bit
data word received thereby.

13. An arrangement in accordance with claim 12,
wherein said control means comprises
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means for deriving from said any specified number m
complementary number (n—m) and for controlling
sald operating means selectively to operate said ro-
tate circuits such that the sum of said predetermined
numbers for those rotate circuits operated in said
second mode is equal to said complementary number
(n—m) of bit positions.

14. An arrangement in accordance with claim 13,

wherein said control means comprises

selecting means for selecting each one of said selected
bits upon which operation by a selected rotate cir-
cuit in said first mode is inhibited in accordance with
satd complementary number (n—#m), with the bit
position of said selected one bit prior to operation
thereon by said selected rotate circuit, and with the
sum of said predetermined numbers for the rotate
circuits which succeed said selected rotate circuit in
sald serially connected plurality.

15. An arrangement in accordance with claim 13,

wherein said control means comprises

means for determining for certain ones of said n bits
of each data word transmitted to each one of said
rotate circuits if said certain bits are significant, a
significant bit being one which will be rotated by
operation of a subsequent rotate circuit in said
plurality from the last of said n bit positions to the
first of said n bit positions:

and said selected bits comprise those bits determined to
be other than significant.

16. An arrangement for szlectively shifting and rotat-
ing the n bits of an n bit position original data word in a
specified one of two directions by any specified number
m of bit positions between 0 and n comprising

a plurality of serially connected and simultaneously

operable rotate circuits, there being a maximum of
(n—2) rotate circuits in said plurality:

n input terminals for transmitting said original » bit

data word to the first rotate circuit in said plurality;

n output terminals for receiving a final resulting » bit

data word from the last rotate circuit in said plural-
1y

e¢ach of said rotate circnifs operative in a first mode

for transmitting without change the bits of an » bit
data word received thereby to the next succeeding
rotate circuit in said plurality and operative in a
second mode for rotating the bits of an # bit data
word received thereby by a predetermined number
of bit positions in a first of said two directions and
for transmitting the resulting data word to the next
succeeding rotate circuit in said plurality, said pre-
determined number being different for each of said
rotate circuits;

and a control circuit for stimultaneously controlling

each of said rotate circuits in a selected one of said
modes in accordance with received command signals
specifying shift and rotate operations, said numbers
m and their directions to transmit said » bits of said
original data word from said input terminals throu gh
all said rotate circuits to said output terminals;
said control circuit comprising
complementing means responsive to received
command signals which specify shift and rotate
operations oOpposite in direction to said first
direction for generating modified command s1g-
nals defining the complement (n—m) of said
number m specified by said received command
signals,
and energizing means responsive to received com-
mand signals specifying shift operations oppo-
site in direction to said first direction and con-
trolled in accordance with said modified com-
mand signals for generating rotate circuit con-
trol signals which simultaneously energize said
rotate circults in a selected one of said modes
and which cause certain of said rotate circuits
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to transmit certain bits of the data word re-
ceived thereby as binary 0’s regardless of the
value of said certain bits, said certain rotate
circnits and said certain bits being selected in
accordance with said modified command signals.

17. An arrangement in accordance with claim 16 wnere-

in said control circuit comprises

selecting means for controlling said energizing means
and comprising

means controlled in accordance with said modi-
fied command signals for determining for pre-
selected ones of said » bits of each n bit posi-
tion data word transmitted to each rotate circuit
if said preselected bits are insignificant, and 1n-
significant bit being a bit which will be rotated
by operation of all subsequent rotate circuits of
said plurality from the bit position in which 1t
'« received from the preceding rotate circuit
only to a bit position between said bit position
in which said bit is received and the end of said
transmitted n bit position data word;

and said selected certain bits comprise those of
said preselected bits determined to be insignif-
icant.

18. A logic arrangement comprising 2.3

n (e.g., 20) input terminals (e.g., terminals 19-0)
arranged in a numerically crdered segquence (e.g.,
19, 18,17 . . . 2, 1 and 0) for recetiving the corre-
spondingly ordered n bits of a data word;

n output terminals (e.g., 19F-0F) arranged in the
same numerical sequence as said » input terminais
(19-0);

less than n logic stages (e.g., A, B, C, D, E) connected
between said input and output terminals, each logic
stage (e.g., A) including gating elements (e.g., A19-
A9) arranged in the same numerical sequence as
the input terminals (19-0), each gating element
(e.z., A19) selectively operative with respect o one
of the correspondingly ordered » bits (e.g., the most
significant bit) of a received data word, and said
gating elements (e.g., A19-A0) of each logic stage
(e.z., A) selectively operative in a first manner (e.g.,
operating AI9D-A0D) to transmit and rotate said
n bits of said received data word in the same one
direction (e.g., right) by the same predetermined
number p (e.g., 1) of bit positions, said predeter-
mined number p of bit positions being different (e.g.,
1, 2, 4, 8, 16) for each respective logic stage (A, B,
C, D E);

a control arrangement (e.g., FIG. 9 and FIG. 10) re- |
sponsive to control information (HR eor QR, X1-
X 16) specifying either a shift or rotate operaticn in
said one direction (e.g., right) and the magnitude 7
(e.g., 13) thereof for selectively operating sald logic
stages (A-E) in said first manper in an additive
combination (e.g., A4+ C-+D) such that the total of
said predetermined numbers p of bit positions {e.g..
14-414-8) for said logic stages (e.g., A, C and D)
operated in said first manner is equal to said specified
magnitude m (e.g., 13), and responsive to controi
information (e.g., HR) specifying a shift operalion
in said one direction (e.g., right) for causing prede-
termined gating elements (e.g., ACG, C3-C0, D7-
DO0) from a first predetermined group of said gat-
ing elements (e.g., A0, B1-B0, C3-C0, D7-1D0
and E15-E0) in said logic stages (e.g., A, C, D)
operated in said first manner to transmit binary U's;

said logic arrangement CHARACTERIZED IN THAT

said gating elements (e.g., A19-A0) of each of said
logic stages (e.g., A) are selectively operative in 2
second manner (e.g., operating A19-AGV) to trans-
mit said n bits of said received data word without
change of bit position;

said control arrangement (FIG. 9 and FIG. 10} 15 re-
sponsive to other other control information (€.g2., 75
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HL, X1-X16) specifying a shift operation in the op-
posite direction (e.g., left) and the magniture m
(e.z., 13) thereof for selectively operating said logic
stages (A—E) in another additive combination {(e.g.,
A-+B4+CH+D-E) such that the total of said pre-
determined numbers p (e.g., 1+2-+44) of bit posi-
tions for said logic stages (e.g., A, B, C) selectively
operated in said first manner is equaj to the com-
plement (n—ri) (e.g., 20—13=7) ot sald spectiied
magnitude m (e.g., 13) with respect to » (e.g., 2U)
and for causing other selecied gating elements (€.g.,
D12-D5;: E4-E0) from a second predetermined
group of said gating elements (e.g., AlY, B18-B17,
C16-C13, D12-DS and E4-E0) in certain (e.g., D,
E) of said selectively operated logic stages (A-E) to
transmiit binary O's, said other selected gating ele-
ments (e.g., D12-D5; E4-E0) and said certain
operated logic stages (e.g., D, E) being sclected in
accordance with said complement (n—m) (e.g.,
20—13) of said shift magnitunde m (e.g., 13) speci-
fied by said other control information (e.g., HL,
X1-X16}.
19. A logic arrangement in accordance with claim 18
characterized in that:
said control arrangement (FIG. 9 and FIG. 10) 1s
responsive to said other control information (&.2.,
Hi, X1-X16) for simultaneously operating all the
logic stages (A, B, C, D, E) in either said first or
second manner so as io establish a selected muiti-
element path (e.g., 12A, A12D, 11B, B11D, 9C, C9D,
sD, D5V, SE, E5V) from each inpul terminal (e.g8.,
terminal 12) to a different one of said output ter-
minals (e.g., 5F), each path including only a single
pating element (e.g., C9) of each logic stage (e.g.,
C);
and said other selected gating elements (e.g, Di12-
D5: E4-E0) caused by said control arrangement to
transmit binary U's comprise a single gating element
(e.g., DS) in each path established from an input
terminal (e.g., terminal 12) to an outpul terminal
(e.g., 5F) whose relative position (e.g., fifteenth)
in said sequence (e.g., 19, 18 . .. 2, I, 0) 15 nu-
merically beyond the relative position (e.g., eighth)
of said input terminal (e.g., terminal 12) In sald
sequence.
20. A logic arrangement in accordance with claim 19
characlerized in that:
all said logic stages (A—~E) are connected in series be-
tween said input terminals (19-©) and said output
terminals (19F-0F) and are arranged in an ascend-
ing order corresponding to the relative values of p
(e.c., 1, 2, 4, 8, 16) for said respective stages, said
logic stage (e.g., A) for which p has the smallest
value (e.g., 1) being connected (o said mput ter-
minals (19-#) and the logic stage (e.g., E) for
which p has the largest value (e.g., 16) being con-
nected to said output terminals (19F-0F). T
21. A logic arrangement in accordance with claim 20
characterized in that:
said second predetermined group of gating elements
(e.g., A19, B18.-B17, C16-C13, D12-D35 and E4-
F0) includes only those gating elements (e.g., C16-
C13) which are succeeded by no more than (n—p)
(e.z., 20—4-=16) gating elements In said numerical
sequence (e.g., 20, 19 . . . 1, Q) of gating elements
(e.g., C19-C0) of the logic stage (e.g., C) includ-
ing said gating elements (e.g., C16C13).
22. A logic arrangement in accordance with claim 21
characterized in that:
said second predetermined group of gating elements
(e.z., A19, B18, B17, C16-C13, D12-D5, E4-ED)
includes no more than » gating elements and each
gating element (e.g.,, D35) in said second predeter-
mined group is located in the logic stage (e.g., D)
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nearest said output terminals (19F-0F) in which 3,229,080 1/1966 Ward ___________._ 340—172.5
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